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E-learning in Higher Education
in India: Experiences
and Challenges—An Exploratory Study

Kiri Taso and Arindam Chakrabarty

Abstract The world community is committed to achieve 17 goals popularly known
asUnitedNation Sustainable Development Goals (UNSDGs) of which education has
been given major thrust that has been earmarked in Goal 4. As a member country,
India has also attempted to address the issues of education with highest priority
that is envisaged by the responses of the government for drafting New Education
Policy in 2019. The government is committed to achieve inclusive education that
needs the manifestation of e-Learning platform. Since it is difficult to bring the
elephantine population under the ambit of conventional education system, this paper
has attempted to explore the experiences and challenges of e-Learning mechanism
in the higher education system of India.

Keywords E-Learning · UNSDGs · New Education Policy · Inclusive education ·
Conventional education

1 Introduction

E-Learning can be defined as an online educational learning process. It can simply
be understood as ‘Internet-Based Learning’. It is an online learning service through
which teaching–learning process is carried out. In other words, e-Learning refers to
‘the mode of teaching and learning via Internet and website’. E-Learning is adopted
by an institution to let the students learn from home and far distance through online
mode which would make the teaching–learning process more approachable and con-
venient to some extent. E-Learning is primarily the network-enabled practices of
skills and information transfer between the online learners and resource providers.

K. Taso · A. Chakrabarty (B)
Rajiv Gandhi University (Central University), Rono Hills, Doimukh, Arunachal Pradesh 791112,
India
e-mail: arindam.management@gmail.com

K. Taso
e-mail: kiritaso8@gmail.com

© Springer Nature Singapore Pte Ltd. 2020
S.-L. Peng et al. (eds.), Intelligent Computing and Innovation on Data Science,
Lecture Notes in Networks and Systems 118,
https://doi.org/10.1007/978-981-15-3284-9_82

715

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-3284-9_82&domain=pdf
mailto:arindam.management@gmail.com
mailto:kiritaso8@gmail.com
https://doi.org/10.1007/978-981-15-3284-9_82


716 K. Taso and A. Chakrabarty

E-Learning refers to the using of electronic application and processes to learn. ‘E-
Learning can be in other words understood by means of learning through elec-
tronic way by adopting modern means of technological learning. E-Learning can be
understood as the network-enabled transfer of skills and knowledge to individual
as well as masses. It is opposite to offline and non-electronic means of teaching
and learning practices (www.economictimes.indiatimes.com/definition/e-learning).
Henceforth, the use of computer–desktop and laptop, mobile and tab and othermeans
to deliver teaching–learning process through the use of Internet source can be simply
known as e-Learning. To some extent, we can say online learning (e-Learning) is
gradually doing away the traditional learning methods.

Concept of ICT:

Information and Communication Technology (ICT) in the field of education is a
significant concept to understand. The various curricular developmental projects
have been carried out under the assistance of IITs and NITs. The National Mission
on Education initiative by the Government of India is expected to boost the Gross
Enrolment Ratio (GER) in Higher Education by 5 percentage (%) points during the
Eleven Five Year Plan (2007–12). This Mission has two major components which
are (i) Content Generation and (ii) Connectivity—along with a provision to provide
devices to institution and learner. Besides that the Mission also seeks to provide
computer infrastructure and connectivity to over 18,000 colleges and nearly 400
Departments at Universities and Deemed Universities and Institutions in India for a
greater national cause. It also provides interactivity and problem-solving approach
which will be addressed through the program called ‘Talk to a Teacher’ Segment.

2 Electronic Learning or Usage of e-Resources Learning

Massive Open Online Course (MOOC):

MOOC is an online course which committed to provide ‘Massive’ and ‘Open’ online
learning platform via the web. The MOOCs system of learning begins in the year
2001 at the USA. And it became a trendy approach of learning since 2012 onwards
(The New York Times, 18 April 2014).

And the below table shows the students admitted in Coursera enrollees:

Sl. No. Country/region Percentage (%) Approx

1. Russia 2.3

2. Australia 2.4

3. Canada 3.5

4. UK 4.5

(continued)

http://www.economictimes.indiatimes.com/definition/e-learning
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(continued)

Sl. No. Country/region Percentage (%) Approx

5. Spain 4

6. India 8.7

7. Brazil 5.2

8. USA 27.6

9. Contribution of the different part of the world 42

Source Coursera Enrolees

SWAYAM

The main goal of the SWAYAM is to deliver quality and reachable educational learn-
ing prospect to every needed person specially the underprivileged and unreachable
section of society. The SWAYAM actually strives to acts as link for those students
who are digitally divided and untouched by e-Learning or Digital Revolution pro-
cess. The indigenously developed IT platform enables the SWAYAM to propagate
all the courses that are being thought by the best teacher in the country and are being
made universal access to anyone and at anytime at free of cost.

The programmes and features that offered in SWAYAMare giving education from
class 9th to postgraduate n which they offer courses like Science, Engineering, Man-
agement, Humanities, Mathematics, Arts and Recreation, Commerce, Language,
Education and Library courses, etc., given below:

How to access SWAYAM?
SWAYAM can be accessed through two major ways as follows:

Sl.No. SWAYAM can be accessed through

1 One can access the SWAYAM portal on the web through https://swayam.gov.in

2 One can also access the SWAYAM mobile apps for—Android and iOS version

Source SWAYAM, GOI and Swayam learning portal

Review of Literature

Cox [4], (pp. 85–105) explains the necessity of e-Learning which enhanced our
understanding on learning and Information Technology (IT) in teaching and learning
process in order to have a clarity and consistency of subject and further highlights
that although the young generation has wider access to Information Technology (IT)
little is known about this impact on their learning process. There is also a need to
balance between the formal and informal uses of e-Learning.

Dewan’s [5] study reveals that 80% have computer, 80–67% and 20–33% have no
computer. Thus, a better infrastructure is required in institution to provide e-Learning
curriculum to the e-Learner.

https://swayam.gov.in
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Rana and Lal [7] highlight that there is need of conventional and holistic approach
in educational systemwhichwill meet the demands of e-Learners at schools, colleges
and universities level. The e-Learning institution with the help of World Wide Web
(WWW) via Internet tried its best possibilities to promote distance education, virtual
and e-Learning approach by delivering and sharing resources, promoting active e-
Learning technologies.

Rosenberg [8] says that e-Learning enables us to understand and deals with
different web-based contents for teaching–learning process.

Longmire [6] emphasised that ‘an e-Learning approach includes a wide range of
digital and computer-based learning mechanism’. He further states that e-Learning
content is mainly conveyed via Internet, satellite communication, audiotape and
videotape, DVD, CD-ROM and TV and still emerging so-called wireless application
protocols (WAP).

Agarwal and Nisa [1] focus on the knowledge process outsourcing sector of India.
Authors highlight the scenario which hadwitnessed the rapid change from ‘industrial
to knowledge-based economy’. Both also highlight the Skyrme [9] and Stiglitz [10]
views on ‘how the highly skilled labour force is the key to achieved success in the
knowledge-based economy and industry’.

According to Tripathi and Jeevan [11], the paradigm shift in teaching–learning
process (traditional to e-Learning) is perhaps due to rapid evolvement made in the
field of Information and Communication Technology (ICT).

Ali [2] states that the exponential advent in the field of ICT and Internet has greatly
influenced and revolutionised the way the knowledge is broadcasted.

3 Objective of the Study

The paper contains the following objectives:

1. To explore various e-Learning portals operating in India.
2. To explain challenges in implementing e-Learning mechanism for effective

teaching dissemination process.

4 Analysis I

Due to the emergence of many well-financed institutions which later link with some
of the top universities like Udacity, Coursea and edx, etc., at this period, the year
2012 was regarded as the ‘The year of MOOCs’ as per The New York Times (2
November 2012).
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5 Popular e-Learning Firms/Platforms in India: Indicative
List

The emergence of cloud computing technology has highly impacted the Online Edu-
cationMarket in India. The cloud technologywith its potential capabilities provides a
significant amount of data, information and content at single platforms to e-Learning
Companies in India. Due to data saving scope, it is easier for the users and providers
to procure, manage access and process the information from anywhere and anytime.
Another important reason behind the growth of e-Learning markets trends in India is
the rising popularity of big data and learning analytics. The technology enables the
companies and institutions to provide online courses to the learners. The e-Learning
markets due to its significance potentiality and effective results attract many learners
to be aware and opt e-Learning courses. This rising awareness on online learning
scope has pushed the growth of online education markets in India. The involvement
of Information Communications Technology (ICT) in the field of teaching–learn-
ing process has led to the increasing demands of alternative educational approach
of learning, which provides significant opportunities for growth of the e-Learning
companies in India via digital platform. Thus, it is forecasted that Indian e-Learning
markets potentiality will be expanded up to US$18 billion by 2022.

E-Learning Institution in India in 2019:

The emergence of cloud computing technology has highly impacted the Online Edu-
cation Market in India. Due to data saving scope, it is more easier for the users and
providers to procure, manage, access and process the information from anywhere and
anytime. Another important reason behind the growth of e-Learning markets trends
in India is the rising popularity of big data and learning analytics. The technology
enables the companies and institutions to provide online courses to the learners. How-
ever, it is forecasted that Indian e-Learning markets potentiality will be expanded up
to US$18 billion by 2022 (www.technavio.com).

1. BYJU’S: BYJU’S is a learning app founded by Byju Raveendran. In 2019, it
has a total net worth of $5.4 billion (Rs. 37,000 crore). This firm has efficiently
created a K12 learning smartphone app which offers highly effective, adaptive
and active engaging learning programmes. This Edetech app not only provides
effective tutoring programme at school level but also efficiently delivers a e-
Tutoring to various other competitive exams like IIT-JE, UPSC, CAT and GRE,
etc.

2. IGNOU: IGNOU stands for Indira Gandhi National Open University a Central
University which is located at Maiden Garhi, New Delhi. It was established in
the year 1985. It has a total enrolment of over 4 million students with 67 centres
across the country, the reason why it is regarded as world’s largest university.
The university serves under themotto of—ThePeople’sUniversity. IGNOUwas
founded to serve universal and accessible quality higher educational opportuni-
ties in India through the means ofDistance and Open Education. IGNOU offers
226 academic programs like Diploma, Degree and Certificate courses such as

http://www.technavio.com
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School of Social Science, Sciences, Education, Engineering and Technology,
Management Studies, Computer and Information Sciences, Health Sciences,
Law, Journalism and New Media Studies, Vocational Education and Training,
Foreign Languages and Performing and Visual Arts, etc.

3. Dexler Education (2001): It is located in Bangalore (India). The Dexler Edu-
cation primarily deals with digital education and consultative services in edu-
cational sector. The company provides industry-based e-Learning education
solution for corporate learning, talent and faculty management and enhances
easier mode on e-Learning. Along with its inventive and skilled e-Learning
tactics in delivering quality education to the needy students and organisation,
the Dexler Education acquired certain position among the highest e-Learning
institution in country.

4. The Educomp Solution (1994): It is in Gurgaon and an Indian-based company.
Its aims to replace the traditionalway of learningwithmore advance and smarter
way of teaching and learning. Educomp Solutions is ranked among the best e-
Learning companies in India. As there is saying—the numbers speaks, there
are 30 million learners across and 65,000 schools in Educomp Solutions in two
decades.

5. National Institute of InformationTechnology (NIIT-1981): It is situated inGuru-
gram (India). NIIT provides various kinds of e-Learning courses such asmanag-
ing, self-learning and instruction training, etc. NIIT is specialised in providing
knowledge to certain domains such as corporate, skills and career and schools
learning groups.NIIT also offers necessary e-Learning facilities to the deserving
and socially challenged and deprived students to certain extent.

6. Edukart (2017): It is also listed among the top online educational learning com-
panies in India. Edukart is one of Indian higher education enrolment platform
for e-Learner. It is an e-Learning entrance coaching site that provides online
learning services to the educational seekers. Edukart also offers admission to
certain curriculum such as Diploma and Degree Courses along with Entrance
and Certificate, etc. Edukart has linked with some well-recognised educational
institution in India like Indian School of Business, National Narsee Monjee
Institute of Management Studies-School, etc.

7. Simplilearn: It is also one of the top e-Learning platform in San Francisco,
California (USA) and Bangalore (India). The Simplilearn also delivered var-
ious e-Learning programmes such as cloud computing, digital markets and
cyber security course, etc., to the online learner. This institution today achieved
successful position among the successful online educational institution in India.

8. ZeusLearning (ZL): It is also an online learning institutionwhose headquarters
is atMumbai (India). It occupies topninth position among the toponline learning
institution in India. Zeus Learning offers various programmes to the online
learner such as software and apps designing, training and solution for mobile
and other technological system, etc.

9. Meritnation: It provides live online interactive and tutorial classes to the e-
Learning seekers. It is an Edu tech start-up, which is a part or division of Applect
Learning Systems based in Delhi (India). Meritnation is an online learning



E-learning in Higher Education in India: Experiences … 721

providing institution that delivered various types of e-Learning approach to its
e-Learner, so that there could be effective online teaching–learning practices.

10. Excelsoft: Excelsoft was founded in the year 2000. Excelsoft provides value
courses, product and to cater to the needs and demands of all the key educational
sectors likeK12 learning system, higher education level, corporate learning, etc.

6 Analysis: II

The e-Learning system is vital for rapid teaching, learning and dissemination pro-
cess but there are inherent challenges as well. A few key indicative challenges are
mentioned below.

(a) Lack of uninterrupted power supply is one of the major issues in the online
learning process. Since e-Learning system wholly depends on electricity, there
has been frequent interruption in power supply that creates disruption in e-
Learning process.

(b) Lack of Internet coverage across the country is another key issue to be addressed
in order to provide better and quality digital learning capability of the learner
of the country.

(c) Technical issues are yet another matter of concern since the entire process of
e-Learning revolves around technology, and if there is technical issue that exists
in the learning process, it will definitely hamper the e-Learning process.

(d) Lack of professional skills is another issue need to be redressed, as it requires
a well-qualified and skilful professional person in the online education system.
If the knowledge providers lack the professional skills, then it will again create
problems in such teaching–learning process.

(e) Smooth e-Learning process is hindered by the inherent struggle for adaptability
of computer skills. In this type of learning pattern, both the teacher and students
need to have well versed in the field of computer technology.

(f) Lack of motivation, i.e. self-motivation is another important matter. Since it
lacks face-to-face interactive methods, sometimes students remain unmotivated
in their learning process.

(g) Reliability of e-Materials is another important concern, as we do not know the
reliable source of materials that are being provided to the students.

(h) Most of the e-Platform is unidirectional. In other words, the learning process in
the e-Learning process is one-way learning platform to most often. The learner
most often did not get time to have face-to-face contact with the resource person
[3].

(i) The e-Learning system also suffers from lack of personal or humanistic touch
or human factor in the fields of teaching–learning pedagogy. E-Platforms suffer
from real-time interactions, since classes are online in nature with time-specific
guidance which makes difficult for the learner to attend the exact schedule
classes which is another matter of concern for e-Learner.
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(j) Lack of adequate e-Materials is another important issue where the learner may
face certain problems. The e-Materials are developed as generic not specific to
field of inquirywhich lacks the flexibility learning capability or interdisciplinary
knowledge of the learner.

(k) Huge initial investment for production, preparation and access of materials at
the beginning.

7 Limitation of Study

The paper is developed to explore e-Learning practices in the higher education sys-
tem of India. Since the e-Learning pattern is in the nascent and formative stage in
the country, it is difficult to retrieve longitudinal database in terms of number of
users, period of usage, qualitative aspect of e-Learning process, etc. So, this paper
essentially suffers from adequate relevant information at this moment. However, the
paper has attempted to outline the overview of e-Learning process in Indian higher
education system.

8 Conclusion

This study can be regarded as a very foundation work in the domain of e-Learning
intervention in Indian higher education system. The study indicates that the e-
Learning process has gained momentum over a period of time, and it signifies that
both the public and private sectors are contributing to this segment that can achieve
the inclusive education model up to the extent of higher education level in India.
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A Novel IoT-Based Approach Towards
Diabetes Prediction Using Big Data

Riya Biswas, Souvik Pal, Nguyen Ha Huy Cuong and Arindam Chakrabarty

Abstract Big data is amodern teamster of today’s economical world. Data are being
digitalized in today’s world as imperative judgment is taken by Big data analytics.
In our manuscript, we have discussed about Big data analytics in IoT ecosystems
and its implications in healthcare. Healthcare is concerned now a days and big data
is holding all the supportive hands in IoT-based healthcare systems. In healthcare,
we have discussed about Diabetes Mellitus which is a non-communicable disease.
This paper deals with the proposed system of diagnosis of diabetes. Hence it is
assertive that we do some surveys on how we can manage to handle large data files,
technologies are defined and also predictions of diabetes through IOT sensor and
management have been discussed.

Keywords Big data · Hadoop ·Map reduce · HDFS · Pig · HIVE · HBase · IoT

1 Introduction

In current surroundings data is generating from multiple origin. These data is of
multiple diversity. This bulk of enormous data is considered as Big Data. Big data
and IoT are the buzz words now days. It is used to express cumbrous bulk of struc-
tured and unstructured data. Some characteristics of Big data being discussed [1, 2].
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The amount of data can be blunder, malleable and scalable data which are processed
through technologies used called Hadoop, Map Reduce, HIVE, Pig. The produc-
tion of volume of data is rapidly enlarging every year due to occurrence of newly
technologies, accessory and communication [3]. In the modern milestone of smart
phones andwearable devices, endless sum of health data folder of patient from differ-
ent challenges continue featured by healthcare industry [4]. Mostly confusion begin
where system process through heterogeneous data sets [5, 6]. In healthcare sector a
leading non-communicable disease (NCD) is Diabetes Mellitus. There are basically
three stages of type 1 diabetes, type 2 Diabetes, Gestational diabetes. Diabetes is a
scheme of metabolic diseases consist of high blood sugar levels concluded lengthy
season a numerous operation supported on Internet Of Things been developed for
management of diabetes and it composite of physical objects [7, 8]. IOT is mostly
a model for interconnecting sensor which does tracking, sensing, processing and
diagnosing, coming up with a enclosed device and detector which can link up and
also exchange content beyond the internet [9, 10].

In this paper, we are going to discuss literature survey of the related work in
the Sect. 2. Section 3 deals with the architecture of the proposed diabetes diagnosis
system, proposed algorithm, and sequence diagram of the algorithm.

2 Literature Survey

In this section, we have discussed on literature survey of the background study.
Chavan et al. [9] have discussed about Big data is a word which defines massive and
convoluted set of data. Some technologies like Hadoop, HDFS, Map Reduce, Pig,
Hive, HBase being used. Khan et al. [11] have expressed a proposed data life cycle
which utilize employ the technologies and nomenclature of Big data management,
investigating and scarceness. Nizam andHassan [12] have discussed that it is tough to
operate with Big data resolvingmanagement traditional dataset. Chen et al. [13] have
discussed that Initially generic background of Big data is inform then study about
the connected technologies i.e. cloud computing, Internet Of Things, data centers
and Hadoop. Archenaa and Mary Anita [14] have deliberate about the approach of
how we expose newly expose surplus value from the data autogenic by healthcare
and government. Prasad et al. [15] have discussed that diabetes is one of the leading
non-communicable disease Mellitus. This system will prophesy searching algorithm
in Hadoop/Map Reduce. Huzooree et al. [16] has explains that Diabetes Mellitus
(DM). The goal of this paper is to ecumenical review centering on recent glucose
projection model is declared depending on the rating to performing data analytics in
wireless body area in network system. Kumar and Pranavi [17] has discussed that
the important function is providing dilution healthcare by modern application such
as Big data and cloud. A ecumenical survey is made on diabetes dataset with random
forest (RF), SVM, k-NN, CART and LDA algorithms. Joaheer and Nagowah [18]
have explained Telemedicine, Electronic Health Records (EHR) and social media.
This paper also describes the repung of Big data and also it proposed architecture for
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diabetesMellitus to predict patient with chronic disease in maturius. Saravana kumar
et al. [19] have discussed that the unstructured nature of lifecycle from healthcare
of Big data This paper analyzing algorithm in Hadoop/Map Reduce is used for
prediction of diabetes type, hindrance. Al-Taee et al. [20] has discussed that the
self-management of diabetes by IOT based podium. A completely practical model
system is created, achieved, point-to-point function is approved successful.

3 Architecture of Proposed Diabetes Diagnosis System

This section describes the architecture of diabetes diagnosis system that analyzes
the various Data and initially it accumulated data from numerous devices and it is
initially stored in an unstructured or semi-structured format. Initially data should be
digitized to stem EHR as well as data are smart devices, research and development
SNM data repository which is begin captured by existent technologies and used to
redirect those data to centralized database for anatomy. The data are gathered for
processing in Hadoop data system then data will be accumulated by apache flume.
Apache flume is used here which is a item of hadoop ecosystem. Then the data will
be pushed to Hbase by agents for further processing (Fig. 1).

The outputted data moves to HIVE it is a business application running in SQL
queries against a hadoop cluster. It uses then map reduce. Map reduce has two tasks

Fig. 1 Architecture for our algorithm
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data is splitted and passed intomapping function for produce output values. Next data
can use spark which is a frame work that is same as hadoop which provides open-
source platforms and can be used by anyone. Then the outputted data are aggregated
in hadoop data manager where YARN is used i.e. it is a centralized platform. Then
implementing various machine learning algorithms such as RF, LDA, CART and
K-NN for prediction it also learn specific data and the test absolute model which will
be back to hadoop and hadoop data system will completely send it back to end user
tool.

Here it initially identify the course of people tolerate from diabetes registry by
working healthcare analytics to big data technology for identifying the diabetes.

3.1 Proposed Algorithm

This section deals with the proposed algorithm of the diabetes diagnosis system.

Step 1: Initially data assembles from various sources like EHR, smart device and
sensors devices and research and development and SNM data respitory.

Step 2: Hadoop is a framework which permits for distributed processing of enor-
mous data set. It is a framework which has a capability for stocking and
considering data which are prevailing in various machines. It also service
map reduce which permits for diving the query into limited chunk and
achieve them in co-ordinately.

Step 3: Initialized data’s from various sources need to be delivered to hadoop
data system to process the data where the data’s are accumulated by using
apache flume, then data moves to HIVE which run SQL queries then data’s
are place down to map Reduce for summarization. After that spark is used
which furnish a open-source platform.

Step 4: The processed data’s aggregated from hadoop data system need to be
managed, so to manage the data are implemented in hadoop data manager
where YRAN is used to add new features to the hadoop. It is a centralized
platform used for Resource Management.

Step 5: The outputted values of managed data are a switched back to hadoop data
system.

Step 6: The outputted data should be evaluated so Hadoop data system will
generate machine learning algorithm.

Step 7: Hadoop ensures the appropriate algorithm for the data does evaluated
according to their category, from the set of algorithm to determine the
appropriate data pattern and lining the data for earning prediction.

Step 8: Outputted data tested by Hadoop and draws one specialized model of
algorithm and learned the specific model.

Step 9: Outputted data are for specific algorithm switch back to hadoop data
system.
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Fig. 2 Sequence diagram for our proposed algorithm

Step 10: Once, the above steps are done hadoop data system will switch over to end
user tools.

3.2 Sequence Diagram

Initially data are accumulated from multiple sources. Data are being processed by
hadoop data system and managed by hadoop data manager and outputted managed
data are swapped back to hadoop data system. The hadoop data system will generate
machine learning algorithm. According to the kind of data it will choose specific
model and the outputted model will reversed back to hadoop data system. After
completion of above steps hadoop will swap back to end user tools. In this section,
Fig. 2 is expressing that the data sources which are being assembled from various
devices are processed and managed. It also analyzes various algorithm and choose
appropriate algorithm to learned specific model to predict diabetes.

4 Analysis

In our work, we have built the need of predicting techniques to measures the diabetes
unlike the traditional models which doesn’t provide enough efficiency, accuracy and
fastest delivery. This technique possesses several data from EHR, R&D and other
sources like smart devices.

By using existing technologies, it is possible to capture and send to a centralized
database for analysis. Also, unlike most of the other proposed works, we used to
gathered data from various devices and processed the data in hadoop data system and
then processed data are beingmanaged by hadoop data management and additionally
it also applied machine learning algorithm such as RF, LDA, CART and K-NN
provoked by hadoop. The machine learning algorithm has main benefits over the
most other techniques as it provides more accurate throughput to user and it gains
the performance rate of the model.
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Fig. 3 Compares the traditional approachwith the proposed approach shows accuracywill increase
as data sources with increase

In our proposed work, considering all factors, we can say that the efficiency,
accuracy and fastest delivery medical care at lower cost. This can be compared
with the traditional approach by depicting them in the form of graphs for both the
traditional approach and our proposed approach. It is depicted that data that we are
getting from multiple sources are used to predict the diabetes. So, here accuracy
perform a efficient role. Figure 3 compares the data sources with the accuracy as
the data sources will increase accuracy throughput will also increase in proposed
approach and decrease in traditional approach. Figure 4 is expressing the comparison
of cost of traditional approach as compared to proposed approach the costwill decline
in proposed approach.

5 Conclusion

Peoples are engaged in today’s world in the feverish slots and not pickings any care
of their own health, starring to difficulties of continuing disease such as diabetes. In
this paper, a recent framework is suggested that utilize. This framework will analyze
and predict diabetes Mellitus and providing way to improve healthcare complexity
and delivering earliest potential working. As well as this framework is operate for
self-treatment and also in future providing faster medical care within a chip costs.
In this paper, it also provides many various machine learning algorithms such as RF,
SVM, CART, LDA andK-NN to predicting data patterns. The framework is working
currently under development.
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Fig. 4 Compares the traditional approach cost with the proposed approach and display the increase
in cost in traditional approach and decrease in proposed approach
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Abstract MSME (Micro, Small and Medium Enterprise) sector constitutes more
than 99% of private firms operating in India which generate crores of jobs across
the country. In fact, the MSME firms aim to support the large companies either
in the form of outsourcing partners for supplying raw materials, W-I-P or adding
value to one or few processes as ancillary to the big establishments. However, in the
growing competition and the market complexity, the MSMEs have to compete with
the large firms. The world is emerging toward Fourth Industrial Revolution (4IR)
which not only prescribes for automation, speed, and prompt delivery mechanism
but also it attempts to duplicate Human Intelligence in the form ofMachine Learning
or Artificial Intelligence (AI). In the dynamics of rapid changes across the Industrial
Ecosystem, it is emergent for the MSMEs to re-module its business directions. The
threshold level technology needs to be transferred, absorbed, and adopted by the
MSME firms so that the can play a meaningful role in today’s knowledge economies.
This paper has explored the Scope and Preparedness for the sector and has prescribed
desired Policy Reforms to make the transition smooth, value-adding and resourceful.
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1 Introduction

1.1 MSMEs in the World

The contribution of MSMEs across the globe has been found highly significant
particularly as a change agent for rapid socio-economic development [1, 2]. Research
indicates that the MSME sector has a positive association with the economic growth
and developmental indicators equitably both in developing and developed nations of
the world [3, 4]. The sector has been instrumental to absorb a large pool of manpower
directly or indirectly worldwide.

1.2 Indian MSMEs: Status, Scope, and Achievements

Indian MSMEs have the capacity of absorbing around 40% of the total workforce
that contributes almost 45% of manufacturing outputs worth of around 6% of man-
ufacturing GDP and reserves the share of 40% of total exports of the country. It
is observed that around 94% of the firms belonging to the MSME sector are not
registered even though the growth of this sector has been recorded at around 11%
per annum which is more than the average GDP of the country in recent years [5,
6]. However, with the implementation of Goods and Service Tax (GST) in India,
the unregistered MSMEs are compelled to enroll as a part of legal bindings. The
MSME firms have been largely facing a series of problems and inadequacy which
are mostly in terms of lack of availability of resources and opportunities leading
to high-end inefficiencies. However, India witnesses a minuscule of MSME firms
that are performing at par with the big corporates while the larger section of Indian
MSMEs acutely suffer from Industrial Sickness or pro-sickness. The financial pack-
age extended to such sick firms would not be able to address the root causes rather
offering some other set of benefits which might result in a favorable outcome [7, 8].
Most importantly, the industrial development is a function of the ease, access, and
successful use of technological development. The MSME sector essentially needs
the constant support for skilling of its manpower and technology led transformational
business practice. Barring a fewMedium and high performing firms, it is difficult for
Micro or Small firms to afford continuous investment for technological upgradation.
It is indeed a great challenge for the policymakers and the promoters these firms to
have a full-proof solution for its survival, growth and sustainability.
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2 Review of Literature

MSMEs are deemed to be an accelerator of economic growth across the world [1, 2,
9]. There is a positive relationship between the growth of MSMEs and the growth of
the economy in many developed and developing countries [3, 4, 10].

MSMEs are the backbone of the Indian economy as they play a pivotal role by
making a substantial contribution to the economy. They contribute around 40% of
gross industrial value, 45% of the export and are considered to be the second largest
employment generator in the country [9, 11]. Therefore, MSMEs are a necessity for
the nation as they ensure innovation, revenuegeneration, and employment generation,
etc. [12]. MSMEs, notwithstanding, face several challenges in India such as lack
of tangible resources [13], HRM related issues [14], issues related to power, raw
material procurement [15], lack of adequate financial assistance fromBanks, absence
of sophisticated technologies, scarcity of resources, and lack of skilled manpower
leading to ineffective marketing [16].

3 Objectives of the Study

The present study endeavors to:

i. Study and understand the progression of the Industrial Revolution with a special
focus on the Fourth Industrial Revolution (4IR).

ii. Explore the scope and emergence of 4IR in Indiawith special reference toMSME
sector.

4 Research Methodology

The paper has been conceptualized responding to the call of the hour about the
emergence of the 4IR in the world and specifically in the Indian subcontinent. The
paper has attempted to understand how the 4IR has progressed over a period of time
which has been presentedwith the use of relevant and reliable secondary information.
Since the country has been growing as one of the fastest economies of the world and
also aspiring to optimize its demographic dividend, it has become imperative to
understand the scope and emergence of 4IR and how the Indian MSMEs can play
a responsible role as it caters to almost the entire Indian industries barring a few
hundreds of larger firms.
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5 Analysis and Interpretation

Analysis I
The Industrial Revolution (IR) began with a view to meet the demands of growing
population in terms of supply of products. The primary sector has its limitation and
highly concentrated on agricultural produces, handlooms, and handicrafts products.
With the landmark invention of Steam based Power and Low Productive Machines
and other tools, the First IR took place in the mid of the eighteenth century which
continued up to the first half of nineteenth Century. With the pace of technological
development in consonance with the growing demand for higher productivity, the
Second IR started from the second half of the nineteenth century to the mid of the
twentieth centurywhere the sector emphasized on assembly line andmass production
techniques to cater to the need of the population. In the later part of twentieth century,
the industry was dominated by growing advent of electronics, instrumentation, and
computational devices, IT and automation, it introduced a new age of Industrial
Revolution popularly known as Third IR. This period of IR focused on higher volume
of production with superior quality, precision, and Quality Function Deployment
(QFD). In fact, Total Quality Management (TQM) appears to be the prime focus
among most of the learning and large firms. The emphasis of Product Development
has been shifted to achieving excellence in Process Development since the outcome
of the lead processes essentially improvise creating higher quality of product. We are
now in the era of 4IR where not only the Production Operation Systems are being
modified through continuous improvement process as prescribed by Deming’s P-D-
C-A Cycle but the sector intends to replicate Human Intelligence par excellence into
the devised mechanism in practice. The flowchart of the progression of IR consistent
with the timeline has been enveloped in Fig. 1.

Analysis II
The new regime of IR has been propelled by outstanding advancement of satellite and
wireless technology and its successful adaption among the population like Mobile
Telephony, access to Mobile led Internet, use of high configuration platform like
androids, etc. The wave of such advancement was highly appreciated and absorbed
by the Indians particularly the Youth population of the country.

The tremendous growth of mobile and internet services have revolutionized the
economic growth trajectory of the world and, of course, this is going to impact
the Indian economy in the coming decades. The vivid penetration of Smartphone
tremendously enhances the use ofMobile Internet as compared to Fixed Line Portals.
This hasmade a growing propensity and user friendly internet access platform for the
Indian users that resulted in greater participation in mobile led e-commerce activities
across the country. This has motivated the Indian users to prefer new business model
[17]. Internet economy of India is projected to double from the existing (April, 2017)
125 billion USD to 250 billion USD by 2020 at the behest of phenomenal growth
in e-commerce/m-commerce of which the value of transactions would reach around
100 billion USD through digital platform. The ambitious project of Digital India
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Developed by the Authors

Fig. 1 Industrial revolution: journey ahead

Campaign intends to create online economy worth trillion USD by the year 2025
[18].

According to Worldometers—real-time world statistics, the present global popu-
lation is around 7.6 billion of which it is estimated that almost half of the population
are Internet users and surprisingly, around 50%of global internet users reside inAsia.
Around 24% Internet users from Asia belong to India [19]. It is projected that the
market potential for IoT devices in India would reach up to 9 billion USD by 2020
[20] as the country is poised to execute large scale IoT intervention projects to cater
to its diversified reform policy [21]. All these above figures and observations signify
that there is a growing market opportunity in creating, manufacturing and servicing
IoT led devices in India which can be shouldered by the Indian MSMEs either as a
support hub of large scale enterprises or the independent providers in the segment.
This would depend based on the CompetencyMapping of theMSMEs firms in terms
of firm’s core expertise, experiences, conformity of other value chain and the extent
of absorbing and adopting new age technology within the least possible transition of
time.
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6 Recommendations

Based on the present study, it is imperative to understand the development of IoT led
and other forms of digital ecosystem in the era of 4IR has been emerging as mam-
moth business opportunities where the MSMEs can play a leading role along with
the larger firms. This transition needs certain policy reforms from the state as well
as higher commitments by the enterprises operating in India since India is emerging
as the fifth largest economy in the world and the second largest continent using part
excellence technology. The sector can achieve enormous export opportunities in var-
ious countries of Asia, Africa and LatinAmerica even a small segment of gulf nations
since India enjoys a competitive edge over others in terms of its positioning as IT
superpower, superior quality of human skill, competitive labor cost, and sustainable
competitive advantage on the related domain trade. To achieve these agendas, the
following recommendations may be incorporated:

1. The government should sponsor and organize massive skill development pro-
grams highlighting the necessary augmentations for creating devices related to
IoT and other forms of digital and interactive ecosystem.

2. To reinforce the confidence among the smaller firms, the state may formulate
time-bound financial incentives either in the form of tax exemption or extending
case-specific subsidy so that financial aspect can be considerably supported.

3. The bank or Financial Institutions may be directed to promote firms for venturing
into 4IR by allocating targeted budgetary provisions that should be disbursed in
a time-bound manner.

4. The state must encourage Higher Educational Institutions like Universities, Col-
leges, and Research Institutes to take up innovative and need-based projects and
applied research in the broader domain of IoT enabled devices so that the outcome
of the research can move from lab to market. The present research has identified
that people of India are keen to get IoT augmented high quality healthcare sector
which can be prioritized along with other emerging areas.

5. Massive investment in the sector is essential in order to strengthen the infrastruc-
ture for delivering public utility services like health, education, Public Health
Engineering (PHE), environmental protection etc., both in rural and urban areas
of India in order to expedite rapid socio-economic transformation as prescribed
by the United Nations’ Sustainable Development Goals (SDGs).

7 Conclusion

The present paper is exploratory in nature which has been grounded by the latest
dataset and information collated from most recent and reliable sources. The paper
has attempted to showcase how 4IR has arrived and is knocking at the door. If we
miss or delay to welcome, perhaps we would be compelled to invite ourselves to the
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catastrophic consequence and would fail to get into the growth trajectory in the new
millennium. India is about to encash its growing demographic dividends where it is
inevitable to imbibe the youth with this new generation business model otherwise it
would be detrimental to achieve the goals as doctrines by UN SDGs.
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Smart and Sustainable Agriculture
Through IoT Interventions:
Improvisation, Innovation
and Implementation—An Exploratory
Study

Arindam Chakrabarty and Tagiya Mudang

Abstract From the dawn of civilization, the unending aspiration toward achieving
excellence has been the paramount accelerator which is witnessed through different
ages, i.e., Stone Age, Bronze Age, Iron Age, age of automation and information
supremacy. The world is transforming into massive digital ecosystem. The compre-
hensive digital value system is being pioneered by developments in IT and ITES.
Internet of things (IoT) is the culmination and assimilation of related instruments for
sharing real-time data in a collaborative, harmonized and mutually exclusive manner
to facilitate optimum decision-making process. In spite of technological advance-
ment, the society survives on primary sector. So this is the high time to capitalize
the threshold the technological knowledge into agriculture system so as to optimize
resources, minimize losses and ensure achieving the spirit of sustainability. It is also
interesting to see how the most advanced technology can be synergized in primitive
farming techniques. The European and Latin American countries have been using
IoT in agriculture in varied modes, dimensions and levels. These can be exemplified
by glimpse of application like farming based on weather projection, real-life count
of agriculture produces, real-life estimation for loss due to perishability or expiry,
irrigation issues, controlling of infrastructure support for farming activities from dis-
tant location, census of cattle, etc. In fact, the concept of IoT is in still nascent stage
in India. There are vast opportunities of IoT application in the country since India
is primarily an agrarian society and around 60% population are engaged in this pro-
fession which contributes around 17% of share in GDP and feeding the elephantine
population of the country. This paper would study various sparks of IoT system,
its versatile application worldwide and possible intervention in India particularly in
agricultural activities. The paper would explore innovative modeling for IoT integra-
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tion in agriculture system and its ease of implementation globally with emphasizing
on Indian subcontinent.

Keywords IoT · Sustainability agriculture · Innovation · Technological
advancement

1 Introduction

Concept of IoT
IoT which is popularly known as Internet of things (IoT) is the systematic arrange-
ments of smart devices, equipment, objects, animals or people connected with each
other assigned with UIDs (known as unique identifiers) and having the features to
transfer data over a network.

Today, in every field, the Internet of things (IoT) is getting recognized and
becomes significant for agriculturist, professionals, agencies, etc. to understand the
phenomenon of its power to improve business and other activities.

IoT basically consists of four basic architectures.

i. Power-Efficient system—The inverse proportion of high performance with low
battery consumption gives a significant edge during the design of electronic
system.

ii. Cloud computing—IoT generates a huge mass of data, and these data collected
from the device need to be stored and processed in the server. To process such
volume of data, there was an inception of cloud computing to anticipate the
need. Cloud computing refers to the provision of different services through the
Internet. This phenomenon includes tools and applications in the form of data
storage, servers, databases, networking and software.

iii. Big data—IoTworks on devices like radio-frequency identification (RFID) sen-
sors, smart networkmostly real time. These devices are spread across every field
to capture a massive flux of big data.

iv. Network connectivity: Internet connectivity is like oxygen for IoT without
which the device cannotwork. In order to communicate, the Internet connectivity
is essential where each device, object, etc., is represented by an IP address. The
smart devices are connected via Internet in a way that it captures and optimizes
every bit of data obtained in everyday life.

Dynamics of IoT
The territory of IoT is limitless and is heading beyond computers, laptops and smart
gadgets. Nowadays, it is moving toward linked cars, smart homes, connected wear-
ables, smart cities and smart health care. In the nutshell, it is a connected life. As
per Gartner report, it is predicted that by year 2020 the number of connected devices
across all technology in the world shall reach 20.6 billion.
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Year No. of connected devices

1990 0.3 Million

1999 90.0 Million

2010 5000 Million

2013 9000 Million

2025 1000 Billion

Source https://www8.hp.com

The above table gives the estimation about the number of devices which get
connected in the near future. The study conducted by Hewlett-Packard which shows
that these devices will fill the space between physical world and the digital to enhance
the value, productivity and quality of life, society and industries.
Dynamics of Agriculture:

S. No. Various domains of agriculture Description

1 Agronomy It is the branch of agriculture which deals
with the study of crops and soils for the
purpose of production of various crops like
food crops, fiber crops, sugar, oilseeds, etc.,
for the purpose of better food production and
to control the diseases

2 Horticulture This branch of agriculture mainly deals with
the productions of fruits, vegetables, flowers,
ornamental plants, spices, condiments,
beverages, etc.

3 Forestry The forestry branch deals with production of
large-scale cultivation of perennial trees for
the purpose of wood, timber, rubber, raw
materials for industries, etc.

4 Animal husbandry This branch of agriculture deals with the
practice of raring, breeding and raising
livestock in order to provide food for humans
and to provide power (draught) and manure
for crops

5 Fishery science The science that deals with practice of
breeding and rearing fishes. This may
include various marine and non-marine
fishes, shrimps, prawns, etc., for the purpose
of food, feed and manure

6 Agricultural engineering This branch of agriculture is a branch of
engineering also which deals with farm
machinery for preparation of field,
cultivation, pre- as well as post-harvest
process like soil and water conservation
engineering and bio-energy

(continued)

https://www8.hp.com
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(continued)

S. No. Various domains of agriculture Description

7 Home science Home science branch deals with application
and utilization of agricultural produces in an
optimize manner so as to provide nutritional
security, including value addition and food
preparation

2 Sustainable Farming

Sustainability is the most prolific buzzword in the present time. The traditional con-
cept of business narrowly focuses on product, productivity and profit. With little or
no concern toward environment, natural resources and ecology. The reason behind
this ideology was driven by either the availability of abundance of resources or least
awareness about nature or natural resources. As the human races are moving through
knowledge age, it has been visualized through series of research outcomes, exper-
imentations, etc., that the earth is passing through at alarming stage. The greed of
comfort and increased ease of convenience have mesmerized the world population
toward innovative products where the virgin resources of nature have been ruthlessly
exploited of which hardly miniscule of them can be reversible back to nature, partly
of them can be recyclable, and majority of the material have become wastes that
cause pollution and diminish ecological balance. On the other hand, as human soci-
eties are growing by numbers, and especially in some Asian countries, the growth
rate exceeds the G.P rate. As a result of that, the human endeavors have started
to understand the resource scarcity for a long-term perspective. All these limiting
constraints have necessitated the emerging concept of sustainability. According to
Brundtland Commission Report 1987, sustainability can be defined as: “Sustainable
development is the development that meets the needs of the present without com-
promising the ability of future generations to meet their own needs.” Agriculture
has changed dramatically, especially since the end of World War II. Food and fiber
productivity soared due to new technologies, mechanization, increased chemical use,
specialization and government policies that favored maximizing production. Today,
sustainable farming becomes vital for the health and welfare of our planet. While
modern industrial agriculture is highly productive and can produce amassive amount
of plants within a harvest season, it also introduces many damaging and long-term
problems that can only be solved through sustainable practices. With the decline
of the farming environment around the world today, here are five reasons why sus-
tainable farming is a rational solution to our agricultural needs. Sustainable farming
system integrates three main goals—environmental health, economic profitability
and social and economic equity. A variety of philosophies, policies and practices
have contributed to these goals. People in many different capacities, from farmers
to consumers, have shared this vision and contributed to it. Technologies and pro-
duction approaches that meet ecological environmental development requirements
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are being used for sustainable agriculture. Sustainable agriculture requires the pre-
vention of ecological crises like major accidents, with strong negative impact on the
environment.
IoT intervention in Agriculture

The inception of IoT technology has been a boon in the agriculture domain.
The use of IoT enables smart farming which helps in reducing the wastage and
increasing productivity through efficient production and operations of agriculture
raw materials. The use of IT and devices like robotics, automated hardware, sensors
and control system in IoTmakes possible for precision farming and becomes popular
among the agriculture organizations across the globe. To monitor the fields and
agriculture activities, the agriculture drone became helpful gadgets for the farmers.
This agriculture drone is easy to use, helps in saving time and monitoring crop health
and integrates geographic information system (GIS) mapping.

IoT has played an important role in managing the supply chain of agriculture
activities. The RFID and cloud computing technology integrate the data and infor-
mation of production, distribution and safety of quality in the agricultural supply
chain effectively which combine the farmers with the IoT and make transparency
of the entire agricultural supply chain process. This helps in monitoring and tracing
the quality of agricultural materials. Information of every aspect including the pro-
duction, procurement, storage, transportation and sale on agriculture supply chain
management will be processed by IoT. The system sends the exact requirements in
terms of quality and quantity of agricultural products such as pesticides, fertilizers
and seeds to appropriate places for meeting the needs of farmers in right price at the
right time. Asmuch as environment issues are concerned, IoT-based farming benefits
in terms of effective usage of water and treatment. As a result, all of these factors will
eventually lead to higher revenue generation. The intervention of IoT in agriculture
can be advantageously applied in the sphere of agriculture.

3 Review of Literature

Kidd (2012) stated that the application of Internet of things shall provide the base
for future sustainable rate of agriculture to meet the estimated growth in the demand
for food, with respect to natural constraints, which delivers system-level benefits in
terms of biodiversity at different levels (field, farm and landscape). These system
will facilitate the land use management and helps in making decisions in the area
of production whether to increase or to decrease based on the data gathered. Such a
system will give a basis to support farmers in managing their agronomy practices to
satisfy local biodiversity requirements and natural resource limitations. Duan (2012)
concluded that IoT cannot only improve the quality of agricultural product, the effi-
ciency of agricultural production and the level of agricultural product supply, but
also efficiently solve the emergent dispatch of food in special situation. Kanget et al.
(2012) states that IoT system helps recognize the information of things such as envi-
ronmental changes or crop growth changes through the monitoring of environmental



234 A. Chakrabarty and T. Mudang

information based on the sensors connected through the Internet. Such informa-
tion is expected to provide the methods to identify the surrounding environments of
things through the sensing, delivery and exchanges between differentiated devices.
In addition, this information is likely to enable the search and grouping of physically
separated growth environments according to various conditions and their manage-
ment under various conditions corresponding to environmental or other pertinent
changes. Moreover, various sensors connected through the Internet are expected to
maximize the quality and efficiency of management by conveying the information on
the occurrence of abnormal growth to users or controlling irrigation systems through
the transmission of control demands. Patil and Kale [5], in their study, proposed
an approach with Internet and wireless communications—remote monitoring sys-
tem (RMS). According to them, this system received real-time information which
allows the farmers to cope up with and even benefit from these changes. Due to
highly localized nature of agriculture information specifically distinct conditions, it
is very challenging task that needs to provide such insights. The complete updated
and historical environmental information is expected to help to achieve efficientman-
agement and utilization of resources. Zulkifli and Noor [11] observed that with the
introduction of RFID technology and wireless moisture sensor network (WMSN) in
the agricultural and farming sector, growing crops and plants can be greatly opti-
mized. WMSN reduces the wiring and piping costs and facilitates installation and
maintenance in large areas. Apart from decreasing labor costs and water require-
ment, the application of smart technology in agriculture is very crucial in terms of
production. Hence, theWMSN system apparently accomplishes themost technology
to enhance the present irrigation systems. The moisture sensors for the soil are con-
tinuously improving and becoming reasonable and suitable for massive deployment
in the WMSN applications.

4 Objectives of the Study

i. To explore the nations that are practicing any form of smart farming system by
reviewing recent and relevant literatures.

ii. To study the scope and opportunities of IoT interventions in Indian farming
system.

5 Research Methodology

The paper is exploratory in nature. The purpose of this paper is to understand and
study how Internet of things (IoT) has been used for excelling agricultural practices
across the globe. The research study has been carried out using reliable secondary
information from referred articles, research outcomes, policy papers, etc. The paper
also attempted to showcase how the IoT ecosystem can be incorporated in India
farming practices. For developing the conceptual framework, inputs from ground
level practitioner have been taken for developing such models.
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6 Analysis and Interpretation

Analysis-I
IoT intervention in sustainable farming across the world:

Internet of things (IoT) is the assortment of new age instrument that has initiated
Fourth Industrial Revolution. The application of IoT has been emerging in the varied
fields of agriculture. The developed nations have been experimenting how best the
IoT devices and blockchain technology could be assimilated to improve effectiveness
and efficiency of the existing modern farming practices. Various research papers
have focused on the multifaceted experiences of different countries through their
intensive research work. The following table reflects the set of countries who have
been using the smart agricultural practices across theworldwhich have been endorsed
by relevant research study.

Smart agricultural practices by different countries

S. No. Name of the country Source

1 Israel Lawhon and Schwartz (2006)

2 Brazil Maia et al. [2]
Pivoto et al. [6]

3 Canada Steele [8]
Stanford et al. [7]

4 China Chunsheng and Ning (2010)
Chen et al. (2014)
TongKe [9]

5 South Africa Evans (2018)
Masinde [3]

6 Netherlands Long et al. [1]
Van Gossum et al. [10]

7 Australia Nukala et al. [4]

Analysis-II
Scope of IoT in Indian farming system.

(i) Irrigation system.

The model of smart irrigation provides the solution for the issues of the irrigation
system in the conventional farming system and maintains the optimum conditions
for their crops. Crops need sufficient water and ideal temperature to grow in the
environment. This will help in improving the quality of the plant and productivity
of the field too. With the application of IoT devices like smart phones and remote
computers, the worker can access the cloud storage to retrieve the data obtained by
the sensor devices. The farmer can control the water supply system with the help of
the smart devices and can supply the water requirement directly to the root of the
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plant. This mechanism will help in weed control in the field since the water supply
will be limited to the plant only.

(ii) Weather-adjusted agriculture system.

IOT weather reporting system has application in agriculture as well. Weather report-
ing system based on Internet of things (IoT) application has the ability to foresee
and measure about all climatic conditions such as temperature difference, level of
humidity and rain. IoT-enabled weather reporting system has been designed with the
accessories like LCD display, Wi-fi modem, transformer, bridge, microcontroller,
voltage regulator, microprocessor, sensors, etc.
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(iii) IoT-controlled sprinkler mechanism.

Smart sprinklers can simplify the garden and agriculture and help in reducing
the water consumption. The smart system works on data from the sensors, weather
forecasts and crop-care database to ensure thewater requirements andprovide enough
moisture in the right time.
Algorithm for this mechanism.

Step 1: The dedicated moisture sensor shall be designed to detect the moisture in the
environment.
Step 2: The smart sensor is installed in the agriculture field accordingly.
Step 3: If the moisture level in the air is less than the critical limit, immediately a
message will be sent to the sprinkling system; else, no action will be initiated.
Step 4: The sprinkling system will sprinkle the water immediately as per the instruc-
tion.
Step 5: The turning on and off of the sprinkler shall be done based on meeting the
moisture value accordingly.

(iv) Estimation and Quality of fruits, pest control, weed control, etc., Using Image
Technology.

Algorithm of this mechanism:

Step 1: Dedicated RFID sensor shall be designed which can detect the specific aroma
of ripe fruits, and it could transfer to server.
Step 2: RFID sensors are installed in the fruit yard/garden to detect the aroma of the
ripe fruits.
Step 3: The high concentration of aromatic stimulus produced by the ripe fruits will
be captured by the installed RFID sensors and converted into suitable information
about the nature and positioning of the fruits in the large area fruit yard/garden.
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Step 4: The captured information is then sent it to the server.
Step 5: The appropriate instructions shall pass to the lead portals or mobile app
earmarking the catchment area of ripe fruits with appropriate GPS locations.
Step 6: The farmers may execute the actions and receive the benefits accordingly
based on the data retrieved from the system.

Algorithm of this mechanism:

Step 1: Dedicated RFID sensor shall be designed which can detect the specific color
or pigment of ripe fruits, and it could be transferred to server.
Step 2: RFID sensors are installed in the high altitude in the fruit yard/garden to
detect the color or pigment of the ripe fruits.
Step 3: The variation or change in the color of the ripe fruits will be captured by the
installed RFID sensors and converted into suitable information about the nature and
positioning of the fruit in the large area fruit yard/garden.
Step 4: The captured information is then sent it to the server.
Step 5: The appropriate instructions shall be passed to the lead portals or mobile
app earmarking the IoT system attached with sensors, and other devices in the field
processed the collected data to inform quick action. Remotely monitor for specific
pests to understand their activity, location and patterns. This can be done by linking
trap stores pond and inform level of specific pest activity followed by monitoring
and collecting data to take accurate and quicker anticipation.

Here are four ways, the IoT is revolutionizing pest control in the food industry.

• Prediction and preparation against infestations
• Alerting about the signs of infestation
• It discourages the uses of chemicals
• Handling current issues.
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Image analysis to distinguish between the crop and the weed species

i. Fishing—Quality of water is determined by the contents of pH, presence of
metals, dissolve oxygen and foreign objects, etc. The most important factor in
the production of the fish is the availability of quality water.
The IoT system consists of pond regulator which uses sensory device to check
the quality of water in the pond. The sensor captures the activities in the pond
and further transfers it to the cloud location for storage. The integrated system
is designed in such a way that it will have the capacity for remote operation
through sophisticated designed mobile application assessing the data collected
by the sensors and also controls the activities of the pond regulator. The regulator
will manage the smart feeding system for the fish and the water monitor system
for the pond which will help the owner of the pond in managing more than one
fish pond from single mobile device. This mechanism will help in reducing the
costs of management of fishing breeding activities.

ii. Tracking of domesticated animals–Hilly and tribal areas.
RFID application in animal tracking enables tagging of domestic animals by
various countries which helps them in tracking their animals. The tracking is
done using radio-frequency identification (RFID) chip which is associated with
the tag. This tag is attached to animals (domesticated.) by clamping on their
body parts like ear, horn rim, planted inside the animal. Insertion can be done in
various places depending on animal (Floyd 2015).

7 Conclusion

The contribution of agriculture in the GDPs of the developed nations has been
decreasing in comparison with the service sector and manufacturing. This is simply
because of the rapid industrialization, infrastructure development, urbanization and
growth of populations. All these factors have been encroaching and shrinking the
cultivable lands. On the contrary, the decreasing fertility with alarmingly increas-
ing toxicity in the soil and environment, climate change has adversely impacted on
agriculture produce. Within the limiting constraints, the sector needs to be vibrant,
value-added and efficient so that the future of human civilization can be sustainable.
This paper has attempted to showcase that the assimilation of high-end IT ecosystem
with the farming system would be a sustainable solution for the future. The advance-
ment of information technology has been emerging through a series of transforma-
tions. Now, it is the age of Internet of things (IoT) and blockchain technology. As per
CISCO report, 500,000 million devices are likely to get Internet connected by 2030.
The smart devices like sensors, camera, etc., generate data through which IoT exam-
ines, combines and delivers insights for decision making. The IoT will be the hub
of devices that gathers data in the environment and communicate over the network.
As per the recent study, it is calculated that 50% of all US food produce is thrown
away. This study essentially has explored various existing and emerging applications



240 A. Chakrabarty and T. Mudang

of IoT in agriculture sector particularly that suits the nature and aspiration of Indian
farming system.
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completely green products, for they all use 

up energy and resources and create by-

products and emissions during their 

manufacture, transport to warehouses and 

stores, usage, and eventual disposal. So 

green is relative, describing products with 

less impact on the environment than their 

alternatives.

(Ottman -1998, p. 89)

Green product is one of the most popular 

buzz words in the field of business and 

academia. In fact the growing concern of 

environmental issues has compelled both the 

seller and buyer towards adopting green 

movement as per as products and services 

are concerned. The WTO declaration of 

sustainability reveals that people of today 

should utilize environmental resources in 

such a fashion that the upcoming generation 

would also be able to equitably exploit such 

resources.  The entire world is principally 

agreed committed to emphasis on usage of 

renewable products so that the depletion in 

the environmental resources could be 

minimized up to a certain extent. Researches 

are going on how to compensate or replenish 

the losses or exploitation of resources in 

order to balance physical, chemical, 

biological equilibrium of the universe. This 

should not be a statue of policy rather the 

policy should be visible flowing in the 

system through regular implementation and 

interventions. Otherwise the entire world 

would succumb the most detrimental ever 

policy paralysis. This paper would attempt 

to investigate how the policy framework on 

sustainability and green issues are being 

penetrated in the peripheral part of India. 

This research work would essentially 

manifest what extent the people at remote 

corner of India are aware, eager and actively 

participate in green movement in the same 

rhythm and spirit as the entire nation in 

convergent with global expectations and 

practices. 

Literature Review: 

Behavioral intentions are defined as a 

measure of a person's relative strength of 

purpose to execute certain behavior, Ng, S., 

& Paladino, A. (2009). According to 

Rashid, N. R. N. A. (2009), the green 

purchase intention as the probability and 

willingness of an individual to give 

preference to green product over 

conventional products in their purchase 

considerations. However referred green 

purchase intention as a determination to act 

in a certain way, Ramayah et. al (2010). 
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Abstract— Environment has become a 
major issue for the sustenance and 
survival of living creature. Human 
societies aspire for continuous 
development i.e. development of 
technology, creation of innovative 
product, enhancing conform and greater 
communication. These compel to go for 
mass exploitation of resources that 
essentially include natural resources. 
Many a times the human beings overused 
and particularly most of them are 
irreversible in nature. In-fact it is an 
alarming situation, that highest effort 
should be given to reduce man-made 
pollution and environment degradation. 
The concept of green product has been 
evolved with the principle and 
commitment of the human races to use or 
exploit natural resources as least as 
possible i.e. required for smooth 
functioning of the civilization. This would 
enhance the scope for future generation 
for their survival, growth with 
sustainability. This mission can only be 
achieved if the new generation has 
environmental awareness and affinity 
towards using green products. The 
awareness generates through literature 
studied during school days, the value 
proposition and commitments of the 
family and the practices of social groups 
concerning the issues of the environment. 
On the contrary it is also imperative to 

understand whether the society has been 
adopting green products, whether the 
green products are available, accessible 
and affordable by the consumer in the 
market they operate. This study 
essentially would attempt to establish 
relationship among different variables 
which could be important for enhancing 
higher use of green products. The study 
area has been chosen from the largest 
state of north-east which is coveted by 
flora and fauna and largely dominated by 
forest area. Since the study is on 
understanding the level and intensity of 
purchase behavior intention of target 
population, adequate representative 
sample belonging to young age group of 
the state has been captured for collecting 
adequate information to fulfill the 
research objectives. As the paper is 
empirical in nature, the data set has been 
tabulated an analysis using SPSS, AMOS 
package. The study shows that ‘Attitude 
towards environment’ and ‘Attitude 
towards Green Products’ of the 
respondent – consumer towards 
‘Purchase Intention’ for green products. 
The model is over justified and fit as the 
R2 value is 0.87 i.e. 87% of the data set 
satisfied the model.  
Keywords - Green product, Sustainability, 
Affinity, Young Generation, Arunachal 
Pradesh 

I. INTRODUCTION 

Green products are energy efficient, durable 

and often have low maintenance 

requirements, free of ozone depleting 

chemicals, toxics compounds and don’t 

produce toxic by-products. Often made of 

recycled materials or content or from 

renewable and sustainable sources. 

Green product is defined as:

Green products are typically durable, non-

toxic, made of recycled materials, or 

minimally packaged. Of course, there are no 

2
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influence of media exposure on purchase 

intention of lead-free electronic products 

(green electronics) amongst 170 lecturers in 

Universiti Sains Malaysia. 

They abstracted the green purchase intention 

as an individual‟s plan to involve in some 

action within a specific time and the 

probability that individual will perform an 

eco-behavior. Qader and Zainuddin (2011) 

have operationalized their dependent 

variable – green purchase intention as a 

single (1) dimension with three statements to 

measure intention.

Joshi, Y., & Rahman, Z. (2015) In their 

study draw the conclusion that the 

consumers are willing to buy green products 

although this will somehow does not 

translate into actual purchases. The authors 

viewed that companies offering green 

products should not view their offering just 

as a unique product that presents new 

business opportunities, and overprice the 

product on the basis of it being ‘green’. This

‘green thinking’ should be a part of an 

organization’s work culture and ethics. The 

company should want to make products that 

are safe for the environment and accessible 

to everyone. The retailer should keep a 

variety of products so that consumers have 

better and broader choice ranges, thus really 

encouraging consumers and society to ‘go 

green’.

For the purpose of this study, green purchase 

intention was abstracted as a one-dimension 

based on Chan and Lau (2000) and Qader 

and Zainuddin (2011) definitions. In 

addition, the definition of this dependent 

variable will be consistent with Rashid, N. 

R. N. A. (2009) which defined green 

purchase intention as the probability and 

willingness of an individual to give 

preference to green product over 

conventional products in their purchase 

considerations.

Objectives of the study: 

1. To study and exhibit the domain of 
green products in Indian context.

2. To explore the level of awareness 
and affinity of green products among 
young generation in the state of 
Arunachal Pradesh.

3. To understand the influencing factors 
that enhances purchasing of green 
products in the study region.

4. To formulate and establish a research 
frame work incorporating all the 
influencing variables with reference 
to purchasing intention of green 
products.

Purpose of Research: 

The purpose of the research work is to 

understand the level of awareness about 
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Rezai, G., Mohamed, Z., & Shamsudin, 

M. N. (2011, June) in their study, it was 

found that there is a significant differences 

among the respondents’ awareness towards 

green food and age, geographical area, 

education level and income. The study also 

indicated that green food is not only about 

being organic but it also encompasses the 

concept of food safety, health issues, 

environmental hazard as well as animal 

welfare. Thus, the study shows that the 

target group was aware of the green concept 

which is a strong indicator of consumers’ 

intention to go green in food consumption.

A conceptualized model developed by 

Chan, R. Y., & Lau, L. B. (2000) consisted 

of environmental concern, environmental 

knowledge, green purchase intention, actual 

purchase behavior and man nature 

orientation. In the study it was suggests that 

actual purchase behavior was highly 

dependent on a person’s green purchase 

intention and the model was aligned with 

Theory of Reasoned Action and Theory of 

Planned Behavior by Ajzen, I. (1991). The 

dependent variable – green purchase 

intention in Chan and Lau (2000) study has 

been measure by using as a single dimension 

with four statements.

Chen, Y. S., & Chang, C. H. (2012) Green 

perceived value would positively affect 

green trust and green purchase intentions, 

while green perceived risk would negatively 

influence both of them. Furthermore, their

study demonstrates that the relationships 

between green purchase intentions and their 

two antecedents – green perceived value and 

green perceived risk – are partially mediated 

by green trust. Hence, investing resources to 

increase green perceived value and to 

decrease green perceived risk is helpful to 

enhance green trust and green purchase 

intentions.

However, the definition given by Han et. al

(2009) on green purchase intention as ‘the 

likelihood of the hotel consumers of visiting 

a green hotel, engage in a positive word-of-

mouth behavior, and willingness to pay 

more for the green hotel’. The conceptual 

model developed in their study aims at 

investigate the relationship between attitude 

toward green behaviors, overall image and 

green behavioral attention among general 

hotel consumers who were age range 18 

years old and above. The study was 

conducted in U.S. The result reveals that 

there were three dimensions which are 

involved viz. visit intention, word-of-mouth 

intention, and willingness to pay more.

Another study conducted by Qader and 

Zainuddin (2011) aims to identify the 
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influence of media exposure on purchase 

intention of lead-free electronic products 

(green electronics) amongst 170 lecturers in 

Universiti Sains Malaysia. 

They abstracted the green purchase intention 
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eco-behavior. Qader and Zainuddin (2011) 
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preference to green product over 
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Objectives of the study: 

1. To study and exhibit the domain of 
green products in Indian context.
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and affinity of green products among 
young generation in the state of 
Arunachal Pradesh.

3. To understand the influencing factors 
that enhances purchasing of green 
products in the study region.
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frame work incorporating all the 
influencing variables with reference 
to purchasing intention of green 
products.
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The purpose of the research work is to 

understand the level of awareness about 
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M. N. (2011, June) in their study, it was 

found that there is a significant differences 
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welfare. Thus, the study shows that the 

target group was aware of the green concept 

which is a strong indicator of consumers’ 

intention to go green in food consumption.

A conceptualized model developed by 

Chan, R. Y., & Lau, L. B. (2000) consisted 

of environmental concern, environmental 

knowledge, green purchase intention, actual 

purchase behavior and man nature 

orientation. In the study it was suggests that 

actual purchase behavior was highly 

dependent on a person’s green purchase 

intention and the model was aligned with 

Theory of Reasoned Action and Theory of 

Planned Behavior by Ajzen, I. (1991). The 

dependent variable – green purchase 

intention in Chan and Lau (2000) study has 

been measure by using as a single dimension 
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likelihood of the hotel consumers of visiting 
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mouth behavior, and willingness to pay 
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investigate the relationship between attitude 

toward green behaviors, overall image and 
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hotel consumers who were age range 18 

years old and above. The study was 
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there were three dimensions which are 
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Design of research instrument: 
The research instrument was designed to 

understand the influencing factors which 

impacts on purchase intention for green 

products. Based on review of leading 

research papers and interaction with the 

domain experts and also results of pilot 

study, a proposed model was designed using 

assumed independent and dependent 

variables. All the variables were measure 

using 5-point Likert scale where score 1 & 5 

depicts strongly disagree and strongly agree 

respectively. Research questions were 

designed in conformance with each of the 

variables so as to understand whether these 

variables have any relationship to each other 

in the form of independence – dependence 

framework. 

Tools & Techniques to be used for data 

analysis: 

The collected information was tabulated 

using SPSS and SPSS-AMOS statistical 

Package to perform Descriptive and 

inferential statistics including structural 

equation modelling (SEM) in order to

understand interrelationship with varying 

intensity of all the variables which would 

yield significant impact on green product 

purchase behavior among the target 

segment. This has helped to interpret the 

extent of awareness and affinity of the target 

respondent and its implication towards 

purchase intention of green products.

 
Analysis & Interpretation  
 

Table - II 
Two Stage Random Sampling Methods for choosing 

Educational institutes 
(Government and Private) 

Total 
no. of 
Institut
ions in 
the 
study 
region 
(Govt. 
&
Private
)

No. of 
Institut
ion 
selecte
d (First 
Stage)

Name 
of the 
Institut
ions 
Selecte
d

Popula
tion of 
final 
year 
student
s in 
each 
institut
ion 
selecte
d

Sampl
e
selecte
d form 
each 
Institut
ions
(Secon
d
Stage)

Unit of 
sample 
as a 
Percent
age of 
Popula
tion

Govt.  –
08

2 GHSS 
- Ita

366 73 20%

KV - 2 65 13 20%

Private -
10

2 Green 
Mount

250 25 10%

King 
cup

109 12 10%

Govt.  
– 03

1 DNGC 
-02

836 84 10%

Private -
08

2 DBC 348 35 10%

NENC 04 04 100%

Govt.  
– 3

1 RGU 660 102 15%

Private 
- 2

1 Himala
ya 

Univer
sity

552 52 10%

Total  
- 30 

09 3190 400 12.53 
% 
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green products and purchasing intention 

among young generation in peripheral state 

of India. The objective of the study has been 

rounding on the core ideas i.e. the extent of 

attitude of the respondent towards 

environment and corresponding attitude 

towards green product which may possibly 

interact and influence on purchase intention 

for green products. 

Research Methodology: 
 

The study is conducted based on empirical 

analysis of data set which has been collected 

from target sample. The study was primarily 

focused on young generation of the state 

under study. To capture the views and 

observation of young generation the 

sampling framework was designed taking 

students of different level as stratum. For 

this purpose the final year students 

considered representing higher secondary 

level, undergraduate and post-graduate level. 

Two stage stratified random sampling 

method was adopted in order to minimize 

data inconsistency and biases. Details of 

sampling plan and data sources are

illustrated below:

Sampling Frame: 

Two stage stratified random shall be adopted 

to select the respondent. The unit of sample 

would be student – respondents who would 

be appearing final year/semester in 

academic year 2018 – 19 in respective 

institution. 

Table I 

Stage 1 – Randomly selected educational institutes (Government 
and Private) 

Study 
Region

Name of 
Stratum 
(First 
Stage)

Total no. of 
Institutions in 

the study 
region (Govt. 

& Private)

No. of 
Instituti

on 
selected 

(First 
Stage)

Types 
of 

Sampl
ing

State 
Capital of 
Arunachal 
Pradesh, 
India

High 
Secondary 

Schools

Govt.  8 2 First
Stage 
stratifi
ed  
Rando
m
Sampl
ing

Private 1
0

2

Colleges Govt.  0
3

1

Private 0
8

2

Universitie
s/Institutio
n of Higher 

learning

Govt.  0
3

1

Private 0
2

1

Source: *http://www.apdhte.nic.in/colleges.htm,
**http://www.rgu.ac.in/, DDSE capital complex, 

Arunachal Pradesh 
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Design of research instrument: 
The research instrument was designed to 
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assumed independent and dependent 
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using 5-point Likert scale where score 1 & 5 
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respectively. Research questions were 
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in the form of independence – dependence 

framework. 

Tools & Techniques to be used for data 
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Package to perform Descriptive and 

inferential statistics including structural 

equation modelling (SEM) in order to

understand interrelationship with varying 

intensity of all the variables which would 

yield significant impact on green product 

purchase behavior among the target 

segment. This has helped to interpret the 

extent of awareness and affinity of the target 

respondent and its implication towards 

purchase intention of green products.

 
Analysis & Interpretation  
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(Government and Private) 

Total 
no. of 
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ions in 
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study 
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(Govt. 
&
Private
)

No. of 
Institut
ion 
selecte
d (First 
Stage)

Name 
of the 
Institut
ions 
Selecte
d

Popula
tion of 
final 
year 
student
s in 
each 
institut
ion 
selecte
d

Sampl
e
selecte
d form 
each 
Institut
ions
(Secon
d
Stage)

Unit of 
sample 
as a 
Percent
age of 
Popula
tion

Govt.  –
08

2 GHSS 
- Ita

366 73 20%

KV - 2 65 13 20%

Private -
10

2 Green 
Mount

250 25 10%

King 
cup

109 12 10%

Govt.  
– 03

1 DNGC 
-02

836 84 10%

Private -
08

2 DBC 348 35 10%

NENC 04 04 100%

Govt.  
– 3

1 RGU 660 102 15%

Private 
- 2

1 Himala
ya 

Univer
sity

552 52 10%

Total  
- 30 

09 3190 400 12.53 
% 
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From the above statistics it is evident that 

both ‘attitude towards environment’ and 

‘attitude towards green products’ of 

respondent-consumer towards purchase 

intention for green products. However, the 

attitude towards green products of the 

respondent were found more significant i.e. 

0.79. whereas for attitude towards 

environment the obtained value is 0.20. 

The R2 value is 0.87 which is highly

significant and exhibit that the model is 

satisfied and justified by 87% of the data set. 

The attitude towards green product (ATGP) 

is positively impacted by Price Sensitivity 

(PS), Quality Enhancement (QE), Brand 

Familiarity (BF), Ease of Access   and 

Convenient to Use (CU).

ATGP  ======= PS = 0.31

ATGP  =======  QE = 0.28

ATGP  ======= BF = 0.28

ATGP  ======= Ease of Access = 0.32

ATGP  ======= CU = 0.41 

Similarly Attitude towards Environment 

(ATE) positively influence by four 

independent variable viz. Core 

Belief/Values, Environment Awareness 

(EA), Individual Commitments towards 

Environment (ICTE) and Government 

Policies initiated towards  Environment 

(GoP) .

ATE ======= Core Belief/Values = 0.34

ATE ======= EA = 0.32

ATE ======= ICTE = 0.40

ATE ======= GoP = 0.34

The statistics for determining model fit are 

enveloped below: 

Sample Size= 400

Degree of Freedom= 40

CR > ± 1.96

P value= 0.000, Chi-Square value = 218.8

GFI = 0.818

RMSEA = 0.125

AGFI:

CFI = .779

Page 8 of 13

Analysis  
Based on literature review and information 
collected from various dependable sources 
attempts were made to devise and indicative 
lists of green products which are being used 
or emerging in the market both for consumer 
and industrial purpose. Attempts were also 
made to make a working definition or a 
broad spectrum of conditions to consider 
green product. 
The concept of green product is vast and 
there is no single definition which can 
exhibit its spirits and essence in toto. The 
underlying presupposition is the green 
product is supposed to be the ultimate 
solution in the eyes of sustainability. The 
green product should confirm the following 
conditions:

a. It should be produced using green 
technology. 

b. It should contribute least possible 
carbon emission and impacts on least 
depletion of ozone layer. 

c. The products and its ingredient’s 
should be mostly recyclable.

d. Follow the modern concept of 
circular economy.  

e. Green products should be composed 
of nature based material rather a 
synthetic ingredients. 

f. Ideally green products should have a 
definite and short life span and 
devoid of any chemical synthetic 
material and preservatives i.e. 
perishable in nature. 

 
 
 

Table III 
Example of Green products in different sectors
FMCG - Biodegradable Detergents

- Soaps 
- Green tea
- Eco friendly Disinfectants 
- All types of papers (writing 

papers, tissues, toilet)
Consumer 
Durability

- Recyclable batteries
- LED light bulbs and tubes.
- Solar panels 
- Clay based cutlery and 

crookery’s  
Health - Biodegradable fittings & 

fixtures. 
- Cotton based consumables for 

dressing or bandit materials 
- Cotton bed sheet
- Eco friendly disinfectants
- Biodegradable gloves

White Goods - Stacked washing machine and 
clothes dryer.

- Gas fireplace.
- Refrigerators.
- Vacuum cleaner.
- Electric water heater tank.
- Small twin window fan.

Packaging 
material

- Edible package material like 
ice-cream cone.

- Paper bags.
- Tetra pack package 

Transportation - Bio fuel 
- Low carbon emission gas 

(CNG)
- Recyclable tires 

Sources: complied from https://www.conserve-energy-
future.com/25-green-eco-friendly-products.php
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0.79. whereas for attitude towards 
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is positively impacted by Price Sensitivity 
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ATGP  =======  QE = 0.28

ATGP  ======= BF = 0.28

ATGP  ======= Ease of Access = 0.32
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Similarly Attitude towards Environment 

(ATE) positively influence by four 

independent variable viz. Core 

Belief/Values, Environment Awareness 

(EA), Individual Commitments towards 

Environment (ICTE) and Government 

Policies initiated towards  Environment 

(GoP) .

ATE ======= Core Belief/Values = 0.34

ATE ======= EA = 0.32

ATE ======= ICTE = 0.40

ATE ======= GoP = 0.34

The statistics for determining model fit are 

enveloped below: 

Sample Size= 400

Degree of Freedom= 40

CR > ± 1.96

P value= 0.000, Chi-Square value = 218.8

GFI = 0.818

RMSEA = 0.125

AGFI:

CFI = .779
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products particularly in the indigenous community. 

Recommendation  
 
This study shows that respondent consumer 

of the region under study are more 

concerned towards Price Sensitivity (PS), 

Quality Enhancement (QE), Brand 

Familiarity (BF), Ease of Access   and 

Convenient to Use (CU) which forms 

attitude of the consumer towards green 

products that essentially influence purchase 

intention towards green products. On the 

contrary independent variables like viz. Core 

Belief/Values, Environment Awareness 

(EA), Individual Commitments towards 

Environment (ICTE) and Government 

Policies initiated towards Environment 

(GoP) also impact collectively towards 

forming attitude towards environment 

(ATE) and that essentially influence 

Purchase Intention (PI) for Green Products. 

However ATE ==== PI = 0.2 and ATGP 

===== PI = 0.79 respectively. This

represents that among the respondent 

consumer there is a need of enhancing 

higher environmental awareness or 

commitments towards environment among 

the young population of the state. Since the 

target population mostly engaged in school, 

colleges and university, the academic 

institution must organized environmental 

awareness camp in the campus as well as 

through outreach programmes so that this 

could influence the young generation for 

enhancing higher purchase intention of 

Green Products. On the other hand the entire 

world is moving towards green movement 

which would definitely enhance the smaller 

markets with good quality and affordable 

green products with higher accessibility by 

the consumer across the country. Unless the 

awareness and commitment towards 

environment is firmly reinforces, the 

improvement in supply side would not 

achieve the desired results. 

Conclusion  
 
This study attempts to understand the views, 

observations and the sense of commitments 

of young educated respondents of a north 

eastern state. The underline spirit behind this 

study was to explore the level of penetration 

of green movement from mainland India to 

the remotest corner of the country 

particularly among the budding leaders of 

the future. This study prescribed that all the 

state and non-state stakeholders should 

design and delivered environment related 

campaign or dedicated illustrative module in 

the course curricula as a means of time 

bound and OOP action plan. The term 

development has been perhaps wrongly or 

narrowly manifested within the locus of 

massive infrastructure, construction, and 

building of engineering structures to jump 
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NFI = .777

TLI =.735

Limitation of the study  
 
The study was designed to capture relevant 

information from the sampled respondents 

who are studying in different institutions in 

the capital complex of the state of Arunachal 

Pradesh. This study could be extended to all 

other districts of Arunachal Pradesh to 

understand the level of awareness and 

affinity in the heterogeneous environment, 

geo-political factors and diversified cultural 

values and practices i.e. spread over across 

all the distinct major and minor tribe of the 

state. The study cannot be holistic and 

comprehensive in nature with the 

tantamount of cross-sectional data. 

However, it could be more effective if 

longitudinal data could be captured and 

analyzed. The study outcome could be more 

convincing if samples could be captured on 

regular interval following the stratified 

random sampling method. Since the concept 

of green product is apparently new in the 

region, the study might suffer from non-

sampling errors. There is in need of 

Modification Indices as Chi-Square &

RMSEA value is high. AGFI values are 

slightly lower.

Scope for further study 
 

The study was conducted to understand the 

level of awareness and affinity among the 

young generation residing in a mountainous 

forest dominated state of north-eastern 

region which is somehow different from the 

tier-I and tier – II cities in regard to the 

lifestyle pattern, the level of consumerism. 

In fact the people at large in the region are 

more close to nature in the spectrum of 

biodiversity. The intention behind the study 

is to understand what extent the indigenous 

society is influenced by the ultra-modern 

lifestyle, hardcore consumerism with the 

advent of massive globalization leaving 

behind their core value and commitments 

towards nature. If these societies are aroused 

by the growing affinity towards usage of 

non-green products, it would be detrimental 

for the human civilization to sustain and 

survive. The study explicitly attempts to 

know the level of awareness among these 

population and whether such awareness 

essentially yield for developing higher 

purchase intention of green products or not. 

On the contrary, the study also focused on 

other cues of green products like price, ease 

of access, branding, ease of availability, 

quality enhancement and their possible 

impacts on purchase intention for green 
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the future. This study prescribed that all the 
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the capital complex of the state of Arunachal 

Pradesh. This study could be extended to all 

other districts of Arunachal Pradesh to 

understand the level of awareness and 

affinity in the heterogeneous environment, 
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values and practices i.e. spread over across 

all the distinct major and minor tribe of the 

state. The study cannot be holistic and 

comprehensive in nature with the 

tantamount of cross-sectional data. 

However, it could be more effective if 

longitudinal data could be captured and 

analyzed. The study outcome could be more 

convincing if samples could be captured on 
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random sampling method. Since the concept 
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region, the study might suffer from non-

sampling errors. There is in need of 
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tier-I and tier – II cities in regard to the 
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from natural green to jungles of concrete.  

The north eastern states are still alive with 

its flora and fauna. If the adoption of green 

products has not been incorporated by 

upcoming generations, the flood of 

indiscriminate and irresponsible 

consumerism would sweep the core values

of sustainability for the region and for the 

entire nation.  
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from natural green to jungles of concrete.  

The north eastern states are still alive with 

its flora and fauna. If the adoption of green 

products has not been incorporated by 

upcoming generations, the flood of 

indiscriminate and irresponsible 

consumerism would sweep the core values

of sustainability for the region and for the 

entire nation.  
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Chapter 14
QFD Approach for Integrated
Information and Data Management
Ecosystem: Umbrella Modelling
Through Internet of Things

Arindam Chakrabarty and Tenzing Norbu

Abstract The journey of human civilization has been phenomenal and indeed
multi-dimensional. It started with the struggle for existence, survival, growth,
transformation and enrichment for gratifying physical as well as intellectual aspi-
rations. Experiential knowledge system and scientific acumen had been the propeller
of the engine of development which essentially began with the ignition of fire
followed by the inventions of wheels and so on. With the growing complexities of
life and multifaceted ambitions, the problems are becoming compounded which
need to be solved by the interface of cognitive skills and technology. Triumph of
human societies has crossed many milestones at different ages i.e., Stone Age,
Bronze Age and Iron Age through evolutionary historical episodes like Paleolithic,
Mesolithic and Neolithic era. The dynamics of contemporary human civilization
solely depends on knowledge economy at the behest of the present information age.
The impetus of information has been widely accepted and practiced across the
horizontally and vertically integrated economic orientations worldwide. The degree
of intensity and commitment might differ among various societies throughout the
globe. The concept of Internet of Things (IoTs) has become popular among prac-
titioners, academia and researchers as it acts as the idea of umbrella value propo-
sition with the synergy of related multipliers. The growth trajectory for the
advancement and welfare of human races primarily depends on the availability,
accessibility and usability of data on multi-dimensional variables. In fact, efficient
data management system has become the backbone of all the developmental models.
The government agencies even the corporate sectors are also reciprocating to this
call of the hour and collect data in accordance with their sectoral limitation. This is
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welcoming but not exhaustive since it suffers from inconsistencies manifolds. Now,
the priority and thrust have been convoluted on the real time data rather being
confined into mere collection and use of unintegrated raw data. This chapter would
attempt to develop a model based on ‘Quality Function Deployment (QFD)’
approach using IoT platform to augment the real-life data management system which
would interact and share between all the stakeholders conforming the spirit of
selective data privacy and confidentiality. This would also strive to bring reforms in
the existing process of planning, strategy formulation and project implementations.

Keywords QFD approach � Integrated information � Data Management
Ecosystem � Umbrella Modelling � Internet of Things (IoTs) � Real-life data
management system

14.1 Introduction

14.1.1 Genesis and Practice of IoT

The term Internet of Things dates back to the year 1999. Most of the sources believe
that Kevin Ashton (Co-founder of MIT’s Auto-ID Centre) is the one who coined
the phrase “Internet of Things”. However, the acronym IoT is deemed to be the later
innovation. IoT is one of the burning topics in the IT world now. It is a network of
physicals things embedded with software, microchip, sensor etc. which enables
immediate access to information about the physical world thereby leads to
improvement in efficiency and productivity. In a span of two decades, it has got
widespread acceptance across the world.

14.1.2 Opportunities for IoT

The opportunities of IoT are enormous and ever increasing. The Business Insider
projects around 24 billion IoT devices shall be installed by the end of 2020 [1].
However, the forecast of other researchers exceeds far ahead. Gartner projected
around 25 billion devices by the same timeframe [2].

The IoT led ecosystem has been widely practiced in today economy and it is
emerging with higher volumes in various sectors like Aerospace and Aviation,
Automotive, Telecommunications, Medical and Healthcare Pharmaceutical, Retail,
Logistics and Supply Chain Management, Manufacturing, Process, Transportation,
Agriculture and Breeding, Media, Entertainment, Insurance, Mining etc. The
Return on Investment (ROI) in IoT segment is projected to touch 13 trillion USD by
2025 [3].
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It is predicted that more than half of spending on IoT sector may primarily focus
on dedicated and customized manufacturing, transportation, logistics and utility
services by 2020 which essentially portray that the future industry would be
dominated by high-end transformative technologies [4].

14.1.3 Application of IoT

Over a period of time, IoT has emerged as an indispensable component for the
development of every nation worldwide. It is being applied in diverse areas such as
Smart Home, Wearable, Connected Cars, Industrial Internet, Smart Cities,
Agriculture, Smart Retail, Energy Engagement, Healthcare, Poultry and Farming
etc. Many industries like Healthcare, Transportation, Agriculture and Breeding,
Media and Entertainment, Insurance, Recycling, to name a few, are increasingly
using IoT [5]. Therefore, IoT intervention is inevitable in today’s era to foster the
growth of economy.

14.1.4 Information and Data Management Ecosystems:
Experiences from India

The development of economy essentially relates to its resources, knowledge sys-
tem, rate of creation of new knowledge and optimal sharing of knowledge and
resources for making its dynamic and meaningful application. So, the focal point of
supremacy in economic model depends on the sharing of information and knowl-
edge system across the stakeholders to a large extent. In India, the state sponsored
institutions including academia and research organizations have been creating high
quality knowledge and various forms of information and databases regularly. But it
suffers from comprehensive integration of all the knowledge and databases in a
harmonious manner. As a result of that the India loses its quality and meaningful
application. According to Global Entrepreneurship Index (GEI), 2018, India ranked
68th position out of 137 countries across the globe where India scored least in
Technology Absorption (5%) followed by Networking (14%) and Cultural Support
(14%) in order to understand the propensity of entrepreneurship in India from
global standards [6]. This signifies that in general, India lacks in sharing knowledge
and information that essentially has created least performance in absorbing tech-
nology from lab to market followed by its culture of creating integrated network or
platform for sharing information.

Of late, the State Agencies are concentrating to create nationwide database
network for example Shodh Ganga in India for Higher Education, INFLIBNET,
various reports of Sample survey or Rounds of NSSO Working Groups etc.
However, these attempts are miniscule in comparison to its overall demand.
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The availability of integrated knowledge set, the ease of access and its effective use
are the pre-requisites for scientific and economic development of the state. The
transparency and disclosure of Private Sectors in India are not encouraging in
general barring a few large firms. There are instances of dubious information and
over-estimations of information revealed by the organizations. The concept of
creating integrates and shareable Corporate Database is almost absent in India
except miniscule attempts by a few agencies purely for commercial purposes.

14.1.5 Exploring Problems in Information and Data
Management Ecosystems

The economy of developing nations is quite different from the developed ones. The
firms in India are, in fact, sandwiched by various compelling forces and inhibiting
factors. The dynamics of rapid technological advancement, bottlenecks like
resource crunch, global competitions and turbulence in policy directions are the
indicative examples of such antecedents. All the firms in India do not function on
excelling their core competency for fetching higher growth. Many of them suffer
from threat perception for their existence, survival and perpetuity. Under these
circumstances; it may be suicidal for the firms to share all its information in the
name of transparency or disclosure. So, India has become the victim of its inherent
inconsistencies and challenges for creating integrated and shareable database sys-
tem as compared to western world.

14.1.6 Concept of ‘Quality Function Deployment’ (QFD)

QFD can be referred as a system that attempts to translate the quality parameters of
Product, Process and Services as a part of TQM initiative for achieving desired
customer satisfaction.

14.1.7 Development of QFD Approach

The works of Akao describes that the QFD approach originated in Japan during late
60s of 20th Century [7]. The QFD initiative was first observed when the Oil Tanker
was designed at the Kobe Shipyards of Japan in 1972. Mizuno also used this model
to design customer satisfaction framework into a service offering encounter. In the
mid of 80s of 20th Century, Don Clausing of MIT introduced this QFD as a design
tool to the United States [8]. In fact, QFD is a strategic intervention to unify all the
key areas so that the outcome of the process could be excelled and optimized.
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14.1.8 QFD’s Areas of Application

QFD is applied in diversified fields of application like Production, Product
Design, Manufacturing, Information Technology (IT), Engineering, Research and
Development (R&D) etc. [9] and other facets of life. It is well sought instrument
that may be deployed in the organizational functions that are necessary to assure
customer satisfaction which may include business, data management enabler/
ecosystem etc. It is also deployed to achieve quality improvement, its management
and to foster 4IR (Fourth Industrial Revolution).

14.2 Review of Literature

14.2.1 QFD

Since 1966, QFD has been extensively practiced by the leading companies across
the world [10]. In fact, it is expected that QFD will be considered as effective tool
for quality assurance in the information age [10, 11]. In QFD process, it is
important to know weights for the customer requirements so as to initiate actions
accordingly [12]. For this, a fuzzy Analytic Hierarchy Process (AHP) using extent
analysis was proposed to determine the same. Besides, Wasserman also introduced
a Decision Model for the prioritization of design requirement during the QFD
planning process [13].

14.2.2 Integrated Information and Data Management
Ecosystem

Integrated Information System (IIS) can play a crucial role for effective manage-
ment of agriculture and ecosystem [14]. It is a tool for trouble-shooting, decision
making and knowledge management [15]. Also for issues like Climate Change and
Environmental Monitoring and Management, IIS is highly essential [16]. Integrated
approach can serve as a model for Resource and Environment Management in the
coming days.

Lari proposed a model which he believes that the model can serve as a frame-
work for Quality Information Management within organizations [17].

Hua and Herstein iterated that IIS is necessary for successful policy making for
the development of education system as it ensures open communication, informa-
tion sharing and information use [18].

Carlson et al. proposed a system called Integrated Business Environmental
Information Management (IBEIM) which efficiently supports and integrates envi-
ronmental information management for Environmental Management Systems

14 QFD Approach for Integrated Information and Data Management … 353



(EMS) tools, LCA and other environmental process modelling tools, and Design for
Environment tools. Through this system, Information and reports can be handled
efficiently by organizations regardless of size [19].

14.2.3 Internet of Things (IoT) and Its Application

IoT can be considered as a global network infrastructure composed of numerous
connected devices that rely on sensory, communication, networking, and infor-
mation processing technologies [20]. A foundational technology for IoT is the
RFID technology, which allows microchips to transmit the identification informa-
tion to a reader through wireless communication. By using RFID readers, people
can identify, track, and monitor any objects attached with RFID tags automatically
[21]. RFID has been widely used in logistics, pharmaceutical production, retailing,
and supply chain management, since 1980s [22, 23]. Another foundational tech-
nology for IoT is the Wireless Sensor Networks (WSNs), which mainly use
interconnected intelligent sensors to sense and monitoring. Its applications include
environmental monitoring, healthcare monitoring, industrial monitoring, traffic
monitoring, and so on [24, 25].

14.3 Objectives of the Study

(i) To study the importance of Integrated Information and Data Management
Ecosystems.

(ii) To propose QFD enabled Umbrella Modelling for Integrated Information and
Data Management process through IoT intervention.

(iii) To explore opportunities and challenges for implementing the model in
Indian context.

14.4 Research Methodology

This paper is exploratory. The study is based on secondary information. It has been
developed reviewing various research papers, reports and using relevant information.

14.5 Analysis and Interpretation

14.5.1 Analysis—I

The importance of Integrated Information and Data Management Ecosystems is
enormous. Glimpses of indicative importance are noted below:
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• There is lack cross-sectional data on various indicators catering to diversified
domains. Even the data are not reliable and regularly published. This leads to
inconsistencies in generating panel data.

• In India, there is need of real-time observations in most of the dimensions of
economy. Another dimension is the available data set are not generated or
published on same reference period. Now-a-days, high precision of real-life data
is available that helps to make strategies projections/forecasting of weather
conditions which can be shared for agriculture, fishermen working in the river
and seas, agriculture practices etc. This minimises both loss of resources and
loss of human and domesticated animals through strategic displacement or
precautionary measures.

• Academicians, researchers and policy makers can formulate appropriate strate-
gies for the emerging issues in terms of priorities of economy.

• Both the cross-sectional and panel data are helpful for designing both short-term
and long-term policy planning in the form of e-governance, investment or
implementation strategies. Cross-sectional data is for evaluating certain policy
implementation activities.

From various studies, it is found that in spite of having positive relationship
between the rate of corporate disclosure and transparency with the firms’ net worth
and profitability [26, 27] miniscule of firms and mostly the large firms have evi-
denced their efforts and commitments for corporate disclosure and transparency.
The MSMEs are least interested in this area that results lesser confidence among all
the stakeholders. On the contrary, the firms practicing higher order of Corporate
Disclosure are sometimes questioned in terms of credibility and reliability of such
information. The instance of Satyam, Enron, Lehman Brothers etc. are the testi-
mony of such arguments where the firms desperately elevated and over projected
the firm’s net worth by creating fictitious assets. So, the quality, reliability and
credibility of information disclosed by the firms are of paramount importance if the
society is committed to have ethical practice and good governance (Fig. 14.1).

It is also important how fast the information has been collected by the firm. If the
firm has to devise policies or strategies based on past data, it would be merely the
‘System Approach’ to management which can solve the problem on ‘Reactive
Mode’. In contrast to that if the firm is enabled with real-time data management
system, the business entities may be strengthened with the ability to have
‘Contingency Approach’ to management that can ‘stop the bleeding’ instantly by
divulging prospective and proactive mechanism. If the experiences and knowledge
system (excepting the critical business secrecy) are shared and exchanged, the
society would traverse with greater accomplishment and exposure to progress in the
journey of excellence collectively with differentiated individual success story.
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The holistic development in the process of collectivism without diluting individual
identity would have been the ultimate goal of effective and efficient Data
Management Ecosystem. The degree of optimization of such process would
determine the growth rate of Human Development Indicators. The ‘Schematic
Decision Box’ has been depicted above to understand the depth and locus of
Transparency and Disclosure that essentially prescribes for effective and efficient
Integrated Information and Data Management Ecosystem.

14.5.2 Analysis—II

Abundance reserve of information and its on-time accessibility may be deemed as
the most precious resource in the knowledge economy. The 4IR has empowered the
society with the application of IoT that can be guided by developing Non-Human
Intelligence through continuous Machine Learning (ML) protocol. The 4IR era
enables the system that can interact with each other and analyse big quantum of data
which may be collected on real-time basis. It is the high time to integrate and
incorporate all the functional KRAs (Key Result Areas) that need to be blended to
form a comprehensive ecosystem with the intervention of IoT infrastructure. The
functional KRAs are to be embodied in the spirit of Quality Function Deployment
(QFD).

Fig. 14.1 Schematic diagram for rationalizing Integrated Information and Data Management
Ecosystem. Developed by the Authors
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The basic structure of QFD as explained in above figure essentially depicts how
the QFD system operates in consonance with the voice of customer and the voice of
organization divulging the spirit of Competitive Analysis. The relationship matrix
helps to identify the designed targets.

The proposed model indicatively may comprise of the following functional
KRAs (Fig. 14.2):

• Real-time Information Recording System: The devised framework would be
able to collect record and retrieve all sort of valued information including
research outcomes in the form of formula, copyright or patent etc., on real-time
basis with the exposure of IoT led ecosystem.

• Information Security Protocol and Client-Server Architecture: The pro-
posed model would instil appropriate Information Security Protocol so that the
database would not corrupt or lose due to any malware attack. The system
should have high precision ‘Client-Server Architecture’ so that it ensures free
flow of data without any redundancy unless strategically entangled with limited
access.

• Interactive Protocol to develop Artificial Intelligence (AI) and Machine
Learning (ML): The designed framework would conceptually be reinforced in
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such a fashion that the various entities interact with each other at the fullest
synergy of permutations and combinations to retrieve meaningful indications/
predictions. The system may be allowed to expose with AI augmented with
continuous ML exercises.

• Data Exchange and Sharing Mechanism: The purpose of this model is to
ensure that all the clients should be able to access, share and exchange the
information at the fullest of capacity. This functional KRA would enable to
optimise the essence of coordination, consolidation and collaboration among all
the stakeholders with the optimum utilization of effective and efficient Data
Management System.

• Data Management and Processing Platform through Big-Data Analytics: All
these KRAs would converge to experience real-time and meaningful interpre-
tation so that the broader dimension of Big-Data Analytics i.e., Descriptive,
Predictive and Prescriptive could be achieved holistically for the dynamic
problems emerged into the real-life situation. All these competing priorities could
be manifested as a fusion of Umbrella Modelling as presented below.

In fact, the QFD approach is of paramount importance in designing an Integrated
Information and Data Management Ecosystem. The Quality Functions or the KRAs
are to be identified, strengthened and the dynamic form of interactions among the
KRAs would create Non-human Intelligence.

Umbrella Model 

Fig. 14.2 QFD approach for Integrated Information and Data Management Ecosystem: Umbrella
Model. Developed by the Authors
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14.5.3 Analysis—III

14.5.3.1 Opportunities

The Integrated Information and Data Management Ecosystem has enormous
demand for transforming India in terms of economic development, R& D and all
other Value Chain functions. The state has concentrated to excel its data infras-
tructure particularly at the pretext of 4IR. The Union Ministry of Company Affairs,
India recently announced to incorporate AI into MCA21 e-Governance service
which will make compliance and registration procedures easier. Moreover, it can
play a vital role in resolving conflicts as well [28]. The indicative Opportunity
Matrix for this Data Revolution System may be identified as follows:

i. Mobile penetration and internet access have been increasing in an incremental
rate in India and Mobile Internet has become the pioneer in the access of
internet service across the nation. The popularity of Direct Benefit Transfer
(DBT) through Aadhar-based Biometric Smart Card has proved successful in
Andhra Pradesh [29]. The Integrated Information and Data Management
Ecosystem may lead to a massive transformation in the lives and economy of
the regions which are remote and away from the central developmental
trajectory.

ii. There is a growing trend for emphasizing on Corporate Disclosure in the
country which may create gigantic opportunities for comprehensive Data
Management System.

iii. In government system, RTI Act 2005 has opened and introduced the process
of compulsory information flow on demand of every citizen of the nation.
Thus, the Act enforces the government departments to collect, preserve and
disseminates the information. However, there is no such Act for Corporate
Bodies. The Integrated Information and Data Management Ecosystem would
enable to synthesize all sorts of data that necessarily include the basic infor-
mation of the corporate without intervening the key issues like Patent,
Copyright, Business/Trade Secrets etc.

iv. The growing popularity, adaptability and application of IoT have mesmerized
the academician researchers and even the users of young generations which
essentially creates a platform for sharing multiple and high magnitude of
dataset in the public domain or open access forum. If the valuable information
is integrated, this could lead the society with fascinating experience and
illuminating features.

v. Cutting-edge research depends on the voracity, quality and reliability of
dataset and its continuum of data flow. This Pull Strategy would promote the
culture and capacity for creating such high-end data infrastructure in the India
and across the globe.
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14.5.3.2 Challenges

In any study or research, the Opportunity Matrix determines the ease and expec-
tancy mode of any model. But the future expectancy constructs must be comple-
mented and supported by continuous form of tangible and intangible resources. One
of the most vibrant factors may be the role of users and the commoners to make it
successful. In Indian context, there are few indicative challenges or rather con-
straints that need to overcome. A subset of challenges are highlighted below:

i. The country suffers from the lack of infrastructure facilities. As 68% of
Indians rest in villages [30], it is difficult to bring them in the ambit of the
sophisticated and high-end Data Management Ecosystem unless equitable
infrastructural development takes place. However, it requires huge investment
of financial resources. It is up to the nation to decide on the competitive
priorities, that is, what extent the government is committed to value the
essence and aspirations of developing Integrated Information and Data
Management Ecosystem. Even if all the state and non-actors are unanimous to
achieve such landmark, it is practically impossible to develop equitable
infrastructure across Pan India within a smaller time frame. The government
has been taking initiative consistently. The hallmark of ‘Bharat Nirman (2005–
09)’ initiatives were witnessed to develop the rural infrastructure primarily in
irrigation, roads, housing, water supply, electrification and rural telephony
[29]. The trend has been fuelled and continued by subsequent governments
through their various policy interventions.

ii. India still suffers from adequate competency on a single language platform as
it is difficult for the multi-lingual society to learn and practice on English
language. The proposed Data Management System may be useful if majority
of Indians can read and understand in English language.

iii. The initial investment of such prototype or framework is associated with high
cost implementation and that needs to be absorbed by the state and non-state
multi-stakeholders.

14.6 Recommendations

The paper has demonstrated how the historical data as well as real-life information
and knowledge system can be recorded, preserved, accessed and optimized so that
every stakeholder of economy may excel in a mutually benefitting and collaborative
manner. The development of 4IR has created enormous opportunity and genuine
demand for creating dynamic database infrastructure which would be expected to
interact arbitrarily as a form of AI. The implication of this paper may be conceived
with the notion how the various forms and facets of data platform can be conju-
gated, integrated and inter-linked to create an Umbrella-shaped morphology.
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14.7 Limitation of the Study

The study intends to formulate a dedicated model for integrating Information and
Data Management Infrastructure based on available research inputs and existing
frameworks. The model needs to be implemented in a test region i.e., a small
district or sub-division where the robustness of the model may be verified. The
emerging attributes or concerns during this experimentation process may be
explored, identified and incorporated with the existing model framework. Thus, the
information ecosystem can be strengthened through continuous development pro-
cess. However, the model has not been trialled as its present form.

14.8 Conclusion

The world has been progressing through information age where big data analytics
has become prolific leader of the millennium. The synergy and synthesis of
Artificial Intelligence (AI) based on both panel data and real-life information is the
future of our society. The transition and transformation of new generation tech-
nology and scientific application essentially depends on the momentum, magnitude
and the quality of data storing, preservation, analysis and interaction process
through experiential learning and QFD of all the attributes and entities. The fusion
of such heterogeneous modalities in a most coherent framework for achieving
Integrated Information and Data Management Ecosystem has become the call of the
day which needs to be augmented both for developing and developed nations.
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Mission SDGs Through Food Waste
Management: Nature and Approaches

Arindam Chakrabarty and Uday Sankar Das

Abstract The global fraternity has been embarrassed to understand how to feed
the elephantine population of this planet. The greed of comfort, convenience, and
technology ecosystem has mesmerized our life in such a fashion that the human
society has been up-rooted from the nature. The wave of infrastructure development
results in heavy encroachment of fertile land as well as yielding to regressive fertility
of land. On the contrary, the society has not learned to optimize the utilization of
resources whatever forms it may be. These compel the United Nations to formulate
specific target-oriented Sustainable Development Goals that need to be achieved
by 2030. Food waste is still a menace of mankind. It may be of many forms and
dimensions. Food waste exists in every phase of supply chain. Most surprisingly, the
stigma of this menace reaches to our household also. The irony of life is that, on one
hand, we are habituated to accept that wastage in foodstuff as part of our livelihood,
and on the other hand, the United Nations reveals its concern for poverty, hunger, and
many other unaccomplished goals. Theworld is now on the verge of Fourth Industrial
Revolution. The IoT-based ecosystem has been emerged as an inseparable entity of
the modern societies. This paper has attempted to assess and account the loss of
economy for wastage of food items from global canvas to national perspective. This
study has also focused on how to use IoT platform so that the food wastage can be
reduced up to a considerable amount both in the supply chain and even in household
practices. This researchwork is based on secondary information like research papers,
reports, and results of other relevant studies. The paper has attempted to develop and
devise a conceptual and strategicmodel where the IoT ecosystem can be incorporated
to ensure real-time solutions and to curb on massive food wastage practices. If the
model is implemented and practiced with appropriate case specific modifications
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and customizations, it would make the economy more efficient and address different
perspectives and dimensions of UN Sustainable Development Goals (UNSDGs) to
a larger extent primarily in Indian Context.

Keywords Food waste management · Supply chain · Fourth Industrial Revolution
IoT ecosystem · UNSDGs · India

1 Introduction

The journey of human civilization started with the ignition of fire, invention of
wheels, and creations of indigenous tools and techniques through the passage of
various ages. Today, we are in the age of information automation and moving toward
Fourth Industrial Revolution. The success of our human civilization is based on key
primary needs, i.e., food, clothing, and shelter. However, this is the irony of life that
in spite of achieving various developmental indicators, the human society is still
unable to fulfill the basic needs like food which is reflected in various literatures,
research outcomes and from the experiences of reality. To cater the critical issues,
the United Nations move ahead from achieving Millennium Development Goals
(MDGs) to Sustainable Development Goals (SDGs) where poverty and hunger were
given primary thrust.

1.1 Food Waste Across the Globe

Around 1.3 billion tonnes of food produced gets wasted globally which account to
around one third of the food produced. A whopping US$680 billion and US$310
billion are lost in the industrialized countries and developing countries, respectively.
A 670 and 630 million tonnes of food are wasted for industrialized countries and
developing countries. Perishable items like fruits and vegetables account for the
highest losses post-harvest. Food loss and food waste per year are roughly account
to 20% of oilseeds, 35% for combined for meat, dairy and fish, 30% for cereals,
and 40–50% for root crops. Per capita food lost or wasted every year is between 95
and 115 kg/year in Europe and North America. While 6–11 kg a year is wasted in
countries of South-Eastern Asia and sub-Saharan Africa. A 40% loss of food items
occur at post-harvest or at processing level in developing nations, and same amount
is lost at retail and consumer levels in industrialized nations (Table 1; Fig. 1).
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Table 1 Per capita food losses and waste (kg/per year), at consumption and pre-consumptions
stages, in different regions [1]

Region Production to retailing Consumer

Europe 187 94

North America and Oceania 181 115

Industrialized Asia 165 70

Sub-Saharan Africa 159 7

North Africa, West and Central Asia 181 31

South and Southeast Asia 115 13

Latin America 198 24

Adapted from key finding of Food and Agriculture Organization of the United Nations

0
50

100
150
200
250
300
350 Consumer

Produc on to retailing

Fig. 1 Per capita food losses and waste (kg/per year), at consumption and pre-consumptions
stages, in different regions (adapted from key finding of Food and Agriculture Organization of
the United Nations) [2]

1.2 Food Waste in India

India has adorned the developing nation tag since the dawn of independence and is
at the frontiers of food loss and food waste. India is ranked at 103 in the latest Global
Hunger Index [3] report published in 2018while a large section of the population still
live below poverty line (21.92% of the total population as per RBI data published on
Sep 16, 2015) [4] bureaucratic loopholes and intentional ignorance towards the issue
has kept the problem alive till date. FCI, a premier food distribution corporation and
a state owned utility is yet to fix the grain drain problem. It is reflected in numerous
news reports that the food loss by FCI was in the tune of 1.94 lakhMT food grain that
had been wasted between 2005–2013 [5]. Apart from this, India still lacks organized



252 A. Chakrabarty and U. S. Das

cold storage facilities or processing plants within proximity of farmers producing
perishable food items like fruits and vegetables.

1.3 Socio-economic Impact of Food Waste in the Context
of Sustainable Development Goal

TheGlobal Hunger Index [3] of 2018 point a staggering 124million people across the
globe suffer from acute hunger due to malnutrition, internal displacement, refugee
status and poverty. Four of the total 17 goals prescribed by the United Nations SDGs
focus on Poverty, Hunger, Good health and wellbeing, and responsible consumption
and production (Goal 1: No poverty; Goal 2: Zero hunger; Goal 3: Good health and
well-being; Goal 12: Responsible consumption and production). Food loss [6] is the
primary reasons whymost of the developing world still suffers frommalnutrition and
hunger which is caused by poor storage and processing in the post production phase
and developed nations are highest contributor towards food waste [6] due to fast pace
life, irresponsible and ignorant behavior towards the issue. While the former can be
solved by application of technology and infrastructure management the later can be
solved by improving upon the social physiological behaviors of the masses.

1.4 Introduction to Fourth Industrial Revolution

The term Fourth Industrial Revolution or 4IR [7] was coined by Professor Klaus
Schwab, founder and executive chairman of the World Economic Forum in his book
“The Fourth Industrial Revolution” based on the technologies of the artificial intelli-
gence, machine learning, quantum computing, 3D printing, and the IoT. Around the
year 1760, First Industrial Revolution started in Great Britain, which was powered by
the invention of steam engines. Almost a century later, Second Industrial revolution
started which was characterized by mass production (from craft-oriented production
to mass production) in various industries like steel, oil, and electric. Some of the
greatest inventions like internal combustion engine and light bulb came through in
the same period. The Third Industrial Revolution or “The Digital Revolution” started
somewhere around 1960s powered by the greatest inventions of the century, semi-
conductor chips, which gave rise to personal computing and eventuality made the
Internet a real possibility. Now, 4IR is knocking on the doorsteps of humanity which
will eventually change the way we eat, live, think, or nearly everything we do to
sustain our life.



Mission SDGs through Food Waste Management: Nature and Approaches 253

2 Literature Review

The unprecedented developments in the fields of digital, physical, biological tech-
nology are the three major drivers of the Fourth Industrial Revolution. There is an
attempt to understand the impact of these technologies on various global, industrial,
economic, and social developments [8].

One quarter of the food supplied for human consumption is wasted across the
food supply chain. High-income countries generate food waste at all levels including
household which is the highest. The study gathers data from 1062 Danish respondent
measuring the intention and attitude not to waste food. Food waste can be controlled
by making perceived behavioral control [9].

Sustainable Development Goals (SDGs) are successor of Millennium Develop-
ment Goals (MDGs). It proposes 17 goals with 169 targets with numerous indicators
[10].

Large-scale food waste in the global food supply chain has attracted attention
due to its environmental, social, and economic impacts. There has been an attempt
to understand the difference between food surplus, avoidable and unavoidable food
waste by various specialist, to manage the waste, and to identify the most appropriate
mechanism to create a sustainable supply chainmanagement. There is also an attempt
to understand and distribute the food surplus to poor people or to convert it as an
animal feed [11].

The UN organization, Food and Agriculture Organization estimates a 32 percent
loss of food produce in 2009 based on weight while a 24 percent in terms of calorie.
Food wastage has negative impact on economy, and it represents a wasted invest-
ment, consumer expenses, and farmers’ income loss. While food loss refers to losses
incurred due to spills and spoils, food waste refers to losses due to infrastructure lim-
itations or post-consumer waste which is generally fit for consumption. Food waste
is generally a conscious decision to throw away the food [12].

Wireless sensor network (WSN) surrounds all living beings in the modern era and
influences day to day living. A communication between all these wireless-enabled
network creates the Internet of Things (IoT) to form a seamless environment to create
a common operating picture (COP). The IoT has evolved from the static web2 (social
networking web) to web3 (ubiquitous computing web) increasing the data demand
[13].

Continuous population growth will keep a continuous demand for food supply
for another 40 years approximately, while there will be a decrease in the capacity to
produce food due to overexploitation of land and other natural resources including a
threat from climate change. However, a more efficient ways of food production can
be explored [14].

In order to feed the nine billion human populations by 2050, a review of food
waste in the global supply chain is discussed. Data of post-harvest losses of grains
are outdated, and current global losses are unknown. The impacts of foodwaste in the
development of BRIC economies are also unknown while developing nations face
food wastage post-harvest due to its perishability developed countries contribute to
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high post-consumer food wastage which suggest a scope for behavioral change to
reduce wastage in affluent population [15].

There is an attempt to understand the link between inflation in food prices and
riots or food riots. Demonstrators of the riot pointed political repression injustice
and inequality which mobilized and bought together various political coalitions to
promote human dignity [16].

Electronic nose has been a trending technology for the last two decades largely due
to numerous applications built around the sensors. Recent changes in the computing
power have given the electronic nose a new possibility of various applications. It has
provided a numerous benefits in the fields of biomedical, agricultural, environmen-
tal, food, cosmetics, manufacturing, military, pharmaceutical, and various scientific
researches. Now, electronic noses can monitor all phases of industrial manufacturing
[17].

An introduction to radio frequency identification systems and their strength,weak-
nesses along with deployment challenges is discussed along with various extensions
that offer read/write memory and environmental sensing along with social issues
[18].

Electronic noses (e-noses) are sensors that can detect various volatile organic
compounds. A wide range of applications can be designed based on pattern recog-
nition with the help of artificial intelligence or neural network. The future trend of
the sensors is also explored [19].

3 Objectives of the Study

1. To explore varied forms of agriculture food loss at different stages up to the phase
of consumption.

2. To provide an IoT-based solution for reducing food waste to a considerable
amount primarily in closed system or household condition.

4 Research Methodology

This paper has attempted to understand, study food waste and its impact in the
global context, provide solution through existing technological framework (IoT and
electronic nose), and achieve related SDGs. This paper has been developed using
secondary information collected from various relevant sources and documents. The
paper has focused on how a technological solution would help achieve sustainable
development goals of the United Nations by 2030.
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5 Analysis and Interpretation

Analysis I

The various forms of agricultural food loss can be expressed by using the flow chart
diagram as mentioned below.

Loss of Agricultural Produce at Farming Stage

• Agriculture food loss starts at the very beginning when farmers produce crop
without adequate planning and sharing information among the producer’s com-
munity and other stakeholders, and as a result of that, food loss occurs with
overproduction of crops [20].

• Farmers harvest their crop prematurely for his personal consumption or to earn
money. This accounts both the economic and nutritional loss of food grains [20].

• Massive use of pesticides and fertilizers diminishes the nutritional value of the
food grains, and at times, it could be deterrent to human life.

Loss of Agricultural Produce at Transportation/Supply Chain

• During the movement of crops or food grains from field to warehouse or market,
there are several supply chain/transportations loopholes like lack of refrigera-
tion system, using FIFO technique or VED analysis (Valuable, Essential, and
Desirable) (Fig. 2).

Desirable
(Remotely perishable and valuable Fruits & Vegetables) 

Essential
(Moderately perishable and valuable Fruits & Vegetables) 

Valuable
(Highly perishable and valuable Fruits & Vegetables) 

Fig. 2 Schematic diagram of application of VED analysis
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Loading of raw food grains for different food produce

Unloading of food grains at different Market / Warehouse

Z
Market

Warehouse

Y
Market

Warehouse

X
Market

Warehouse

In case of distribution/ 
supply chain 
management, the 
sequence of disbursement 
of food grains must be 
through FIFO (First-in 
First-out) i.e. the X 
consignment must be 
disbursed first followed 
by Y and Z if sequence of 
crop loading is in the 
order of X, Y, Z: unless 
otherwise specified or 
special items / highly 
perishable goods as the 
case may be.

Fig. 3 Schematic diagram: application of FIFO method

Loss of Agricultural Produce at Warehouse/Cold Storage

See Fig. 3.

Loss of Agricultural Produce at Market Place

• In course of selling of food grains in the market, it is difficult to predict actual
demand for each variety of food grains or crops. As a result of that, there is
substantial loss of food grains in the market places which could not be sold at
all or may be sold at a tendered expiry mode.

• In fact, accurate demand forecasting for every set of crops is next to impossible
due to uncertainty of market dynamics and impulse purchasing behavior of the
consumer.

• Lack of adequate refrigeration and cold storage system.
• Lack of Warehouse facilities.
• Due to excessive overproduction of crops, it results in higher storing cost and
stagnation of crops which yield loss of food value, nutrition, and economy
(Fig. 4).
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Market

House Hold

Food Loss

1. Premature harvesting

2. Loss due to lack of crop planning 
and information sharing among 
farmers

3. Lack of effective storage System

4. Perishability

5. Infection due to Micro Organisms

6. Fermentation 

Agriculture Produce
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Storage
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Fig. 4 Schematic diagram of food wastes at various stages

Loss of Agricultural Produce at Household

• Various ways of food waste take place at the household level both in uncooked
and cooked format.

• The loss of uncooked produce is primarily because of oversupply of vegetables
or food grains due to lack of ready information about the food reserves in the
household. From lower middle class and above category, the family depends on
household refrigerators for the purpose of preservation of food grains, vegeta-
bles, etc.

• The loss of cooked food occurs due to overestimation of perceived demand
of food for day to day domestic consumption. This loss can be managed by
experiential learning of the household and commitment of the members toward
sustainable use of resources.
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Fig. 5 IOT-based solution for reducing food waste primarily in closed system or household con-
dition

• In fact, the loss of uncooked produce at the household level may be solved with
appropriate smart in-house storage system and economic usage mechanism led
by IoT intervention.

Analysis II

See Fig. 5.

Indicative algorithm for the model

1. The confined storage system (e.g., household refrigerator) needs to be augmented
bymultiple IoT devices that would act as E-Nose and E-iris as ameans of sensory
devices.

2. The IoT, E-nose and E-Iris would be provide adequate database for image pro-
cessing for with pigment support (e-iris) and aromatic database (e-nose) on each
specific food grains and vegetables generally stored in the system.

3. The sensory device will receive appropriate stimuli both aromatic and pigment
and that would process using IoT, intelligence system (AI) bymatching the preset
database and finally the system would generate its predictive analytics about the
nature of food produce stored in the system.

4. The processed results would be transferred at all the connected portals with the
IoT ecosystem on real-time basis so that the user can be aware of the quantity
and quality of each of the variants food products.
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5. Based on this input, the user can take most appropriate purchase decision for
further procurement of food grains, i.e., the set of variants to procure or not
to procure and at what quantity. This real-time information would enable the
household to prioritize which vegetables to cook immediately on priority basis
in order to minimize both the nutritional and economic losses.

6 Conclusion

Food waste management has multiple implications on society as well as its economy.
The world is highly apprehensive on the issues of food security, fertility of land, and
nutritional benefits for upbringing off the human civilization. The sustainable devel-
opment goals firmly advocate that poverty, hunger, and responsible production and
consumption are the few integral dimensions which need to be improved if the world
would like to achieve the essence of sustainability. Whatever the policy is formulated
at macro level, finally the success depends on what extent it has been implemented
and practiced at the verymicro household level. This paper has emphasized on devel-
oping a sustainable solution to address the food loss issues at the household level
with the intervention of IoT led smart technology.

Limitation of the Study

This paper has designed and developed a strategic solution in order to combat
household syndrome. However, if the model is efficiently implemented, the degree
of minimization of food loss could be explored so that the impact of the model
could be studied, and necessary improvement on the structural morphology could be
incorporated.

Working definition:

e-nose: An electronic nose is used to identify odors by detecting the “fingerprint”
of a chemical compound using pattern recognition software [21].
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Dynamics of Knowledge Management
in 4IR Through HR Interventions:
Conceptual Framework

Arindam Chakrabarty and Uday Sankar Das

Abstract Theworld economy has been remaining captive to the exponential growth
of knowledge. The concept of knowledge is diversified and multidimensional which
essentially includes theoretical constructs, experiential learning, incepts of laboratory
results, models and of course its ability to adapt changes. In fact, knowledge economy
should be ideally the fusion of indigenous belief and practice and transformation of
scientific know-how. The world has witnessed rapid transformation both in society
knowledge system and industrial revolution. The twenty-first century has emerged
as the torchbearer for fourth industrial revolution which can manifested in designing
machines, gadgets that can be embraced with auto-guided instructions, artificially
par excellence with human intelligence. The aspiration of fourth industrial revolu-
tion (4IR) demands higher order of knowledge, big data analytics and continuous
improvement in R&D outcomes. So, it has become emergent to concentrate on the
threshold level of knowledge management practices in the transforming economy.
This paper has focused on how the interrelations among the level of industrial revo-
lution, knowledge management and transformational HRM practices include KASH
protocol using conceptual modelling.

Keywords Knowledge management · 4IR · Human intelligence ·
Transformational HRM practices

1 Introduction

The progression of knowledge management has been carried away through a long
journey. The organization began to understand that human being cannot be compared
with machine as a part of neoclassical theory of management. In the beginning of
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twentieth century, the concept of welfare management had been practised by few
organizations which paid a special attention on the welfare measures of workers in
the factory, but the experience of welfare management practices had not been com-
placent as it was desired. Prior to the Second World War, the idea of personal man-
agement emerged roughly in 1940s which concentrated on measuring performance
of labour on various scales, even though this school of thought never recognized the
labour as human resource. The importance of training development OD interven-
tions organizational culture climate had not been given due weightage. From 1980,
the organization started to implement human resourcemanagement over throwing the
erstwhile mechanistic and dogmatic view of management. HRM has been evolved
as an organic orientation that recognizes and respects labour force as a dynamic
resource that can be appreciated over the period of time with the augmentation of
knowledge, skill and experiences. The twenty-first century has revolutionized with
the advent of superior level of technological advancement. The knowledge-driven
economy has been witnessing with a new paradigm, i.e. generation of new idea,
product, process, with the succession of high rate of obsolescence. It becomes faster
as we proceed towards the present time.
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With the advent, progression and popularity of 4IR, the organizations have

explored to recognize the imperative of knowledge management practices at the
beginning of twenty-first century. This brings the accumulation of vivid information
robust technology and big data compounded with the application of AI, ML and
block chain technology, etc. Today, the construct of knowledge management is not
confined in accumulating functional super specializations rather it has extended to
endless interactions among various dataset from various domains in a multi-varied
assortment of knowledge basket with multi-criteria decision-making (MCDM) pro-
tocol [14]. This envisages numerous innovative opportunities and new directions that
lead to explore knowledge-led dynamic problem-solving mechanism.
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1.1 Evolution and Understanding of Knowledge Management

Contemporary business writings have extensively focused on knowledge manage-
ment and have curated it as a contemporary theoretical discipline and shifted the
focus of organizations from tangible products and goods to intangible assets focused
on performance and profitability in this competitive environment. Knowledge man-
agement has opened up the opportunity to add renewed strategic growth in any
business organization [2]. A study ‘Emerging Practices in Knowledge Management’
conducted by the American Productivity and Quality Center of the USA points out
six key strategies of a firm for practice of knowledge management (KM). From a
business strategy point of view

1. As a tool to transfer best practices.
2. As a customer-oriented tool.
3. As discipline for personal development.
4. As a tool for intellectual assets management.
5. As a tool for knowledge creation and innovation.

Prominent fortune 500 companies like ‘Dow Chemicals’ and ‘Texas Instruments’
were also a part of this survey [6]. KM focuses on gathering of useful knowledge or
for the business process so that the employees can readily access knowledge. It also
helps to secure specified well-defined set of knowledge practice by preventing from
use of inappropriate knowledge. KM is research intensive and involves application
of organizational learning capacity over competitive advantage in the long run.
Evolution of KM intervention can be categorized into six broad stages which can be
further rationalized as depicted below.

Six broad stages Rationalization of stages

Initiation KM initiation

Adoption

Pilot implementation

Organic growth KM development

Organizational implementation

Diffusion KM maturity

The factors determining the evolution of KM are classified into knowledge self-
efficiency, open communication and mutual benefits [4]. The example of companies
like Dow Chemicals which is a treasure trove of unorganized intellectual property,
whose main business is to earn royalty through licensing of technology and infor-
mation highlights the importance and needs of knowledge management in order to
organize this other wile piled up disorganized knowledge for profit maximization
[6].
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1.2 Dimensions of Knowledge Management

The knowledge management can be referred in two perspectives, i.e. in terms of
capability dimensions and quality ontology. The capability dimension can be broadly
categorized into two sub-dimensions, i.e. infrastructure and process. The attributes of
infrastructure may include technological led ecosystem, other resources and support
facilities structure, culture. Theprocessmatrixmay comprise acquisition, conversion,
application and security. This has been illustrated in the figure mentioned below:

Capability dimensions Attributes Meaning

Infrastructure Technology
Structure
Culture

Organize fragmented knowledge in an organization
Leverage of technological architecture
Encouragement of employee interaction

Process Acquisition
Conversion
Application
Security

KM process of knowledge acquisition
Utilization of the existing knowledge
Application of knowledge
Knowledge protection

Capability

Infrastructure

Process

Technology

Structure

Culture

Acquisition

Conversion

Application

Security
This matrix model helps identify the capability dimensions of knowledge frame-

work and its subsequent branch entities [3]. A conceptual frame work is proposed to
manage the quality dimensions of KMS based on the environmental factors and its
effects on the same. The resultant framework consists of 36 items grouped into the
eight dimensions of KM namely Functionality, Completeness, Reliability, Usability,
Access, Serviceability, Flexibility, Security [7, 9].
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1.3 Knowledge Management Is an Extension to HRM?

The spectrum of innovation has immensely expanded the ambit of HRM capabil-
ities. The incidence of continuous innovation in every filed of HRM like selec-
tion, performance management, training & development etc. has made phenomenal
changes to bringforth new directions and domain of thought processes as outcomes
that are assimilated in the organizational ecosystem and practiced by the successful
mediations and interventions of KM by means of development, dissemination and
application of knowledge [8]. Collaborative and holistic practices of KM-induced
HRM essentially enhance the uniqueness of organizational competency preferably
the knowledge protocol, which positively signifies the association with the extent of
innovations not the other way around, i.e. knowledge HRM (KHRM) has no impact
on innovation excepting to mediate between collaborative HRM as transformational
change agent [5].

1.4 Knowledge Management in the 4IR

There is symbiotic relationship between knowledge management and the progres-
sion of 4IR. The fourth industrial revolution has been continuously expanding the
knowledge sharing platform so that it can move forward endlessly in consonance
with the rapid research and development outcomes. From the beginning of twenty-
first century, the world of technological research largely dominated by splendours of
electronic gadgets, IoT, machine learning, block chain technology which facilitates
to generate record process and interpret the large volume of data which is popularly
known as big data analytics which primarily solve the problem by means of various
modes of descriptive, predictive and prescriptive data analysis. All these develop-
ment vectors in the technological framework and high yield application mechanism
to solve complex problems have essentially deserved the transformative knowledge
management initiatives in the organizational set-up.

2 Objectives of the Study

1. To propose a logical model to understand the interrelationship between pro-
gression of industrial revolutions ab initio and individual firms’ aspirations for
bridging knowledge gaps.

2. To develop a conceptual framework for understanding interrelations and inter-
actions among industrial progression (4IR), knowledge management and trans-
formational HRM practices using HRM competency model.

3. To devise the knowledge-dominated KASH protocol in HR interventions in
congruence with the progression of industrial revolution.
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3 Research Methodology

This is an exploratory study through which it is attempted to understand the premises
and fitness of knowledge management in the emerging 4IR ecosystem. The paper
has been designed referring various research papers, reports and suitable application
of strategic evaluative protocols widely practised in the academia and the research
world.

4 Analysis and Interpretation

4.1 Analysis & Interpretation—I

According to Watson [12] knowledge is regarded as an ability to utilize information
in order to add value and influence the decision-making process. It is imperative that
the organization should adapt the terminal level of knowledge in a useable form so
that there should not be much deviation of standards between industry and firms in
terms of creation, transfer and utilization of knowledge [10].
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The journey of industrial revolution has been largely manifested by the voracity

of knowledge which has emerged thorough the continuous process of innovation.
In the comparative two-dimensional matrix, the angle (α) between conventional
knowledge requirement and knowledge regime in 4IR increases with the fact that
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‘knowledge regime in 4IR’ would tend to incline to Y-axis with the passage of time.
Similarly, the angle (β) between the ‘present level of knowledge absorption’ and the
‘desired level of absorption of threshold knowledge’ must escalate in proportionate
with the time spend and experience gathered. For every organization to survive in
the dynamic environment and technological development, the angle α and β must
be proportional and highly correlated in order to signify that the organization would
remain competitive as it enjoys competency in the incremental knowledge-dominated
industrial revolution. If the organization fails to achieve this synergy, it would literary
cease to exist. The upsurge of ‘knowledge regime in 4IR’ tends to incline towards
Y-axis which makes the curve stiffer enhancing the value of angle α. As a result of
that, it forces to dissociate the previous knowledge set to become obsolete as depicted
in the model.

4.2 Analysis & Interpretation—II

The progression of knowledge intends to augment the process of industrial revolution
(IR). The set of ongoing innovations essentially land up with a new age and phase
of IR; thus, human society moves forward from the primitive era of 1IR to the
most advanced knowledge-driven industrial revolution popularly known as Industry
4.0. The industrial environment essentially influences the appropriate inducement of
knowledge that can generate higher order of competency uniqueness for the firm. In
order to explore these opportunities, the firm needs to invest on high-end resources
as well as procurement of superior human resources that can augment and transform
the change management initiative at possible encounter. The new era of knowledge
management imbibes the HR policies to encourage and promote the best talents
to acquire so that the culture of learning organization can perpetuate with higher
acceleration as in tune with the expectations of the relevant industry.
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KM HR Competency

4IR Eco System
4G/5G Mobile 
Internet
AI
Big Data and 
Cloud Computing
Block chain
IoT

Business Mastery
Business Acumen
Knowledge in All 
Functional Areas
External Relations

Personal Credibility
Competence
Sound Academic 
Credentials
Ethical Conduct Courage

Change Mastery
Interpersonal Skills and 
Mastery
Problem Solving Skills
Reward Systems
Innovativeness and 
Creativity

HR Mastery
Staffing
Performance Appraisal
Reward System
Communication
Organizational Design

Model developed by the Authors in corporation HR Competency Model adapted from 
Human Resource management by Christopher Maybe, et. al., Blackwell Business, p.31

The model has been developed to project how the industry environmental factors
reign enforces the firm to prioritize knowledge management which can be trickled
down even at the bottom of the pyramid in the organizational hierarchy. This holistic
development vector has to be inundated by the dynamic HRM practices as depicted
above.

4.3 Analysis & Interpretation—III

The basic function of HRM revolves on its effective strategies human resource plan-
ning, performance management and human resource development which also inter-
acts and correlates each other. One of the important approaches to address the HRM
functionsmaybe the successfulmanifestations ofKnowledge,Attitude, Skills,Habits
(KASH) protocol.
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KASH denotes the assortment of four components: Knowledge (K), Attitude (A),

Skill (S) and Habits (H) which are primarily required for a certain position of an
organization in a mutually exclusive manner. KASH differential matrix examines
the differentials of each component with respect to the deviations from the actual
level of performance from its desired/expectancy module.

The firm always looks at the KASH differential matrix as illustrated below.

KASH components Desired KASH set Actual KASH set KASH differentials (D~A)

Knowledge (K) KD KA KD~KA

Attitude (A) AD AA AD~AA

Skills (S) SD SA SD~SA

Habits (H) HD HA HD~HA

~ Sign of difference

If (KD < KA) or (KD = KA), i.e. the knowledge set desired is either lesser or equal
to the knowledge possessed by the existing professional, no training need is identi-
fied / required. In general cases, KD happens to be greater than KA that means, the
desired knowledge is greater than the actual knowledge possessed by the concerned
employee that symbolizes the specific requirement of knowledge, i.e. identification of
training need on specific knowledge domain. The firmwould attempt tominimize the
[KD − KA] by means of appropriate HR interventions. Similarly, other KASH com-
ponents can also be described. The most feasible ‘K’, ‘A’, ‘S’, ‘H’ combinations are
generally encouraged for achieving desired HR objectives. With the growing influx
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of knowledge management, the appropriate ‘KASH differential matrix’ needs to
be formulated, giving increasing weightage on knowledge components as per the
dynamic demands of 4IR and so on.

5 Conclusion

Experiential learning and Research & development generate new idea product pro-
cess for the welfare of mankind. The benefits of such illustrious development can
reach to the people if it is implemented effectively and efficiently. It is a turn for the
industry in general and the firm in particular to adapt such changes by augmenting
advancedknowledgemanagement protocol. The transformation process needs appro-
priate HR interventions that can only ensure this transition in an accelerated change
management initiative. This paper has presented conceptual framework to under-
stand the interrelations and interventions of KM and transformational HRM through
along the progression of industrial revolutions more precisely 4IR ecosystem.
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Preface

The 4th International Conference on Research in Intelligent and Computing in
Engineering, popularly known as RICE 2019, was held on August 08–09, 2019 in
Hanoi University of Industry (HaUI), Hanoi, Vietnam.

The Fourth edition of RICE 2019, organized by the Electronic Engineering
Faculty of the HaUI, provides an international forum which brings together the
researchers as well as the industry practitioners, who are actively involved in the
research in fields of intelligent computing, data science, or any other emerging
trends related to the theme covered by this conference. RICE 2019 provided an
opportunity to account state-of-the-art works, to exchange ideas with other
researchers, and to gather knowledge on advancements in informatics and intelli-
gent systems, technologies, and applications.

This conference has technical paper sessions, invited talks, and panels organized
around the relevant theme. RICE 2019 was the event where the author had the
opportunity to meet some leading researchers, to learn about some innovative
research ideas and developments around the world, and to become familiar with
emerging trends in Science and Technology.

RICE 2019 received a huge response in terms of submission of papers across the
countries. RICE 2019 received papers from various countries outside Vietnam such
as India, China, Russia, Australia, New Zealand, and many more. The Organizing
Committee of RICE 2019 constituted a strong international program committee for
reviewing papers. A double-blind review process has been adopted. The decision
system adopted by EasyChair has been employed and 118 papers have been
selected after a thorough double-blind review process. The proceedings of the
conference will be published as one volume in Advances in Intelligent Systems and
Computing, Springer, indexed by ISI Proceedings, EI-Compendex, DBLP,
SCOPUS, Google Scholar, and Springerlink.

We convey our sincere gratitude to the authority of Springer for providing the
opportunity to publish the proceedings of RICE 2019.

To realize this conference in 2019, we really appreciate Hanoi University of
Industry to host the conference and to be continuously supporting the organization
team during the preparation as well as 2 days of the conference. In addition, we
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would like to give a special thanks to Vintech City, a member of Vingroup, that has
supported the conference as a diamond sponsor. We would also like to thank the
financial support of ASIC Technologies to RICE 2019. Without their support, this
conference would have not been successful as the first time being held in Vietnam.

Our sincere gratitude to all keynote address presenters, invited speakers, session
chairs, and high officials in India and Vietnam for their gracious presence in the
campus on the occasion.

We would like to thank the keynote speaker as Prof. Vijender Kumar Solanki,
CMR Institute of Technology, Hyderabad, TS, India; Dr. Le Hoang Son, VNU,
Hanoi Vietnam; Dr. Kumbesan, Australia; Dr. P K Pttanaik, KIIT Bhubaneswar,
Odisha, India; Dr. Rashmi Agarwal, MRIIS, Haryana, India for giving their
excellent knowledge in the conference.

We would like to thank the reviewers for completing a big reviewing task in a
short span of time.

We would also like submit our sincere thanks to the program committee
members such as Dr. Le Van Thai, Dr. Hoang Manh Kha, Dr. Nguyen Thi Dieu
Linh, Dr. Phan Thi Thu Hang, Dr. Tong Van Luyen—Electronic Engineering
Faculty of the HaUI; Prof. Tran Duc Tan—Phenikaa University, Vietnam; and Dr.
Raghvendra Kumar, GIET University, Gunupur, Odisha, India for their efforts to
make congress success.

Moreover, we would like to thank all the authors who submitted papers to RICE
2019 and made a high-quality technical program possible. Finally, we acknowledge
the support received from the faculty members, scholars of Electronic Engineering
Faculty of the HaUI, officers, staffs, and the authority of Hanoi University of
Industry.

We hope that the articles will be useful for the researchers who are pursuing
research in the field of computer science, information technology, and related areas.
Practicing technologists would also find this volume to be a good source of
reference.

Hyderabad, India Vijender Kumar Solanki
Ha Noi, Vietnam Manh Kha Hoang
Huddersfield, UK Zhonghyu (Joan) Lu
Bhubaneswar, India Prasant Kumar Pattnaik
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Promoting Green Products Through
E-Governance Ecosystem:
An Exploratory Study

Arindam Chakrabarty, Mudang Tagiya and Shyamalee Sinha

Abstract Green product is the future of global sustainability. The e-governance has
been emerged as a form of effective and efficient strategy of the state to optimize
its resources and delivery mechanism. The green product needs serious attention,
encouragement, investment, and effective promotional strategies so that it gathers
the desired momentum in the market. This paper has attempted to understand the
basic concept of green products and its various illustrations across diversified product
segments. The paper has proposed a conceptualmodelwhich is simple but effective to
encourage the consumers by appropriately exercising reward-incentive mechanism.
This research paper is exploratory in nature, which has been developed using various
secondary information and research outcomes.

Keywords Green products · Sustainability · Green technology · E-governance ·
Ecosystem

1 Introduction

1.1 Green Product and Commitment Toward Environment

There are products having the feature of less impact on the environment or are less
detrimental to human health than traditional equivalents. Such products fall under
the category of green products. These may be developed or partly developed from
recycled components, manufactured in a more energy-conservative way, supplied
to the market with less packaging, or manufactured from local materials to reduce
the need for transportation and also reduce carbon footprints. In today’s world, the
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planet needs to be protected. Human greed and selfish ambition has exploited the
resources and put the planet in a critical predicament. By using and promoting the
green products, one may contribute to the safety and preservation of the resources
provided from the planet, such as metals, plastics, and even water. Today, more
number of people needs to be aware about green products and its application so that
it would benefit all living beings in the planet earth. The term development has been
perhaps wrongly or narrowly manifested within the locus of massive infrastructure,
construction, and building of engineering structures to jump from natural green to
jungles of concrete. The north-eastern states are still alive with its flora and fauna. If
the adoption of green products has not been incorporated by upcoming generations,
the flood of indiscriminate and irresponsible consumerism would sweep the core
values of sustainability for the region and for the entire nation [1].

1.2 Emerging Green Management Practices

1.2.1 Green Marketing

Green marketing incorporates a broad range of activities, including product modifi-
cation, changes to the production process, packaging changes, as well as modifying
advertising. Yet defining green marketing is not a simple task. Indeed, the termi-
nology used in this area has varied; it includes: green marketing, environmental
marketing, and ecological marketing. While green marketing came into prominence
in the late 1980s and early 1990s, it was first discussed much earlier. The American
Marketing Association (AMA) held the first workshop on “Ecological Marketing”
in 1975 [2]. Green or environmental marketing consists of all activities designed
to generate and facilitate any exchanges intended to satisfy human needs or wants
such that the satisfaction of these needs and wants occurs, with minimal detrimental
impact on the natural environment [3].

1.2.2 Green HRM

Nowadays, green HRM has become a significant thrust area for management which
can have an enormous impact on people issues in an organization.

It is the application of HRM policies in the way to encourage sustainable use
of resources in an organization by increasing awareness and commitments among
the employees toward the issues of sustainability to protect and preserve natural
resources. It consists of two important elements, that is, environment-friendly HRM
practices and the protection of knowledge capital. Green HRM consists of process
and practices, like acquisition, induction, training, performance management, and
reward system,which have a bearing on thewhole carbon footprint of an organization.
Greenpractices under greenHRMthat are followedby the company are power saving,
internal environment and energy audit, eco-friendly or green surveys, going paperless
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by using software and apps and so on, recycle waste, water saving, alternative energy
sources and so on.

1.2.3 Green Finance

Green finance refers to financial investments flowing into sustainable development
projects and initiatives, environmental products, and policies that encourage the
development of a more sustainable economy. Green finance includes climate finance
but is not limited to it. It also refers to a wider range of other environmental objec-
tives, for example industrial pollution control, water sanitation, or biodiversity pro-
tection. Mitigation and adaptation finance is specifically related to climate change
related activities: mitigation financial flows refer to investments in projects and pro-
grams that contribute to reducing or avoiding greenhouse gas emissions (GHGs)
whereas adaptation financial flows refer to investments that contribute to reducing
the vulnerability of goods and persons to the effects of climate change [4].

1.2.4 Green Technology, Green Manufacturing, and Green Services

Green technology is considered as environment-friendly based on its production pro-
cess or supply chain. It also may refer to a means of energy production that is less
harmful to the environment than more traditional ways of generating energy, such as
burning fossil fuels. This technology is considered as young market comparatively,
but investor’s interest runs very high in response to global warming fears and the
increasing scarcity of many natural resources (Investopedia). It aims to conserve
nature and mitigate the impact of human activities. This technology provides the
benefits not only to nature but also for a clean and greener human lifestyle. This
technology ensures that the earth remains well for all generations and exist. On
the other hand, the “green” manufacturing is known for the renewal of production
processes and the establishment of environment-friendly operations within the man-
ufacturing field. In the process the workers use minimal natural resources, reduce
pollution and waste, recycle and reuse materials, and moderate emissions in their
processes.

2 Theoretical Background

There was a time where many practicing managers regarded a preoccupation with
green management almost exclusively as a threat. Nowadays, it is more widely
accepted that green management can be profitable [5–7]. Green management can
act as a vital role in the optimization of production processes and new-product
development, not only in pollution-sensitive industries, such as petrochemicals and
electric power and manufacturing, but also in high-tech industries [8]. The need for
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green management springs from a variety of sources, including societal mandates
incorporated into laws, treaties, and regulations [9].

Since green management is a type of public good, whose full value a firm cannot
entirely appropriate [10], government’s role in the acquisition of green capabilities is
obviously important [11]. Management or managers should pre-define green goals,
targets, and responsibilities for their strategic business unit, and corporates should
assess number of green incidents, use of environment responsibility, and successful
communication of environmental policy within their scope of their operations for
improving the performance [12, 13].

3 Objectives of the Study

I. To study the concept of green product and its representation across various
product segment.

II. To formulate comprehensivemodel and flowchart to increase and optimize green
movement in India through efficient e-governance.

4 Research Methodology

This paper is designed on the basis of various reports, articles, research papers, and
information collected from varied secondary sources. The conceptual model has
been proposed in order to motivate the users toward green products by establishing
real-time networkwith themarket players. The e-governance frameworkmay retrieve
adequate information about the green product and its purchase indents so that it could
establish a structured reward-incentive mechanism for promoting green marketing.

5 Analysis

5.1 Analysis—I

The wave of sustainable development has drawn the attention of the manufacturers,
service providers, users, policy makers, and so on across the globe. It has been
trickle down from the developed economies to the developing nations of the world.
The affinity of the people of India has been increasing to the extent that it has found
that the propensity of using green products has been significantly observed among
the indigenous community of Arunachal Pradesh, the least population density state
in India [1]. The study conducted by Chakrabarty and Tagiya [1] has emphasized that
the attitude of the consumer toward environment and green products has combined
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effect on favorable purchase intention behavior. However, price sensitivity, quality
enhancement, brand familiarity, ease of access, and convenient to use are the decisive
factors that influence the attitude of consumer toward green product. The availability,
ease of access, and awareness of green product predominantly encourage the buyers
for purchasing or availing green product or green technology. The green products
are gaining popularity day-by-day and it became available in various sectors, for
example, FMCG, consumer durability, health care, white goods, packaging material,
and transportation. The indicative list of green products is illustrated below:

FMCG Sector: Biodegradable detergents, soaps, green tea, eco-friendly disinfec-
tants, all types of papers (writing papers, tissues, toilet).
ConsumerDurable Segment: Recyclable batteries, LED light bulbs and tubes, solar
panels, clay-based cutlery, and crockery.
Health Care Sector: Biodegradable fittings and fixtures, cotton-based consum-
ables for dressing or bandit materials, cotton bed sheet, eco-friendly disinfectants,
biodegradable gloves.
White Goods Segment: Water heater tank (electric), dish washer, high-efficiency
washing machine and clothes dryer, induction top cooker, energy star refrigerators,
vacuum cleaner, dual-blade twin window fan.
Packaging Industry: Edible package material, paper bags, tetra-pack package.
Transportation sector: Bio fuel, low-carbon emission gas (CNG), recyclable tires.

5.2 Analysis—II

The popularity and penetration of green product may essentially be enhanced by
the collective efforts of all the stake holders, including the dominant role of the
government. The strategic and interactive roles among the stake holders are the pre-
requisite for enabling the green products in the demand baskets of its users. The
strong network needs to be established that would yield desired result for effective
promotion strategy of green products. A conceptual model has been proposed where
the e-governance can facilitate to promote green consumerism.
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5.3 Modus Operandi of Proposed Model

Step 1: The Government should identify the lists of green products, green technology,
and green processes. Appropriate awareness campaign may be initiated to create
customer pool for this segment.
Step 2: The market players may be identified and are established with the real-time
network through which any transaction made at their end may send the overview of
purchased details.
Step 3: Based on the purchase details, the customer profile would be identified
and tracked. The incentive package or any form of subsidy may be extended to
the identified customer through electronic transfer in the form of “Direct Benefit
Transfer” (DBT).
Step 4: The real-time reward-incentive mechanism would reinforce and promote the
green product among the target segments.

6 Conclusion

In the dynamics of fourth industrial revolution, to apply threshold level of technology
emerged, particularly in the domain of IoT ecosystem. This is high time to create
appropriate interface and network between public–private interactions through new
generation devices. The e-governance is quite popular and useful in augmenting the
efficient delivery system across the world even in India. The success of smart card in
Andhra Pradesh is the testimony of India’s success story where the systemminimizes
its leakage [14]. The paper has showcased how the appropriate reward-incentive
mechanism can be offered to the green product users using augmented electronic
governance. This model may be implemented that would essentially increase green
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consumerism in themarket,which in turnwould fulfill the commitment of sustainable
development as expressed in Brundtland Commission 1987.
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Preface

The 4th International Conference on Research in Intelligent and Computing in
Engineering, popularly known as RICE 2019, was held on August 08–09, 2019 in
Hanoi University of Industry (HaUI), Hanoi, Vietnam.

The Fourth edition of RICE 2019, organized by the Electronic Engineering
Faculty of the HaUI, provides an international forum which brings together the
researchers as well as the industry practitioners, who are actively involved in the
research in fields of intelligent computing, data science, or any other emerging
trends related to the theme covered by this conference. RICE 2019 provided an
opportunity to account state-of-the-art works, to exchange ideas with other
researchers, and to gather knowledge on advancements in informatics and intelli-
gent systems, technologies, and applications.

This conference has technical paper sessions, invited talks, and panels organized
around the relevant theme. RICE 2019 was the event where the author had the
opportunity to meet some leading researchers, to learn about some innovative
research ideas and developments around the world, and to become familiar with
emerging trends in Science and Technology.

RICE 2019 received a huge response in terms of submission of papers across the
countries. RICE 2019 received papers from various countries outside Vietnam such
as India, China, Russia, Australia, New Zealand, and many more. The Organizing
Committee of RICE 2019 constituted a strong international program committee for
reviewing papers. A double-blind review process has been adopted. The decision
system adopted by EasyChair has been employed and 118 papers have been
selected after a thorough double-blind review process. The proceedings of the
conference will be published as one volume in Advances in Intelligent Systems and
Computing, Springer, indexed by ISI Proceedings, EI-Compendex, DBLP,
SCOPUS, Google Scholar, and Springerlink.

We convey our sincere gratitude to the authority of Springer for providing the
opportunity to publish the proceedings of RICE 2019.

To realize this conference in 2019, we really appreciate Hanoi University of
Industry to host the conference and to be continuously supporting the organization
team during the preparation as well as 2 days of the conference. In addition, we
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would like to give a special thanks to Vintech City, a member of Vingroup, that has
supported the conference as a diamond sponsor. We would also like to thank the
financial support of ASIC Technologies to RICE 2019. Without their support, this
conference would have not been successful as the first time being held in Vietnam.

Our sincere gratitude to all keynote address presenters, invited speakers, session
chairs, and high officials in India and Vietnam for their gracious presence in the
campus on the occasion.

We would like to thank the keynote speaker as Prof. Vijender Kumar Solanki,
CMR Institute of Technology, Hyderabad, TS, India; Dr. Le Hoang Son, VNU,
Hanoi Vietnam; Dr. Kumbesan, Australia; Dr. P K Pttanaik, KIIT Bhubaneswar,
Odisha, India; Dr. Rashmi Agarwal, MRIIS, Haryana, India for giving their
excellent knowledge in the conference.

We would like to thank the reviewers for completing a big reviewing task in a
short span of time.

We would also like submit our sincere thanks to the program committee
members such as Dr. Le Van Thai, Dr. Hoang Manh Kha, Dr. Nguyen Thi Dieu
Linh, Dr. Phan Thi Thu Hang, Dr. Tong Van Luyen—Electronic Engineering
Faculty of the HaUI; Prof. Tran Duc Tan—Phenikaa University, Vietnam; and Dr.
Raghvendra Kumar, GIET University, Gunupur, Odisha, India for their efforts to
make congress success.

Moreover, we would like to thank all the authors who submitted papers to RICE
2019 and made a high-quality technical program possible. Finally, we acknowledge
the support received from the faculty members, scholars of Electronic Engineering
Faculty of the HaUI, officers, staffs, and the authority of Hanoi University of
Industry.

We hope that the articles will be useful for the researchers who are pursuing
research in the field of computer science, information technology, and related areas.
Practicing technologists would also find this volume to be a good source of
reference.

Hyderabad, India Vijender Kumar Solanki
Ha Noi, Vietnam Manh Kha Hoang
Huddersfield, UK Zhonghyu (Joan) Lu
Bhubaneswar, India Prasant Kumar Pattnaik

vi Preface



Contents

Assessment of the Heart Disease Using Soft Computing
Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Dharmpal Singh, Sudipta Sahana, Souvik Pal, Ira Nath
and Sonali Bhattacharyya

The Reasons for Rail Accident in India Using the Concept
of Statistical Methods: An Analytical Approach . . . . . . . . . . . . . . . . . . 9
Dharmpal Singh, Sudipta Sahana, Souvik Pal, Ira Nath,
Sonali Bhattacharyya and Srabanti Chakraborty

Automatic Music Genre Detection Using Artificial Neural
Networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
Pratanu Mandal, Ira Nath, Nihal Gupta, Madhav Kumar Jha,
Dev Gobind Ganguly and Souvik Pal

Role of Ad Hoc and Sensor Network for Effective Business
Communication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
Ishu Varshney and Sunny Prakash

Implementation of Integrated Security System by Using Biometric
Function in ATM Machine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
Pushpa Choudhary, Ashish Tripathi, Arun Kumar Singh
and Prem Chand Vashist

DTSS and Clustering for Energy Conservation in Wireless Sensor
Network . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
Arpana Mishra, Shubham Shukla, Akhilesh Kumar Singh and Anika Gupta

Load Distribution Challenges with Virtual Computing . . . . . . . . . . . . 51
Neha Tyagi, Ajay Rana and Vineet Kansal

Mobile Ad Hoc Network and Wireless Sensor Network:
A Study of Recent Research Trends in Worldwide Aspects . . . . . . . . . 57
Ishu Varshney

vii



Comparative Analysis of Clustering Algorithm for Wireless Sensor
Networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
Smriti Sachan, Mudita Vats, Arpana Mishra and Shilpa Choudhary

Concept of Cancer Treatment by Heating Methodology
of Microwave . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
Awanish Kumar Kaushik, Smriti Sachan, Shradha Gupta
and Shilpa Choudhary

Novel Approach to Detect and Extract the Contents in a Picture
or Image . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
Awanish Kumar Kaushik, Shilpa Choudhary, Shashank Awasthi
and Arun Pratap Srivastava

LEACH with Pheromone Energy Efficient Routing in Wireless
Sensor Network . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
Arpana Mishra, Shilpa Choudhary, Mudita Vats and Smriti Sachan

Industrialization of IoT and Its Impact on Biomedical
Life Sciences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
Aritra Bhuiya and Sudan Jha

Parts of Speech Tagging for Punjabi Language Using Supervised
Approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
Simran Kaur Jolly and Rashmi Agrawal

Development of Decision Support System by Smart Monitoring
of Micro Grid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
Laxmi Kant Sagar and D. Bhagwan Das

Gender Recognition from Real-Life Images . . . . . . . . . . . . . . . . . . . . . 127
Apoorva Balyan, Shivani Suman, Najme Zehra Naqvi and Khyati Ahlawat

Applications of Raspberry Pi and Arduino to Monitor Water Quality
Using Fuzzy Logic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
Padmalaya Nayak, Chintakindi Praneeth Reddy and Devakishan Adla

Developing a Smart and Sustainable Transportation Plan
for a Large-Sized City: An Approach to Smart City Modeling . . . . . . 145
Sushobhan Majumdar and Bikramjit Sarkar

Improved Data Dissemination Protocol for VANET Using Whale
Optimization Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
Bhoopendra Dwivedy and Anoop Kumar Bhola

A Novel IoT-Based Approach Towards Diabetes Prediction
Using Big Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
Riya Biswas, Souvik Pal, Nguyen Ha Huy Cuong
and Arindam Chakrabarty

viii Contents



Technical Solutions to Build Technology Infrastructure
for Applications in Smart Agricultural Models . . . . . . . . . . . . . . . . . . 171
Nguyen Ha Huy Cuong, Souvik Pal, Sonali Bhattacharyya,
Nguyen Thi Thuy Dien and Doan Van Thang

Edge Detection Through Dynamic Programming in Ultrasound
Gray Scale Digital Images . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
Anju Mishra, Ramashankar Yadav and Lalan Kumar

Impact of Heterogeneous IoT Devices for Indoor Localization
Using RSSI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
Bhagwan Sahay Meena, Sujoy Deb and K. Hemachandran

Indoor Localization-Based Office Automation System Using IOT
Devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199
Bhagwan Sahay Meena, Ramin Uddin Laskar and K. Hemachandran

Ensemble Based Approach for Intrusion Detection Using Extra
Tree Classifier . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
Bhoopesh Singh Bhati and C. S. Rai

Fourth Industrial Revolution: Progression, Scope and Preparedness
in India—Intervention of MSMEs . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221
Arindam Chakrabarty, Tenzing Norbu and Manmohan Mall

Call Admission Control in Mobile Multimedia Network Using Grey
Wolf Optimization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229
Sanjeev Kumar and Madhu Sharma Gaur

Feature Classification and Analysis of Acute and Chronic
Pancreatitis Using Supervised Machine Learning Algorithm . . . . . . . . 241
R. Balakrishna and R. Anandan

RUDRA—A Novel Re-concurrent Unified Classifier for the Detection
of Different Attacks in Wireless Sensor Networks . . . . . . . . . . . . . . . . 251
S. Sridevi and R. Anandan

Health-Care Paradigm and Classification in IoT Ecosystem
Using Big Data Analytics: An Analytical Survey . . . . . . . . . . . . . . . . . 261
Riya Biswas, Souvik Pal, Bikramjit Sarkar and Arindam Chakrabarty

Human Activity Recognition from Video Clip . . . . . . . . . . . . . . . . . . . 269
Rajiv Kumar, Laxmi Kant Sagar and Shashank Awasthi

A Framework for Enhancing the Security of Motorbike Riders
in Real Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 275
Yash Khandelwal, Sajid Anwar, Samarth Agarwal, Vikas Tripathi
and Priyank Pandey

Contents ix



Fisherman Communication at Deep Sea Using Border
Alert System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 283
N. R. Rajalakshmi and K. Saravanan

Promoting Green Products Through E-Governance Ecosystem:
An Exploratory Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 297
Arindam Chakrabarty, Mudang Tagiya and Shyamalee Sinha

Intervention of Smart Ecosystem in Indian Higher Education
System: Inclusiveness, Quality and Accountability . . . . . . . . . . . . . . . . 305
Arindam Chakrabarty, Mudang Tagiya and Shyamalee Sinha

A Study of Epidemic Approach for Worm Propagation in Wireless
Sensor Network . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 315
Shashank Awasthi, Naresh Kumar and Pramod Kumar Srivastava

Adaptive Super-Twisting Sliding Mode Controller-Based PMSM Fed
Four Switch Three Phase Inverter . . . . . . . . . . . . . . . . . . . . . . . . . . . . 327
K. Balaji and R. Ashok Kumar

Design of Multiplier and Accumulator Unit for Low Power
Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 339
J. Balamurugan and M. Gnanasekaran

Design and Implementation of IoT-Based Wireless Sensors
for Ecological Monitoring System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 349
G. Santhosh, Basava Dhanne and G. Upender

Enhancing Security in Smart Homes-A Review . . . . . . . . . . . . . . . . . . 361
Bhuvana Janita, R. Jagadeesh Kannan and N. Kumaratharan

Accident Detection Using GPS Sensing with Cloud-Offloading . . . . . . . 371
D. Srilatha, B. Papachary and N. Sai Akhila

Non-linear Correction of Transient Authentication System
for Cloud Security . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 379
S. Shanthi and R. Jagadeesh Kannan

Automatic Nitrate Level Recognition in Agriculture Industry . . . . . . . 387
Md. Ankushavali, G. Divya and N. sai Akhila

Edge Detection-Based Depth Analysis Using TD-WHOG Scheme . . . . 397
P. Epsiba, G. Suresh and N. Kumaratharan

Friend List-Based Reliable Routing in Autonomous
Mobile Networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 409
C. Sivasankar and T. Kumanan

Construction of Domain Ontology for Traditional Ayurvedic
Medicine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 417
M. Gayathri and R. Jagadeesh Kannan

x Contents

HP
Highlight



Systolic FIR Filter with Reduced Complexity SQRT CSLA Adder . . . 427
M. Gnanasekaran and J. Balamurugan

Design of Digital FIR Filters for Low Power Applications . . . . . . . . . . 433
Gunasekaran and G. P. Ramesh

Reduced Frequency and Area Efficient for Streaming Applications
Using Clock Gating and BUFGCE Technology . . . . . . . . . . . . . . . . . . 441
N. Lavanya, B. Harikrishna and K. Kalpana

Survey on Modular Multilevel Inverter Based on Various Switching
Modules for Harmonic Elimination . . . . . . . . . . . . . . . . . . . . . . . . . . . 451
Varaparla Hari Babu and K. Balaji

ANFIS-Based MPPT Control in Current-Fed Inverter for AC Load
Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 459
Shaik Mohammad Irshad and G. P. Ramesh

Dynamic Load Balancing Using Restoration Theory-Based Queuing
Model for Distributed Networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 471
P. Sheeba Ranjini and T. Hemamalini

Design of Tree-Based MAC for High-Speed Applications . . . . . . . . . . . 483
Joseph Prabhakar Williams, M. Madan and Narendra Prasad

A Survey of Workload Management Difficulties in the Public
Cloud . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 491
K. Baskar, G. K. D. Prasanna Venkatesan and S. Sangeetha

A Review on Multiple Approaches to Medical Image
Retrieval System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 501
Lakshmi R. Nair, Kamalraj Subramaniam
and G. K. D. Prasannavenkatesan

Efficient FPGA-Based Design for Detecting Cardiac Dysrhythmias . . . 511
S. Kripa and J. Jebastine

Light Fidelity System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 521
N. Noor Alleema, Aadil Khatri, Ankur Gupta and Devika Senapatil

Link Quality and Energy-Aware Metric-Based Routing Strategy
in WSNS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 533
Vijayabaskar and T. Kumanan

Genetic Algorithm-Based PCA Classification for Imbalanced
Dataset . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 541
Mylam Chinnappan Babu and Sangaralingam Pushpa

Radix-2/4 FFT Multiplierless Architecture Using MBSLS in OFDM
Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 553
G. Manikandan and M. Anand

Contents xi



Multipath Routing Strategy for Reducing Congestion in WSNS . . . . . 561
M. Jothish Kumar and Baskaran Ramachandran

Cascaded Multilevel Inverter-Fed Soft-Start Induction Motor
Using DTFC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 569
R. Murugesan and R. Karthikeyan

Analysis of Digital FIR Filter Using RLS and FT-RLS . . . . . . . . . . . . 579
N. C. Sendhilkumar Prasad and G. P. Ramesh

Analysis of Interline Dynamic Voltage Restoration
in Transmission Line . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 587
M. Padmarasan and R. Samuel Rajesh Babu

Polariton Modes in Dispersive and Absorptive One-Dimensional
Structured Dielectric Medium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 597
N. Chandrasekar and G. P. Ramesh

QoS-Based Multi-hop Reverse Routing in WSNs . . . . . . . . . . . . . . . . . 607
G. Elangovan and T. Kumanan

Mitigation of Power Quality in Wind DFIG-Fed Grid System . . . . . . . 615
P. T. Rajan and G. P. Ramesh

Detection and Avoidance of Single and Cooperative Black Hole
Attacks Using Packet Timeout Period in Mobile Ad hoc Networks . . . 625
S. G. Rameshkumar and G. Mohan

Brain Image Classification Using Dual-Tree M-Band Wavelet
Transform and Naïve Bayes Classifier . . . . . . . . . . . . . . . . . . . . . . . . . 635
A. Ratna Raju, Suresh Pabboju and R. Rajeswara Rao

Comparative Analysis of Cascaded Multilevel Inverter with Switched
Capacitor-Fed Single-Phase Multilevel Inverter for Improving
Voltage Gain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 643
Shaik Nagulmeeravali and K. Balaji

Review on Induction Motor Control Strategies with Various
Converter and Inverter Topologies . . . . . . . . . . . . . . . . . . . . . . . . . . . . 653
Meera Shareef Sheik and K. Balaji

EROI Analysis of 2 KW PV System . . . . . . . . . . . . . . . . . . . . . . . . . . . 665
Harpreet Kaur Channi and Inderpreet Kaur

Suggesting Alternate Traffic Mode and Cost Optimization
on Traffic-Related Impacts Using Machine Learning Techniques . . . . . 673
M. S. Manivannan, R. Kavitha, R. Srikanth and Veena Narayanan

Rare Lazy Learning Associative Classification Using Cogency
Measure for Heart Disease Prediction . . . . . . . . . . . . . . . . . . . . . . . . . 681
S. P. Siddique Ibrahim and M. Sivabalakrishnan

xii Contents



Intensify of Metrics with the Integration of Software Testing
Compatibility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 693
S. Vaithyasubramanian, P. M. S. S. Chandu and D. Saravanan

Petri Nets for Pasting Tiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 701
M. I. Mary Metilda and D. Lalitha

Ad Hoc Wireless Networks as Technology of Support for Ubiquitous
Computation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 709
Amjed Abbas Ahmed

An Experimental Study on Optimization of a Photovoltaic Solar
Pumping System Used for Solar Domestic Hot Water System
Under Iraqi Climate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 717
Mahmoud Maustafa Mahdi and A. Gaddoa

A Novel Technique for Web Pages Clustering Using LSA
and K-Medoids Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 727
Nora Omran Alkaam, Noor A. Neamah and Faris Sahib Al-Rammahi

Enhancement in S-Box of BRADG Algorithm . . . . . . . . . . . . . . . . . . . 737
Ahmed J. Oabid, Salah AlBermany and Nora Omran Alkaam

A SECURITY Sketch-Based Image Retrieval System
Using Multi-edge Detection and Scale Inverant Feature
Transform Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 747
Alaa Qasim Rahima and Hiba A. Traish

Smart Photo Clicker . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 755
N. Noor Alleema, Ruchika Prasad, Akkudalai Priyanka
and Archit Bhandari

Design of VLSI-Architecture for 128 Bit Inexact Speculative . . . . . . . . 767
Peddi Ramesh, M. Sreevani and G. Upender

Investigation of Solar Based SL-QZSI Fed Sensorless Control
of BLDC Motor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 779
A. Sundaram and G. P. Ramesh

Design of Hybrid Electrical Tricycle for Physically
Challenged Person . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 789
S. Swapna and K. Siddappa Naidu

Intravascular Ultrasound Image Classification Using Wavelet
Energy Features and Random Forest Classifier . . . . . . . . . . . . . . . . . . 803
A. Swarnalatha and M. Manikandan

Contents xiii



Adaptive Thresholding Skin Lesion Segmentation with Gabor Filters
and Principal Component Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 811
Dang N. H. Thanh, Nguyen Ngoc Hien, V. B. Surya Prasath,
Uğur Erkan and Aditya Khamparia

Simple Model for Thermal Denaturing of Proteins Absorbed
to Metallic Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 821
Luong Thi Theu, Van Dung Nguyen, Pham Thi Thu Ha
and Tran Quang Huy

Trajectory Tracking Sliding Mode Control for Cart
and Pole System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 829
Gia-Bao Hong, Mircea Nitulescu, Ionel Cristian Vladu,
Minh-Tam Nguyen, Thi-Thanh-Hoang Le, Phong-Luu Nguyen,
Thanh-Liem Truong, Van-Dong-Hai Nguyen and Xuan-Dung Huynh

Online Buying Behaviors on E-Retailer Websites in Vietnam:
The Differences in the Initial Purchase and Repurchase . . . . . . . . . . . . 845
Nguyen Binh Minh Le and Thi Phuong Thao Hoang

Combination of Artificial Intelligence and Continuous Wave Radar
Sensor in Diagnosing Breathing Disorder . . . . . . . . . . . . . . . . . . . . . . . 853
Nguyen Thi Phuoc Van, Liqiong Tang, Syed Faraz Hasan,
Subhas Mukhopadhyay and Nguyen Duc Minh

An Adaptive Local Thresholding Roads Segmentation Method
for Satellite Aerial Images with Normalized HSV and Lab
Color Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 865
Le Thi Thanh and Dang N. H. Thanh

Flexible Development for Embedded System Software . . . . . . . . . . . . . 873
Phan Duy Hung, Le Hoang Nam and Hoang Van Thang

Trajectory Tracking Pid-Sliding Mode Control for Two-Wheeled
Self-Balancing Robot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 885
Anh Khoa Vo, Hong Thang Nguyen, Van Dong Hai Nguyen,
Minh Tam Nguyen and Thi Thanh Hoang Le

Evaluating Blockchain IoT Frameworks . . . . . . . . . . . . . . . . . . . . . . . 899
Le Trung Kien, Phan Duy Hung and Kieu Ha My

An Improved Approach for Cluster Newton Method in Parameter
Identification for Pharmacokinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . 913
Thang Van Nguyen, Tran Quang Huy, Van Dung Nguyen,
Nguyen Thi Thu and Tran Duc Tan

xiv Contents



An Efficient Procedure of Multi-frequency Use for Image
Reconstruction in Ultrasound Tomography . . . . . . . . . . . . . . . . . . . . . 921
Tran Quang Huy, Van Dung Nguyen, Chu Thi Phuong Dung,
Bui Trung Ninh and Tran Duc Tan

Intelligent Rule-Based Support Model Using Log Files in Big Data
for Optimized Service Call Center Schedule . . . . . . . . . . . . . . . . . . . . . 931
Hai Van Pham and Long Kim Cu

Hybrid Random Under-Sampling Approach in MRI Compressed
Sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 943
Thang Van Nguyen, Tran Quang Huy, Van Dung Nguyen,
Nguyen Thi Thu, Gian Quoc Anh and Tran Duc Tan

Dynamics of Self-guided Rocket Control with the Optimal Angle
Coordinate System Combined with Measuring Target Parameters
for Frequency Modulated Continuous Wave Radar . . . . . . . . . . . . . . . 951
Le Hai Ha, Nguyen Quang Vinh and Nguyen Tang Cuong

An Approach of Utilizing Binary Bat Algorithm
for Pattern Nulling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 963
V. L. Tong, Manh Kha Hoang, T. H. Duong, T. Q. T. Pham,
V. T. Nguyen and V. B. G. Truong

An Application of WSN in Smart Aquaculture Farming . . . . . . . . . . . 975
Thong Nguyen Huy, Khanh Nguyen Tuan and Thanh Tran Trung

A Newly Developed Approach for Transmit Beamforming
in Multicast Transmission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 985
T. D. Thong, D. D. Vien and L. T. Hai

Post-quantum Commutative Deniable Encryption Algorithm . . . . . . . . 993
Nguyen Hieu Minh, Dmitriy Nikolaevich Moldovyan,
Nikolay Andreevich Moldovyan, Quang Minh Le, Sy Tan Ho,
Long Giang Nguyen, Hai Vinh Nguyen and Cong Manh Tran

Indoor Positioning Using BLE iBeacon, Smartphone Sensors,
and Distance-Based Position Correction Algorithm . . . . . . . . . . . . . . . 1007
Anh Vu-Tuan Trinh, Thai-Mai Thi Dinh, Quoc-Tuan Nguyen
and Kumbesan Sandrasegaran

Assessing the Transient Structure with Respect to the Voltage
Stability in Large Power System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1017
Luu Huu Vinh Quang

Cellular Automata Approach for Optimizing Radio Coverage:
A Case Study on Archipelago Surveillance . . . . . . . . . . . . . . . . . . . . . . 1027
Tuyen Phong Truong, Toan Hai Le and Binh Thai Duong

Contents xv



Smart Bicycle: IoT-Based Transportation Service . . . . . . . . . . . . . . . . 1037
Vikram Puri, Sandeep Singh Jagdev, Jolanda G. Tromp and Chung Van Le

LNA Nonlinear Distortion Impacts in Multichannel Direct RF
Digitization Receivers and Linearization Techniques . . . . . . . . . . . . . . 1045
Ngoc-Anh Vu, Thi-Hong-Tham Tran, Quang-Kien Trinh and Hai-Nam Le

Modified Biological Model of Meat in the Frequency Range
from 50 Hz to 1 MHz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1055
Kien Nguyen Phan, Vu Anh Tran and Trung Thanh Dang

A Research on Clustering and Identifying Automated
Communication in the HTTP Environment . . . . . . . . . . . . . . . . . . . . . 1069
Manh Cong Tran, Nguyen Quang Thi, Nguyen The Tien,
Nguyen Xuan Phuc and Nguyen Hieu Minh

Sequential All-Digital Background Calibration for Channel
Mismatches in Time-Interleaved ADC . . . . . . . . . . . . . . . . . . . . . . . . . 1081
Van-Thanh Ta and Van-Phuc Hoang

Comparison BICM-ID to Turbo Code in Wide Band Communication
Systems in the Future . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1091
Do Cong Hung, Nguyen Van Nam and Tran Van Dinh

A Design of a Vestibular Disorder Evaluation System . . . . . . . . . . . . . 1105
Hoang Quang Huy, Vu Anh Tran, Nguyen Thu Phuong,
Nguyen Khai Hung, Do Dong Son, Dang Thu Huong and Bui Van Dinh

About Model Separation Techniques and Control Problems
of Wheeled Mobile Robots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1119
Dao Phuong Nam, Nguyen Hoang Ha, Vu Anh Tran, Do Duy Khanh,
Nguyen Dinh Khue and Dang Van Trong

Fuzzy Supply Chain Performance Measurement Model
Based on SCOR 12.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1129
Debasish Majumder, Rupak Bhattacharjee and Mrinmoy Dam

Lightweight Convolution Neural Network Based on Feature
Concatenate for Facial Expression Recognition . . . . . . . . . . . . . . . . . . 1141
Xiaohong Cai, Zheng Yan, Fang Duan, Di Hu and Jiaming Zhang

Design and Issues for Recognizing Network Attack Intention . . . . . . . 1149
Anchit Bijalwan and Satenaw Sando

Web-Based Learning: A Strategy of Teaching Gender Violence . . . . . 1157
Jyotirmayee Ojha and Deepanjali Mishra

A Deep Neural Network Approach to Predict the Wine Taste
Preferences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1165
Sachin Kumar, Yana Kraeva, Radoslava Kraleva and Mikhail Zymbler

xvi Contents



A Global Distributed Trust Management Framework . . . . . . . . . . . . . 1175
Son Doan Trung

Single-Phase Smart Energy Meter—IoT Based on Manage
Household Electricity Consumption Service . . . . . . . . . . . . . . . . . . . . . 1185
Thi Dieu Linh Nguyen, Ngoc Duc Tran and Thi Hien Tran

Survey on Machine Learning-Based Clustering Algorithms
for IoT Data Cluster Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1195
Sivadi Balakrishna, Vijender Kumar Solanki, Raghvendra Kumar
and M. Thirumaran

Contents xvii



Intervention of Smart Ecosystem
in Indian Higher Education System:
Inclusiveness, Quality and Accountability

Arindam Chakrabarty, Mudang Tagiya and Shyamalee Sinha

Abstract In the knowledge age, the human society largely depends on both inclusive
growth and superior quality of higher education system. The world is transforming
very fast and it tends to celebrate the fourth industrial revolution that extends from
the information processing and automation to the extent of replication of human
intelligence. The emerging protocol of artificial intelligence, RFID, cloud comput-
ing, block chain and machine learning are the gamut of resources which essentially
would embody the teaching–learning process more effective and result-oriented.
In India, the use of e-resources like MOOC, e-learning, Swyam have been experi-
mented and they enjoy popularity and success among the users. However, the higher
education system of the country is severely compromised by regular flow of infor-
mation and databases. It is affecting the quality of teaching–learning process and
research. It is high time to have a centralized database reservoir which would con-
tribute to every learning organization, irrespective of government, private or NGO.
The database would be collected and preserved by a national e-resource portal which
could be accessed by any individual or institution with or without any processing
fees; otherwise the direction and continuum of academia and research would have
to be severely affected. The present study has attempted to showcase how the vari-
ous e-resources are integrated into Indian education system. The paper would also
approach and present a prototype model on how a comprehensive e-resource portal
can be developed and optimized to ensure collection, preservation and access of data
set.
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1 Introduction

1.1 India and Higher Education

During the ancient era, the scenario of Indian education consists of ‘Gurukul System’
whichmainly concentrated on education to developedknowledge.TheGuru (referred
to the teacher) will train their ‘Sishya’ (referred to the students) through yoga,
meditations and various standards. The early education system in India eventually
got unnoticed due to series of invasions and dispute in the country. In the beginning
of modern age, the Islamic influences improved the outdated education centers
and brought in the broad domains, like geography, administration, law, arabic,
mathematics and so on, into India. Colonial rulers who ruled India brought a
significant transformation in the higher education system. It was the British who
set up the formal system of higher education dedicated to the disciplines, like
languages, literature, history and philosophy. In India, the higher education system
started to grow rapidly after independence. The study shows that during the year
1980, there were 132 universities and 4738 colleges, enrolling around 5% of the
eligible age group in higher education. The total number of educational institutions
in India was four times higher than the overall number of institutions present in both
United States as well as Europe. Today, India is advancing toward modernization,
technology, communication, education and economic growth. It is giving a tough
competition to other developed nations in the field of high-tech industries, such as
agriculture, medical, information technology, energy and power, and biotechnology
to drive the nation to opulence. In the present day, Indian higher education system
holds an important place in the global education industry. India has one of the largest
networks of higher education institutions in the world and is the third largest in the
world. The UGC—an apex body established in the year 1949—essentially deals
with the setting up and maintenance of standards in higher education throughout
the nation on a uniform basis. The Central Government has been playing a key
role in providing overall policy directions and thus acts as a vital link between the
policy-making bodies of the government and institutions of higher education. With
the introduction of various policies on higher education and subsequent programs
undertaken to operationalize the policy has significantly impacted the growth and
development of higher education in India. The important landmarks in the evolution
of policy in higher education are as under:

Evaluation of Higher Education Policy in India Year

University Education Commission 1948–49

Education Commission 1964–66

National Policy on Education 1968

Policy on Education (Draft) 1978

(continued)
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(continued)

Evaluation of Higher Education Policy in India Year

National Commission on Teachers-II 1984

Challenge of Education: A Policy Perspective 1985

National Policy on Education 1986

National Policy on Education: A Program of Action 1986

National Policy on Education: A Program of Action 1992

Source IGNOU study material for PGDHE (MES-101, Block-2, Unit-6, pp. 23

1.2 Emphasis on ICT in the Higher Education Policy

In the year 1984–1985, the need of ‘Information and Communication Technology’
(ICT) in education sector has been recognized in India. It was realized when the
program called Computer Literacy and Studies in Schools (CLASS) was introduced
on experimental basis, and the project was later on adopted as a centrally sponsored
scheme during the seventh Five-Year Plan (1993–1998). Eventually, the scheme was
extended in eighth plan to provide financial grants to institutions covered earlier
and to include new government-aided secondary and senior secondary schools. The
financial assistance included annual maintenance grant and purchasing equipments
for new school. During this period 2598 schools were covered. In the mid-1998,
the information technology and software development (IT taskforce) came into the
picture for the purpose of recommendations on introduction of IT in education sector
including school. The report recommended the provision of computer system to all
educational institutions up to higher secondary schools by appropriate investments
(about 2–3%) of total budget during the next five years. During the year 2001–2002,
a revised class scheme was introduced by making the provision of Rs. 845 million
on recommendation. The applications of ICT for quality improvement were also
included in Government of India flagship program on education, viz., Sarva Shiksha
Abhiyaan (SSA).
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2 Literature Review

[1] ICT in Indian University and colleges shows the revolution of higher education
in the nation, in terms of access, equity and quality with the application of ICT in
education. The various prospects and challenges posed by amalgamation of ICTs in
various aspects of higher education in the present scenario are discussed and factors
regarding future development in ICT in education sector are also highlighted.

Information and communication technology (ICT) plays amajor role in supporting
powerful, efficient management and administration in education sector. It is stated
that ICT may use right from student management to various resource management
in an education institution [2].

The e-learning and pedagogical innovation framework at Leicester provided a
proper stage for the number of formal and informal discussions required to develop
an e-learning strategy for the university [3].

ICTevolves as an instrument toward advancedknowledge.As learning tool, that is,
ICT, it enhances the human intellectuals and capabilities in solving problems, helping
and benefiting the students in gaining and increasing knowledge, and promoting the
faculties, teachers, trainers and administrators in improving teaching and learning.
This technologyhas also incorporated the knowledge and skills required to effectively
use ICT as a tool [4].

Even though the application of ICT is not the answer for all the challenges faced
by higher education systems in the region, it does leverage and extend conventional
teaching and learning activities, and has the potential to positively influence on
learning [5].

The application of information and communication technology (ICT) in higher
education system has resulted in shifting from teacher-centered delivery and trans-
missive learning to student-centered learning. ICT acts as a channel of information,
and intellectual tools have been supporting and serving the students to be mature
enough and become responsible toward learning [6].

3 Objectives of the Study

I. To explore the applicationof smart eco-system in Indianhigher education system.
II. To formulate integrated and smart strategy framework for sharing information

through the man–machine interfaces across the country.

4 Research Methodologies

This study conceptual in nature is based on information collected from secondary
sources like reports, journals and so on. The paper attempts to understand the present
scenario of smart eco-systemused in higher education system in India and attempts to
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formulate a schematicmodelwhere the advance smart eco-systemwould be deployed
the available resources to enhance quality of the higher education.

5 Analysis and Interpretation

5.1 Analysis—I

Various e-resources on education

E-resources from MHRD supported programs Other learning resources

NPTEL (https://nptel.ac.in/) Digital Teaching and Learning Resources for
PwDs (http://www.ayjnihh.nic.in/Digital_
teach_resources.asp)

Virtual Labs (http://www.vlab.co.in/) LILA Hindi Pravah

Spoken Tutorial (https://spoken-tutorial.org/) Physics—Mysterious Magnetism (http://
www.youtube.com/watch?v=
wKdqCqTzSnI&list=PLdm-2_
AHi21QoOEbiVEMty8vy6yS3UWF3&
index=4)

The Consortium for Educational
Communication (http://cec.nic.in/Pages/
Home.aspx)

Astronomy—Eclipse (http://www.youtube.
com/watch?v=Q1yq2LpQ-Qc&list=PLdm-2_
AHi21QoOEbiVEMty8vy6yS3UWF3&
index=28)

e-Yantra (https://www.e-yantra.org/) Astronomy—Day and Night

e-ShodhSindhu (www.inflibnet.ac.in/ess/) Khan Academy

FOSSEE (Free and Open Software in
Education) (https://fossee.in/)

CS Unplugged

Coursera

Udemy (http://www.youtube.com/watch?v=
Q1yq2LpQ-Qc&list=PLdm-2_
AHi21QoOEbiVEMty8vy6yS3UWF3&
index=28)

MITOCW (https://www.edx.org/)

LEARNING SPACE:THE OPEN
UNIVERSITY (https://www.open.edu/
openlearn/)

Vidya Online (http://www.vidyaonline.net/
index.php)

Source http://vikaspedia.in

https://nptel.ac.in/
http://www.ayjnihh.nic.in/Digital_teach_resources.asp
http://www.vlab.co.in/
https://spoken-tutorial.org/
http://www.youtube.com/watch%3fv%3dwKdqCqTzSnI%26list%3dPLdm-2_AHi21QoOEbiVEMty8vy6yS3UWF3%26index%3d4
http://cec.nic.in/Pages/Home.aspx
http://www.youtube.com/watch%3fv%3dQ1yq2LpQ-Qc%26list%3dPLdm-2_AHi21QoOEbiVEMty8vy6yS3UWF3%26index%3d28
https://www.e-yantra.org/
http://www.inflibnet.ac.in/ess/
https://fossee.in/
http://www.youtube.com/watch%3fv%3dQ1yq2LpQ-Qc%26list%3dPLdm-2_AHi21QoOEbiVEMty8vy6yS3UWF3%26index%3d28
https://www.edx.org/
https://www.open.edu/openlearn/
http://www.vidyaonline.net/index.php
http://vikaspedia.in
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India has been using e-education resources since early twenty-first century. The
application of ICT has been pioneered in a few open and distance learning program
and online courses offered by both govt. and private enterprises with the pace of
phenomenal growth in satellite technology, access to the internet and even high-
configuration mobile usage. The importance of e-resources has been well thought
and adopted.The indicative list of popular e-education resources in India ismentioned
below:

5.2 Analysis—II

The growth of higher education system largely depends on creation of new knowl-
edge, development of contents, smart dissemination process and application-based
research. In India, various sectors and agencies are working in their respective
domains but observations, outcome and experiences are not adequately shared among
all its partner, stakeholders and users. These create massive hindrance for the learn-
ers, researchers and the implementing agencies to achieve success in their respective
intellectual pursuits. The lack of data support or exchange leads the society toward
policy paralysis. India is in the alarming positionwhere all the knowledge-generating,
policy-making and research organization need to interact freely with their databases,
sharing of experiences and critical observations. The paper has coined this urgency
and has attempted to device an integrated e-resource portal which would perform the
task of continuous data collection, preservation, its uninterrupted flow of processing
across the entire stakeholders.
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Modus Operandi of the Proposed Model

Step—1: Creation of a dedicated e-knowledge national portal/database. It can be
created by appropriate enactment of law and with the consortium public–private
partnership (PPP).
Step—II: All the knowledge bodies, institutes, private enterprises, non-government
organization, govt.–pvt. establishments and so on compulsorily need to share their
database, particularly R&D, process outcomes, achievements experiences or obser-
vations to the said national portal on regular interval. All the contributing institutional
entities may be connected through appropriate network topology or modern gateway.
It could also use the flowchart of electronic data interchange (EDI).
Step—III: All the data set/information would be collated, correlated and preserved
so that the user’s community across the nation can benefit from this system. However,
access to the database may be free of cost or partially chargeable as the case may be
depending on the rigor and cost implication of data procurement and its preservation.
However, this national portal may exclude the information pertaining to security
issues of the country, as well as the product/process secrecy, and others forms. In
fact, the national portal would collate and preserve all the published information or
documents in an integrated, coherent and synergic orientation.
Step—IV: The user may have to either subscribe with the portal or have to purchase
the database if it is chargeable.

In the present context of Indian higher education system, it is difficult to access
panel data or cross-sectional data, due to lack of integration of data across the stake-
holders on a particular field of inquiry. The standard deviation and variation in data
collected from different sources on a particular set of measurable attributes and
entities sometimes appear to be very high. Few organizations that generate and
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preserve database hardly share with the common users whether it is inaccessible,
limitedly accessible or very costly for use. There are issues in generating particular
set of database on regular intervals. The question of real-time data management is
insignificantly exercised. In the corporate sector, the transparency and disclosure of
information are limited and highly concentrated among few big players. All these
catastrophic features of data generation, preservation and excess mechanism have
largely affected the quality of higher education, teaching–learning and dissemination
process. The research activities are severely compromised because of lack of avail-
ability or access to relevant data set. This paper has devised a comprehensive and
nationwide data management ecosystem which would collate, collaborate and inte-
grate all the relevant stakeholders for generating, preserving and sharing the platform
for the users. The proposed national e-portal would ensure the authenticity, reliabil-
ity of dataset and avoid data redundancy. This would ensure incremental access to
such dynamic database platform which would trigger for achieving higher inclusive
education. The projected model would perform the task of validating and integrat-
ing the database with higher precision and reliability which would ensure superior
quality of knowledge exchange. As the system is reinforced by all the stakeholders
of the country representing various segments of economy and intellectual acumen,
the system is committed toward creating high-end value in the process of creating of
knowledge and its dissemination, which shall reaffirm the spirit of accountability.

6 Conclusion

Information is the most decisive factor for success, particularly in the era of knowl-
edge economy. Even in the ancient time the battle was fought among kings and the
winning party did not conquer not only because of its marshal but of its strength in
information search. This paper has shown the growing trend of using e-resources
in the process of teaching–learning dissemination and research, particularly in the
Indian context. However, there is lack of integrated approach to collate, preserve
and share all the pertaining data sets among its users and stakeholders. This paper
portraits a model solution by integrating all contributory institution with the national
portal and in return the propagation of data flow from the portals to individual and
institutional users with free access, limited access or paid access mechanism so that
without compromising the sovereignty, security issues of the nation and without
affecting the patent, copyright and commitments the country can foster high-end
academic environment and experience the frontiers of research outcome.
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The presence of powerline interference noise in ECG signaldegrades the quality of signal, which
may alter the original characteristics of the ECG signal. In this paper digital IIR notch filter with
zero phase filtering technique is proposed to eliminate the powerline interference noise in the ECG

here after correlation coefficient is calculated between the filtered ECG signal and
standard input ECG signal for its validation. The quality factor of digital notch filter is also tuned to
achieve the better correlation coefficient and SNR of filtered ECG signal. We found highest
correlation coefficient of 1 and lowest coefficient of 0.9999 at quality factor of 1 and 3 respectively.
Further this method is validated on MIT-BIH arrhythmia database.
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With the advent of digitization, upcoming technologies like Internet of Things (IOT) are being used by
organizations to manage their business, infrastructure as well as assets. In order to make the IT
Infrastructure more efficient, upcoming technologies like Internet of things play a very important role as
IoT has increased the scale of the storage and the server spaces, improved the internet connectivity
thereby leading to a smarter IT infrastructure. Although IoT adoption is taking place rapidly at the

and industrial level; there is a dearth of academic literature in this area. Hence the objective of
the paper is to study the adoption of various IoT technologies for smart city infrastructure, understand the
impact/benefits of these technologies and propose future potential applications which can be used for
smart infrastructure. A case study approach has been adopted for this research wherein various use cases

the IT industry have been analysed with respect to the adoption of IoT technologies
the benefits of the same to the various sectors. The study will be useful for
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CHAPTER 1

Ultrasound-assisted organic synthesis
Neha N. Gharat, Virendra K. Rathod
Department of Chemical Engineering, Institute of Chemical Technology, Mumbai, India

1. Introduction

Traditional methods to carry out organic synthesis reactions face drawbacks such as long

reaction time, non-satisfactory yields, more solvent, toxic/costly reagent requirements

and high temperatures and on the other hand, results in uneconomical products. Use

of heterogeneous systems gives rise to mass transfer resistance issues depending on the

number and type of phases present. It may also lead to agglomeration of particles which

lowers surface area and eventually slows down the reaction rate. To overcome all these

issues, the use of ultrasound (US) is a cost-effective method to intensify various reactions

such as aqueous and nonaqueous homogeneous reactions, heterogeneous reactions,

phase-transfer reactions, metal-organic frameworks, bio-enzymatic, among others.

Application of soundwaves alongwith its chemical effects is termed as sonochemistry.

The application of ultrasound waves was first tried in the early nineties by Richards and

Loomis. This was followed by Schultes and Frenzel who studied the aqueous hydrogen

peroxide formation at 540kHz. Furthermore, in 1936, Schultes and Gohr observed that

light could be produced by the high-intensity sonochemical reaction of liquids in the

range of 190–750nm wavelength. This phenomenon was termed as sonoluminescence.

This long journey of sonochemistry has been remarkable after the 1980s, where cavita-

tion phenomena was considered.

Ultrasound has been used as a process intensification tool, between 20kHz and

5MHz frequency range, for the removal of biologically active compounds nanoscale

operations and formation of medicines. Chemical reactivity increases by ultrasound

through the formation and collapse of cavitation bubbles in a liquid medium. The prop-

agation of ultrasound waves takes place in a liquid medium in alternate compression as

well as rarefaction and cavities are formed. Once the attractive forces of the liquid over-

come by rarefaction cycle, the cavities grow to a maximum size and then burst resulting

in energy dissipation (Fig. 1) [1–3]. Due to turbulence, corresponding with the liquid

circulation associated with the creation and breakdown of the bubbles, mass transfer rates

are improved.Whether ultrasound can be applied to accelerate the reaction chemically as

well as physically depends on the local hot spots and by enhancing the mass transfer rates,

respectively. In addition to improvement in mass transfer rates, it also gives better catalyst
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effectiveness. Typically, the effects of cavitation in aqueous medium incorporate elevated

temperatures (2000–5000K), pressures up to 1800 atmosphere. Ultrasound is beneficial

to accelerate chemical reactions by improving yields, lowering reaction times as well as

increasing selectivity. Due to all these reasons, it has been popularized as a novel approach

for the production of organic compounds since the past couple of decades [4]. Even

though, the use of ultrasound is beneficial for laboratory-scale operations; for its commer-

cial implementation for organic synthesis, there are some engineering concerns such as

missing scale-up procedures, efficient designs [5].

2. Extrinsic variables affecting ultrasound irradiation

The intensity of cavitation produced by ultrasound is dependent on various parameters.

These parameters not only add in the cost of the process but also decide the scale-up of
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Fig. 1 Formation of bubble, development, and collapse. (Reproduced with permission from P.
Chowdhury, T. Viraraghavan, Sonochemical degradation of chlorinated organic compounds, phenolic
compounds and organic dyes—a review, Sci. Total Environ. 407(8) (2009) 2474–2492.)

2 Green sustainable process for chemical and environmental engineering and science



the reactor. Thus, it is essential to optimize these parameters for the particular system to

get maximum yield at minimum cost. While carrying out US-assisted reactions, it is

advisable to study the following parameters for the development of new analytical

applications.

2.1 Influence of solvent
The change in solvent also changes the physicochemical properties, i.e., density, vapor

pressure, surface tension, and viscosity which affects cavitation intensity, but chemical

reactivity of the solvent has an intense effect on ultrasonication. The secondary reactions

of sonolysis of water vapor between OH• and H• explain aqueous ultrasonication. At ele-

vated temperature, solvent does not show inert behavior. It can be overcome by appli-

cation of low vapor pressure solvent (except halocarbons) which reduces their

concentration in the vapor phase of ultrasonication. In order to lower the viscosity of

the medium, the solvent plays an important role by making it uniform and miscible

[6]. Therefore, the selection of solvent has great importance in ultrasound irradiation.

The polarity of the solvent, along with denaturation conditions are the parameters

that need to be considered while selecting the solvent for US-assisted enzymatic reac-

tions. In a comparison of oil with methanol as a reactant/solvent for the synthesis of bio-

diesel, the bubble gets collapsed at a higher rate in methanol than that of oil. As the

viscosity of methanol is lower than oil, the rate of bubble collapse in more in methanol.

Therefore, methanol is preferred as a solvent in case of biodiesel formation due to the

advantages of enhanced interfacial area and rate of reaction [7].

2.2 Influence of power
Chemical effects on a reaction can be caused by supplying sufficient acoustic energy so

that the cavitation threshold of the medium is overcome. “Cavitational zone” is the

region where cavitation occurs around the radiating source. This enhances with increas-

ing intensity of dissipation. Cavitational intensity can be increased by increasing ultra-

sonic power. Also, with an increase in power, enhancement in the rate of reaction is

observed and due to continuous use of power for a long time, rate of reaction decreases

[8] which results in the generation of the cloud of cavitation bubble around the probe.

Collapsing of those cavitation bubbles takes place near high power dissipation [9]. With

an increase in exposure time, bubble formation, as well as implosion, increases. Also, due

to prolonged use of ultrasound, denaturing of catalyst along with the transducers occurs

[10]. The reactor configuration and its specific application are the parameters responsible

for optimum power dissipation [11]. Acoustic energy present in reaction mixture gets

decreased due to decoupling losses [12].

Overall literature hypothesizes that frequency, duty cycle, catalyst loading, and molar

ratio are the important parameters. By keeping them constant, the influence of ultrasonic
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power in organic synthesis has been optimized. Effect of power on the release of iodine

by sonolysis of aqueous KI was reported [13]. Also, the initial power dissipation was pro-

portional to iodine release, till 40W and remained constant till 100 W which dropped

significantly after 100 W.

Enzyme catalyzed reactions, prefer lower optimum power dissipation because enz-

ymes show the negative effect at higher power dissipation. Several reports such as [14]

lipase catalyzed esterification reaction of methyl caffeate (MC) with methanol along with

caffeic acid using Novozym 435 under the influence of ultrasound irradiation have been

reported. The impact of power on reaction has been studied by the increase in power

under pulse mode at 25kHz frequency and temperature of 5°C which resulted in enha-

nced yield (99% conversion) at 150-W power dissipation under the time interval of 9h.

In the case of heterogeneous reactions, a similar trend was repeated, which showed

93% yield (highest) at 75W as optimum power dissipation. Beyond 80W, there was no

further improvement observed. The influence of ultrasonic power on the formation of

methyl butyrate catalyzed by amberlyst-15 over the range of 50–145W input power at

22kHz frequency was studied [15], where the enhancement in conversion, till 100W

was observed and beyond that conversion, was found to decrease.

All the above-reported trends show that with an increase in power dissipation up to a

certain optimum value, conversion of the US-assisted organic synthesis reactions reaches

the maximum value. Beyond certain optimum power dissipation, conversion gets

reduced, which depends on the specific class of reaction carried out. Therefore, the reac-

tor configuration, i.e., number and position of the transducers and the type of reaction are

the factors on which optimum power dissipation would be dependent. Laboratory-scale

investigations in reactors which are almost same as the design of the commercial-scale

unit can give rise to the actual value of power dissipation.

2.3 Influence of frequency
Ultrasonochemical waves produce frequencies in the range of 16–100kHz which

enhance the cavitation effect. Frequency acts as the origin of the dramatic impact of

power dissipation on chemical reactivity. In the case of radical formation mechanism,

higher frequencies are preferred as they facilitate and accelerate a given reaction.

The bubble formation is proceeded by passing ultrasonic waves via a medium which

begins with growth and disruption of the bubble [16]. The classification of ultrasonic fre-

quencies has been done based on its large-scale operation in three groups such as power

ultrasonication (16–100kHz), high-frequency ultrasonication (100kHz–1MHz), and

diagnostic ultrasonication (1–10MHz) [17]. When negative pressure of the rarefaction

exceeds the attractive forces between the molecules of the liquid, voids get formed.

As the frequency increases, cavitation goes on decreasing, due to less pressure produced
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by rarefaction cycle which is required to attain cavitation and sometimes the rate of the

compression exceeds the duration which is required for the collapsing of bubbles [18].

Therefore the main phenomena of acoustic streaming arise where cavitation produced

by ultrasonic waves having frequency 16–100kHz results in the formation of larger cav-

itation bubbles with elevated temperature and pressure conditions [19]. In the case of

homogeneous liquids, frequency plays an important role to attain optimum cavitation

because homogeneous ultrasonication is carried out beyond optimum (offset) value.

To overcome this counteracting behavior, there is a need to specify an optimum range

of frequencies.

In the sonochemical degradation of carbon tetrachloride, the authors have claimed

that at 500kHz, the higher degradation rate is observed as compared to 20kHz. Similarly,

decomposition of chlorobenzene and removal of 2-chlorophenol was reported [20, 21]

which demonstrates that for radicals, higher frequency is preferable as dominant chemical

effects occur that particularly intensify the oxidation reactions where a major controlling

factor is the hydroxyl radicals. For heterogeneous reactions, the opposite trends have

been observed in the literature.

Also, the synthesis of 4-methyl cinnamoyl glycerol using enzyme over the frequency

of 20–40kHz in 48h has been reported. As frequency increases from 20 to 35kHz, con-

version increases and beyond 35kHz, it decreases because at this frequency deactivation

of the enzyme occurs, due to physical effects and high shear forces [22].

Overviewing these literature trends, it can be said that for enzymatic reactions or het-

erogeneous reactions, frequencies in the range of 20–50kHz are preferred. Physical

effects are required in order to eliminate mass transfer resistances and to retain the catalyst

activity. Similarly, in the case of homogeneous reactions or heterogeneous reactions,

which involve radical mechanisms, higher frequencies (200–500kHz) result in enhanced

reaction rates [23].

2.4 Influence of duty cycle
The existent exposure time of ultrasonication in one cycle is known as the duty cycle.

TheON/OFF time of ultrasonication can be adjusted to change the duty cycle [24]. For-

mation of the bubble takes place in ON time whereas its enlargement is carried out in

resting time (OFF time). In US sonochemistry, the conversion of a product increases as

the duty cycle increases. At the same time, it might affect the transducers, which lead to

wear and tear effects. To avoid this effect, another type of transducers such as pulse mode

is reported [25, 26]. In order to enhance the transducers life, the reaction should carry out

at minimum duty cycle.

Also, keeping the ultrasound “on” for a long time can damage the transducers, thus

using recent instruments with better quality transducers should be preferred [27, 28].
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Similarly, reports have been validated [25] that with an increase in the ultrasonic duty

cycle, enzyme activity gets reduced as a result of the physical effects of shear and turbu-

lence. The synthesis of isoamyl butyrate has been studied [29], where 83% as an optimum

duty cycle has been reported. The same result of an optimum duty cycle in heteroge-

neously catalyzed formation of methyl butyrate has been reported [15] and investigated

that with an increase in the duty cycle over the range of 25%–75%, conversion increases

from 72% to 91.64% and as observed, beyond 75% duty cycle, conversion gets reduced.

Typically, it can be established that depending on the configuration of the reactor along

with the type of reaction system in the presence of a catalyst, the optimum duty cycle

would be intensified to obtain benefits of ultrasound operations.

2.5 Influence of temperature
Though temperature and the choice of solvent are interrelated variables, both are essen-

tial. With a rise in solvent vapor pressure, the maximum bubble collapse temperature and

pressure decreases. Therefore, in a reaction where sonochemical activation takes place

through cavitational collapse and a low-boiling solvent is present, low temperature is

beneficial. Conversely, high boiling solvents are preferred where reaction requires ele-

vated temperatures. In the case of heterogeneous reactions, an external surface of a cat-

alyst or an inorganic solid reagent gets affected by sonication where a balance should be

maintained so that proper cavitation takes place as well as the thermodynamics of the

reaction does not get affected. Also, the energy required to initiate cavitation is enhanced

by applying external pressure to a reaction system, which ultimately enhances the hydro-

static pressure of the liquid. The highest temperatures and pressures can be faced at the

time of bubble collapse when threshold energy exceeds the available irradiation source

and corresponding hydrostatic pressure increases the sonochemical effect.

In US-assisted reactions, the effect of bulk liquid temperature is also dependent on the

temperature of the counteracting reagent [9]. With a rise in the reaction temperature,

chemical kinetics get enhanced as in the case of conventional reaction systems, but

the cavitational intensity decreases. An inverse effect of temperature on cavitation inten-

sity takes place due to formation of vaporous cavities, which reduces bubble collapse [30].

Novozyme 435-assisted hydrolysis of soybean with the help of methanol (1:6) using

40kHz frequency has been reported [31]. The reaction was carried out over the range of

30–70°C, and the highest activity was observed at 40°C and reduced beyond 40°C,
which might be due to decrease in viscosity at higher temperatures which improves

emulsification. Infinitesimal increase in temperature causes the better collisions of

enzyme along with the substrates which result in enzyme-substrate complex with

increased enzyme activity at 40°C [32].

From the above examples, it can be effectively concluded that the maximum rate of

reaction can be obtained at an optimum temperature. In US-assisted organic
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homogeneous or heterogeneous chemical synthesis, due to reduced cavitational activity,

the conversion gets reduced as well as in US-assisted enzymatic route, a lower temper-

ature is preferred as an optimum temperature. Beyond this value, the reduced rate of

reaction is seen due to denaturation of enzymes at higher temperatures.

3. Origins of the chemical effects in sonochemistry

The earlier assumption about ultrasound was that it can be commonly used to assist the

reactions associated with solid reagents only; this is not particularly correct. A large num-

ber of groups are seeking to achieve knowledge of sonochemistry, which can help them

to anticipate the type of reaction affected by sonication. Luche has classified sonochemical

reactions into three categories based upon the cavitational chemical effects. Other than

chemical effects, there are some mechanical effects related to cavitation bubble collapse

which are treated as physical effects and evaluated to be negative sonochemistry. Those

negative effects are also significant, which have been used in the analysis and included in

the below three reaction categories affecting sonochemical enrichment.

1. Homogeneous reactions involving radical mechanism are altered by ultrasound irra-

diation. However, sonication does not influence ionic mechanisms. In the homoge-

neous liquid system, the collapsing of the cavitation bubble leads to immediate inflow

of liquid to cover the void space formed through the collapsing cavity. The rupturing

of bonds in compounds takes place due to shear forces produced by this inflow in the

surrounding bulk liquid. The similar effect has been observed in the reaction of poly-

meric material decomposed in the fluid [33] (Fig. 2).

In the cavity
extreme conditions on collapse
5000°C and 2000 atmospheres

In the bulk media
intense shear forces

Fig. 2 Cavitation in homogeneous phase. (Reproduced with permission from S. V. Sancheti, P. R. Gogate,
A review of engineering aspects of intensification of chemical synthesis using ultrasound, Ultrason.
Sonochem. 36 (2017) 527–543.)
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2. Heterogeneous reaction progresses via ionic intermediates. They are affected by a

decrease in the particle size as well as enhancement in mass transfer rate, which are

the physical impacts of cavitation. In such reactions, the selection of operating param-

eters is crucial due to less importance of the chemical effects of sonication.

In phase-transfer heterogeneous reactions due to the collapse of a cavitational bub-

ble, layer disruption along with the rapid blending produces ultrafine mixtures (Fig.

3). For maintaining stability, surfactants are employed in making the emulsion.

Enhancement in the surface area occurs as a result of the generation of fine emulsions,

giving the desired intensification. Due to cavitational effects, phase-transfer hetero-

geneous reactions require less catalyst.

3. The reactions that involve a radical mechanism or radical, as well as ionic mechanism,

get influenced by sonication. Radical reactions are affected by the chemical effects of

ultrasound irradiation, whereas ionic reactions are influenced by enhancedmass trans-

fer rates.

For heterogeneous systems in the presence of solids, the bubble collapse may be

symmetric or asymmetric. The size and type of the material in shock waves raise the

motion of solid particles in solution. The breakdown of the bubble due to such a

motion of solid particle results in the availability of increased area for reaction and

activation of the catalyst can also be done by physical effects. That results in the clean-

ing of the surfaces and also enhances transport rates that depend on the interruption of

the boundary layers (Fig. 4).

Powerful
disruption of
phase boundary

Fig. 3 Cavitation in dual-phasic liquid system. (Reproduced with permission from S. V. Sancheti, P. R.
Gogate, A review of engineering aspects of intensification of chemical synthesis using ultrasound,
Ultrason. Sonochem. 36 (2017) 527–543.)
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4. Reactor design and configuration

There are many devices available to carry out ultrasonic irradiation. They are known as

sonochemical reactors. The classification of sonochemical reactors depends on the nature

of irradiation like direct and indirect. Direct mode refers to the direct contact of ultra-

sonic transducer with the reaction medium. In indirect mode, it refers to either a contact

between separate reactor having reactants, which is suspended into ultrasonic vessel filled

with a coupling liquid or sonication vessel itself containing liquid mixture. Sonochemical

reactors are generally divided into three designs.

1. Ultrasonic cleaning bath.

2. “Cup-horn” sonicator.

3. Direct immersion ultrasonic horn.

In all cases, the original source of the ultrasound is a piezoelectric material, usually a lead

zirconate titanate ceramic (PZT), which is subjected to a high AC voltage with an ultra-

sonic frequency (typically 15–50kHz). The piezoelectric source expands and contracts in

this electric field and is attached to the wall of a cleaning bath or to an amplifying horn.

4.1 Ultrasonic cleaning bath
For the indirect irradiation, a sonication bath is a very frequently used sonochemical reac-

tor. It is an inexpensive instrument in which the ultrasound is applied with the help of

transducers (Fig. 5). It is used primarily in laboratory ultrasound operations of US-assisted

heterogeneous systems. A very less amount of energy is supplied to the actual reaction

mixture within the medium as compared to ultrasonic horn (which are used in direct

irradiation mode). Depending on the size of the vessel and the number of transducers,

distribution of the cavitational activity takes place in the case of ultrasound bath.

Inrush of liquid from one side of
collapsing bubble forces powerful jet
onto solid surface 

Solid surface Diffusion layer 

Fig. 4 Cavitation in heterogeneous systems. (Reproduced with permission from S. V. Sancheti, P. R.
Gogate, A review of engineering aspects of intensification of chemical synthesis using ultrasound,
Ultrason. Sonochem. 36 (2017) 527–543.)
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Along with the benefits of ultrasound bath, there are several potential drawbacks like

variable acoustic intensity. It varies from bath to bath and one manufacturer to another.

Therefore, the issue of replicability from one bath to another may arise. Also, the place-

ment of the reaction flask, temperature, the height of both the bath liquid and of the solu-

tion within the reaction vessel are critical parameters [34, 35]. Coolants are used for

thermostating, as they are passed through copper coils without contacting walls. In

the case of homogeneous liquids, marginal acoustic intensities are present for the gener-

ation of cavitation. Also, in case of solids, the tensile strength of the liquid at the interface

causes the cavitation well below thresholds as compared to simple solutions. However,

for heterogeneous ultrasound irradiation, the sonication bath can be considered with lim-

ited potential.

4.2 “Cup-horn” sonicator
To get high cavitational intensity at low operating volumes, ultrasonic horns are most

commonly used for laboratory-scale operations. By keeping the frequency of irradiation

constant, the power dissipated within the reaction mixture can be varied with an intro-

duction of the acoustic energy directly into the liquid. The diameter of the probe and the

height of the liquid in the reactor are the controlling factors in terms of cavitational activ-

ity and application point of view. There is a certain limitation in the case of the horn

Cleaning tank

Transducers

Ultrasonic generator

Fig. 5 Ultrasonic cleaning bath. (Reproduced with permission from E. M. Hussein, K. S. Khairou,
Sonochemistry: synthesis of bioactive heterocycles, Synth. Commun. 44(15) (2014) 2155–2191.)
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systemwhere contamination should be strictly prohibited. Due to extensive use of higher

levels of power dissipation, erosion of metal takes place into liquid along with the pitting

of the tip [36]. Also, the shape of the horn controls the cavitational activity along with the

transfer of energy considering the minimum effect on the surface erosion. Cup horns are a

knownmodification where a small sonication bath is driven by a horn extending through

its base (Fig. 6). Initially, it was used in cell disruption, but nowadays it has found appli-

cation in sonochemistry in indirect irradiation, but more power dissipation occurs in

comparison with the typical sonication bath. An ultrasonic horn is much better with

higher capability for processed volume. In the case of ultrasonic probe in standard pie-

zoelectric transducers, it is made up of Titanium crucible. In comparison with ultrasonic

cleaning bath, it is advantageous in terms of acoustic intensities, frequency control, as well

as thermostating capacity. As there is no contact between radiating surface and reaction

solution, the resulting intensities are smaller than that of direct immersion ultrasonic

horn. Therefore, homogeneous ultrasound irradiation is disadvantageous in terms of

activeness. But it is also advantageous as it is free from contamination against the erosion

of the titanium horn.

Fig. 6 Ultrasonic probe Cup horn. (Reproduced with permission from P. Chowdhury, T. Viraraghavan,
Sonochemical degradation of chlorinated organic compounds, phenolic compounds and organic
dyes—a review, Sci. Total Environ. 407 (8) (2009) 2474–2492.)
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4.3 Direct immersion ultrasonic horn
It is a very powerful ultrasonic reactor specially used in a chemical laboratory in an inert

atmosphere (Fig. 7). Like a cup horn, direct immersion ultrasonic horn is also designed by

biochemists for cell disruption. It is readily available at a reasonable cost. Even variable

shapes of titanium horns and sizes of power supply are provided.

For large-scale operations, the use of direct immersion ultrasonic horn provides the

flexibility of operating at multi-liter capacity. This horn gives high and variable intensities

at a frequency of 20kHz. Due to more power dissipation, the necessity of temperature

controller to cool down the reaction arises which depends on the type of configuration.

Also, it shows the drawback of erosion of the titanium tip without chemical effects,

which shows enhanced tensile strength with less reactivity of Ti metal. The commercial

application of these horns involves cell disruption on large scale, degassing of liquids, dis-

persion of solids into liquids, and emulsification of immiscible liquids. The direct immer-

sion ultrasonic horn is most widely found in industrial ultrasonic reactions than at the

laboratory scale.

Digital disruptor
(piezoelectric ceramic)

Titanium horn

Temperature probe

Heavy duty beaker

Digital control unit

Fig. 7 Direct immersion ultrasonic horns. (Reproduced with permission from E. M. Hussein, K. S. Khairou,
Sonochemistry: synthesis of bioactive heterocycles, Synth. Commun. 44(15) (2014) 2155–2191.)
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5. Classification of US-assisted organic synthesis

Application of ultrasound for intensifying different processes results in various organic

synthesis reactions. The use of highly intensive sonochemistry in aqueous or nonaqueous

medium gives benefits of benign reaction conditions, less time with enhanced yield,

which mostly depends on physical effects that take place in ultrasonication. Here, we

are classifying reactions into homogeneous and heterogeneous systems.

5.1 Homogeneous
Sonochemical effects in homogeneous liquid systems, usually occur at different sites.

Those sites are given below.

1. extreme conditions inside the collapsing bubble;

2. at the interface in between the cavity and present bulk liquid; and

3. in the bulk liquid where mechanical effects prevail.

Further, wewill proceedwith the classification of US-assisted homogeneous organic syn-

thesis into aqueous and nonaqueous homogeneous systems. They depict the different

type of cavitation event in each case.

5.1.1 Aqueous
Aqueous irradiation of organic compounds frequently gives rise to extremely oxidized or

degraded products in multiple amounts. In the case of aqueous media, there is an overall

deficiency of specificity for ultrasonic irradiation because while carrying out sonolysis of

water, we tend to get intensely reactive intermediates at respectable rates.

In 1982, aqueous sonochemistry was reported, in which stereoisomerization of maleic

acid to synthesize fumaric acid by ultrasound irradiation using Br2 was carried out. In this

reaction, the frequency used over a very wide range and Br0 is an efficient catalyst for the
isomerization obtained from sonolysis, whichmakes this reaction unique in sonocatalysis,

as given below.

Br'2 2Br' + 

There are many studies, which reported the effects of ultrasound through various sol-

volysis reactions. One of them applied in both ultrasound irradiation and catalytic wet

peroxide oxidation for a breakdown of 4-hydroxy benzoic acid where the determination

of enhanced rate for the hydrolysis of acetates and saponification of fats has been

studied [37].

In 2013, the synthesis of Novel Homoallylic Alcohol Derivatives using water as a

medium was established by comparing both conventional and US-Assisted approach

[38]. The reaction was carried out in aqueous media, with different carbonyl compounds
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with allylic bromides through US-assisted Barbier reaction. The α-bromoketones

reacted with sodium benzenesulfinate in the presence of CuI/2,6-lutidine. Simply, sul-

fonation of α-bromoketones was carried out which produced β-keto-sulfones with sat-

isfactory yields. Therefore, this aqueous media sulfonation reaction was beneficial in

terms of excellent yields, lesser reaction time, and more simple in comparison with

the traditional one (Scheme 1).

In 2017, the formation of naphthoquinone combined oxazine derivatives under an

aqueous medium by using sonication has been investigated [39]. Development of energy

efficient, as well as the environmentally safe procedure, has been carried out through the

reaction of 2-hydroxy-1,4-naphthoquinone, aromatic amine and formaldehyde in a sin-

gle approach using water as an aqueous media under ultrasound irradiation (Scheme 2).
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Scheme 1 Sulfonation of α-bromoketones in presence of ultrasonication.
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Scheme 2 Formation of naphthoquinone combined oxazine derivatives using ultrasonic irradiation.
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Later in 2017, synthesis of Bis (Indolyl)Methanes and 3,3-Bis (Indolyl) oxindoles in

the catalyst-free medium using Aqueous Ethyl Lactate has been investigated [40]. In the

reported approach, indoles reacted with aldehydes or isatins in water and ethyl lactate

under the influence of ultrasonication. In addition to benefits of aqueous media along

with the ultrasonication, this approach is free from the catalyst, having a broad substrate

scope and applicable for industrial synthesis (Schemes 3–5).

CHO

N
H

N
H

N
H

+
Solvent
U.S., r.t.2

Scheme 3 Ultrasound-assisted formation of Bis (Indolyl)Methanes.

N
H N

H N
H

R1

R1 R1

RCHO + 2
EL/ H2O
U.S., r.t.

R

Scheme 4 Formation of Bis (Indolyl)Methanes in water and ethyl lactate using ultrasonication.
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Scheme 5 Formation of 3,3-Bis (Indolyl) oxindoles in water and ethyl lactate using ultrasonic
irradiation.
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Also, in 2017, the latest achievements in the ultrasonically irradiated organic synthesis

using aqueousmedium have been reported [41]. There are several reports available on the

application of an aqueous media in US-assisted organic reactions. Based on the knowl-

edge of green chemistry, water is considered as the safest solvent as compared to others.

Therefore, it is a sustainable approach that holds an active association between highly

intensive ultrasonication and aqueous medium. Also, the application of ultrasound irra-

diation along with the water leads to an eco-friendly protocol.

Recently in 2019, the formation of crucial heterocycles such as Quinoxaline,

1,4-oxazine, 1,4-thiazine, and 1,4-dioxin derivatives using catalyst-free medium in water

under the influence of ultrasonication has been studied [42]. There were various methods

reported for the synthesis of the same. However, these methods have certain drawbacks.

Therefore, for the synthesis of these heterocyclic compounds, easy and energy-efficient

methods are required (Scheme 6).

Therefore the application of water as a solvent than other volatile organic solvents is

appreciable in green chemistry [43–46]. However, aqueous medium gives increased

reaction rate as a result of strong hydrogen bonding. Also, the ultrasound using water

offers benefits of nontoxicity, recyclability with the purification of products [47–52].
Nowadays, catalyst-free aqueous medium has gained importance in laboratory scale as

well as industrial-scale due to properties like rapid, energy-efficient, cheap, improved

selectivity, environmentally benign, and easy isolation of product [53, 54].

5.1.2 Nonaqueous
Homogeneous nonaqueous sonication was not reported frequently until the past few years.

In 1937, Porter studied the sevenfold acceleration due to Curtius rearrangement of

C6H5CON3 to C6H5NCO and N0
2 [32]. Later in 1965, Weissler has reported some sol-

vents which are too slow in degradation like CH3CN and CC14 [34]. In 1967, the initi-

ation of explosions of tetranitromethane and nitro glycerinewas investigated. Also, in 1974,

the depolymerization of high molecular weight polymers was observed [55]. Principally,

aqueous solutions with volatile organic solvents have not been reported for sonochemistry.

OH
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NH2

+
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Scheme 6 The reaction of ninhydrin and o-phenylenediamine in presence of ultrasonication.
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This led to a general belief that water can only act as a high tensile strength liquid to support

intense cavitational collapse. Due to high vapor pressures, a large group of organic liquids

reduces the strength of cavitational collapse. But it has now been established that cavitation

will be accomplished by organic liquids via free radicals at low temperature through bond

homolysis. In 1983, the sonolysis of alkanes has been studied, which is the same process as

extremely high-temperature pyrolysis. Also, in 1979, the sonolysis and pyrolysis of biacetyl,

which produces acetone, has been reported and compared with the sonolysis and radiolysis

of menthone in 1980. The chemistry involved in nonaqueous sonochemistry can be

tedious, as seen in the tarry polymerization of various substituted benzenes reported by sev-

eral authors. The results obtained from the analysis of aqueous sonochemical reactions are

challenging to understand because of the complication of the secondary reactions. There-

fore, in the case of nonaqueous liquids, the rates of degradation can be adjusted to slow

down quite below than water by proper selection of solvent as well as by maintaining

low volatility. Highly stable liquids can be obtained at lower temperatures like decane

at�10°C. It is advantageous because instead of the secondary reactions occurring with sol-
vent fragments; the primary ultrasound irradiation of decomposed substrates can be inves-

tigated. In future aspects of sonochemical studies, we can look forward to increase the use of

nonaqueous sonochemistry with the application of low-volatility organic liquids.

5.2 Heterogeneous
The hastening of heterogeneous reaction using ultrasound is an emerging technique. It is

accompanied by physical effects such as formation of emulsions at liquid-liquid interfaces,

cavitational erosion and finally, purification takes place at liquid-solid interfaces. As the

formation of shock wave damages as well as deforms solid surfaces, the surface area of

friable solids gets increased.

The heterogeneous sonochemical reaction is a very known type of US-assisted reac-

tion, in organic or organometallic chemistry. Further, US-assisted reactions can be

applied to the leaching process to intensify their effect on leaching. Heterogeneous

US-assisted reactions are further divided into three categories, which are stated below.

5.2.1 Metal-organic frameworks
Material scientists have newly developed a porous material known as metal-organic frame-

works (MOFs). In MOF’s, metal ions together with organic multidentate ligands, are

bounded through coordinate bonds. These organic-inorganic hybrid compounds are crys-

talline in nature. They provide high surface areas with better functionality, pore size, selec-

tivity range of shape/size, and improvement in activity as compared to base metal oxides.

However, they have application as a host in a variety of guest molecules [56–58], further
used in adsorption, catalysis, magnetism, sensing, and drug delivery [59–61]. Nature of the

metal-organic framework decides the physical parameters of MOFs like magnetic suscep-

tibility, conductivity, and optical characteristics [62]. MOF’s act as a bridge between zeo-

lites (having small pore size) and silicates (possess huge size). MOF’s exhibit reduced

chemical, thermal, and hydrothermal stability in comparison with other oxides [63].
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For the manufacturing ofMOF’s, transition metals, alkaline earth metals, p-block ele-

ments, actinides as well as mixed metals are used since the past two decades. It can be

prepared by low vapor diffusion and solvothermal techniques [64] but need to be main-

tained at elevated temperature and pressure. Therefore, nowadays, nanoparticles with

particular morphologies are synthesized by the US-assisted method [65, 66].

In 2016, the most simple and commercial method for the formation of nano MOFs

using ultrasonic sonochemistry has been reported [67]. Recently in 2018, Ultrasound-

assisted amide functionalized metal-organic framework used for nitroaromatic sensing.

While synthesizing nanoplates of zinc (II)-based MOF’s through the ultrasonic method,

surfactants were not involved at ambient temperature and atmospheric pressure.

Therefore, Field Emission Scanning Electron Microscopy (FE-SEM), powder X-ray

diffraction, thermogravimetric analysis (TGA), elemental analysis, and FTIR spectros-

copy are the methods used to analyze increased control of particle size and morphology.

Similarly, by using different precursor concentration, amide-functionalized

nano metal-organic framework, [Zn2(oba)2(bpfb)]�(DMF)5, TMU-23, (H2oba¼4,40-
oxybis(benzoic acid); bpfb¼N,N0-bis-(4-pyridylformamide)-1,4-benzenediamine,

DMF¼N,N-dimethyl formamide), was reported by application of ultrasound

sonochemistry. Also, the decrease in florescence intensity and an increase in selectivity

of sensing capacity of nitroaromatic compounds like nitrophenol, nitroaniline, and

nitrobenzene in acetonitrile solution is investigated [68] (Scheme 7).

5.2.2 Phase-transfer catalysis
Mutually insoluble compounds react with each other through phase-transfer catalysis

(PTC). Since it is used in the synthesis of pharmaceuticals, agricultural chemicals, flavor-

ings, dyes, perfumes, and environmental processes; it was attempted to improve the
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Scheme 7 Synthesis of TMU-23 via both ways hydrothermal as well as ultrasonication.
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phase-transfer catalysts efficiency. “Multisite” phase-transfer catalyst (MPTC) is the

newly developed PTC method, where catalytic efficiency has been increased, due to

multiple molecules being able to be taken into the organic phase in one cycle

[69–73]. As ultrasound sonochemistry reported advantages like high reaction rate, yield,

and selectivity; therefore, its applications in organic synthesis has been predominant. The

combination of PTC, along with ultrasonication has been formed to be an effective

method for organic conversion [74–78]. Also, PTC assisted by sonication gives benefits

of high mass transfer rate. In 2000, Cannizzaro reaction carried out by phase-transfer

catalysis with sonochemistry has been estimated that the reaction rate increased by

20-kHz ultrasonic wave [79]. In the case of epoxidation and dichlorocyclopropanation

of 1,7-octadiene and ethoxylation of p-chloronitrobenzene by phase-transfer catalyzed

ultrasonication, increased rate of reaction was observed [80–82]. Phase-transfer catalysts
carried by highly intense ultrasonic waves also promotes Williamson ether synthesis. Due

to its potential and versatile technology, ultrasound has earned importance in polymer-

ization industries [83], homopolymers, block copolymers [84], hydrogels [85], and

polymer-inorganic composites, etc. [86]. Liquid-liquid phase-transfer catalysis (LLPTC)

combined with ultrasound irradiation also enhances the rate of reaction, but from an

application point of view is rarely seen in the literature.

However, the application of PTC along with ultrasound method, has achieved

exceptional attention in both the commercial as well as academic point of view, due

to its strong and flexible nature. It also provides multiple benefits that favor its use in dif-

ferent polymerization techniques to synthesize polymers. To the best of our knowledge,

the combined approach of PTC and ultrasound is limited.

In 2017, the novel processes in phase-transfer catalytic reactions under the influence of

ultrasonication have been studied [87]. The enhanced yield at reduced organic solvent and

less reaction time was reported. The ethoxylation reaction, in which 4-chloronitrobenzene

reacts with potassium ethoxide has been evaluated in the presence of PTC using ultrasound

irradiation conditions (28kHz, 200W), that resulted in ethoxy-4-nitrobenzene (Scheme 8)

Cl

NO2

O
R

NO2

ROH,KOH,PTC/MPTC

Ultrasound irradiation

4-chloronitrobenzene
1-2

1:4-Ethoxynitrobenzene (R=Ethyl)
2:1-(Benzyloxy)-1-nitrobenzene (R=Ethyl)

Scheme 8 Ultrasound-assisted reaction of 4-chloronitrobenzene with potassium ethoxide in presence
of PTC to form ethoxy-4-nitrobenzene.
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Later in 2017, ultrasonication conditions along with phase-transfer catalyst boosting

up the rate of polymerization of acrylonitrile in a dual-phase system have been investi-

gated [88]. The effect of various parameters like monomer, initiator concentration, cat-

alyst and temperature, solvent polarity on the rate of polymerization was estimated,

where the rate of polymerization (Rp) was found to be doubled as compared to silent

condition. Also, activation energy (Ea) and other thermodynamic parameters were con-

sidered, and a suitable kinetic model was fitted (Scheme 9).

Also, in 2015, formation of diethyl-2,20-thiodiacetate with 2-bromoethylacetate

using the latest polymer-supported phase-transfer catalyst under ultrasound irradiation

has been studied [89]. The novel polystyrene-bound single-onium phase-transfer catalyst

has been synthesized and explored its advantages in the synthesis of diethyl-2,20-thio dia-
cetate derivatives of thioether. Also, obtained high catalytic activity and reused benefits of

catalyst with constant catalytic activity (Schemes 10 and 11).
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Acrylonitrile Poly(acrylonitrile) (PAN)

Scheme 9 Polymerization of acrylonitrile under ultrasonication using PTC.
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Scheme 10 Synthesis of N-ethyl-N-isopropyl-N-(4-methylbenzyl)propane-2-ammonium chloride
(PSPTC) in the presence of PTC using ultrasonication.
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Scheme 11 Ultrasound-assisted synthesis of 2,2 thio diacetate in the presence of PTC.
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5.2.3 Heterogeneous catalysis
In US-assisted organic synthesis, some catalysts get poisoned by the intermediates, slows

down the rate of degradation, which restricts its potential usage. Those disadvantages can

be overcome by using the US-assisted heterogeneous catalysis process. It is advantageous

in terms of increasing the rate of degradation of the particularly targeted compound dur-

ing processing. Also, it extracts product from the surface of the catalyst, which makes the

clean and reactive catalyst surface ready to carry out further reactions [90]. In the polymer

industry, CDNS (clodextrin nanosponge) are the most stable compound which works

over a broad temperature as well as pH range and can form complexes with guest mol-

ecules of different hydrophobicity [91, 92]. Also, the solubility of aqueous media and

sustainable release can be improved by using CDNS as a drug deliver [93, 94]. Therefore,

CDNS is reported as effective support for the immobilization of catalytic species [95, 96].

Along with CDNS, Santa Barbara Amorphous, SBA-15, is also reported as support for

heterogeneous catalysts.

Initially, in 2016, a coupled ultrasoundwith heterogeneous Fenton process was inves-

tigated for the degradation of tetracycline using Fe3O4 catalyst [97]. Catalyst stability was

investigated to be enhanced after application of ultrasound sonochemistry. The consid-

erable reactive species during the process of oxidation were analyzed, which are surface

hydroxyl radicals.

Also in 2017, synthesis of high-yield multicomponent triazolo[1,2-a] indazole-triones

with silica-coated ZnO nanoparticles as a heterogeneous catalyst under ultrasound irra-

diation has been studied [98]. New approach for the synthesis of 4(a–m) triazolo[1,2-a]

indazole-triones (TAITs) using the multicomponent condensation reaction among

dimedone, 4-phenylurazole along with different aryl aldehydes in the presence/absence

of SiO2, ZnO, and SiO2-coated ZnO (ZnO@SiO2) nanoparticles (NPs) or nanorods as

heterogeneous catalysts in deionized water (DIW) has been reported. Both catalyst and

TAITs were beneficial in terms of environmental friendliness, efficiency, carefree han-

dling, and cost (Scheme 12).
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Scheme 12 Synthesis of 4(a–m) triazolo[1,2-a]indazole-triones (TAITs) with silica-coated ZnO
nanoparticles as a heterogeneous catalyst under ultrasound irradiation.

21Ultrasound-assisted organic synthesis



Later in 2018, synthesis of Ag (0) nanoparticles immobilized on SBA-15/cyclodextrin

nanosponge has been studied [99]. For the ultrasound irradiated production of benzopyr-

anopyrimidines, SBA-15/cyclodextrin nanosponge was reported as an efficient catalyst.

Due to beneficial features of SBA-15 and CDNS, they were applied for immobilization

of Ag (0) nanoparticles where preparation and capping were done by using a bio-based

approach. The analysis was done by using response surface methodology. The highest

catalytic activity of Ag@CDNS-SBA-15 was obtained as compared to Ag@CDNS,

Ag@SBA-15, and Ag@SBA-15+CDNS. Reusability of catalyst up to four cycles was

noticed where leaching of Ag (0) along with reduced catalytic activity was observed

(Scheme 13).

5.3 Enzymatic catalysis
Accelerated growth in a field of ultrasound organic synthesis invites new routes and appli-

cations. Over the last decade, as compared to other routes, US-assisted organic enzymatic

synthesis has acquired great importance. Food, biotechnology, and biopharmaceutical are

the industries where enzyme-catalyzed US-assisted organic synthesis has gained diverse

applications [100]. There is innovative convenience for the actual and novel products

based on principles of Green chemistry and engineering. Generally, US-assisted enzy-

matic organic synthesis analyzes the reaction processes in terms of higher yield, short

time, high mass transfer rates, better catalyst effectiveness. Additionally, it gives advan-

tages like high selectivity, safer solvents, efficiency, better use of rawmaterials and catalyst

making the process sustainable [101–103].
Recently in 2018, esterification of valeric acid to produce alkyl valerates using bio-

silicified lipases under ultrasound irradiation has been studied [104]. The reported tech-

nique is an innovative, environmentally benign, and sustainable approach. In this
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Scheme 13 Ultrasound-assisted production of benzopyranopyrimidines using SBA-15/cyclodextrin
nanosponge.
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ambient temperature technology, the lipases were of enhanced activity andmore efficient

among free enzymes. They have investigated parameters such as yield 90% in 2h with

15% m/v of biosilicified lipase with molar ratio 1:2 (valeric acid: ethanol), which were

better than free enzymes. Also, better reusability compared to free lipase was reported

(Scheme 14).

Also, in 2017 the immobilization of pectinase using ultrasound irradiation within

sodium alginate and further cross-linked with glutaraldehyde has been studied [105].

Increased in the activity of pectinase by 30.05% with enhanced immobilization yield

of 92.28% was observed and verified by Vmax and Km (kinetic parameters). In the case

of free pectinase, the thermal stability at 40, 50, and 60°C for 1 h was 31.98%,

19.90%, and 6.57% respectively, while it was 67.42%, 35.04%, and 19.71%, respectively,

for immobilized pectinase.

Later in 2017, hyperactivation of cellulase immobilized on magnetic nanoparticles

under the influence of ultrasonication has been investigated. After immobilization,

enzyme MNPs were exposed to an ideal ultrasonic condition at 6W, 24kHz about

6min. The enhanced catalytic activity of enzymeMNPs by 3.4 folds was reported, which

can be associated with more interaction of enzyme-substrate complex. Furthermore,

Ladole and coworkers have observed an enhancement in pH and temperature stability

of cellulase @MNPs [106].

6. Kinetics of sonochemical reactions

An engineering aspect to understand the production and mechanism of the reaction is

accomplished by establishing kinetic models. In the case of ultrasonically assisted reac-

tions, rate constants are found to be much higher in magnitude in comparison with

the traditional approach. The amount of catalyst, organic solvents, temperature, fre-

quency, and power dissipation of the ultrasound waves are the dependent parameters

to study the kinetics of the reaction. To study intensification of the kinetic rate constant,

the understanding of the whole mechanism is necessary, as it is uncertain due to temper-

ature variation in an ultrasound. Therefore, it is important to maintain the temperature

constant even if very less (microsecond) time intervals with overall conditions being

OH O

O O

Valeric acid Ethyl valerate

Biosilicified
enzymes

Scheme 14 Esterification of valeric acid to produce alkyl valerates using biosilicified lipases under
ultrasound irradiation.
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ambient. The intense local heating and changes in activation energies are responsible for

the enhanced kinetic rate constant.

6.1 Phase-transfer catalyzed reactions
In 2014, the kinetics of dual-site phase-transfer catalyzed dichlorocyclopropanation of

N-vinyl imidazole was studied under US-assisted conditions with the help of highly alka-

line base [107]. Further, itwas investigated that,with an increase in alkaline conditions, the

conversion ofN-vinyl imidazole enhances initially and then reduces. Also, theKapp value

increases with a corresponding increase in the operating conditions such as the weight of

catalyst (N,N0-dihexyl-4,40-bipyridiniumdibromide), the concentration of substrate, agi-

tation speed, temperature, etc. The estimated rate constant for pseudo-first-order

US-assisted synthesis was much higher (fivefold higher) (frequency of 40kHz, power

dissipation of 300W giving Kapp¼26.72�0�3 min�1) than the conventional approach

(Kapp¼4.98�10�3 min�1). A kinetic study of C-alkylation of benzyl cyanide in the pres-

ence of phase-transfer catalyst with US-assisted approach was reported in 2014. The rate

constants for pseudo-first-order reactionwith power dissipation of 300W, are found to be

17.7�10�3 min�1, 20�10�3 min�1, 23�10�3 min�1, and33�10�3min for 28, 40, 50,

and 120kHz, respectively.While, in the case of a conventional approach, the rate constant

was found to be 8.5�10�3 min�1 [78]. Later, in 2014, the kinetics of the production of

1-butoxy-4-Nitrobenzene under aqueous potassiumcarbonatewas studied and compared

in terms of conventional as well as US-assisted approach. Pseudo-first-order kinetics fitted

and the reported Kapp value is 26.72�10�3 min�1 under highly intense ultrasonication

(40kHz, 300W). It is almost fivefold more than that of obtained in the traditional one

which is (Kapp value) 5.12�10�3 min�1. The intense blending and increasedmass transfer

were investigated as the responsible parameters for the enhancement (affecting) in the

kinetics [108].

6.2 Homogeneously or heterogeneously catalyzed reactions
The kinetics of methyl butyrate synthesis has been reported and it was found that pseudo-

homogeneous model cannot be fitted to the available kinetic data because the criteria of

this model do not consider certain aspects such as adsorption at the surface of catalyst.

However, Langmuir-Hinshelwood-Hougen-Watson (LHHW) and Eley-Rideal (ER)

models were well correlated with kinetic data and accounted for the reverse reaction.

The reported activation energy for homogeneous kinetics was 18.29kJ/mol and hetero-

geneous kinetics was in the range of 49.31–57.54kJ/mol. In the case of homogeneously

or heterogeneously catalyzed reactions, both the reactive and productive material is

known to be adsorbed on catalyst surface which is an important aspect for validating

the model with experimental data [15].
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Also, in 2015, the synthesis of fatty acid methyl esters using renewable raw material

under ultrasound irradiation was investigated. Its dual-stage approach involves acid

esterification of Nagchampa oil under H2SO4 further continued by transesterification

catalyzed by CaO. Second-order kinetics fitted the data properly, and estimated rate con-

stant for esterification (stage-one) for ultrasound sonicationwas 2.3�10�2Lmol�1min�1

and for conventional approach reduced to 0.5�10�2Lmol�1 min�1. Also, in case of

the second stage of esterification, 17.1�10�2Lmol�1 min�1 was the rate constant with

ultrasound sonication and 0.67�10�2Lmol�1 min�1 was without ultrasound at 50°C.
However, at 50°C the second-order rate constant for transesterification enhanced

from 16.6�10�2 to 25.5�10�2Lmol�1 min�1 after the application of sonication,

which was attributed to the enhanced mixing and microscale turbulence (physical

effects) [109].

6.3 Enzyme catalyzed reactions
Recently in 2018, kinetics for the synthesis of isobutyl propionate using lipase as a catalyst

in the absence of the solvent was reported under acoustic cavitation. The kinetic model

was fitted with the help of three mechanisms such as random bi-bi, Ping-Pong bi-bi, and

ordered bi-bi. The closest fit was given by Ping-Pong bi-bi model and high value ofVmax

ensured the improved tendency for splitting of lipase-substrate complex to breakdown

and get the product. The reported Vmax¼50.0Mmin�1 g�1 was higher under ultra-

sound sonication in comparison with the conventional approach, which was 0.5

Mmin�1 g�1. Also, the enhancement in rate constant ensured the higher tendency

for splitting of lipase-substrate complex to get the product [110]. Similarly, for cellulose

hydrolysis, an increased value of Vmax and reduced value of Km under ultrasonication (at

11.8Wcm�2 intensity of power) ensured higher catalytic activity with an enhanced affin-

ity towards the substrate in comparison with conventional approach [111]. Vmax and Km

values in the case of evaluation of amylase activity over the temperature range of 35–65°C
have been investigated.With an increase in temperature, the km value remained constant

throughout; on the other hand, Vmax increased with temperature under ultrasonication.

Whereas, the reduction in km value by 65% and enhancement in Vmax up to 190% has

been observed with an increase in temperature in the absence of ultrasonication [112].

The observed changes in the Vmax value under ultrasound cavitation can be associated

with intense pressure, shear force, and temperature of the system. Enzymatic ultrasound

irradiation was reported as beneficial in terms of rapid and efficient product formation

along with a higher affinity for the substrate [113]. Overall, we can summarize that, even

thoughUS-assisted mechanism gives an increased rate of reaction (kinetic rate constants),

but in model fitting the class of the reaction should be considered as there is no consis-

tency in the applicability of kinetic models.
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7. Industrial applications of US-assisted organic reactions

Chemical, pharmaceuticals, food, and bio-technological (production) industries have

increased their interest in US-assisted configurations. The reported applications of

ultrasound-assisted reactions are in organic synthesis, polymerization, environmental

protection (ultrasonography), ultrasonic therapy, medication extraction and synthesis,

food packing and equipment, food analysis and inspection, food processing, gene engi-

neering, and enzyme engineering. Hence, applications of US-assisted organic synthesis

are described in terms of a variety of chemical reactions, which are divided into different

classes.

7.1 Heterocyclic compounds
Heterocyclic compounds are used in the diagnosis of various diseases due to their biological

activities. However, they have a tremendous response in pharmaceutical industries, where

to fulfill their demand, we cannot be dependent on natural source plant. Therefore, the

synthesis of such compounds using different routes is carried out. Along with their biolog-

ical and industrial applications, they contribute to help any developed human society as

well. Also, for human and animal health, a large number of heterocyclic natural products

are available with high importance, viz., pesticides, antibiotics, alkaloids, and cardiac gly-

cosides. Hence, many researchers are continuously working on new designs to come out

with better pharmaceuticals, pesticides, rodenticides, and weak killers by natural models.

Therefore, the requirement of new and effective production processes of new heterocycles

is high. Nowadays, researchers are facing a major challenge in the development of envi-

ronmentally friendly and efficient technologies coupled with green chemistry. Some of

the important sonochemical synthesis of heterocycles are given below.

7.1.1 Synthesis of pyrazoline derivatives
In comparison with various pyrazoline derivatives, 2-pyrazolines has been often reported

[114, 115]. In order to produce 1,3,5-triaryl-2-pyrazolines, the chalcones reacted with

phenylhydrazine hydrochloride under ultrasonication through sodium acetate-acetic
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Scheme 15 The reaction of chalcones with phenylhydrazine hydrochloride under ultrasonication to
produce 1,3,5-triaryl-2-pyrazolines.
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acid aqueous solution for 1.5–2.0h (Scheme 15) [116]. By employing ultrasound irradi-

ation, it has overcome drawbacks of conventional methods and yielded 1,3,

5-triaryl-2-pyrazolines in a shorter time interval and higher yield (83%–96%).

7.1.2 Synthesis of 2-imidazolines
In 2009, it has been reported that the aldehydes reacts with ethylenediamine in the pres-

ence of NBS along with an aqueous medium under ultrasound irradiation and gives a

series of 16 2-substituted-2-imidazolines (80%–99%) (substituents are R¼Ph,

Me-4-Ph; MeO-4-Ph; (MeO)2-3,4-Ph; (MeO)3-3,4,5-Ph; Ph-4-O-C(O)-Ph;

Cl-4-Ph; Cl-2-Ph; Cl2-2,4-Ph; NO2-4-Ph; NO2-3-Ph; Naphth-2-yl; Fur-2-yl;

Benzofur-2-yl; Pyridine-2-yl; Quinolin-2-yl) (Scheme 16) [117].

Also, the very first synthesis of tri-substituted imidazoles using Ionic liquid [EMIM]

OAc under ultrasonication has been studied in 2010 [118]. Further, various trends for the

synthesis of imidazolines have been reported [119]. It is a greener aspect to use reusable

catalyst, aqueous medium, and mild reagents under ultrasound irradiation.

7.1.3 Synthesis of vitamins
Synthesis of 4-methyl-oxazole-5-carbonitrile under the influence of ultrasound has been

reported with a 61% yield in a short period time. This compound is acting as a building

block in the production of vitamin B6 (Scheme 17) [120]. Furthermore, the ultrasound

irradiation for dehydration of other amides has been reported to produce respective

nitriles with higher yields in a shorter time.
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Scheme 16 Synthesis of 2-imidazolines using aldehydes and ethylenediamine in the presence of NBS
under ultrasound irradiation.
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Scheme 17 Formation of 4-methyl-oxazole-5-carbonitrile under the influence of ultrasound
irradiation.
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7.2 Condensation reactions
7.2.1 Synthesis of β-hydroxyl ketones
The reaction of aldehydes and substituted acetophenone with (methanol-water) mixed

solvent using trisodium phosphate under ultrasonication has been reported. With the

concept of cross-aldol condensation, synthesis of hydroxyl ketones resulted in remarkably

excellent yield (Scheme 18) [121].

7.2.2 Synthesis of ketoximes
The synthesis of ketoximes has been studied via condensation of ketones with hydrox-

ylamine hydrochloride in ethanol under ultrasonication [122]. Also, oximes (50.7%–
98.7%) are synthesized through condensation of aldehydes and ketones along with

hydroxylamine hydrochloride in EtOH using highly intensive ultrasonication, which

is beneficial in terms of ambient conditions, lesser reaction time, and improved yields

as compared with the conventional approach (Scheme 19) [123].

7.2.3 Synthesis of 4-oxo-2-thioxohexahydropyrimidines
Condensation products (Thiouracil) show pharmacological and inhibitory nature,

viz., anti-inflammatory and virucidal activities. Hence, the formation of 4-oxo-2-

thioxohexahydropyrimidines has been studied through one-pot condensation of

aldehydes, ethyl cyanoacetate along with thiourea in the presence of potassium carbonate

as a catalyst in ethanol. Due to the application of ultrasound irradiation, the reaction time

was reduced which resulted in completion of the reaction in a single stage. Also, one-pot

condensation resulted in an enhanced yield of 20%–90% as compared to conventional

two-step method (Scheme 20) [124].

O OH

Ar

O

R
R

ArCHO +

Na3PO4, ))))

CH3OH-H2O (1:2), 81-98%

Scheme 18 Cross-aldol condensation of aldehydes and substituted acetophenone using trisodium
phosphate under ultrasonic irradiation.

R2

R1
O + H2NOH.HCI

R2

R1
NOH

A or B

)))), 25–35°C

A: Na2SO4(1.0 mmol); B: without Na2SO4

Scheme 19 Ultrasound-assisted condensation of ketones with hydroxylamine hydrochloride in
ethanol.
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7.3 Substitution reactions
7.3.1 Reaction of carboxylic acids to Merrifield resin
Ultrasonication of the acid in aqueous alcohol reacted with zinc carbonate resulted in

zinc salts of carboxylic acids. Furthermore, the zinc salts reacted with chloromethyl poly-

styrene (Merrifield resin) established anchored benzyl esters under ultrasound irradiation

which finds application to control the magnitude of substitution of benzylic chlorine on

the resin and in building peptides as well (Scheme 21) [125].

7.3.2 Synthesis of functionalized arylacetylenes
Aconvenient and inexpensive route for the synthesis of functionalized arylacetylenes through

ultrasonication has been studied in the presence of metallic lithium (Scheme 22) [126].

H2N

S

NH2
HN NH

CN

Ar

S

O

K2CO3/EtOH

)))), r.t

thiourea

4-oxo-2-thioxohexahydropyrimidines

NCCH2COOC2H5

ethyl 2-cyanoacetate

+ArCHO

Aldehyde

+

Scheme 20 Ultrasound-assisted one-pot condensation to produce 4-oxo-2-thioxohexahydropyr
imidines.

CH2Cl + Zn(OCOR)2 CH2OCORPP

)))), DMF

10–45 min

ZnCO3 + RCOOH

)))) aq. EtOH
5 min

Scheme 21 The reaction of the alcohol with zinc carbonate to form zinc salts of carboxylic acids using
ultrasonication.

X H + Li X Li

X E

E+

THF, ))))

X = H, Me, Br

Scheme 22 Formation of functionalized arylacetylenes in the presence of metallic lithium using
ultrasonic irradiation.



Ultrasonication has improved the synthesize of arylacetylenes with metallic lithium in

the presence of THF by using different types of electrophiles and reported as an efficient,

moderate, feasible, and cost-effective route without application of strong bases.

7.4 Reduction reactions
7.4.1 Synthesis of fluorinated alkanes and cycloalkanes
High-intensity ultrasound has been applied to synthesize fluorinated alkanes and cyclo-

hexanes. The reaction is carried out using hydrogenation of sterically hindered and

electron-poor perfluoroalkyl alkenes under hydrogen at atmospheric conditions (pres-

sure and temperature) (Scheme 23) [127]. Ultrasound fastened the rate of hydrogenation,

and vice versa, i.e., the reduction in the rate of hydrogenation has been reported in the

absence of ultrasound. Also, in the hydrogenation of perfluoroalkyl alkenes, the presence

of ultrasound for coupling with metallic catalysis enhanced efficiency.

7.4.2 Hydrogenation of ketones
Sonication enhanced the asymmetric transfer hydrogenation of ketones catalyzed by Ru

(II)arene/amino alcohol (Scheme 24) [128]. After comparing the reaction which was

conducted at 25°C without ultrasound, significant enhancement in rate as well as cata-

lytic activity (5–10 times) without changing the enantioselectivity has been observed.

7.5 Addition reactions
7.5.1 Synthesis of mandelic acid
Mandelic acid, also known as α-hydroxyphenyl acetic acid, which is a racemate, plays a

role of principal rawmaterial in the resolution of isomers to obtain (R)-mandelic acid and

(S)-mandelic acid. Evaluation of mandelic acid has been carried out in the presence of

O
OH

H

[RuCl2(benzene)]2
(1R,2S) ephedr ine

iPrOH, KOH,25°C
))))

acetophenone (S)-1-phenylethanol

Scheme 24 Ultrasound-assisted hydrogenation of ketones in the presence of Ru(II)arene/amino
alcohol.

F3C
R2

H

R1

F3C
R2

H

R1

M/H2, ))))

Et2O

Scheme 23 Production of fluorinated alkanes and cyclohexanes using hydrogenation of
perfluoroalkyl alkenes under ultrasonication.
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ultrasonication by reacting benzaldehyde with chloroform (81% yield, 60°C for 2h)

using PTC (triethyl benzyl ammonium chloride (TEBA) and polyethylene glycol-800

(PEG-800) (Scheme 25) [129]. The reaction was reported beneficial in terms of the lesser

reaction time and enhanced yield than the classical approach. Also, the formation of man-

delic acid by changing PTC to tetrabutyl ammonium bromide (TBAB) reacted with

benzaldehyde and chloroform has been reported with the benefits of the lesser reaction

time of 2h and enhanced yield of 89.6% [76].

7.6 Photochemical reactions
7.6.1 Synthesis and photochemistry of 1-iodocyclohexene
The formation of radical has been evaluated under ultrasonication by the substantial

decrease of 1-iodocyclohexene in the absence of the zinc (Scheme 26) [130]. An appli-

cation of ultrasound impacts photo behavior along with its radical route. The reaction

under ultrasound was reported advantageous as sonochemical stirring enhanced yield

as compared to mechanical stirring as well as along with ultrasound; zinc also contributed

to radical and ionic products.

7.7 Protection/deprotection
7.7.1 Protection of alcohols
Due to the application of inorganic and analytical chemistry, protected hydroxyl func-

tionalities became essential intermediates. Formation of a wide range of alcohol and

phenols by hexamethyldisilazane at room temperature under the application of highly

intensive sonochemistry (ultrasonication) has been reported with excellent yield in the

O N
H2N I

N2H4.H2O I2,Et3N

cyclohexanone cyclohexylidenehydrazine 1-iodocyclohexene

Scheme 26 Formation of 1-iodocyclohexene under ultrasonication using cyclohexanone.

CHO

+ CHCl3

R

COOH

OH

50% Aq.NaOH/TEBA/PEG-800

60oC, 2h, ))))

R=H, 81%
R=OMe, 84%

benzaldehyde chloroform Mandelic acid

Scheme 25 The reaction of benzaldehyde with chloroform using PTC under ultrasonication to
produce mandelic acid.
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absence of solvent or any additive (Scheme 27) [131]. Additionally, in the case of pro-

tection of hydroxyl groups, good to excellent chemoselectivity was demonstrated along

with providing exclusive protection of phenols in the presence of aromatic amines.

7.8 Coupling reactions
7.8.1 Synthesis of propargylamines
At room temperature, the application of ultrasound irradiation to the addition of metal

acetylides to imines resulted in the formation of propargyl amines. Good to excellent

yield has been evaluated with copper iodide in aqueous medium at room temperature

(Scheme 28) [132]. Ultrasonication encouraged three-component reaction in terms of

lesser reaction time as compared to the certain hours required for conventional heating.

It is also carried out at an ambient temperature, without the use of any organic solvents,

and water is the only by-product, making the process eco-friendly.

7.8.2 Synthesis of Z and E stilbenes
Potassium aryl cross-coupled with vinyltrifluoroborate salts, aryl, and vinylic tellurides by

using Palladium (0) as a catalyst has been reported. Coupling resulted in the synthesis of

stilbenes with very good to excellent yield. Also, it has the ability to make Stilbenes with a

variety of functional groups (Scheme 29) [133]. The combined benefit of using potassium

Ar 1 TeBu -n Ar1 Ar2+ Ar2BF3K

Pd(PPh3)4,Ag2O

MeOH, r .t, ))))

Ph

BF3K

+ ArTeBu-n
Ph

Ar
Pd(PPh3)4,Ag2O

MeOH, K2CO3 r .t, ))))

Scheme 29 Formation of Z and E stilbenes using cross-coupling reaction under ultrasonic irradiation.

R-OH + HN(SiMe3)2

)))), r .t
ROMTS

R= aryl, pr imary, secondary and ter tiary alkyls

Scheme 27 Synthesis of a wide range of alcohol and phenols by hexamethyldisilazane using
ultrasonication.

RCHO + R'R''NH +

N

R

Ph

R' R''

)))) / CuI

H2O, r.t

Scheme 28 Formation of propargyl amines by addition of metal acetylides to imines in presence of
ultrasonication.
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organotrifluoroborate salts with ultrasonication provides Suzuki coupling faster and

attractive than the conventional method because of tolerance (indulgence) of functional

groups in both substrates. Also, the Suzuki coupling is more chemoselective, and aryl

tellurides are reported as highly reactive than aryl halides.

7.9 Oxidation reactions
7.9.1 Oxidation of alkylarenes to the corresponding acids
Toluene oxidation with the help of aqueous potassium permanganate using heteroge-

neous catalyst under acoustic as well as hydrodynamic cavitation has been reported. Fac-

tors like the weight of potassium permanganate, toluene to aqueous phase ratio, time,

orifice plate, and pump discharge pressure have been investigated. Also, acoustic cavita-

tion compared with hydrodynamic cavitation in terms of moles of product formed after

the supply of 1kJ of energy, was stated as 4.63�106 mol of product formed under hydro-

dynamic cavitation whereas 2.70�105 mol in acoustic cavitation [134]. Therefore the

application of hydrodynamic cavitation in the oxidation of toluene provided with sixfold

better product yield, energy-efficient andmild reaction conditions as compared to acous-

tic cavitation (Scheme 30).

7.10 Polymerization reactions
7.10.1 Synthesis siloxane monomers
The reactions of homoallyloxyalcohols and chlorosilanes under the influence of ultraso-

nication has been reported for the formation of allyl ether functionalized siloxanes. The

cationic UV-curable allyl ether functionalized siloxane monomers type 1 CH2¼CH-

CH2-O-RO-Si(CH3)3 and type 2 CH2¼CH-CH2-O-R-O-Si(CH3)2-O-R-CH2-

CH¼CH2 have been synthesized at room temperature with the highest yield in less time

and without a catalyst. Employed ultrasonication results in faster reaction along with the

enhanced reaction rate which has been described in terms of vigorous stirring of liquid

and the energy required for mechanical and chemical effects. Also, siloxane is used in

radiation curing applications as they combine thermal, chemical, or physical properties

of siloxanes and allyl ethers. With the application of transition metal complexes as a cat-

alyst (ruthenium), allyl ethers isomerize with 1-propenyl ether (Scheme 31) [135]

CH3
COOH

aq. KMnO4

Scheme 30 Oxidation of toluene in presence aqueous potassium permanganate to produce
carboxylic acid under hydrodynamic cavitation.
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7.11 Alkylation and acylation reactions
7.11.1 Synthesis of N-alkoxyphthalimides
In preparation of alkoxyamines,N-alkoxyphthalimide derivatives act as a prime synthetic

intermediates. With the application of ultrasonication, it accelerates the rate of formation

ofN-alkoxyphthalimides by alkylation ofN-hydroxyphthalimide with alkyl halides using

potassium carbonate as a catalyst with 64%–99% yield in DMSO in reduced reaction time

of 0.7h (Scheme 32) [136]. Also, ultrasonication maintains moderate conditions such as

25–35°C for alkylation of N-hydroxyphthalimide with alkyl halides.

8. Conclusion and future aspects

In a comparison with conventional methodology, US-assisted organic synthesis is con-

sidered a greener approach which results in remarkable advantages such as shorter reac-

tion time as well as enhanced yields.Water, ionic liquids, etc. are used as replacements for

volatile and toxic organic solvents. The use of inexpensive, efficient, or reusable catalysts

is the developments achieved using high-intensity ultrasound irradiation. Based on the

application of sonochemistry in organic synthesis, less waste accumulation, operation

safety, increased productivity along with less material and energy consumption are the

greener aspects achieved. Also, the estimated cost for the targeted process can be lowered

by optimizing different operational and geometric parameters. The factors such as power,

duty cycle, frequency, agitation speed are valuable to intensify the process. Thus, the

N

O

O

OH RX

K2CO3

)))), DMSO

N

O

O

OR+

Scheme 32 Alkylation of N-hydroxyphthalimide with alkyl halides to produce N-alkoxyphthalimides in
the presence of ultrasound irradiation.

O R OH + ClSiMe3
Et3N

)))), 40KHz
O R OSiMe3 +Et3N.HCl

O R OH + Cl2SiMe2
Et3N

)))), 40KHz
O R O

+ Et3N.HCl

SiMe2 O R O

Scheme 31 Synthesis of siloxanes by reacting homoallyloxyalcohols with chlorosilanes using
ultrasonic irradiation.
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application of optimum power is preferable depending on operation condition and reac-

tor configuration. Lower frequencies are used in the case of systems where physical effects

are mandatory because of mass transfer conditions. Also, high frequencies are favored for

those operations where involvement of intrinsic kinetics or free radical mechanisms are

used to limit the chemical reactions. In the case of enzymatic reactions, the duty cycle,

agitation speed, and operating temperature need to be optimized because conversion

reduces well below optimum value as a result of deactivation of enzymes.

Additionally, for large-scale operations designing of the reactors would be critical.

The multiple transducer type configurations are recommended for commercial opera-

tions. It is summarized that ultrasound sonochemistry is an outstanding approach at

the laboratory level and in the future, it needs to be synthetically elaborated as a greener

alternative for industrial applications.
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CHAPTER 2

Sonochemical protocol for catalyst-free
organic synthesis
Rashmi Sharma, Anil Kumar
Synthetic Organic Chemistry Lab, Faculty of Sciences, Shri Mata Vaishno Devi University, Katra, Jammu & Kashmir, India

1. Introduction

With the developing accomplishments of the industries based on synthetic chemistry and

research taking place in this area, there is the simultaneous intensification of the issues

related to environment and human health [1]. Further, the increase in the issues related

to chemical waste, its disposal, and its after-effect especially from chemical industries has

inspired the scientists to explore the alternative routes which strictly follow the stringent

regulations as per the green chemistry. On the other hand, to achieve sustainable devel-

opment and to fulfill the collective objective of economical, social, and environmental

progress, the chemical industries have a focus in the past few decades to develop the

environment-friendly methodologies efficiently so as to reduce the overall generation

of waste by following the principles of green chemistry.

The evolution of the green chemistry took place as a result of the Pollution Preven-

tion Act of 1990 in United States conferring the elimination of pollution through proper

modifications in the synthetic protocol instead of remedy and management at disposal

level [2]. This branch of chemistry is the set of 12 basic principles which ensures either

the reduction or the removal of harmful chemicals in the synthetic design [3]. In this con-

text, a skillful and a rational transformation in synthetic chemistry has been observed in

the last few decades. Nonetheless, the one component that plays a vital role in the design

of a chemical reaction is the use of catalyst which not only enhances the feasibility but also

the selectivity of the reaction [4]. However, it has been found that the extensive use of

expensive and hazardous catalysts is not only harmful but also adds to the cost of the syn-

thetic process. Keeping in view the criteria of the green chemistry, researchers are making

pervasive efforts to decrease the harmful aspects of the catalytic systems via some suitable

alternatives but the best way-out is to design a protocol which would be equally efficient

without the use of catalytic resource [5]. Sonochemistry is seen as one of the few

alternatives that can be used as a powerful resource for organic synthesis with improved

efficiency and the least generation of waste by avoiding the use of toxic and hazardous

reagents and chemicals [6].
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Sonochemistry technique is able to activate the reaction with the added benefits of

better yields, speed, and mild reaction conditions by using cost-effective equipment [7].

The use of ultrasonics in chemistry which involves the use of safe acoustic radiations

[8] falls into the category of green chemistry and hence ultrasound-promoted reactions

are recognized to be one of the most favorable protocols for the organic synthesis. This

method is associated with the phenomenon of acoustic cavitation which involves the

bursting of the bubbles generating a highly elevated temperature and pressure in the lim-

ited region known as hot spots that reduce the time span, increases yield, and minimizes

the release of waste [9].

The roots of the sonochemistry can be traced at the beginning of the 19th century

when in 1917, Langevin developed “Echo Sounding Technique” for the estimation

of the approximate depth of the water followed by the introduction of the mechanical

application of the power ultrasonics in emulsification [10]. But the use of ultrasonics in

the chemical activation started in 1927 afterWood and Loomis reported the impact of the

power ultrasound with high intensity on the chemical, physical, and biological structures

[11]. Later in 1986, the International Symposium on sonochemistry was organized by the

Royal Society of Chemistry atWarwickUniversity, UK, as a part of their AutumnMeet-

ings, which eventually accentuated the use of ultrasonics in the chemistry [12]. After-

ward, a great advancement was seen in the development of sonochemistry especially

toward the development of ultrasound-assisted catalyst-free protocols which was shown

by several publications and the review articles [13].

2. Acoustic cavitation

The term “Acoustic cavitation” can be defined as the growth, compression, and subse-

quent collapse of the liquid bubbles because of the incident high-intensity ultrasonic radi-

ations [14] and serve as the efficient means of concentrating the scattered energy of sound.

While describing the calculativemodel of the bursting bubbles,Rayleigh in 1917 reported

the formation of high temperature and high pressure in themicroenvironment of the bub-

ble. After a decade in 1927,Richards and Loomiswere the first to report the biological and

chemical changes introduced under the influence of the acoustic field [15, 16].

Studies have revealed that when the amplitude of the pressure wave of the acoustic

field becomes greater than 0.5MPa, the turbulence introduced leads to the increase in the

size of the nucleation site thus forming cavity of bigger dimensions, which in general, is

filled with the gas vapors. Intrinsically, the bubbles of this kind are highly unstable which

finally gets collapsed with the liberation of an enormous amount of energy [17]. It has also

been found that the process involving bursting of bubbles is nearly adiabatic [18] and sets

up a temperature of thousands of degrees known as hot spots within the small neighbor-

hood of the bubble thereby creating drastic turbulence. This heightened energy then adds

to the inherent energy of the organic molecules in order to meet the required activation
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energy for the major fraction of the organic compounds thereby resulting in their mass

transfer and hence decrease the reaction time along with considerable improvement in

yields [19]. Many times, this phenomenon can even result in the organic synthesis with-

out any added catalyst. Therefore, this sonochemical approach can aid chemists in devis-

ing the catalyst-free protocol for organic synthesis (Fig. 1).

3. Equipment requirement for sonochemical reactions in laboratory

In order to carry out any sonochemical reaction either on a laboratory scale or on a

commercial scale, the primary requirement is to install a source of ultrasound waves.

In general, the ultrasonic waves are generated by the use of the transducers which are

commonly employed with the piezoelectric material capable of converting the electric

power to the mechanical power in the form of sound waves [20]. In addition to this, one

can also make use of the phenomenon known as magnetostriction based on the changing

dimensions of the metals. In this process, the metals like Ni, Fe, etc. are magnetized to

bring the change in their dimensions that ultimately lead to the production of sound

waves. Also, the whistle or siren generators are available for the production of the req-

uisite energy source. In the majority of the applications, the most common ultrasound

source is the transducer which comprises of piezoelectric material held on metallic sup-

port forming a “piezoelectric-sandwich”-type setup [21].

Fig. 1 Representation of basic phenomenon of acoustic cavitation.
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As far as the laboratories are concerned, the two commonplace resources of

ultrasound are the ultrasonic cleaning bathtub [22] and the ultrasonic horn system [23].

3.1 The ultrasonic cleaning bathtub
For laboratory applications, the ultrasonic cleaning bathtub is the most conventional

and the most economic source of ultrasonic waves. This equipment is quite handy in

usage as it directly involves the immersion of the reaction vessel into the bathtub

allowing the uniform distribution of the energy into the reaction atmosphere in an

inert atmosphere. Even though the cleaning bathtub can also be used in place of

the reaction vessel, but the issues related to the corrosion and the vapors, gases

involved refrain its direct application. No major alterations are needed in this equip-

ment but it does require a thermostatic manager for maintaining the temperature of

the reaction vessel (Fig. 2).

3.2 Ultrasonic horn system
The other resource that can be employed for the generation of the ultrasonic waves is

the ultrasonic horn system. Instead of transferring energy from the equipment to the

reaction vessel through some medium or a water tank, this system allows us to transfer

the acoustic energy required directly to the reaction vessel. This source of ultrasonic is

costlier than the conventional bathtub equipment and also requires the special skills

for usage as it involves the use of special seals in order to carry out the reaction

(Fig. 3).

Reaction vessel Water and
surfactant

Heater

Piezoelectric transducers

Stainless
steel bath-
tub

Fig. 2 Ultrasonic cleaning bathtub for sonication.
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4. Application of ultrasound in catalyst-free organic synthesis

With the increasing interest toward the modification or improvement of the conven-

tional synthetic methodologies and prolonged widespread awareness of the safety of

the environment along with sustainable development, ultrasonic-assisted catalyst-free

synthesis has emerged as the modern and highly innovative alternatives to the traditional

catalytic synthetic processes. Since the discovery of the ultrasound as a green and efficient

energy source, many attempts have been made by researchers in the past few years to find

safer alternatives to the conventional synthetic procedures based on catalytic-free meth-

odologies. In this chapter, we have compiled the sonochemically promoted catalyst-free

protocols for the synthesis of biologically relevant molecules.

4.1 Catalyst-free sonochemical synthesis of heterocyclic organic scaffolds
4.1.1 Synthesis of pyrazole-based heterocycles
Pyrazoles are among the spectacular class of heterocyclic scaffolds owing to their diverse

biological activities [24, 25]. Thus, the development of new methodologies for the syn-

thesis of this moiety has received considerable attention in the literature. Conversely,

most of the available methods are plagued with drawbacks such as low yield, less selec-

tivity, use of hazardous and toxic reagents and/or catalysts, the requirement of elevated

temperature. In this context, Shabalala et al. reported an ultrasound-assisted catalyst-free

synthesis of the title compound (5) through the one-pot multicomponent reaction of

hydrazine hydrate (1), malononitrile (2), ethyl acetoacetate (3), and aromatic aldehydes

(4) as shown in Scheme 1 [26].

Ultrasonic
transducer

Ultrasonic horn
(removable)

Power-supply
Reaction

work-place

Fixed horn

Fig. 3 Ultrasonic horn system for sonication.
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Hasaninejad and his coworkers have synthesized a new family of pyrazole-based bio-

active heterocycles, 4,4-(arylmethylene)bis(3-methyl-1-phenyl-1H-pyrazol-5-ols) (6)

using sonochemical catalyst-free activation through pseudo-five-component route

[27]. In this strategy, diversely substituted phenylhydrazine derivatives (7), aromatic alde-

hydes (8), and ethyl acetoacetate (9) were reacted in water/ethanol using ultrasonic

irradiation (Scheme 2). The method is not only safe and environmentally benign but also

has the advantages of short-reaction times and improved yields.

Nemati and coworkers have developed an efficient, environment-friendly, cost-

effective, and catalyst-free strategy for the synthesis of a diverse range of pyrazoles. In this

ultrasound-assisted approach (Scheme 3) [28], 4-phenyl thiosemicarbazide (10a, 10b),

aryl-aldehyde (11), and malononitrile (12) were reacted in PEG:H2O at ambient tem-

perature to afford the desired family of pyrazoles (13a, 13b).

Scheme 1 Synthesis of pyrazoles via catalyst-free ultrasound-promoted multicomponent approach.

Scheme 2 Sonochemical protocol for the synthesis of 4,4-(arylmethylene)bis(3-methyl-1-phenyl-1H-
pyrazol-5-ols).

Scheme 3 Synthesis of multi-substituted pyrazoles.
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Attributing to the wide spectrum of the biological activities exhibited by isoxazoles

(14) [29] and pyrazoles (15) [30], these two nitrogen-containing heterocyclic com-

pounds have received significant attention from medicinal and synthetic chemists. On

account of this, Huang et al. reported the ultrasound-assisted synthesis of series of these

biologically attractive targets via condensation of 3-(dimethylamino)-1-

arylprop-2-en-1-one (16) and hydrazine hydrate (17) or hydroxylamine hydrochloride

(18) in ethanol without involving any catalytic system (Scheme 4) [31].

Eftekhari-Sis and Vahdati-Khajeh reported a straightforward, efficient, catalyst-free

sonochemical protocol for the synthesis of 5-aryl-4-hydroxy-2-methyl-1H-

pyrrol-3-carboxylates (19) and 6-(4-aryl)-3-methylpyridazine-4-carboxylates (20) from

the reaction of β-dicarbonyl compounds (21) and suitable arylglyoxal hydrates (22) in the

presence of water (Scheme 5) [32]. Notably, pyrroles and pyridazines are privileged struc-

tures known to possess innumerable biological activities [33–36].

Recently in 2019, Ibrahim et al. reported the facile, one-pot, sonochemically

irradiated approach for the synthesis of a novel family of polysubstituted pyrazolo[1,5-a]

pyridines (23) [37]. This methodology involved the [3+2] cycloaddition reaction of var-

ious derivatives of 1-amino-2(1H)-pyridine-2-imine (24) and dialkyl acetylenedicarb-

oxylate/alkenyl (25) in acetonitrile with no catalyst under ultrasonic irradiation

(Scheme 6). In comparison to the conventional methods, this methodology resulted into

the synthesis of the novel series with increased regioselectivity and better yields.

Scheme 4 Catalyst-free sonochemical synthesis of pyrazoles and isoxazoles.

Scheme 5 Synthesis of pyrroles and pyridazines using ultrasonic technique.

Scheme 6 Synthesis of pyrazolo[1,5-a]pyridines using sonication.
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4.1.2 Synthesis of quinoline-based heterocycles
Quinolines and its derivatives have received significant attention in medical research as

these are the important units present in the biologically active natural and synthetic

molecules [38]. In view of these valid reasons, Nongthombam et al. demonstrated a

green, efficient and eco-friendly approach toward the synthesis of series of pyrimido

[4,5-b]quinoline-2,4-diones (26) via ultrasonication of aromatic amines (27), barbituric

acid (28), and aryl aldehyde (29) at room temperature in water-glycerol medium

(Scheme 7) [39].

Prasad et al. introduced a one-pot, rapid, convenient, and well-planned approach for

the synthesis of fused chromeno-quinoline derivatives (30). In this protocol, diversely

substituted anilines (31) were condensed with 4-chloro-3-formylcoumarin (32) under

sonochemical conditions in ethanol at room temperature to form chromeno[4,3-b]

quinolin-6-ones (Scheme 8) [40].

On account of the biological efficacies exhibited by the quinolines [41] and the

coumarins [42], Mulakayala et al. have successfully synthesized the therapeutically

promising series of 6H-1-benzopyrano[4,3-b]quinolin-6-one (33) using sonication

under catalyst-free conditions. In this protocol, 4-chloro-2-oxo-2H-

chromene-3-carbaldehyde (34) is treated with a range of aromatic amines (35) in

methanol at room temperature to deliver the desired product in excellent yields

(Scheme 9) [43]. The resultant compounds were further explored for their bioactivity

and were found to possess potent anticancer agents.

Scheme 7 Sonochemical catalyst-free synthesis of pyrimido[4,5-b]quinoline-2,4-diones.

Scheme 8 Green synthesis of chromeno[4,3-b]quinolin-6-ones.
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1,4-Dihydroquinolines and their derivatives are valuable heterocycles and exhibit a

variety of biological activities such as antihypertension [44], antiallergic [45], anti-

inflammatory [46], etc. The majority of the traditional methods available for the synthesis

of these molecules are plaguedwith the drawbacks of the long reaction times, less reaction

yield, and the stringent reaction conditions. Pagadala and coworkers demonstrated an

improved procedure by utilizing ultrasonic irradiation technique for the synthesis of dif-

ferent series of these molecules (36a,36b) through catalyst-free four-component reaction

of aldehyde (37), resorcinol (38a)/β-naphthol (38b), malononitrile (39), and ammo-

nium acetate (40) in good yield (Scheme 10) [47].

4.1.3 Synthesis of pyrimidine-based heterocycles
Pyrimidines and their derivatives are one of the significant components of the biologically

active compounds [48, 49], making it desirable to develop the mild, convergent and

modular approach for their synthesis. Themajority of the synthetic pathways are available

for the synthesis of this class of azaheterocycles [50]. Typically, the synthesis requires

harmful chemicals and stringent reaction conditions. In contrast to it, ultrasonication

can be used as a green and sustainable protocol.

Scheme 10 Ultrasound-promoted four-component catalyst-free synthesis of dihydroquinoline.

Scheme 9 Synthesis of quinoline-based potent anticancer molecules.
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Tu et al. described a well-thought, catalyst-free, green protocol for the synthesis of a

family of pyrido[2,3-d]pyrimidines. In this protocol, suitably substitued aldehydes (41),

2,6-diaminopyrimidine-4(3H)-one (42), and tetronic acid/1,3-indanedione (43a,43b)

are reacted in the presence of ultrasound irradiation in ethylene glycol as a solvent to

deliver the diverse range of pyrido[2,3-d]pyrimidines (44,45) (Scheme 11) [51].

Mamaghani et al. reported the ultrasonically assisted, environment-friendly,

multicomponent protocol (Scheme 12) [52] for the construction of series of biologically

significant pyrimidines in a catalyst-free medium. In this method, various derivatives of

indenopyrido[2,3-d]pyrimidine (46)were synthesized through the reaction of 6-amino-

2-(alkylthio)-pyrimidin-4(3H)one (47), aryl aldehyde (48), and 1,3-indanedione (49).

The method was successfully extended for the synthesis of an entirely different family

of fused pyrimidines (50) using cyclohexanedione (51) in place of 1,3-indanedione

(49) as reaction partner.

Scheme 11 Sonochemical catalyst-free synthesis series of pyrido[2,3-d]pyrimidine.

Scheme 12 Ultrasonically irradiated synthesis of novel pyrimidines.
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On the other hand, Barghi-Lish et al. also reported ultrasound-assisted catalyst-free

simple, efficient, a highly productive protocol for the synthesis of biologically important

novel family of pyrido[2,3-d]pyrimidines (52) (Scheme 13) [53]. This one-pot, three-

component reaction involving 6-amino-(ethylthio) pyrimidine-4(3H)-one (53), 3-(1-

methyl-1H-pyrrol-2-yl)-3-oxopropanenitrile (54), and aryl aldehyde (55) proceeded

at 80°C in ethylene glycol to afford the desired products in excellent yields. Further,

it is worth mentioning that the aldehydes bearing electron-withdrawing substituents

were found to give better yields.

4.1.4 Synthesis of spiro-based heterocycles
Pyrrolizidines constitute the important class of alkaloids and are widely distributed in

natural products [54]. They are known to exhibit the remarkable biological properties

and thus there are several synthetic routes available in the literature for their synthesis.

In this context, Ge et al. in 2009 employed the ultrasonication technique for the synthesis

of a novel series of tetracyclic spiro-based frameworks (56) in reduced reaction times and

better yields. In this method, Baylis-Hillman amines were made to undergo aza-Claisen

rearrangement forming dipolarophile (57) followed by 1,3-cycloaddition with reactive

azomethine ylide resulted from the interaction of isatin (58) and L-proline (59)

(Scheme 14) [55].

Liu et al. reported the green synthesis of a pharmaceutically significant class of

dispiropyrrolidine. In this multicomponent approach, condensation of isatin (60),

2-(methylamino)acetic acid (61), and 5-arylidene-1,3-thiazolidine-2,4-dione (62a) or

5-arylidene-4-thioxo-1,3-thiazolidine-2-one (62b) under ultrasonication generated

Scheme 13 Sonochemical catalyst-free synthesis of novel Pyrido[2,3-d]Pyrimidines.

Scheme 14 Ultrasonicated synthesis of dispirocyclic system via Aza-Claisen rearrangements.
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dispiropyrrolidine (63) in excellent yields (Scheme 15) [56]. In comparison to the con-

ventional synthetic strategies, this ultrasonic technique resulted in better yields with

reduced reaction time.

In 2012, Chen et al. devised a novel, fast, and productive methodology for the syn-

thesis of therapeutically significant derivatives of spirooxindolepyrrololine (64). This

one-pot, multicomponent strategy involves 1,3-dipolar cycloaddition of 1,4-

naphthoquinone (65), isatins (66), and diversely substituted α-amino acids (67)

(Scheme 16). The reaction proceeds through the formation of the reactive azomethine

ylide resulted from the reaction of α-amino acids and isatins, which further reacts with

1,4-naphthoquinone in the presence of sonochemical irradiation to afford the desired

derivatives in moderate to excellent yields [57].

A well-planned, novel, highly selective, green methodology for the synthesis of phar-

maceutically important derivatives of spiro[indole-3,40-pyrazolo[3,4-e][1,4]thiazepines]
(68) via sonication was demonstrated by Dandia et al. [58]. This catalyst-free multi-

component domino approach utilizing isatin (69) along with 3-methylpyrazole (70)

and α-mercaptocarboxylic acid (71) in water in ultrasonic environment resulted into

the generation of the required series of bioactive compounds in good to excellent yields

(Scheme 17). The structure of the resultant compounds was characterized by a single

crystal X-ray analysis.

Scheme 15 Domino approach synthesizing derivatives of dispiropyrrolidine via ultrasonication.

Scheme 16 Sonochemical catalyst-free protocol for the synthesis of spirooxindolepyrrololine.
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Rezaei et al. introduced the synthesis of the novel dicyano functionalized derivatives

of spiropyrrolizidines (72) and spiropyrrolidines (73) by the reaction of knoevenagel

adducts (74), α-amino acids (75,76,77), and isatin (78)/acenaphthenequinone (79) in

methanol at room temperature. Subsequently, the sonochemical irradiation of the resul-

tant mixture at 25–30°C (Scheme 18) resulted in the synthesis of the novel series of com-

pounds in good to excellent yields [59].

4.1.5 Synthesis of bioactive organic compounds bearing nitrile functionality
Unsaturated nitriles act as the significant moiety in the skeleton of the various therapeutic

drugs and thus intrigue the medicinal chemists to make efforts to synthesize their bioac-

tive derivatives [60]. Rao et al. introduced the sonochemical synthesis of

Scheme 18 Ultrasonically mediated synthesis of spiropyrrolidines and spiropyrrolizidines.

Scheme 17 Sonochemically irradiated synthesis of spiro[indole-3,40-pyrazolo[3,4-e][1,4]thiazepines].
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benzimidazolylthiounsaturatednitriles (80) by reacting 2-cyanothiomethylbenzimidazole

(81) with aromatic aldehydes (82) in water at room temperature to afford the requisite

product (Scheme 19) [61].

A simple, rapid, environmental-benign, one-pot multicomponent protocol synthe-

sizing 2-amino-4,6-diphenylnicotinonitriles (83) via condensing malononitrile (84),

acetophenone (85), aromatic aldehyde (86), and ammonium acetate (87) in sonochem-

ical environment in water at 50°C was reported by Safari et al. [62] (Scheme 20). In

contrast to the conventional strategies, this protocol used mild reaction conditions

afforded the resultant compounds in better yields without using any catalyst.

4.1.6 Synthesis of rhodanines
Rhodanine, a five-membered heterocyclic compound holding thiazolidine as a core

nucleus is known to exhibit various bioactivities, the most important of which is the

inhibition of the β-Lactamase and HCV NS3 protease [63]. In 2011, Rostamnia and

Lamei reported a simple, well-planned, and a highly productive methodology synthesiz-

ing the rhodanine derivatives (88) from the catalyst-free ultrasound-activated reaction

between differently substituted primary amines (89), carbon disulfide (90), and the

dialkyl acetylene carboxylates (91) (Scheme 21) [64].

Scheme 19 Sonochemically promoted green synthesis of benzimidazolylthiounsaturatednitriles.

Scheme 20 One-pot three-component synthesis of 2-amino-4,6-diphenylnicotinonitriles.

Scheme 21 Catalyst-free synthesis of the biologically active rhodanine.
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4.1.7 Synthesis of 4H-3,1-benzoxazin-4-ones
Among all the different classes of bioactive heterocyclic compounds, the class containing

derivatives of 4H-3,1-benzoxazin-4-one has significant importance because of the wide-

ranging applications it exhibits [65]. Even though this class has a broad range of applica-

bilities, yet there are very few methods available for its synthesis. In 2012, Azarifar and

Sheikh introduced a facile one-pot ultrasonicated synthesis (Scheme 22) [66] to afford

2,20-(1,4-Phenylene)bis[1acetyl-1,2-dihydro-4H-3,1-benzoxazin-4-one] (92) via con-

densation reaction between 2-aminobenzoic acid (93) and benzene-1,4-

dicarboxaldehyde (94) in the presence of an excess of Ac2O.

4.1.8 Synthesis of quinazolines-based heterocycles
Recently, Purkhosrow and coworkers in 2019 have reported this efficient ultrasonicated

synthesis of the novel family of quinazoline (95). In contrast to the conventional

methods, this approach afforded the resulting product in excellent yields. In this

approach, primary amines (96), anthranilic acid (97), and acetic anhydride (98) under-

went sonication producing the required compounds (Scheme 23) [67]. Importantly, the

synthesized molecules were found to exhibit the vaso-relaxant bioactivity.

R

Scheme 22 Synthesis of derivatives of 2,20-(1,4-Phenylene)bis[1acetyl-1,2-dihydro-4H-3,1-
benzoxazin-4-one].

Scheme 23 One-pot, catalyst-free synthesis of new derivatives of quinazoline.
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4.1.9 Synthesis of pyrido[2,3-c] coumarins
An easy, efficient, multicomponent environment-benign, catalyst-free strategy for the

production of a novel family of pyrido[2,3-c] coumarin (99) was reported by Chidurala

and his colleagues in 2015. In this one-pot multicomponent approach, 4-hydroxy-2H-

chromen-2-one (100), benzaldehyde (101), acetoacetanilide (102), and ammonium

acetate (103) were condensed together in ethanol as a solvent in the presence of ultra-

sonic irradiation (Scheme 24) [68].

4.1.10 Synthesis of octahydroxanthenes
Xanthene and its derivatives are known for their presence in many naturally occurring

bioactive compounds and possess the large number of pharmacological activities such as

antimalarial [69], antiviral [70], anti-inflammatory [71], and anti-plasmodial [72]

activities. Therefore, many synthetic protocols have been reported from time to time

in order to generate these biologically significant heterocyclic compounds. Dadhania

and coworkers reported the green synthesis of 1,8-dioxo-octahydroxanthene (104)

via condensation of differently substituted aldehydes (105), dimedone (106) in

1-carboxymethyl-3-methylimidazolium tetrafluoroborate at room temperature without

any catalyst (Scheme 25) [73].

Scheme 24 Ultrasonically irradiated catalyst-free synthesis of pyrido[2,3-c] coumarins.

Scheme 25 Sonochemical catalyst-free protocol synthesizing 1,8-dioxo-octahydroxanthenes.
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4.1.11 Synthesis of pseudopeptides containing rhodanine
Starting from the easily available starting materials, Shaabani and Hooshmand in 2017

reported a well-planned, environment-benign synthetic pathway for the synthesis of pseu-

dopeptides incorporating rhodanine by using tandem Michael-Ugi reactions in sequential

order (Scheme 26) [74]. In this synthetic route, aromatic aldehyde (107), primary amines

(108), maleic anhydride (109)/itaconic anhydride, carbon disulfide (110), substituted ani-

lines (111), and isocyanides (112) were treated under sonochemical conditions for

90–120min under catalyst-free conditions to afford the requisite organic compounds (113).

4.1.12 Synthesis of derivatives of quinoxaline
Quinoxaline belongs to one of the pharmaceutically active families of the heterocyclic

compounds [75] and hence many synthetic methodologies are available in the literature.

These procedures involves the use of CuSO4.5H2O [76], ceric ammonium nitrate [77],

POCl3 [78], MnO2 [79], etc. as catalysts. However, in a view to develop safe synthetic

methodologies, Guo et al. reported the ultrasonically promoted, green, facile, efficient,

and catalyst-free synthesis of quinoxaline (114) by the reaction of aliphatic 1,2-diketones

(115) and 1,2-diamines (116) at room temperature in ethanol as solvent (Scheme 27) [80].

4.1.13 Synthesis of 2H-indazolo[2,1-b]phthalazine-triones
Shekouhy et al. demonstrated the catalyst-free synthesis of a biologically significant family

of 2H-indazolo[2,1-b]phthalazine-triones (117) via sonication. In this ultrasound-

assisted one-pot multicomponent method, different derivatives of aldehyde (118),

dimedone (119), hydrazine hydroxide (120), and phthalic anhydride (121) are reacted

in the presence of [Bmim]Br at room temperature in a neutral medium to afford the

desired product (Scheme 28) [81].

Scheme 26 Synthesis of pseudopeptides incorporating rhodanine using sonication.

Scheme 27 Sonochemically irradiated catalyst-free protocol for the synthesis of quinoxalines.
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4.1.14 Synthesis of 1-(2-fluorophenyl)-1,4-dihydropyridines
A straightforward, eco-friendly, one-pot four-component methodology synthesizing a

functionalized series of 1-(2-fluorophenyl)-1,4-dihydropyridines (122) was developed

by Shabalala and his coworkers (Scheme 29) [82]. This multicomponent approach

involves the condensation of dimethylacetylenedicarboxylate (123), 2-fluoroaniline

(124), malononitrile (125), and various substituted aldehydes (126).

4.2 Applications of ultrasound in catalyst-free synthesis of molecules
other than heterocycles
4.2.1 Synthesis of α-amino phosphonates
Among the various classes of the organic compounds, α-amino phosphonates have cap-

tivated the remarkable attention of the researchers due to their wide spectrum of bio-

activities [83]. The synthesis of this class is generally supported by the addition of the

catalysts. Xia et al. introduced a one-pot three-component catalyst-free protocol in

which the ultrasonic irradiation of the different aldehydes (127), suitably substituted

amines (128), and diethyl phosphate (129) afforded the synthesis of α-amino phospho-

nates (130) at room temperature in better yields (Scheme 30) [84].

Scheme 29 Catalyst-free sonochemical synthesis of 1-(2-fluorophenyl)-1,4-dihydropyridines.

Scheme 28 Synthesis of 2H-indazolo[2,1-b]phthalazine-triones in ionic liquid without any catalyst.

Scheme 30 Simple and efficient synthesis of the α-amino phosphonates through sonication.
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Owing to the diverse range of the biological activities exhibited by tertiary α-amino

phosphonates [85, 86], the area involving the synthesis of these compounds has significant

importance. In a recent report, Kalla along with his coworkers employed ultrasonication

for its generation via improved Kabachnik-Fields reaction (Scheme 31) [87]. In this mod-

ified version of Kabachnik-Fields reaction, suitably substituted salicylaldehyde (131), di

or tri-alkyl phosphites (132), and di-n-butylamine (133) were reacted and resulted into

the synthesis in good to excellent yields (134).

4.2.2 Synthesis of ferrocenyl containing carbonyl compounds
Yang et al. explored a novel catalyst-free and solvent-free protocol (Scheme 32) [88]

generating diversely substituted 1-Ferrocenyl-3-amino carbonyl compounds (135) via

aza-Michael interaction of aliphatic amines (136) with the unsaturated α,β-carbonyl
compounds (137) at room temperature.

4.2.3 Synthesis of propanamides
Ramazani et al. demonstrated an atom-efficient, facile, highly selective, catalyst-free

multicomponent approach constructing the propanamide derivatives (138a, 138b) in

excellent yields from the easily accessible starting materials (Scheme 33) [89]. In this

protocol, a mixture of suitably substituted carboxylic acid (139a,139b), isocyanide

(140), and the 2-oxopropyl benzoate (141) are condensed together sonochemically in

water resulting into desired reaction results.

4.2.4 Synthesis of dithiocarbamates
A rapid, convenient, one-pot, multicomponent approach for the synthesis of dithiocar-

bamates (142) and its derivatives was reported by Azizi and his coworkers (Scheme 34)

[90]. This multicomponent approach involved the treatment of carbon disulfide with the

primary and secondary amines (143) along with unsaturated carbonyl compounds (144)

or alkyl halides (144) in water.

Scheme 31 Ultrasonically activated catalyst-free synthesis of tertiary α-amino phosphonates.

Scheme 32 Catalyst-free Synthesis of 1-Ferrocenyl-3-amino carbonyl compounds via ultrasonication.
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4.2.5 Synthesis of thiourea
Thiourea and their derivatives form a biologically significant class of heterocyclic com-

pounds [91–93] and thus have attracted the attention of chemists to devise various pro-

tocols for its synthesis. Traditionally, the synthesis of derivatives of thiourea (145a, 145b)

involved the usage of toxic reagents and substrates but being a biologically active mol-

ecule, an eco-friendly protocol was required for its synthesis. As a result of the sustained

efforts, Azizi et al. successfully reported the methodology involving ultrasonic-promoted

condensation of carbon disulfide (146) with aliphatic primary amines (147) in water and

PEG (green solvents) (Scheme 35) [94].

Scheme 34 Ultrasound-assisted synthesis of dithiocarbamates.

Scheme 35 Ultrasonically-assisted synthesis of thiourea derivatives.

Scheme 33 Synthesis of propanamide derivatives with high substitution in water as solvent.
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4.2.6 Synthesis of ketene imines
Ketene imines act as the reactive intermediates in the synthesis of the nitrogen-containing

heterocycles [95] and can undergo reactions with electrophiles, nucleophiles, and free

radicals. Therefore, many synthetic strategies are available for the generation of these

intermediates. Recently, Emtiazi and his coworkers introduced a one-pot, ultrasonic

protocol for the synthesis of ketene imines (148) via condensation of diethyl acetylene-

dicarboxylate (149), cyclohexyl isocyanide (150), and 1,4-dihydropyridines (151) yield-

ing the ketene imines in excellent yields (Scheme 36) [96].

4.2.7 Synthesis of series of formamidines
The organic compounds exhibiting formamidine has captivated the remarkable attention

of the medicinal chemists and researchers owing to their versatile applicabilities, e.g.,

serve as the linking unit in polymer synthesis [97], bleaching agents for papers [98],

and starting material for various chemical transformations [99]. In addition to this, they

also have significant applications in the cryoscopic determination of molecular weights in

benzene [100] and in solid-phase synthesis [101]. Unfortunately, the majority of the syn-

thetic methods available involve harsh reaction conditions, toxic and protic solvents, and

monotonous work-up procedures.

In 2013, Dar and his coworkers reported an ultrasound-promoted solvent-free and

catalyst-free approach synthesizing the desired moiety (152) with the differently

substituted aryl amines (153a,153b) and triethyl orthoformate (154) (Scheme 37)

[102]. This methodology was further extended for the synthesis of the benzimidazoles

(155) (Scheme 38) [102].

Scheme 36 One-pot sonochemical synthesis of ketene imines.

Scheme 37 Solvent-free and catalyst-free synthesis of diaryl-substituted formamidines via sonication.
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4.2.8 Synthesis of N-benzyl-N-(4-chlorophenyl)cyanamide
In organic synthesis, cyanamides and their derivatives constitute a significant class of

organic molecules. They act as the building block for therapeutically important

nitrogen-containing heterocycles [103, 104]. In addition to this, the organic compounds

incorporating cyanamides show a wide spectrum of biological activities like herbicidal

[105], anticancer [106], and antiviral [107] activities. Therefore, many synthetic meth-

odologies have been reported for this class making use of hazardous reagents and solvents,

and drastic reaction conditions. To overcome these problems, Nasrollahzadeh in 2019

made use of the ultrasonic irradiation for the synthesis of N-benzyl-N-(4-chlorophe-

nyl)cyanamide (156) (Scheme 39 ) [108]. In this protocol, arylcyanamides (157) undergo

N-benzylation via reaction with benzyl bromide (158) in C2H5OH at room temperature

without any added catalyst.

4.2.9 Synthesis of α-sulfamidophosphonate
Belhani and his group in 2015 demonstrated the ultrasonically irradiated catalyst-free and

solvent-free protocol synthesizing the biologically significant novel series of

α-sulfamidophosphonate (159). This one-pot multicomponent methodology resulted

successfully in the synthesis of the desired compounds with excellent yields through

the condensation of aromatic aldehydes (160) with the sulfonamide (161) and suitable

triethylphosphite (162) at room temperature (Scheme 40) [109].

Scheme 39 Ultrasonic catalyst-free synthesis of N-benzyl-N-(4-chlorophenyl)cyanamide.

Scheme 40 Sonochemical synthesis of α-sulfamidophosphonate.

Scheme 38 Synthesis of family of benzimidazole using sonication.
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5. Conclusion

In the present era, catalyst-free reactions have gained significant attention among

researches especially working in the field of green chemistry. This is mainly due to

the fact that chemists are continually striving to modify the traditional synthetic strategies

to make organic synthesis more environment benign by avoiding the use of toxic and

hazardous catalysts and/or reagents. Ultrasound-assisted catalyst-free protocols have also

emerged as alternative nonconventional techniques to augment the traditional methods

in organic synthesis. In this chapter, we have encapsulated the latest development in the

field of sonochemical catalyst-free organic synthesis and also tried to highlight the

advancement of these nonconventional techniques for the synthesis of biologically rel-

evant molecules.
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1. Introduction

Energy plays a vital role in all chemical reactions. Every chemical reaction is associated

with several energy changes occurring due to the cleavage of old bonds and the formation

of new bonds. Energy can either be released or absorbed during a reaction. The energy

required for the successful completion of any reaction can be provided from various

sources. One such highly efficient source is ultrasoundwaves which are soundwaves hav-

ing a frequency >20kHz and wavelength between 7.0 and 0.015cm. Spectacular accel-

erations have been produced in many reactions as a consequence of heating through

ultrasound waves [1–4]. The first technical application of these waves date back to

1917 where they were first employed by Paul Langevin for the detection of submarines

which later led to the development of SONAR (sound navigation and ranging) tech-

nique. Various other applications of ultrasound include welding, cutting, drilling of hard

materials, cell disruption, cleaning and drilling of teeth, dispersion of solids in inks, paints,

and resins, ultrasound imaging of fetus and healing of muscle strains, welding of thermo-

plastics, degradation of polymers, etc. [5–11].
Sonochemistry is the branch of chemistry, which deals with the study of the effect of

ultrasounds on chemical reactions. Off late, a diverse range of chemical reactions espe-

cially stereoselective organic syntheses have been carried out using these waves. Usage of

these waves have several advantages over the conventional methods such as less time con-

suming, eco-friendly, requires less temperature and pressure due to which they have

created a niche in green chemistry [12, 13].

The process responsible for the enhancement of chemical reactions in the presence of

ultrasounds is known as cavitation during which gaseous cavities or bubbles are created,

enlarged, and exploded. Heightened local temperatures and pressures are induced inside

the cavities creating localized hot spots in which the mechanical energy of sound is trans-

formed into a useful chemical form [14, 15]. Sonochemical reactions can be classified into

three types [16, 17]
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(1) Homogeneous reactions: Radical or radical-ion intermediates are formed during

these reactions.

(2) Heterogeneous reactions (liquid-liquid or solid-liquid system): Ionic intermediates

are formed during these reactions.

(3) Sonocatalysis: These include both a radical and ionic mechanism.

In this chapter, we shall focus on the effect of ultrasounds on stereoselective reactions.

Firstly, we must understand the different modes of selectivity namely, chemoselectivity,

regioselectivity, and stereoselectivity. Chemoselectivity is the property of a reagent or an

intermediate to react preferentially with one group or atom out of the different groups or

atoms present in the samemolecule. Regioselectivity is the ability of a reaction to form or

break bonds in one direction in preference to all other possible directions.

During stereoselectivity one or more new elements of chirality are created in a

substrate which leads to the production of an unequal mixture of stereoisomers. Accord-

ing to Rauws [18] “Stereoselectivity is the extent to which an enzyme or other

macromolecule, or macromolecular structure (antibody or receptor) exhibits affinity

towards one molecule of a pair of isomers in comparison with and in contrast to the other

isomer.”

A stereoselective reaction can be either enantioselective (one enantiomer is formed in

preference to the other) or diastereoselective (one diastereomer is formed in preference to

another). Enantiomers have opposite configuration at chiral centers, i.e.,R-configuration

or S-configuration while in diastereomer differ from one or more chiral centers. Enantio-

selective or diastereoselective is very important in the medical industry as both isomers

have different biological activity [19–21].
Therefore, the development of stereoselective synthesis with ultrasonic irradiation

toward greener approach developed recently and in the past are included in this chapter.

This chapter highlights activity using ultrasound-assisted stereoselective synthesis and dis-

cusses their advantages, limitations, and plausible mechanisms. This chapter also describes

the approaches which can be implemented to improve selectivity, i.e., enantioselectivity

and diastereoselective. The importance of ultrasonic irradiation in stereoselective synthe-

sis is shown by selected examples.

2. Stereoselective organic synthesis under ultrasonication

A methodology for the stereoselective synthesis of dispiropyrrolidine bisoxindole deriv-

atives 4 via cycloaddition reaction of azomethine ylide (formedby the reaction of sarcosine

1 and isatine 2) with (E)-3-benzylideneindolin-2-ones 3 has been developed by Kiamehr

and coworkers [22] under sonication using ZnBr2 as catalyst (Scheme 1). To check the

effect of ultrasound, they also performed this reaction under reflux condition but reaction

took longer reaction time to completion with lesser yield.
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Mechanistically, reaction completed through oxazolidinone intermediate which

undergoes 1,3-dipolar cycloaddition to afford final product.

Shariati and coworkers [23] have developed an ultrasound-assisted methodology for

the stereoselective synthesis of β-amino carbonyl 8,9 using Mannich reaction using iron

oxide magnetite nanoparticles (Scheme 2). The synthesis of β-amino carbonyls 8,9 was

achieved bymulticomponent reaction of cyclohexanone 5with different aldehydes 6 and

amines 7 in ethanol.

The coupling constant of the vicinal protons adjacent to C¼O and NH in proton

NMR revealed that the stereochemistry of the Mannich product was syn and anti and

the value of coupling constant for anti-isomers was bigger than syn-isomers.

Further, the same reaction also reported by Hashemi and coworkers [24] using zir-

conium oxychloride (ZrOCl2�8H2O) as a catalyst with 100% anti selectivity under

solvent-free conditions using sonication as an energy source. While the reaction in aque-

ous and other solvent showed less stereoselectivity. Further, Ozturkcan and coworkers

[25] also reported the same Mannich reaction using bismuth(III) triflate as a catalyst in

water under ultrasound irradiation with excellent antiselectivity. Low selectivity was

found with the heteroaromatic aldehydes or amines.

Same Mannich reaction also reported by Ghomi and coworkers [26] using Fe3O4

nanoparticles supported ionic liquid under ultrasonication. Mechanistically, Mannich

products formed via si-face of imine attack on re-face of cyclohexanone because the other

Scheme 1 Synthesis of dispiropyrrolidinebisoxindole derivatives.

Scheme 2 Synthesis of β-amino carbonyl derivatives.
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face, i.e., re-face of imine could not attack si-face of cyclohexanone due to steric inter-

actions between the aromatic ring and ionic liquid moiety.

Behbehani and coworkers [27] have synthesized bis spiro-benzosuberane pyrazoline

derivatives 13 by the reaction of bis-hydrazonoyl chlorides 10 with 2-arylidene suber-

ones 12 under sonication in ethanol and triethylamine as the base (Scheme 3). This

stereoselective synthesis was achieved via a 1,3-dipolar cycloaddition reaction between

bis-nitrilimine and 2-arylidene suberones.

Mechanistically, bis-nitrilimine 11 have two attacking sites where 2-arylidene suber-

ones 12 attacks to form the desired product. There is the chance of the formation of three

cycloadducts but according to proton NMR data, product 13 formed as sole product.

Further, they also performed this reaction under reflux condition, took 36 h to comple-

tion with a lower yield.

Dandia and coworkers [28] have synthesized Ag NPs decorated reduced graphene

oxide (Ag NPs/rGO) and used into the diastereoselective synthesis of tetrahydropyr-

idines 19 by the reaction of substituted aldehydes 16, anilines 17, and methyl acetoa-

cetate 18 under ultrasonication using methanol as solvent (Scheme 4). Many catalysts

Scheme 3 Synthesis bis spiro-benzosuberane pyrazoline derivatives.
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tried for this multicomponent reaction under conventional and ultrasonic irradiation

but conventional catalysts could mainly afford the target compound 19 in low yields.

In total 5wt% of Ag NPs/rGO produced product in excellent yield within shorter

reaction time.

Mechanistically, nanoparticles behave as Lewis acid catalysts to activate ketoester 18

and aldehydes 16 by binding with the oxygen of carbonyl groups and form enamine (A)

and imine (B). Mannich reaction between A and B to afford C which reacts with acti-

vated aldehyde to afford D by the elimination of H2O. Intermediate D tautomerized to

provide E which gave intramolecular Mannich addition to afford final tetrahydropyri-

dine product 19 (Scheme 5) and according to proton NMR spectra, the stereochemistry

of product is anti-diastereoselective.

Dandia and coworkers [29] have established a pathway for the diastereoselective prep-

aration of spiro oxirane derivatives 22 by the epoxidation reaction of 3-aroylmethylene

indole-2-ones 21 using hydrogen peroxide as epoxidation reagent (Scheme 6). Initially,

the epoxidation reaction of 3-aroylmethylene indole-2-ones was done using 30% H2O2

and sodium hydroxide under sonication but the yield was very low. Further, they used

Scheme 4 Diastereoselective synthesis of tetrahydropyridine derivatives.
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Scheme 5 Plausible mechanism for the synthesis of tetrahydropyridine derivatives.

Scheme 6 Diastereoselective synthesis of spiro-oxirane derivatives.
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phase transfer catalyst cetyltrimethylammonium bromide in 0.05mmol and surprisingly,

an excellent yield of oxirane obtained. Dandia and coworkers observed that this meth-

odology showed high diastereoselective and the trans stereochemistry of the product.

Behbehani and coworkers [30] have synthesized bis spiro-pyrazoline derivatives 26 by

the reaction of bis-hydrazonoyl chlorides 23 with 4-arylidenepyrazol-5-one derivatives

24 under sonication using ethanol as reaction medium and triethylamine as the base

(Scheme 7). This stereoselective synthesis was achieved via 1,3-dipolar cycloaddition

reaction between bis-nitrilimine 25 which generated in situ from bis-hydrazonoyl chlo-

rides 23 and 4-arylidenepyrazol-5-one derivatives 24. There is the chance of the forma-

tion of two cycloadducts but according to proton NMR data, product 26 formed as sole

product.

Stereoselective methodology for the synthesis of bicyclo-cyclopropanes 29 was

developed by Hamadi and coworkers [31] from pyrazolines 28 under ultrasound irradi-

ation using ethanol as solvent at 200W power and 30kHz frequency (Scheme 8). The cis

Scheme 7 Synthesis of bis spiro-pyrazoline derivatives.
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relationship between the proton H-6 and the Me groups was confirmed by NOESY

spectrum as observed NOE effect between Me groups and the proton H-6.

Nabid and coworkers [32] have synthesized highly diastereoselective and regioselec-

tive spiropyrrolidine 34 and spiropyrrolizidine derivatives 35 by the reaction of arylidene

malononitrile 30 with azomethine ylides under ultrasonic irradiation via 1,3-dipolar

cycloaddition reaction (Scheme 9). Initially, the reaction of aldehydes with malononitrile

to generate arylidene malononitrile (dipolarophiles) 30 and azomethine ylides which pre-

pared by the reaction of proline 31 with acenaphthoquinone 32 or isatin 33. 1,3-dipolar

cycloaddition reaction between dipolarophiles and azomethine ylides tried under con-

ventional heating using methanol as a solvent but took a longer time. Further, they tried

this reaction under ultrasonication using ethanol and product obtained in good yield

Scheme 8 Stereoselective synthesis of bicyclo-cyclopropane derivatives.

Scheme 9 Diastereoselective and regioselective synthesis of spiropyrrolidines and spiropyrrolizidines.
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within a shorter reaction time. Furthermore, to check the effect of ultrasound frequency,

firstly performed reaction at 25kHz, the reaction gave the product in good yield. Increas-

ing the frequency up to 45kHz did not change the product yield.

Further, they used sarcosine or N-phenylglycine 36 in place of proline 31 for the syn-

thesis of spiropyrrolidine 37 and spiropyrrolizidine derivatives 38 under ultrasonication

using ethanol as solvent (Scheme 10). Mechanistically, reaction completed by twomech-

anisms, concerted or diradical. Concerted pathways followed under the conventional

condition and diradical pathways followed under ultrasonic conditions were confirmed

by using p-benzoquinone as a radical scavenger. Finally, spectroscopic data showed that

the oxindole moiety is planar and perpendicular to the pyrrolidine ring.

Sun and coworkers [33] have developed an approach for the enantioselective synthe-

sis of (�)-(R) silodosin and this is done by diastereomeric crystallization using (S)-(+)-

mandelic acid under ultrasonic irradiation (Scheme 11). Initially, silodosin as racemic

mixture 41 was obtained by the condensation of aminopropyl indoline carbonitrile 39

Scheme 10 Synthesis of spiropyrrolidines and spiropyrrolizidines.
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substituted by acetyl group at nitrogen with trifluoroethoxy phenoxy ethyl methanesul-

fonate 40 using dry acetonitrile as the solvent, K2CO3 as base, and KI as an additive

(Scheme 8).

After synthesis of silodosin, the racemic mixture was separated by diastereomeric crys-

tallization using (S)-(+) mandelic acid 42. Initially, this separation tried conventionally in

methanol but this method has some disadvantages such as diastereomeric salt 43 was

obtained as a gummy solid and most of the salt remains in methanol. Further, they intro-

duced ultrasound for the diastereomeric crystallization using methanol as solvent, (R,S)-

diastereomeric salt 43 was separated as solid and (S)-silodosin 44 was found in filtrate.

Further, (R)-silodosin 45 was obtained by solvent extraction using aqueous NaHCO3

and ethyl lactate (Scheme 12).

Safaei-Ghomi and coworkers [34] have developed MgO nanoparticles catalyzed dia-

stereoselective synthesis of trans furocoumarins 50 under sonication by the one-pot

reaction of pyridine 46, benzaldehydes 47, 4-hydroxycoumarin 48, and 2,4-

dibromoacetophenone 49 (Scheme 13). Initially, reactions carried out in diverse solvents

such as ethanol, acetonitrile, dimethylformamide, and water in the presence of different

catalysts but the best result was found in ethanol using MgO nanoparticles as a catalyst.

Stereochemistry of furocoumarins 50was confirmed by calculating the lower heat of the

formation of trans-isomer using PM3 calculations [35]. Mechanistically, the formation of

trans products involved a SN2 mechanism.

Bartok and coworkers [36] reported enantioselective hydrogenation of an aliphatic

α-ketoester 51 to ethyl lactate 52 under sonication using platinum catalysts (Scheme

14). They used different platinum catalysts such as Pt/C, Pt/SiO2, and Pt/K-10 but reac-

tion proceeded faster with Pt/SiO2 and Pt/K-10 catalyst underneath pre-sonicated condi-

tion. They also used these catalysts under conventional heating but it took longer reaction

time to completion. Further, they tried different solvents but higher ee (enantiomeric

excess) values obtained in toluene and the enantioselectivity increased in Pt/SiO2 and

Pt/K-10 catalyst, respectively, as compared to Pt/C catalyst.

Scheme 11 Enantioselective synthesis of (–)-(R) silodosin.
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Scheme 13 Diastereoselective synthesis of furocoumarin derivatives.

Scheme 12 Separation of (R)-silodosin using (S)-(+) mandelic acid.
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Further, Bartok and coworkers [37] described enantioselective hydrogenation of dif-

ferent α-ketoester to hydroxy derivatives under sonication using platinum catalysts

Pt/Al2O3 modified by cinchona. Different kinds of cinchona such as cinchonidine

53, cinchonine 54, and 9-O-methoxy-10,11-dihydro cinchonidine 55 were used as a

modifier (Scheme 15) and best results were found with cinchonine. Because chiral sites

of modifiers are increased by ultrasonication, the rate of reaction also increased.

Same chemo- and enantioselective reaction was also reported by Torok and coworkers

[38] using platinum catalyst modified by cinchonidine under ultrasonic irradiation.

Bartok and coworkers [39] reported enantioselective hydrogenation of prochiral

α,α,α-trifluoromethyl ketones 56 to (R)-alcohols 57 and (S)-alcohols 58 under sonica-

tion using platinum catalysts modified by cinchonidine (Scheme 16). They used different

platinum catalysts such as Pt/C, Pt/SiO2, Pt/Al2O3, and Pt/K-10 but reaction proceeded

faster with Pt/Al2O3 catalyst under ultrasonication. They also used these catalysts under

conventional heating but it took longer reaction time to completion. Further, they tried

different solvents such as toluene, DCB, acetic acid but higher ee (enantiomeric excess)

values obtained in DCB. The enantioselectivity and yield were improved by insonation

of the catalyst in both aerobic and anaerobic conditions.

Scheme 14 Hydrogenation of an aliphatic α-ketoester.

Scheme 15 Different type of cinchona derivatives.
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Jørgensen and coworkers [40] have developed a methodology for Barbier-type reac-

tion under ultrasonication for the synthesis of regio- and diastereoselective homoallylic

alcohols 62,63 incorporating sulfone moieties with antiselectivity, by the reaction of

diverse carbonyl compounds 59with allylic bromides 60 using water as reaction medium

catalyzed by indium (Scheme 17). Initially, reaction tried at room temperature, but no

product formation has taken place after days but as temperature increased to 50°C, the
product obtained in excellent yield after longer reaction time (12h). Further, they trans-

ferred this reaction into sonication and product obtained with excellent yield in 3h. To

check the diastereoselectivity of the reaction, used cinnamyl bromide 61 and obtained

only γ-adduct as the product with antiselectivity. Mechanistically, the product formation

has taken place by six-membered cyclic structure with a large group at equatorial position

Further, they introduced substituted aryl ketones to check the selectivity for the syn-

thesis of homoallylic alcohols incorporating sulfone moieties. In this context, they syn-

thesized substituted α-bromoacetophenones 65 by the bromination reaction of

substituted acetophenones 64 under sonication using acetic acid as solvent. Further, car-

bonyl compounds having sulfone moiety 67 at para position were synthesized by the

Scheme 16 Enantioselective synthesis of (R)-alcohols and (S)-alcohols by hydrogenation.

Scheme 17 Synthesis of homoallylic alcohols incorporating sulfone moieties.
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reaction of sodium benzenesulfinate 66 in the presence of cuprous iodide and 2,6-

lutidine under ultrasonication using DMSO as solvent (Scheme 18). 2,6-Lutidine is a

weak and sterically hindered base but with CuI, it behaves as the superior base.

Further, allylation reaction carried out under the same reaction conditions such as

water as reaction medium and indium as the catalyst, with allyl 60 and cinnamyl bromides

61 and homoallylic alcohols 68,69 were obtained with good stereoselectivity, i.e., anti-

selectivity (Scheme 19).

Joseph and coworkers [41] have been synthesized 2,5-meso-pyrrolidines 72 using

aza-Michael addition reaction of bis-enones 70 and primary alkylamines 71 under ultra-

sonication and this method showed high stereoselectivity (Scheme 20). They tried many

solvents but under ultrasonication, solvent is not required.

Scheme 18 Synthesis of aryl ketones having sulfone moiety.

Scheme 19 Synthesis of homoallylic alcohols with antiselectivity.
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Spiroindanedione pyrrolizidine derivatives 77 were synthesized by Valliappan and

coworkers [42] under ultrasonication. The stereoselective preparation of spiro com-

pound was done by the 1,3-dipolar cycloaddition reaction of (E)-3-aryl-1-(thiophen-

2-yl)prop-2-en-1-ones 76 with azomethine ylides 75. Azomethine ylides were obtained

during the reaction of ninhydrin 73with L-proline 74 (Scheme 21). Initially, reaction of

ninhydrin 73, L-proline 74, and (E)-3-aryl-1-(thiophen-2-yl)prop-2-en-1-ones 76 was

carried out under conventional heating using methanol as a solvent but took longer time

to completion with lower yield but under ultrasonication gave excellent yield with

shorter reaction time.

Mechanistically, the reaction proceeded through path A because secondary orbital

interaction (SOI) was found between carbonyl group of (E)-3-aryl-1-(thiophen-2-yl)

prop-2-en-1-ones and azomethine ylides which is not possible in path B (Scheme 22).

Scheme 20 Synthesis of pyrrolidines.

Scheme 21 Synthesis of spiroindanedionepyrrolizidine derivatives.
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Freitas and coworkers [43] developed a methodology for the glycosidation of alcohols

79 with 3,4,6-tri-O-acetyl-D-glucal 80 using acetonitrile as a solvent under ultrasonic

irradiation (Scheme 23). Initially, reaction tried without catalyst but no product obtained.

After this, they used a different kind of additives such as amberlyst A-15, montmorillon-

ites K10, KSF but no product formed. Further, TsOH was used as additive and product

obtained in excellent yield within 5min of irradiation.

Scheme 22 Showing secondary orbital interaction (SOI).

Scheme 23 Glycosidation of alcohols.
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The stereochemistry of products determined by proton NMR spectroscopy

(NOESY). According to proton NMR, there is the formation of two anomers, i.e.,

α-anomer 83 and β-anomer 84. The H1 and H5 protons of α-anomer have opposite ste-

reochemistry while β-anomer produced a positive NOE effect which indicates that

α-anomer was found as the major product (Scheme 24).

Further, they successfully employed this methodology for the glycosidation of hin-

dered and non-hindered, cyclic, acyclic, allylic, homoallylic, benzylic alcohols, and phe-

nols with α-anomeric selectivity. Furthermore, rigid or flexible glycols were also

successfully used for the glycosidation reaction under ultrasonic irradiation.

Spiro pyrrolizidines 88were synthesized by Jadidi and coworkers [44] by the reaction

of acenaphthoquinone 85, proline 86, and various substituted alkenes (as dipolarophiles)

87 under ultrasonication using methanol as solvent (Scheme 25). Spiro pyrrolizidines

were obtained via 1, 3-dipolar cycloaddition of dipolarophiles with azomethine ylides

which was produced during the reaction from acenaphthoquinone and proline.

Mechanistically, acenaphthoquinone 85 and proline 86 formed intermediate A

which decarboxylated by heat to formed azomethine ylide B and under ultrasonic irra-

diation formed diradical C which subsequently gave [3+2] cycloaddition reaction with

alkenes 87 to afford final product 88 (Scheme 26). Spiro pyrrolizidines have three stereo-

genic centers which means that there is the possibility of formation of eight different

Scheme 24 Stereochemistry of the product.

Scheme 25 Synthesis of spiro pyrrolizidine derivatives.
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diastereomers but only a single product obtained. Further, they also checked the possi-

bility of a biradical mechanism using p-benzoquinone as a radical scavenger, hence it

slows down the rate of reaction in the presence of p-benzoquinone which proved that

the reaction also follows the radical mechanism under ultrasonication.

Serra and coworkers [45] have developed a pathway for the synthesis of chiral salen

ligands 91 by the reaction of (1R,3S)-diaminocyclopentane derivatives 89 with hydro-

xybenzaldehydes 90 under ultrasonication (Scheme 27). Initially, the reaction of the

diamine with the aldehydes was carried out in ethanol but reaction took longer time

to completion with a lower yield. Further, they tried the reaction of diamine (1R,

3S) with 2 equivalents of salicylaldehyde underneath ultrasonication using silica as a pro-

moter and found complete conversion with good yield within shorten reaction time.

After the synthesis of chiral salen ligands 91 used in the enantioselective synthesis of tri-

methylsilylcyanation of benzaldehyde.

Scheme 26 Plausible mechanism for the synthesis of spiro pyrrolizidines.
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Wadhwa and coworkers [46] have been developed a pathway for the diastereoselec-

tive synthesis of trans dihydrofuro coumarin derivatives 95 by the reaction of 4-hydroxy

coumarin 92, aldehydes 93, and α-tosyloxyketones 94 under ultrasonication using water
as solvent and [BMIm]OH ionic liquid as catalyst (Scheme 28). Initially, the different

catalyst was used such as piperidine, NahCO3, DBU, NaOH, imidazole, and [BMIm]

OH ionic liquid but the best result was found in 30mol% [BMIm]OH ionic liquid. Pro-

ton NMR study showed that two protons at 2,3-position of the dihydrofuran (DHF)

were in the opposite direction to each other, i.e., trans stereochemistry of the product.

Murzin and coworkers [47] have used a different kind of platinum catalysts such as Pt/

Al2O3, Pt/SiO2, Pt/SF, and Pt/C cinchonidine for the enantioselective hydrogenation

of diketone 96 under ultrasonication (Scheme 29). Initially, reaction tried using Pt/SF

(Silica fiber) and an increase in the rate of reaction with the enhancement of enantiomeric

excess was found compared to without catalyst conditions. Further, other catalysts were

successfully employed and found that Pt/Al2O3 was the best catalyst for enantioselective

hydrogenation of diketone in terms of highest regioselectivity (rs) and enantiomeric

excess (ee).

Scheme 27 Synthesis of chiral salen ligands.

Scheme 28 Synthesis of trans dihydrofuro coumarin derivatives.
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Ghomi and coworkers [48] were prepared chitosan nanoparticles (CS-NPs) and used

as a catalyst in the diastereoselective synthesis of dihydropyrroles 100 using one-pot reac-

tion of 2-arylidene malononitrile 97, hydantoin 98, and amines 99 under ultrasonication

using water as solvent (Scheme 30). To check the catalytic role of chitosan nanoparticles,

they tried reaction without catalyst but no product was obtained after longer reaction

time. Further, a catalytic amount of 0.02g of chitosan nanoparticles was used in aqueous

Scheme 29 Enantioselective hydrogenation of diketone.

Scheme 30 Diastereoselective synthesis of dihydropyrrole derivatives.
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medium and dihydropyrroles obtained with high diastereoselectivity. The stereochem-

istry of product determined by 1H-1H NOESY spectra (small NOE effects) which

showed that two hydrogen atoms at second and third position of pyrrole ring were

opposite to each other, i.e., trans stereochemistry of the product.

3. Conclusion

It is hoped that this chapter has given the idea about the use of ultrasound in stereose-

lective organic synthesis. Many stereoselective reactions were successfully employed

under ultrasonic irradiation which was not possible under conventional heating. Sono-

chemical reactions have many advantages such as no side product formation, easier sep-

aration process, cleaner reaction pathways, and many more. Selectivity plays a big role in

the synthesis of medicinally important compounds and many drugs. We hope and antic-

ipate that this chapter will offer further information to the reader for the use of ultrasonic

chemistry in stereoselective organic synthesis.
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CHAPTER 4

Sonochemical protocol for alkylation
reactions
Phuong Hoang Tran, Hai Truong Nguyen
Department of Organic Chemistry, University of Science, Vietnam National University, Ho Chi Minh City, Vietnam

1. Introduction

The ultrasound activation is based on the phenomenon of cavitation including forma-

tion, growth, and collapse of vapor bubbles in a liquid solution to contribute the energy

for conducting the organic synthesis [1–4]. The principle of sonochemistry is cavitation

provided high temperature and pressure by the collapsing bubble in liquid under ultra-

sound reaching thousands of degrees Kelvin and several hundred atmospheres which can

enhance a wide range of chemical processes [5]. This region with high temperature and

pressure is defined the “hot spot” generated under ultrasound irradiation [6, 7]. Recently,

the ultrasound irradiation has been received withmuch attention inmany fields including

organic transformation [2, 7–9], preparation of nanoscale metal-organic coordination

polymers [10, 11], catalysis [12], enzyme activation [4, 6], synthesis of zeolite [13], prep-

aration of metal-organic framework [14], and graphene synthesis [15].

Alkylation reactions have been known as essential tools in organic synthesis, which is

the couplings between a nucleophile and an alkylating reagent to form CdC bond-

forming reaction. Herein, the chapter focuses on ultrasound-assisted various alkylation

reactions, including C-, N-, O-, and S-alkylation.

2. Alkylation reaction

In 1887, Charles Friedel and James Mason Crafts reported the successful preparation of

amylbenzene for the reaction of amyl chloride and benzene in the presence of AlCl3,
and it was the first example of alkylation [16]. Up to now, Friedel-Crafts alkylations have

been the best method for the alkylation of aromatic compounds [17, 18]. The traditional

protocol that employed the homogeneous catalysts including BF3, AlCl3, TiCl4, NbCl5,

SbCl5, or SnCl4 suffered from several drawbacks such as the excess of catalyst loading, pro-

longed reaction time, polyalkylation, low yield, and difficult recovery of catalyst [19, 20].

Therefore, heterogeneous catalysts are useful alternatives due to easier setup and

workup. Some of the solid catalysts such as sulfated zirconia [21], Fe-doped HTaWO6

nanotubes [22], a Bronsted-acidic ionic liquid gel, metal-organic frameworks [23, 24],
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and iron-modified mesoporous silica have been developed [25]. Due to great interest in

Friedel-Crafts alkylation, many different protocols have been developed for the reaction.

With the demand for more environmentally and economically benign processes,

ultrasound activation-assisted alkylation reactiondisplays beneficial effects on the reactions

because it could enhance the reaction rate, reduce the reaction time, and improve the

product selectivity. The use of ultrasound irradiation provides the green activator for

organic synthesis catalyzed by both homogeneous and heterogeneous catalysts due to high

temperature and pressure pulse in the cavitation phenomenon (Scheme 1).

3. Alkylation reaction under sonication

3.1 C-Alkylation reaction
The alkylation of benzenes with olefins by catalyzed by Lewis acids has been reported in

low yields due to the generation of by-product such as resinous substances. The catalytic

activity of SiO2@AlCl3 was tested on the alkylation between benzene and cyclohexene

under ultrasonic vibration by Sato [26]. The catalyst was highly active at 0°C and the

value of TON attained 110 (according to report: TON was calculated by mol of the

product based on mol of Al atom in the catalyst). Under ultrasound activation, the speed

of reaction was significant accelerating, the cause of the accelerating was the improve-

ment of mass transfer of reactants and product. In addition, the catalytic supports are

convenient to be recovered and reused for the catalytic reaction, and it is secure handling.

However, in this case, the SiO2@A1C13 activities were gradually decreased in catalytic

activity by the repetition of the catalytic runs (Scheme 2).

Ultrasound-assisted silica-supported Keggin heteropolyacids was reported by Pizzio

and coworker [27]. Molybphosphoric and tungstophosphoric acids supported on silica

(MPA/S and TPA/S, respectively) were investigated as the catalysts for aromatic alkyl-

ation reactions. The alkylation reagents including benzyl alcohol, benzyl chloride,

Scheme 1 The C-alkylation reaction catalyzed by AlCl3.

Scheme 2 The alkylation reaction catalyzed by SiO2-grafted AlCl3 under ultrasound irradiation.
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cyclohexene, and cyclohexanol were used to alkylation of benzene and toluene in the

presence of these heterogeneous catalysts. The reactions were performed under conven-

tional heating and ultrasound irradiation, which allowed quantitative conversions in short

times; the monoalkylation products were afforded in excellent yields (Scheme 3).

Quaternary ammonium salts were used in theC-alkylation reaction of benzyl cyanide

with 2-bromopropane and sodium hydroxide under sonication [28].

3-Methyl-2-phenylbutyronitrile was attained in high yield under room-temperature

sonication. The reaction rate could be improved under ultrasound activation, but the

frequency of ultrasonic and the geometry of the field affect strongly to the reaction rate.

It means that a good efficiency of ultrasound in the reaction mixture was obtained when

the ultrasound and geometry of the sonotrode had to be adopted (Scheme 4).

Next, Ooi and coworkers demonstrated the alkylation reaction of tert-butyl

glycinate-benzophenone Schiff base using phase-transfer catalyst under sonication

[29]. The reaction of 2-methyl-1,4-naphthoquinone and tetrabutylammonium bromide

Scheme 4 The C-alkylation reaction using NaOH under sonication.

Scheme 3 The aromatic alkylation reactions catalyzed by MPA/S or TPA/S.
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(5mol%) in the presence of toluene with 30% H2O2 aqueous and LiOH.H2O was tested

at 15–25°C for 25min. The similar condition, the epoxidation of trans-chalcone was car-

ried out in the presence of 13% NaOCl. The mixture of tert-butyl glycinate-

benzophenone Schiff, methyl iodide and quaternary ammonium salt (1mol%) in toluene

and 50% KOH solution was activated under ultrasound at 0°C for 1h provided a higher

yield of the corresponding product and the enantiomeric selectivity was obtained in 88%

ee. The yield and selectivity were compared with a reaction carried out under magnetic

stirring at 0°C for 8h (64%, 90% ee). The results showed that the desired product was

gained in high selectivity and conversion under ultrasound irradiation (Scheme 5).

Tsanov’s group used the gel of cross-linked poly(ethylene oxide) (PEO) as an efficient

the phase-transfer catalysis in the alkylation of phenylacetonitrile and 1-bromobutane in

the presence of hydroxide base under sonication [30]. The ultrasound enhanced the mix-

ing of the organic phase, and potassium hydroxide proceeded in the increased alkylation

rate. The high yield was observed under ultrasound activation and the modified with

Scheme 5 The ultrasonic irradiation-assisted liquid-liquid phase-transfer catalyst for alkylation
reactions.

98 Green sustainable process for chemical and environmental engineering and science



poly(ethyleneimine) PEO showed the highest catalytic activity in the same reaction. The

phase-transfer catalyst could be reused several times without significant decrease in the

catalytic activity (Scheme 6).

Berlan and coworkers described the deprotonation and alkylation of n-alkyl cyanides

and an alkyl halide with sodium under sonochemical conditions [31]. The reaction com-

peted favorably in terms of yield and work up. Comparative experiments displayed that

under stirring, the yields and selectivity were poorer. In addition, it is crucial to emphasis

an exciting detection when results of the same type are observed with a high-speed stirrer

(9000rpm). The sonication is known to increase cavitation, the reactor used here pro-

vides a cavitating power wave of 2.7kHz frequency, which demonstrates the influence of

frequency on sonochemical processes (Scheme 7).

Scheme 6 The alkylation reaction of phenylacetonitrile with 1-bromobutane in the presence of KOH.

Scheme 7 The deprotonation-alkylation of alkyl cyanides under sonication.
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Fu and Shao reported the preparation of 3-substituted indole derivatives from the

reaction of indoles and nitroalkenes under solvent-free sonication [32]. The experiments

were performed with 2-chloroethanol as a mild acidic promoter of the procedure. The

selectivity of the product was controlled at the C3 position of indoles after over 3–12h in
the absence of solvent and catalysis. These findings showed that the ultrasound irradiation

could increase the reactivity of the reagents, and 2-chloroethanol was an efficient pro-

moter for the reaction. Interestingly, the current method could be applied on a large scale

with only 5mol% 2-chloroethanol to provide the desired product in a yield of 93% and

excellent selectivity. The prominent features of the method are equimolar substrates,

high yields, environmentally benign conditions, simplicity of workup (Scheme 8).

 

Scheme 8 The synthesis of 3-substituted indole from indoles and nitroalkenes under sonication.
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Cappelletti’s group disclosed the ultrasonic-assisted one-pot domino reaction with

ferrocenecarboxaldehyde [33]. Ultrasound irradiation played an important role for the

one-pot domino allylindation-dehydrative alkylation reaction of ferrocenecarboxalde-

hyde. The C-nucleophiles reaction was carried out with electron-rich (hetero)arenes

in THF/H2O (volume¼1:1). Ultrasound activation performed in three reactors: a bath

(20.3kHz, 60W), a cup horn (19.9kHz, 75W), and another cup horn (300.5kHz, 70W)

affording 18 new ferrocenyl derivatives in good to excellent yields (Scheme 9).

3.2 O-Alkylation reaction
Mason’s group reported theO-alkylation of phenol using potassium carbonate (K2CO3) in

the presence of solvents such as acetone and butan-2-one, which has previously been syn-

thesizing of alkoxy benzenes [34]. The reaction can be improved by using phase transfer

catalysis without solvents or using the power ultrasound in the presence of a polar aprotic

solvent such asN-methylpyrolidinone. Ultrasound irradiation assisted the a1kylation of the

5-hydroxychromone with 1-bromobutane inN-methyl pyrrolidinone enhances the reac-

tion yield and selectivity. Besides, ultrasound irradiation could enhance the formation of the

further reaction of the O-alkylated product with the excess 1-bromobutane (Scheme 10).

Scheme 9 The allylindation and dehydrative alkylation reactions through the one-pot domino
reaction.
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Dubey and Gogate reported the synthesis of 4-benzyloxy-3-methoxybenzaldehyde

via the O-alkylation reaction of vanillin and benzyl chloride catalyzed by tetrabutylam-

monium bromide as a phase transfer catalyst under ultrasonic irradiation [35]. The exper-

iments were carried out in a 150-mL vessel joined with a condenser under ultrasound

irradiation (using an ultrasonic horn 20kHz, 120W). The effects of reaction conditions

including temperature, the quantum of an aqueous phase, catalytic amount, molar ratio,

and ultrasonic power have been screened, and kinetic studies have also been investigated.

Notably, the yield of the desired product was higher under ultrasound irradiation as com-

pared to conventional heating (Scheme 11).

Sawamura and coworkers reported the transformation of alkyl halides to alcohols in

the presence of trialkyltin halide/NaBH3CN system via an aerobic radical reaction under

sonochemical conditions provided the expected product in high yield [36]. The method

proved that the ultrasound activation played an essential role in radical initiation and

assisted the formation of Bu2(t-Bu)SnH. The procedure can be applied for various

Scheme 10 The O-alkylation of 5-hydroxychromones under ultrasound irradiation.

Scheme 11 The selective O-alkylation of vanillin with benzyl chloride.
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substrates, including alkyl iodide and allylic and benzylic bromide afforded the desired

products in good to excellent yields (Scheme 12).

3.3 N-Alkylation reaction
Lobo’s group conducted a comparison of using sonochemical and non-sonochemical sys-

tem for mono-alkylation of primary aromatic amines at elevated temperature and room

temperature [37]. The outstanding features of ultrasound are that it allows reducing the

reaction time, improving the reaction yield and selectivity. The method is simple, effi-

cient, and environmentally benign. Furthermore, the catalyst and solvent were easily

recovered and reused several times and the mono-N-alkylation reaction under ultra-

sound irradiation can be applied to industrial processes (Scheme 13).

Frizzo and coworkers performed the derivative N-alkylation reaction between pyr-

azoles and alkane halide and KOH in the presence of 25 different solvents such as aprotic

Scheme 12 The synthesis of alcohols from R-halide in the presence of trialkyltin halide/NaBH3CN
system.

Scheme 13 The mono-N-alkylation reaction of primary aromatic amines.
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polar solvents, and ionic liquids [38]. Under ultrasound irradiation, the N-alkylation of

pyrazoles necessitates high temperatures, which occurs according to SN2 mechanism.

The effect of surface tension, viscosity of the solvents, and vapor pressure was tested.

The reaction involving acetonitrile mixed with ionic liquids showed faster rate than ace-

tonitrile. Aprotic polar solvents, including DMF, DMSO, and MeCN were investigated

in theN-alkylation of pyrazoles under ultrasound irradiation. The reagents had been con-

verted into the expected product at 90°C for 5min. [BMIM][BF4] was found as the best

polar mixing solvent in the current method (Scheme 14).

Costarrosa and coworkers reported the preparation of N-substituted imidazoles

through the alkylation of imidazole with 1-bromobutane using alkaline-promoted car-

bons under sonochemical irradiation [39]. TheN-alkylation of heterocycles played a vital

in the synthesis of catalysis, which was the best way for the preparation of ionic liquids.

The sonication enhanced the reagent reactivity such as to accelerate the reaction, to

reduce the time reaction, to increase the catalyst efficiency, and to reduce the side prod-

uct (Scheme 15).

Scheme 14 The N-alkylation of pyrazoles under sonication.

Scheme 15 The N-alkylation of imidazole under sonication.
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Yim s’ group reported the effect of 18-crown-6 in the N-alkylation of pyrrole with

potassium superoxide as a base under ultrasound irradiation [40]. N-alkylating reagents

including acrylonitrile allyl cyanide, methyl acrylate methyl iodide, ethyl bromide, and

benzyl bromide were investigated. It was shown that the 18-crown-6 assisted the alkyl-

ation gave higher yields of desired products than catalyst-free condition in the presence of

potassium superoxide as a base. In an extension of the substrate, the alkylation of indole

with alkyl amine was tested under ultrasound irradiation and conventional method. The

corresponding product was obtained in good yield for 1 h under stirring, and sonication

was not essential in the current method (Scheme 16).

Ferrera-Escudero and coworker disclosed the preparation of N-alkylimidazoles from

imidazole and 1-bromobutane with alkaline carbons under ultrasound irradiation [41].

The corresponding products were obtained in high yields and selectivity under the exper-

imental conditions. It is shown that the yield of the product was increased when ultra-

sound was employed in the alkylation reaction. It is also found that the procedure was

enhanced when heterogeneous media was used, the alkaline carbons offer attractive pros-

pects under ultrasound irradiation due to the high yield and mild condition (Scheme 17).

Calvino-Casilda et al. reported the synthesis ofN-propargyl imidazoles from imidaz-

ole with propargyl bromide in the presence of alkaline-doped carbons (Na and Cs-Norit)

as heterogeneous catalysts [42]. TheN-propargyl imidazoles were obtained in high yields

when used the Cs+-Norit carbon as catalyst under solvent-free sonication. The method

provides a mild and effective approach for preparation ofN-propargyl imidazole in good

yield and high selectivity. This protocol gives a practical alternative to traditional heating

because of its high efficiency and minimal waste (Scheme 18).

Scheme 16 The N-alkylation of pyrrole under sonication.

Scheme 17 The synthesis of N-alkylimidazole under sonication.
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López-Pestaña reported the alkylation reaction of N-substituted imidazoles of

imidazole with 1-bromobutane using two alkali-metal promoted carbons (Na+- and

Cs+-Norit) as catalysts under sonochemical and thermally activated reactions [43].

N-substituted imidazole afforded 80% yield of the desired product and 100% selectivity

under solvent-free ultrasound irradiation. The basicity of the alkali metal cation enhances

the reaction rate, and ultrasound irradiation is the best choice to increase the yield of the

reaction (Scheme 19).

Khalaj and coworkers investigated the alkylation of amines with alkyl bromides in

acetonitrile and sodium hydride under ultrasound activation [44]. The experimental

reaction was carried out in a short time and the expected products were obtained in high

yields. The method became a good way for the preparation of N-alkyl-2,4-

dinitrophenylamines and 1-alkoxy-2-alkylbenzimidazoles due to high conversion, cheap

and readily available starting materials, and mild reaction conditions (Scheme 20).

Scheme 18 The synthesis of N-propargyl imidazoles under sonication.

Scheme 19 The synthesis of N-substituted imidazoles using alkali-metal doped carbons under
sonication.

Scheme 20 The N-alkylation and N-acylation of 2,4-dinitrophenylamine under sonication.
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Zhao and coworkers reported that N-heterocyclic compounds containing indole,

carbazole, and phenothiazine could be alkylated easily in DMSO or DMF in the presence

of potassium hydroxide as a base under ultrasonic irradiation [45]. Various N-substituted

heterocyclic derivatives were successfully prepared under ultrasonic irradiation. The cur-

rent method reduces reaction time compared with traditional heating and provides the

expected products in good yields and selectivity (Scheme 21).

Vivekanand and Maw-Ling reported N-butylation of potassium phthalimide with

n-bromobutane as an alkylating agent in the presence of ultrasonic-assisted phase-transfer

catalysis [46]. The synthesis of N-butylphthalimide catalyzed by phase-transfer catalysis

has improved the yield or enhanced the reaction rate under ultrasound irradiation. The

kinetic results displayed a balance between reactants and products, the conversion of

n-bromobutane equaled the generation of the amount of N-butylphthalimide under

ultrasonic irradiation. The prominent features of using ultrasound in combination with

phase-transfer catalysts are high conversion, short reaction time, good selectivity, and

mild reaction conditions (Scheme 22).

Scheme 21 The alkylation of carbazole, indole, and phenothiazine under sonication.

Scheme 22 The N-alkylation of phthalimide under sonication.
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3.4 S-Alkylation reaction
Deligeorgiev and coworkers reported the S-alkylation of hetaryl thiols with alkyl bro-

mides and alkyl iodides at room temperature under ultrasonic irradiation [47]. The cor-

responding products have many applications based on their biological activity, which was

widely used in the pharmaceutical field such as antifungal, antibacterial, and antitumor

activities. The method provided the desired products in good to excellent yields with

high purity and in short reaction times (1–30min) (Scheme 23).

Nguyen et al. conducted the S-alkylation of thiols with alkyl halide using

KF/Al2O3 as a solid catalyst under solvent-free ultrasound irradiation, microwave

irradiation, and traditional heating [48]. Nine thiols were alkylated with three alkyl

halides under solvent-free ultrasound irradiation. The results between p-thiocresol and

1-chlorobutane with KF/Al2O3 catalyst demonstrated that the yields afforded were

77% after 2h of ultrasound irradiation and 63% for 5h of traditional heating. The scope

of the reaction was screened under solvent-free sonication and nine sulfides were

obtained in good to excellent yields. The activity of KF/Al2O3 did not decrease signif-

icantly after four consecutive runs (Scheme 24).

Scheme 23 The S-alkylation of hetaryl thiols under sonication.

Scheme 24 The preparation of thioethers by S-alkylation of thiols with alkyl halides under sonication.
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4. Conclusions

The prominent features of alkylation reactions in sonication are clean, mild, selective, and

efficient for many processes. Ultrasound enhances chemical transformations, mass and

heat transfers through cavitational collapse. A variety of alkylation reactions, including

C, O-, N-, and S-alkylation have been successfully performed under ultrasound irradi-

ation. Ultrasound irradiation allows minimizing the production of waste by improving

the yield, selectivity of desired products and reducing the use of organic solvents and haz-

ardous reagents.
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[27] L.R. Pizzio, P.G. Vázquez, C.V. Cáceres, M.N. Blanco, E.N. Alesso, M.R. Torviso, B. Lantaño, G.
Y. Moltrasio, J.M. Aguirre, C-alkylation reactions catalyzed by silica-supported Keggin heteropolya-
cids, Appl. Catal. A Gen. 287 (2005) 1–8.

[28] J. Hofmann, U. Freier, M. Wecks, Ultrasound promoted C-alkylation of benzyl cyanide––effect of
reactor and ultrasound parameters, Ultrason. Sonochem. 10 (2003) 271–275.

[29] T. Ooi, E. Tayama, K. Doda, M. Takeuchi, K. Maruoka, Dramatic rate enhancement by ultrasonic
irradiation in liquid-liquid phase-transfer catalytic reactions, Synlett 2000 (2000) 1500–1502.

[30] T. Tsanov, R. Stamenova, C. Tsvetanov, Crosslinked poly(ethylene oxide) as a phase transfer catalyst in
reactions of C- and O-alkylation, Polym. J. 25 (1993) 853.

[31] J. Berlan, H. Delmas, I. Du�ee, J.L. Luche, L. Vuiglio, Deprotonation-alkylation of alkyl cyanides under
sonochemical conditions, Synth. Commun. 24 (1994) 1253–1260.

[32] Z. Fu, H. Shao, An efficient synthesis of 3-substituted indole derivates under ultrasound irradiation,
Ultrason. Sonochem. 18 (2011) 520–526.

[33] L. Cappelletti, L. Vaghi, L. Rinaldi, L. Rotolo, G. Palmisano, G. Cravotto, A. Penoni, One-pot sono-
chemical synthesis of ferrocenyl derivatives via a three-component reaction in aqueous media, Ultra-
son. Sonochem. 27 (2015) 30–36.

[34] T.J. Mason, J.P. Lorimer, L. Paniwnyk, A.R. Harris, P.W. Wright, G. Bram, A. Loupy,
G. Ferradou, J. Sansoulet, The O-alkylation of 5-hydroxy chromones. A comparison of two non-
classical techniques, ptc in the absence of solvent and sonochemical activation in polar aprotic solvents,
Synth. Commun. 20 (1990) 3411–3420.

[35] S.M. Dubey, P.R. Gogate, Ultrasound assisted synthesis of 4-benzyloxy-3-methoxybenzaldehyde by
selective O-alkylation of vanillin with benzyl chloride in the presence of tetrabutylammonium bro-
mide, Ind. Eng. Chem. Res. 53 (2014) 7979–7985.

[36] M. Sawamura, Y. Kawaguchi, K. Sato, E. Nakamura, Sonochemical, aerobic conversion of alkyl
halides into alcohols promoted by trialkyltin halide/NaBH3CN Catalytic System, Chem. Lett.
26 (1997) 705–706.

[37] H.R. Lobo, B.S. Singh, D.V. Pinjari, A.B. Pandit, G.S. Shankarling, Ultrasound-assisted intensification
of bio-catalyzed synthesis of mono-N-alkyl aromatic amines, Biochem. Eng. J. 70 (2013) 29–34.

[38] C.P. Frizzo, C. Bacim, D.N. Moreira, L.V. Rodrigues, G.C. Zimmer, H.G. Bonacorso,
N. Zanatta, M.A.P. Martins, Sonochemical heating profile for solvents and ionic liquid doped solvents,
and their application in the N-alkylation of pyrazoles, Ultrason. Sonochem. 32 (2016) 432–439.

[39] L. Costarrosa, V. Calvino-Casilda, S. Ferrera-Escudero, C.J. Durán-Valle, R.M. Martı́n-Aranda,
Alkylation of imidazole under ultrasound irradiation over alkaline carbons, Appl. Surf. Sci. 252 (2006)
6089–6092.

110 Green sustainable process for chemical and environmental engineering and science

http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0100
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0100
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0105
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0105
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0110
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0110
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0110
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0115
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0115
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0120
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0120
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0120
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0125
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0125
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0130
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0130
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0135
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0135
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0135
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0140
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0140
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0140
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0145
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0145
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0150
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0150
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0155
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0155
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0160
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0160
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0160
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0165
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0165
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0170
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0170
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0170
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0175
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0175
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0175
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0175
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0180
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0180
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0180
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0185
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0185
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0185
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0185
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0190
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0190
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0195
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0195
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0195
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0200
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0200
http://refhub.elsevier.com/B978-0-12-819540-6.00004-8/rf0200


[40] E.S. Yim, M.K. Park, B.H. Han, Ultrasound promoted N-alkylation of pyrrole using potassium super-
oxide as base in crown ether, Ultrason. Sonochem. 4 (1997) 95–98.

[41] S. Ferrera-Escudero, E. Perozo-Rondón, V. Calvino-Casilda, B. Casal, R.M. Martı́n-Aranda, A.
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CHAPTER 5

Sonochemical protocol for solvent-free
organic synthesis
Muhammad Faisal
Department of Chemistry, Quaid-i-Azam University, Islamabad, Pakistan

1. Introduction

1.1 Ultrasound classification and its applications
Ultrasound irradiation (USI) or ultrasonic rays refer to sound waves in the frequency

spectrum of 500 MHz to 20 kHz, which cannot be sensed by the human ear [1]. Ultra-

sonic rays were discovered in 1883 even years, before X-rays were discovered. The initial

application of US was in Great War and were utilized to detect the submarines [2, 3].

However, attributed to its promising physical and chemical influences, currently, US

technology is employed for broad range of applications; for instance, wastewater treat-

ment, surface cleaning, phase separation, materials extraction, nano-materials synthesis,

food technology, the production of nanoemulsions, electrochemistry, contrast imaging,

and therapeutic applications [4–6]. Depending on the application, the US could be

divided into two main classes: (i) power ultrasound (20 kHz–2 MHz) or high-intensity

ultrasound which is chiefly used in synthesis, emulsifying, de-agglomeration, and liquid

mixing [2, 7]; and (ii) low intensity, high frequency ultrasound (above 5 MHz) or diag-

nostic ultrasound, which is primarily used in nondestructive analysis, noninvasive testing

of materials, imaging and medical scanning [2, 8, 9].

1.2 Sonochemistry and its merits
The application of high-intensity ultrasound to accomplish chemical alteration is called as

sonochemistry [10]. In sonochemistry, high-intensity and low-frequency (in kHz) US is

applied because it alters the medium through which it passes. US has the capability to

accelerate or initiate the synthesis of numerous organic targets, by altering the pathway

of reaction. Ultrasonic energy has so far merited a broad range of applications in hetero-

geneous and homogeneous chemistry [11]. Take the field of medicinal chemistry as an

example, in which ultrasonic rays are employed to synthesize important biologically

active compounds such as ibotenic acid 1, valdecoxib 2, isoxazole-4-carboxylic acid

3, leflunomide 4, cloxacilin 5, rimonabant 6, celecoxib 7, combretastatin A-4 8, and

benzo[f]chromen-indole 9 (Fig. 1) [12–14]. US technology offers mild reaction

113
Green Sustainable Process for Chemical and Environmental Engineering and Science © 2020 Elsevier Inc.
https://doi.org/10.1016/B978-0-12-819540-6.00005-X All rights reserved.

https://doi.org/10.1016/B978-0-12-819540-6.00005-X


conditions, reduces energy consumption, permits the use of cheaper and lower purity

reagents, uses less hazardous chemicals, increases product selectivity, reduces the number

of synthesis steps, eliminates the necessity of the use of additional costly solvents,

enhances and promotes the reaction rate and can influence the activity of a catalyst

[15]. All these facilities make the application of US very striking for polymer degradation

and synthesis [16, 17], metallic compounds synthesis, green organic synthesis, synthesis of

nanomaterials in environmental remediation (AOPs), and many other applications,

although a large-scale operation still remains out of reach [18–20].

1.3 Origin of the sonochemical effect
Recently, sonochemical irradiation has gained major consideration owing to its ability to

facilitate unique physical and chemical conditions. The utility of ultrasound for the prep-

aration of compounds offers an alternate energy source to those used in conventional

chemistry, where usually either heat, electromagnetic waves (e.g., light, microwaves),

or electricity are used [21–23]. The actual chemical activation mechanism operates

during sonication. This phenomenon, however, does not derive from the direct inter-

action of US rays with substance via coupling to electronic, rotational, or vibrational

molecular states, but rather from a secondary phenomenon called as acoustic cavitation:

the creation, growth, and collapse of a cavitational bubble in the liquid medium [24, 25].

To be more precise, when liquids are irradiated with US in the frequency spectrum from

20 kHz to 500 MHz, the high tensile stress during rarefaction cycles can cause local rup-

turing of the liquid at weak spots [15]. These weak spots may include preexisting pockets

of gas (e.g., air/nitrogen), solid impurities, or dust particles in the fluid. During one or

several cycles, the formed cavities grow intomicrobubbles until reaching a maximum size

of�100–150μm before experiencing implosive collapse. Upon the collapse of a bubble,

some infrequent reaction conditions will be produced: high velocity microjets, high pres-

sure of around 1000 atmosphere, high temperature of about 5000K and powerful shock

waves. It is this library of events encompassing the inception, expansion, and implosion of

Fig. 1 Selected examples of biologically active.
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microbubbles that is named acoustic cavitation and the area related with its application to

the synthesis and modification of matters is called as sonochemistry [15, 26]. The sono-

chemical phenomenon is justified to be caused by the development of a so-called thermal

“hot spot” during the process of cavitational collapse. Cavitation is the core of the sono-

chemical phenomenon and hence, serves as an vital bond between US and chemistry or a

bridge between the chemical effects and the physical pressure variation of the sound wave

[2]. However, apart from the chemical phenomenon, cavitation can also induce physical

effects; for example, turbulence, micro-jetting, micro-streaming, etc. Generally, there

are numerous factors influencing sonochemical action, these include the characteristics

of the liquids used such as surface tension, purity (e.g., dissolved solids), viscosity, and

solvent and solute vapor pressure as well as sonication parameters such as amplitude

and frequency. Hence, the chief task in sonochemical applications is the choice of the

appropriate bubble behavior for the required phenomenon [25].

1.4 Sonochemical device
Fig. 2 demonstrates a typical laboratory-scale sonochemical device. A high-intensity US

titanium (Ti) horn is joined to a transducer. The transducer transform electrical power

coming from a generator to mechanical energy in the form of US vibration. USI tool also

contains an US bath with gas inlet/outlet branches. For controlling the temperature of

the US bath, generally double walled vessels are employed [27].

Fig. 2 A laboratory-scale high-intensity ultrasound apparatus.
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1.5 Ultrasound-assisted solvent-free organic synthesis
Solvent-free organic synthesis (solvent-less organic synthesis) has received considerable

attention attributed to the rising concern for the impact of solvents on human body

and on the environment, apart from simplicity in the processes and economic demands

[28, 29]. Thus, from an ecological point of view, without a doubt, the best solvent is no

solvent. There are obviously numerous great reactions that can already be performed

under solvent-less conditions. Examples that spring to mind are many polymerizations

and the several industrially significant gas-phase reactions. Pericyclic reactions, in partic-

ular the Diels-Alder (D-A) reactions, are also frequently performed in the absence of sol-

vent [28]. However, over the past few years, research documents on solvent-free

reactions have been gradually frequent and this field has become a hot topic of research.

On another note, as described in Section 1.2, employment of US energy in chemical

conversion is an effective and attractive method. Therefore, US irradiation coupled with

solvent-free conditions results in formation of green synthetic system together with con-

siderable improved selectivity, cleaner reactions, milder reaction conditions, higher

yields and reduction of reaction times, thus offering a great tool in circle of synthetic

chemistry. In the past years, tremendous outcomes have been noticed from the US

prompted solvent-free organic synthesis in terms of energy, yield, time, cost, and selec-

tivity [4–6, 11, 13, 17, 20, 23].

1.6 Aim and scope of this review
In this chapter, a critical review and analysis of the literature on ultrasound-assisted

solvent-free synthesis has been presented by focusing on the applications of US rays in

polymerization reactions, coupling reaction, protection/deprotection reactions, addition

reactions, reduction, oxidation, substitution reactions, condensation reactions, and het-

erocyclic chemistry, etc. The chapter has been divided into two main sections based on

either the ultrasound-assisted solvent-free synthesis is under catalytic conditions or

catalytic-free conditions. Cons and pros of each reaction are discussed in detail. The goal

of this chapter is to increase the use of ultrasound-assisted solvent-free approach for pro-

duction of organic products in economic competitive and sustainable manner with the

least impact on the environment. It is expected that this chapter is highly helpful to iden-

tify and analyze critical issues, barriers, and opportunities, which will be beneficial in con-

ducting future research and for new ideas in the quest for rational designs of more

promising ultrasound-assisted solvent-free synthetic approaches.

2. Ultrasound-promoted catalyst-free organic synthesis under
solvent-free conditions

2.1 Synthesis of N,N0-dialkyl- and N,N0-diaryl-1,4-diazabutadienes
1,4-Diazabutadiene analogous 12 are of great significance in fine chemical owing to their

employments as mesoporous material and liquid-crystalline polymers, mainly as
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intermediates for formation of several transition metal composite, which have been uti-

lized as catalytic systems in olefin epoxidation, olefin polymerization, and other valuable

approaches [30, 31]. An ultrasound-assisted novel, efficient, versatile, convenient, and

ecologically safe technique for synthesis of N,N0-dialkyl- and N,N0-diaryl-1,4-
diazabutadienes 12 in good to excellent yield (71%–98%) through smooth condensation

of amines 10with α-diketones 11 in the absence of solvent was described by H. Yan and

coworkers (Scheme 1) [32]. Apart from simplicity in experiment, the chief benefits of the

methodology are high yields (71%–98%), short reaction time (2–15min), mild condi-

tions, and reduce toxicity.

2.2 Diastereoselective sequential one-pot double aza-Michael
preparation of pyrrolidines
2,5-Difunctionalized pyrrolidines 14 are naturally ubiquitous, biologically important

substances and the preparation of this type of alkaloids is of considerable current attention

[33, 34]. Joseph and coworkers described an effective, green procedure for the

ultrasonication-assisted formation of meso-2,5-difunctionalized pyrrolidines 14 in excel-

lent yield (>98%) from commercially available symmetrical double Michael acceptors by

means of a double aza-Michael (DAM) approach (Scheme 2) [35]. The main step

depended on an aza-Michael addition of primary alkylamine derivatives 10 to symmet-

rical (bis)-α,β-unsaturated substrates 13. US activation united with solvent-less condi-

tions result in the formation of corresponding pyrrolidine derivatives 14 in excellent

stereoselectivities and quantitative yields within short reaction times (1h). The optimized

reaction conditions have been extended to the ultrasonic-assisted predation of pyrroli-

dine Lobelia alkaloid derivatives in short sequences.

Scheme 1 Formation of 1,4-diazabutadienes under sonication conditions.

Scheme 2 Ultrasonication-assisted formation of pyrrolidine derivatives.
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2.3 Three-component one-pot prepartion of α-sulfamidophosphonate
derivatives
α-Sulfamidophosphonate derivatives 18 have found a broad spectrum applications in the

field of biological chemistry. They are found to be potent antibiotics, pharmacological

agents, peptidomimetics, and enzyme inhibitors [36–38]. Berredjem and coworkers

reported an effective and facile three-component one-pot prepartion of α-
sulfamidophosphonate derivatives 18 in high yields (95%–87%) via condensation reac-

tion of sulfonamide 16, aryl aldehyde 15, and tri-alkyl phosphite 17 under US irradiation

(40 kHz) without catalyst and solvent at ambient temperature (Scheme 3). This synthetic

approach delivers a unique tool for the formation of significant bioactive α-
sulfamidophosphonate analogues 18 [39]. This system was recognized with various ben-

efits, including the environmental friendliness, mild reaction conditions, simple work-up

procedures, excellent yields, and short condensation times (2–3h).

2.4 One-pot creation of α-aminophosphonate frameworks
α-Aminophosphonates 22 are amongst the most investigated biologically active sub-

stances which are documented to contain antitumor, antibiotic, and anti-inflammatory

potencies. Their potential is also well reported as good insecticides plant growth regu-

lators, fungicides, peptide mimetics, herbicides, enzyme inhibitors, etc. [40, 41]. An

US-assisted environment friendly, efficient and easy process was reported by Dar et al.

for the formation of α-aminophosphonate derivatives 22 within seconds (30–45 s) via
a three-component one-pot reaction of amine derivatives 19, aldehyde derivatives 20,

and tri-ethyl phosphite 21 under mild conditions in excellent yield (80%–99%)
(Scheme 4). Under catalyst-free and solvent-less conditions, the targets 22 were attained

in high purity, high selectivity, and high yields [42].

2.5 Preparation of N,N0-diarylfunctionalized formamidines
Heterocycles bearing formamidine skeleton 24 have been investigated widely on account

of their important applications as protecting groups for primary amines, bleaching agents

Scheme 3 Condensation reaction of unique α-sulfamidophosphonates.
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for paper, ultraviolet light absorbers, building blocks in polymer synthesis, chelating or

bridging modes, synthons for various chemical transformations and bioactive molecules

[43, 44]. B. A. Dar and coworkers described an effective and mild technique for the for-

mation of N,N0-diarylfunctionalized formamidines 24 in 64%–78% yield via reaction of

electronically and structurally divergent amines 19 with tri-ethoxymethane 23 under

environment-friendly conditions for 50–90min (Scheme 5). Ultrasonic power was used

to deliver the required compounds 24 in high purity with high yields under catalyst-free

and solvent-less conditions [45]. Targets compounds 24 were purified via crystallization

method to prevent excess use of organic solvents. The easy purification, simple workup

and rapid kinetics under milder conditions are key benefits of this procedure. As

compared to conventional approaches, in which potentially dangerous additives or/

and catalysts were used [43], this technique is acid/metal catalytic system with no side

reaction, circumvents the employment of any base, requires short reaction times, easy

to handle, inexpensive and delivers simple purification of products through nonaqueous

workup.

Scheme 4 Condensation of anilines, benzaldehydes, and triethylphosphosphite.

Scheme 5 Formation of N,N0-diarylfunctionalized formamidines at ambient temperature.
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2.6 Synthesis of substituted pyrazolone derivatives
Pyrazolones 26 are of huge significance in medical chemistry on account of their various

applications as antiphlogistic, uricosuric, anti-arthritic, antipyretic, and analgesic charac-

teristics. Also, these compounds 26 are suitable intermediates for industrial synthesis of

color photographical compounds, thermally stable polymers, dyes, liquid crystals and

herbicides [45, 46]. Mojtahedi and coworkers disclosed an effective and rapid solvent-

less technique for the synthesis of functionalized pyrazolones 26 via smooth condensation

reaction of various β-keto esters 25 with phenylhydrazine under ultrasonic conditions at

r.t. within 2–25min (Scheme 6). Yields of synthesized pyrazolones 26 are excellent

(85%–95%), no extra catalysts or additives are required, and reactions proceed at ambient

temperature [47].

2.7 Development of 1,4-dihydropyridine scaffolds
1,4-Dihydropyridine derivatives 28 (1,4-DHPs) have gained much consideration

because of their broad range of medicinal and pharmacological affinities; for instance,

antitumor, antihypertensive, and antibacterial effects [48, 49]. Wang and coworkers

reported an efficient, convenient and versatile protocol for forming 1,4-dihydropyridine

scaffolds 28 (1,4-DHPs) in 82%–99% yields via condensation reaction of aryl aldehydes

20, ammonium ethanoate and ethyl acetoacetate 27 under sonication conditions in the

absence of solvent and catalyst at ambient temperature for 25–70 min (Scheme 7). This

procedure optimized the Hantzsch reaction, which has numerous noticeable benefits

including solvent-less, catalytic-free, mild conditions, less toxic, simple workup, short

reaction times, and excellent yields [50].

Scheme 6 Preparation of substituted pyrazolone derivatives.

Scheme 7 Condensation of ammonium acetate, ethyl acetoacetate, and aldehydes.
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2.8 Preparation of 8-aryl-7,8-dihydro-[1,3]-dioxolo[4,5-g]quinolin-6
(5H)-ones
Quinoline derivatives 31 are significant family of biologically active compounds contain-

ing numerous pharmacological abilities, particularly antimalarial potency [51, 52]. After

observing this, Azarifar and Sheikh reported a straightforward, effective, US-prompted

one-pot useful technique for the formation of unique 8-aryl-7,8-dihydro-[1,3]-dioxolo

[4,5-g]quinolin-6-(5H)-ones 31 through the three-component condensation of several

aryl aldehydes 20, 3,4-methylendioxyaniline 30, and isopropylidene malonate 29 under

solvent-less and catalyst-free conditions at temperature in the range of 30–40°C for

60–75min (Scheme 8). Good yields of the targets 31 (76%–88%), catalyst- and

solvent-free conditions, mild reaction condition, and environmentally friendly proce-

dure are the core merits of this procedure [53].

2.9 t-Butoxycarbonyl-mediated protection of aromatic and aliphatic
amine derivatives
Protecting amine moiety is very vital attributed to their existence in numerous precursors

and in diverse range of bioactive compounds [54]. Among various protecting groups, the

tert-butoxycarbonyl (Boc) moiety has an extensively valuable functionality for protecting

aminemoiety. Popularly of Boc-based protection is mainly because of the great resistance

to nucleophilic and basic conditions, the promising stability of theN-Boc moiety toward

catalytic hydrogenolysis and its labile nature under numerous chemical conversions [55].

A simple and green method for the N-Boc protection on aromatic and aliphatic amine

derivatives 10 under sonication conditions was described by Amira and coworkers. To be

more precise, environmentally benign, efficient, highly chemoselective N-Boc protec-

tion of several amines 10 was accomplished, from reaction of amines 10 and di-t-butyl

dicarbonate (Boc)2O 32 at room temperature, in good to excellent isolated yield

(60%–96%) in a short reaction time (2–7min) without formation of O-t-Boc, N,N-

di-t-Boc, urea or isocyanate as side products (Scheme 9) [55]. Absence of any auxiliary

substances, an easily available and inexpensive reagent, and mild conditions are the core

benefits of this method.

Scheme 8 Reaction of aryl aldehydes, 3,4-methylendioxyaniline and isopropylidene malonate.
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2.10 N-Formylation of aromatic amine derivatives
The N-formylation of amine moieties 10 is a highly valuable synthetic step in the prep-

aration of useful products in drug discovery [56].N-Formyl entities 34 have been widely

used in diverse range of reactions, for instance as a precursor for the preparation of imi-

doformamides or carbylamines and as an important amine-protecting group in synthesis

of peptides, and hydrosilylation of carbonyl compounds or preparation of acyl chlorides

from carboxylic acids [57]. Habibi and coworker reported a safe, efficient, fast, and eco-

nomically and environmentally benign technique for theN-formylation of amines 10 via

reaction of anilines 10 with HCOOH under catalyst-free and solvent-less conditions

under sonication conditions at ambient temperature for 2–240min in excellent yield

(87%–97%) (Scheme 10) [58]. This methodology has the advantages of outstanding reac-

tion rates and yields, higher purity and yields, shorter reaction time, excellent chemos-

electivity, cleaner reaction profiles, mild and green reaction conditions, simple

methodology, and easy workup, in which the purification procedures are not essential

to obtain the pure products 34. The approach is appropriate to both the large and small

scale and can also be utilized for the insertion of other amine protecting moieties.

Scheme 9 Boc-based protection of amine analogous.

Scheme 10 Green N-formylation of amine moieties.
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2.11 Protecting alcohol moieties through formation of silyl ethers
Owing to diverse organic, medicinal, and analytical chemistry uses of protected hydroxyl

functionalities (e.g., 37), they are very significant precursors [59]. Numerous organic

reactions as well as multistep syntheses contain at least one step of OHmoiety protection.

In this context, one of the most frequent approaches is to transform alcohols 35 into their

respective silyl ethers 37 [60]. M.M.Mojtahedi and coworkers presented an effective, fast,

and chemoselective technique for protection of alcohols 35 in good yields (75%–99%)
within short reaction times (5–20min) by converting them into silyl ethers 37 [61]. To

be more precise, numerous kinds of phenols and alcohols 35were quickly protected using

bis(trimethylsilyl)amine 36 in high yields at ambient temperature using high-intensity US

rays in the absence of any additive and solvent (Scheme 11). The corresponding silyl ether

targets 37 are simply achieved from the reaction content by simply evaporating the volatile

portion. Also, for protecting sterically less hindered alcohol moieties 35, appropriate

chemoselectivity was noticed.

3. Ultrasound-assisted catalytic organic synthesis under
solvent-free conditions

3.1 Amino grafted zeolite-catalyzed synthesis of trans-chalcones
The members of the flavonoid and chalcone class have gained a huge deal of attention

owing to their employments as anticancer, anti-inflammatory, and antibacterial drugs

[62, 63]. Chalcone derivatives 39 are significant precursors in the preparation of numerous

pharmaceuticals. The solvent-free, selective synthesis of trans-chalcones 39 in excellent

yield (>95%) via ultrasound-assisted amino-zeolites-catalyzed Claisen-Schmidt reaction

of acetophenones 38with benzaldehydes 20 at 303, 323, and 343K for 3h was developed

by Martin-Aranda and coworkers (Scheme 12) [64]. The basic NH2-zeolites (CsNaX-

NH2 and NaX-NH2) were formed by grafting 3-(trimethoxysilyl)propylamine onto

CsNaX and NaX and zeolites, respectively. The observed order of activity was NaX-

NH2<CsNaX-NH2. In this solvent-free, green technique, when cesium exchanged

X-NH2 is utilized under US activation, chalcone derivatives 39 are selectively formed

in excellent yields (>95%). Of note, no side-products were noticed, which indicate that

Scheme 11 Protection of alcohols by the formation of silyl ethers.
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Cannizaro reaction or ketone auto-condensation does not occur under amino grafted zeo-

lite experimental conditions. Thus, this technique provides a state-of-art alternative to

classical heating catalysis and the procedure itself is eco-friendly with negligible waste.

3.2 Acid-clay-catalyzed synthesis of synthesis of trans-chalcones
Trabelsi and coworkers presented an advanced formation of trans-chalcone derivatives 39 in

excellent yields (80%–95%)within 30–60min, from reaction between aryl aldehydes20 and

aryl methyl ketones 38, catalyzed by commercially available acid-clay (namely, montmo-

rillonite KSF) under sonication conditions (Scheme 13). Furthermore, the trans-chalcone

derivatives 39 were formed at moderate temperatures reaction (100°C) and in high selec-

tivity using a reduced proportion of the acid clay-catalyst. This approach was environmen-

tally friendly and rapid as the formation was performed under solvent-free conditions [65].

3.3 Zirconyl chloride-catalyzed preparation of 3,4-dihydro-2(1H)-
quinolinones
Quinoline derivatives (31 and 41) are a well-known class of heterocyclic compounds not

only in medicinal science, on account of their extensive occurrence in drugs and natural

products, but also in optoelectronics, electronics, and polymer chemistry for their

tremendous mechanical characteristics [52, 66]. A solvent-free, three-component, con-

venient reaction of aromatic aldehydes 20, Meldrum’s acid 29, and amines (30 and 40) to

deliver 4-aryl-3,4-dihydroquinolin-2-(1H)-ones 41 and 8-aryl-7,8-dihydro-[1,3]diox-

olo[4,5-g]quinolin-6-(5H)-ones 31 in the presence of zirconyl chloride octahydrate

(ZrOCl2.8H2O-a nontoxic and efficient catalyst) under ultrasonic irradiation conditions

at 30–40°C for 25–35 min was described by Azarifar and Sheikh (Scheme 14) [67]. This

novel procedure provides numerous benefits, including solvent-free conditions, good

yields (82%–95%), use of recyclable and green catalytic system, easy workup, clean reac-

tion, and low catalyst loading.

Scheme 13 Acid-clay-catalyzed Claisen-Schmidt reaction between benzaldehydes and aromatic
methyl ketones.

Scheme 12 Amino-zeolites-catalyzed Claisen-Schmidt reaction of benzaldehydes and
acetophenones.
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3.4 Sodium bisulfite-catalyzed preparation of pyrano[2,3-c]pyrazole
derivatives
Pyrano[2,3-c]pyrazole derivatives 44 is a developing family of heterocyclic compounds

and is extensively explored as it is a significant structural centerpiece of the developing

drugs together with broad range of pharmaceutical applications as potential anti-

inflammatory, anticancer, analgesic, molluscicidal activity, inhibitors of human Chk1

kinase, and as antimicrobial [68]. B. Shined and coworkers described a highly practical,

convenient, economically lucrative, and efficient environment friendly approach for

US promoted formation of 6-amino-4-phenyl-3-methyl-2,4-dihydropyrano[2,3-c]

pyrazole-5-carbonitriles 44 (substituted pyrano [2,3-c]pyrazoles) within very short reac-

tion time (30 s) in high yields (97%–99%) via multicomponent reaction of various alde-

hydes 20, acetoacetic ester 27, hydrazine hydrate 42, propanedinitrile 43 in the existence

of sodium bisulfite as a catalyst (Scheme 15) [69]. The main properties of this procedure

are excellent yields and shorter reaction time, building the procedure economically lucra-

tive and environment friendly. Also, the technique is practical, robust, and simple, which

required routine reagents and proceeds without any special handling method.

Scheme 14 Zirconyl chloride-catalyzed reaction of Meldrum’s acid, aryl aldehydes, and amines.

Scheme 15 Sodium bisulfite-catalyzed synthesis of pyrano[2,3-c]pyrazole derivatives.

125Sonochemical protocol for solvent-free organic synthesis



3.5 Dendrimer-PWAn nanoparticles-catalyzed synthesis of
multi-substituted imidazoles
Imidazole moiety (e.g., 46 and 47) is the structural centerpiece of numerous significant

drugs; for example, Trifenagrel, Eprosartan,Olmesartan, and Losartan [70].Multifunctio-

nalized imidazole moieties (46 and 47) have been the current mediators in several hetero-

cycles of potent bioactivity and have attained the consideration of chemists for over a

century [71]. M. Esmaeilpour and coworkers reported nano-silica dendritic polymer-

matrix H3PW12O40 nanoparticles (dendrimer-PWAn) as a reusable catalytic system for

the preparation of biologically active three 2,4,5-trifunctionalized and 1,2,4,5-tetra

functionalized imidazoles (46 and47) in high yields (83%–96%)within 20–50minvia con-

densation of primary amines19, aldehydes20, and ammoniumacetate and benzil45under

ultrasonic irradiation and solvent-free conditions (Scheme 16) [72]. The catalytic system is

easily isolated from the synthesized imidazoles by filtration and also shows outstanding

recyclable potency. The key points for this environmentally friendly and efficient method

are simplicity, easy recovery, and reuse of the catalytic system, high yields, short reaction

times, easywork-up technique, generality and efficiency,making it an attractive anduseful

method for the formation of highly functionalized imidazoles (46 and 47).

Scheme 16 Dendrimer-PWAn nanoparticles-catalyzed formation of tetra-functionalized and tri-
functionalized imidazoles.
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3.6 Nano SiO2-catalyzed synthesis of 3,3-(methylene)bis(coumarins)
3,3-(Methylene)bis(coumarins) 49 (aka. bis(indolyl)methanes or biscoumarins-the bridge

substituted dimers of coumarin) are significant family of heterocycles and used as antisep-

tics, urease inhibitors, antifungals, antipyretics, and anti-inflammatories [73]. An efficient

and green procedure for the formation of 3,3-(methylene)bis(coumarins) 49 via conden-

sation reaction between carbonyl entities 20 and indoles 48 in the presence of nano-silica

gel as a catalyst under sonication conditions in high yields (83%–94%) with short reaction
times (60–120 min) was disclosed by Ghodrati and coworkers (Scheme 17) [74]. Native

nano-silica gel (nano SiO2) was utilized as a readily available and inexpensive catalytic

system in the absence of any support of matrix or surface variation on it. Excellent yields,

tremendous chemoselectivity, environmentally friendly conditions, quick and easy iso-

lation of the products and short reaction time are the key merits of this methodology.

Recovery and reusing of the nano-SiO2 catalytic systemwere also investigated, revealing

that the catalytic system is easily isolated by filtration from the products 49 and also dis-

plays amazing recyclable activity.

3.7 MgFe2O4 nano-catalyzed synthesis of coumarins
Coumarin derivatives 51 are significant family of heterocyclic compounds. Coumarin

derivatives 51 have gained growing consideration attributed to their broad spectrum of

applications; for instance, anticoagulant, antibacterial, anti-hepatitis C virus, antitumor,

and spasmolytic properties. Moreover, coumarin derivatives 51 are structural components

of several natural products and create pharmacologically active compounds [75, 76].

Ghomi and Akbarzadeh performed the preparation of 3-functionalized coumarin deriv-

atives 51 via the Knoevenagel condensation of benzaldehydes 20 with 1,3-dicarbonyl

substrates 50 by using magnesium ferrite (MgFe2O4) nanoparticles as a magnetically

recoverable and highly effective catalytic system under solvent-less conditions using

USI (Scheme 18) [77]. The nano-catalytic system was simply recovered by using a bar

magnet and recycled for numerous times without important loss of its catalyzing ability.

Furthermore, this useful procedure have benefits; for example, short reaction time

(10–15min), light catalyst loading, environmentally benign, solvent-free condition, high

yields of coumarins 51 (88%–96%), and simple workup.

Scheme 17 Nano SiO2-catalyzed condensation of indoles with carbonyl compounds.
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3.8 Poly(4-vinylpyridinium) perchlorate-catalyzed synthesis of coumarins
The coupling of solid phase catalytic system P(4-VPH)ClO4 (poly(4-vinylpyridinium)

perchlorate) as an activator with ultrasonic conditions in Pechmann condensation with-

out any solvent was developed by Khaligh and Shirini [78]. This developed system was

observed to be an eco-benign, recyclable catalytic system for formation of functionalized

coumarins 51 via Pechmann condensation of β-keto esters 27 and phenols 35 under son-
ication conditions (nominal power 200W and frequency of 35 kHz) at r.t. in high yields

(75%–90%) with short condensation times (12–26 min) (Scheme 19). The procedure has

numerous benefits; for example, no side reactions, simple experimental procedure, and

use of inexpensive catalyst with lower loading. Furthermore, the catalytic system can be

recovered and recycled for numerous times without important loss of potency.

3.9 P2O5-SiO2-catalyzed formation of 1-substituted 1H-1,2,3,4-tetrazoles
1-Functionalized 1H-1,2,3,4-tetrazoles 52 have been extensively utilized as rocket pro-

pellants, as fungicides and herbicides in agriculture and as ligands in coordination chem-

istry [79, 80]. Nasrollahzadeh and coworkers described a highly effective and simple

protocol for synthesis of 1-functionalized 1H-1,2,3,4-tetrazoles 52 from the reaction

of aromatic amines 19, 1,1,1-triethoxymethane 23, and NaN3 in the presence of

P2O5-SiO2 (silica-supported phosphorus pentoxide) as a heterogeneous catalytic system

Scheme 18 MgFe2O4 nano-catalyzed reaction of 1,3-dicarbonyl entities with salicylaldehydes.

Scheme 19 Solid phase-catalyzed Pechmann reaction of β-keto esters and phenols.
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under sonication conditions (90–120 min) in excellent yield (82%–94%) (Scheme 20)

[81]. The main merits of this procedure are easy work-up process, low cost, elimination

of harmful and dangerous hydrazoic acid, relatively short reaction times and excellent

yields. The catalytic system can be recovered through simple filtration and recycled with-

out any significant loss of efficacy.

3.10 o-Phthalimide-N-sulfonic acid-catalyzed formation of alkenyl-2,2-
butylidene-1,3-dioxane-4,6-dione derivatives
In last two decade, the synthesis of 5-alkenyl-1,3-dioxane-4,6-dione analogous 54 has

gained strong attention due to the wide range of their characteristics: these molecules

can be utilized as organic compounds with potent bioactivity and useful precursors for

a library of natural compounds [82, 83]. Additionally, it also easily reacts with conjugated

dienes in D-A cycloaddition or with Grignard reagent in conjugate addition [84]. W.

Liao and coworkers synthesized 5-alkenyl-2,2-butylidene-1,3-dioxane-4,6-dione

analogous 54 via Knoevenagel condensation of benzaldehydes 20 with 2,2-tetramethy-

lene-4,6-dioxo-1,3-dioxane 53 in the presence of catalytic amount of o-phthalimide-N-

sulfonic acid (OPNSA) under ultrasonic irradiation (15–35min) without solvent in

excellent yield (84%–93%) (Scheme 21) [84]. This protocol has some remarkable benefits

such as high yields, less catalyst dosages, and mild reaction conditions with the green

aspects by eliminating toxic solvents and catalysts. Also, the catalytic system could be

recycled after an easy workup, and utilized at least six times without important decrease

in its catalytic performance.

Scheme 20 P2O5-SiO2-catalyzed reaction of 1,1,1-triethoxymethane, aryl amines, and sodium azide.

Scheme 21 o-Phthalimide-N-sulfonic acid-catalyzed reaction of 2,2-butylidene-1,3-dioxane-4,6-dione
with benzaldehydes.
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3.11 p-Toluenesulfonic acid (PTSA)-catalyzed preparation of
β-indolylketones
β-Indolylketone derivatives 57 have gained much consideration as significant building

blocks for the formation of numerous bioactive entities and natural products [85]. Ji

and Wang described the significant catalytic potency of p-toluenesulfonic acid (PTSA)

as an inexpensive catalytic system, convenient and efficient in US-assisted Michael addi-

tion reaction of indoles 55withα,β-unsaturated carbonyl ketones 56 at room temperature

without solvent (Scheme 22), providing one of the most effective pathway to the forma-

tion of β-indolylketone analogous 57 in excellent yields (up to 94%) for 1.5–3.5h [86].

3.12 Gallium(III) triflate-catalyzed [4+2+1] formation
of 3,4-difunctionalized-1,5-benzodiazepines
Benzodiazepine derivatives 59 have a broad spectrum of organic and pharmacological

properties [87]. Several of these derivatives have been employed as anticonvulsant, anal-

gesic, antianxiety, antidepressive, and anti-inflammatory agents [88]. W. Zhang and

coworkers reported a unique [4+2+1] cycloaddition to form a new family of 3,4-

difunctionalized 1,5-benzodiazepine derivatives 59 in 82%–90% yields (Scheme 23)

[89]. To be more precise, the union of 1,2-phenylenediamines 19 and alkyl propiolates

58 in the presence of Ga(OTf )3 (gallium(III) triflate) under sonication conditions for

10–60min at 25°Cwithout any solvent afforded 3,4-difunctionalized 1,5-benzodiazepines

59. Products have a CdC bond, two NH groups and two carbonyl groups, which can be

further substituted to make complex heterocycle.

Scheme 22 PTSA-catalyzed reaction of α,β-unsaturated carbonyl ketones with indoles.

Scheme 23 Gallium(III) triflate-catalyzed reactions of alkyl propiolates with o-phenylenediamines.
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3.13 Magnesium oxide-catalyzed synthesis of
α-oxycarbanilinophosphonates
α-Substituted phosphonic acids are significant precursors for the synthesis of pharmaceu-

tical products and synthetic intermediates [90]. In particular, in the past few years, the

synthesis of α-oxycarbanilinophosphonates 62 has gained important consideration attrib-

uted to their potential bioactivities and wide employments as dinucleotide analogues or as

enzyme inhibitors having antiviral activities. Kaboudin and Fallahi disclosed a green tech-

nique for the formation of α-oxycarbanilinophosphonate frameworks 62 via reaction

between aryl aldehydes 20 and diethylphosphite 61 in the presence of MgO and subse-

quent reaction with isocyanates 60 under solvent-less conditions using sonication con-

ditions for 1–3h in moderate to excellent overall yields (56%–80%) (Scheme 24) [91].

The clean reactions with no tar formation, mild conditions and simple workup are

benefits of this technique.

3.14 Antimony(III) chloride-catalyzed synthesis of dihydropyrimidinones
The dihydropyrimidinones 65 (DHPMs) have gained great attention in the area of

medicinal and organic chemistry on account of their attractive array of therapeutic

and pharmacological characteristics [92, 93]. Kapoor and coworkers documented

solvent-less preparation of dihydropyrimidinone (DHPM) 65 derivatives, in which

the antimony(III) chloride (SbCl3; as a Lewis acid) impregnated on aluminum oxide

(Al2O3) powerfully catalyzes a three-component, one-pot condensation reaction among

an aldehydes 20, a β-ketoesters 63, and thiourea or urea 64 under ultrasound irradiation
conditions for 60–90min to furnish the respective DHPMs 65 in high yields (84%–94%)
(Scheme 25) [94]. The present catalytic system works efficiently in ultrasonic conditions,

easy to handle, easily available, and cheap.

3.15 Potassium thiocyanate/iodine-catalyzed formation of (Z)-β-iodo
vinylthiocyanate derivatives
(Z)-Iodo vinylthiocyanate derivatives 67 represent one specifically remarkable multi-

functional compound because both the vinylthiocyanate and vinyl iodo entity are

Scheme 24 Magnesium oxide-catalyzed reaction of aldehydes with diethylphosphite.
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valuable in the area of organic transformations and pharmaceutical chemistry [95, 96].

A practical and eco-friendly technique for themulticomponent ultrasound-assisted forma-

tion of various (Z)-β-iodo vinylthiocyanate derivatives 67 from commercial and cheap

alkyne analogues 66, KSCN and molecular iodine through an intermolecular hydrogen

bonding assistance approach was reported by He and coworkers (Scheme 26). This

procedure minimizes the harsh reaction conditions, use of large amount of acetic acid,

prefunctionalization of alkynes 66 and application of eco-unfriendly transition metal salts.

Using USI delivered higher yields (82%–93%) and shorter reaction times (5min) as com-

pared to classical thermodynamic conditions. The use of a catalytic amount of AcOH sig-

nificantly improved the stereo- and chemo-selectivity of the iodothiocyanation.

3.16 Monopotassium phosphate-catalyzed preparation
of α-hydroxyphosphonate derivatives
α-Hydroxyphosphonate derivatives 69 are useful precursors for the formation of syn-

thetic intermediates and medicinal compounds. Furthermore, they display antibacterial,

anticancer, and antiviral property with the quinoline core [97, 98]. C.H. Gill and

coworkers reported a novel, facile, green, and convenient procedure for the preparation

of α-hydroxyphosphonate derivatives 69 in fair to excellent yield (83%–94%) from reac-

tion of heteroaromatic/aromatic aldehydes 20 with triethylphosphite 68 in the presence

of monopotassium phosphate (KH2PO4) under ultrasonication-accelerated solvent-less

conditions at r.t. within 5–45min (Scheme 27) [99]. Application of easy purification,

Scheme 25 Antimony(III) chloride-catalyzed reaction of benzaldehydes, β-ketoester, and thiourea
or urea.

Scheme 26 Reaction of alkynes, molecular iodine, and KSCN.
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separation, and reaction conditions makes this manipulation very remarkable from an

commercial viewpoint.

3.17 Sodium hexanesulfonate-catalyzed formation
of α-aminophosphonates
In the past two decades, great concentration has been given on the construction of α-
aminophosphonate skeletons 70, for they are considered to be transition state mimics

of peptide hydrolysis and structural derivatives of the respective amino acids. In this con-

text, the services of α-aminophosphonate derivatives 70 as antibiotics, haptens of catalytic

antibodies, enzymes inhibitors, peptidemimics, and pharmacologic agents are well

reported [100, 101]. Shingare and coworkers described the employment of sodium hex-

anesulfonate for the preparation of α-aminophosphonate derivatives 70 under USI irra-

diation in the absence of solvent [102]. To be more precise, sodium hexanesulfonate was

observed to be effective and mild catalytic system for the eco-friendly construction of α-
aminophosphonate derivatives 70 by the coupling of amines 19, aldehydes 20, and

triethylphosphite 68 under USI at temperature in the range of 30–40°C for suitable time

(15–140min) to deliver the required targets 70 in high yield (83%–94%) under solvent-
less condition (Scheme 28). This catalytic system offers easy workup, greater selectivity,

and clean conversion, making this procedure economically attractive and practical.

Scheme 27 Reaction of heteroaromatic/aromatic aldehydes with triethylphosphite.

Scheme 28 Sodium hexanesulfonate-catalyzed coupling of amines with aldehydes.
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3.18 Sulfur/morpholine-catalyzed synthesis of 2-aminothiophenes
2-Aminothiophenes 73 are a significant heterocyclic frameworks of therapeutic and

medicinal interest. These moieties 73 exist in numerous relevant heterocycles, various

of which show antifungal, antiamoebic, antioxidant, anticoagulant, and antithrombotic

potencies [103]. The 2-aminothiophenes 73 are also found in some commercial pills, for

example, olanzapine, an antipsychotic medication, used for the treatment of bipolar

disorder and schizophrenia. Due to their extensive use, numerous synthetic methods

have been reported to produce these heterocyclic compounds 73 [104]. A efficient, fast,

and simple solvent-less process for the formation of tetra-subtituted 2-aminothiophene

derivatives 73 in appropriate yield (40%–78%) from reaction of ethyl cyanoacetate

72 and ketones 71 in the presence of powdered sulfur and morpholine under ultrasonic

conditions for 20–80min was developed by Junior and coworkers (Scheme 29) [105].

The combined benefits of sonochemistry, for instance short reaction times, good

yield, and mild reaction conditions, allowed progress to be made in the formation of

2-aminothiophene derivatives 73 through the Gewald reaction.

4. Conclusion

Ultrasound, a virtually innocuous and efficient means of activation in synthesis, has been

utilized for years with diverse success. The current chapter describes the recent advances

on the one-pot multicomponent synthesis of organic compounds using solvent-free

techniques coupled with USI. The union of USI with solvent-free techniques in organic

synthesis has accomplished some of the objectives of “sustainable and green chemistry”

for it has some benefits over the classical thermal approaches in terms of product selec-

tivity, purity, yield, toxicity, and reaction rate, etc. therefore, this powerful tool reduces

time, saving money, rawmaterials, and energy. Anyhow, the key advantages of the use of

US-assisted solvent-free synthesis in organic synthesis in comparison to the classical

methodologies decrease in the reaction times and an improvement in yields. Also, the

US-assisted solvent-free synthetic approach is greener as it uses methodologies in which

the volatile and toxic organic solvents are not used. However, the use of US-assisted

solvent-free synthesis in synthetic chemistry is still in the initial stage of progress and

demands more consideration. Hopefully, this chapter attracts the attention of readers

Scheme 29 Sulfur/morpholine-catalyzed reaction of ethyl cyanoacetate with ketones.
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and creates further interest to consider this precious US-assisted solvent-free method in

their future endeavors in planning schemes for the creation of valuable products. Also,

the current chapter certainly develops some influences on the ongoing growths in this

direction, since it is one of the challenging fields for today’s organic methodologists

worldwide.
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1. Introduction

1.1 Biocatalysis
Enzymes are made of naturally occurring proteins that can catalyze and regulate several

chemical processes inside and outside of the living organisms. They are highly efficient

natural biocatalysts that are being extensively favored over chemical catalysts for carrying

out numerous industrial processes. They offer distinct advantages, such as high selectivity,

specificity, and can be employed at a large-scale level. Moreover, they can carry out reac-

tions at mild experimental conditions where they do not require extreme temperature or

pressure unlike chemical catalysts, and therefore are environment-friendly and cost-

effective as well. The demand for enzyme-based technologies has been rapidly increasing

due to its advantageous properties, cheaper production cost, ability to carry out target-

specific reactions, and less or no bioproduct formation at the end of the process. It can be

an excellent candidate for industrial development while delivering sustainable processes

[1]. Enzymes are being practiced in various distinct applications in the field of textiles,

agriculture, food, paper, feed, and leather while achieving a significant reduction in

the overall cost of the process. Therefore, most of the industries, including drug, perfum-

ery, textiles, food, leather, cosmetics, and many more have adopted enzyme-assisted

processes over conventional methods [2].

1.2 Ultrasonication
Ultrasound, also known as ultrasonic waves, has frequencies higher than the upper audi-

ble limit of the human being (>20,000Hz). Although the adverse effect of ultrasound on

several microorganisms and their metabolic activities has been widely studied for decades,

the application of US to advance and regulate the activity is very recent. Hence, over the

last decade, a massive amount of research has been carried out to attain a deep understand-

ing of the application of ultrasound in several food and biotechnology processes. In earlier

research, ultrasound was employed in inactivation of enzymes since it could easily deform

the enzyme structure at higher frequencies; however, recent developments in the field
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has proven that the US does not hinder the enzyme activity, particularly, under mild

reaction conditions. Moreover, it has been demonstrated that the appropriate dosage

of ultrasound frequencies and intensities can drive enhancement in enzyme activity by

favoring conformational modifications in protein molecules while maintaining structural

integrity. Apart from the level of frequencies and intensities, other operational parameters

of ultrasound such as duty cycle of treatment also affect the overall process. Moreover,

enzyme-associated factors such as pH, temperature, and enzyme concentration can

significantly influence the catalytic activity of enzymes during the ultrasonic treatment.

Although enzymes and several other macromolecules that are fragile and are identified to

be susceptive to destruction by ultrasound, proper utilization of ultrasound possess a

massive potential for amplifying the productivity of several bioprocesses that involves

bioactive enzymes in live cells [3, 4]. Therefore, ultrasound can effectively follow the

principles of green chemistry and engineering while presenting innovative possibilities

for sustainable production of existing and new products and services.

2. Sono-biomechanics of enzymatic reactions

2.1 Biomechanics of enzymes in ultrasound
The enzyme is a protein macromolecule with a large surface area and molecular weight

estimated in terms of Daltons (Da). There are hydrophobic and hydrophilic regions on

the surface of protein macromolecule [5]. The activation or inactivation of the enzyme is

dependent on the parameters used in ultrasound treatment. Due to the effect of ultra-

sound shock waves, there are several structural changes occur in enzyme structure leading

to folding/unfolding. The mechanism insights with respect to sonochemical aspect in

enzymatic systems along with changes in the structure of the enzyme have been studied

by very few authors [6, 7]. In most of the cases, the reaction is initiated by enzymes and

further continued by the cavitation generated by the ultrasound shock waves. During the

sonication, it provides both physical and chemical effect by ultrasound including second-

ary effect, that is, cavitation. The physical effect of ultrasound is basically intense mixing

or convection in the medium due to rapid oscillatory motion of fluid elements called

microstreaming; whereas chemical effect involves the generation of high temperature

and pressure (�5000 K and 1000 atm) resulting in the generation of various oxidizing

species such as H°, OH°, 2HO°, H2O2, etc. In some cases, the cavitation is intense

enough to form phenoxy radicals that also contribute to the reduction reaction of the

organic molecules as in case of horseradish peroxidase and laccases, in the presence of

phenol molecules. These are highly energetic oxidizing species and able to degrade most

of the organic molecules by attacking them instantaneously. This mechanism is applicable

in case of enzymes with oxidation or oxidoreductase enzymes like lignin peroxidases,

laccases, manganese peroxidases, horseradish peroxidases, etc. [7, 8]. Fig. 1 depicts the

graphical representation of the effect of ultrasound on the structure of the enzyme.
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The degradation process employing ultrasound in sonochemical reaction is mainly

driven by the radical reaction. The radicals such as OH°, O°, and HO2° are generated
from the transient collapse of the cavitation bubble. These radicals are extremely ener-

getic and react instantly with organic molecules present in the solution. The enzymatic

reaction is mainly molecular-based that needs activation energy (Ea) to form E-S com-

plex, while the sono-assisted enzymatic reaction has both characteristics; radical reaction

and molecular reaction [9]. The sono-assisted enzymatic degradation at static pressure

means, at atmospheric pressure, it shows a positive synergistic effect. This is attributed

to the cavitation phenomena, which induces both physical and chemical effects in the

medium. This results in intense mixing and microturbulence in the medium due to

the oscillatory motion of fluid elements as well as the generation of highly oxidizing

species that react instantly with organic molecules.

The difference between ultrasound (shock waves of sound) and cavitation effect (gen-

eration and collapse of microbubbles) can be understood by studying the biocatalysis at

static pressure. Both of these processes produce the physical and chemical effect in the

reaction medium. The rise in ambient static pressure of the system alters the characteristic

of cavitation bubble by changing the transient and highly energetic motion into stable

oscillatory and reduces the generation of radicals as well as the microconvection in

the medium [10, 11]. Thus, just by changing the system static pressure, the effects of cav-

itation could be eliminated completely without altering the effect of ultrasound. For the

convenience of the readers, the simulation results of cavitation bubble dynamics model

using diffusion-limited model described in few papers [12] that can be applicable for

sonochemical biocatalysis.

Themechanism of deactivation of enzymes by ultrasound can be explained as follows.

After the US treatment, the unfolded enzyme molecules exposing the catalytic sites can-

not refold back due to reduction or reaction of amino acids in the presence of radical. In

some cases, there is a generation of radicals (phenoxy) during the degradation of the

Low intense

Ultrasound
irradiation

Open conformation
(highly active)

Denatured enzyme

Intense

Ultrasound
irradiation

Close conformation
(inactive)

Hydrophobic Site Active Site Hydrophilic Site

Fig. 1 Graphical representation of the effect of ultrasound on structure of enzyme.
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substrate which attaches to the reactive sites of the enzyme and blocks them acting as a

shield between the enzyme and substrate molecules. These phenoxy radicals can react

with each other shielding the active sites can be detrimental if the reaction is not revers-

ible. However, the excess generation of phenoxy radicals leads to a reduction in the inter-

action between phenoxy radicals and reactive sites of enzyme since they attract other

available free radicals toward themselves ending up not interfering with free catalytic

active sites of reactions. Also, in the presence of ultrasound, the increase in numbers

of collisions between the organic molecules (substrate) and the enzyme enhances the rate

of degradation. The intense convection and micromixing in the medium due to ultra-

sound and cavitation also helps to increase the rate of formation of E-S complex as well as

rupturing the products from the enzyme that makes the active site available for binding of

next substrate molecules to the enzyme [7] and results in enhancement of degradation in

the presence of ultrasound. It was also observed that the intermediates formed in

advanced oxidation processes combined with peroxidases or laccases (oxidative enzymes)

are less toxic compared to the original pollutant. This essentially indicates that the inter-

mediates formed under ultrasound irradiation are lesser toxic than the intermediate

formed without ultrasound that confirms the effectiveness of ultrasound on the degrada-

tion of organic compounds. It can lead the process toward complete mineralization that

can be applied in the field of bioremediation. There are few reviews available exploring

the effect of US on enzyme structure in regards to activation and deactivation of enzy-

matic activity [7]; however, a very few reports were found explaining the structural

effects with enzyme-substrate interactions in presence of acoustic cavitation [9].

2.2 Cavitational bubble dynamics
Cavitation is explained as the process of the formation, growth, and subsequent collapse

of microbubbles at near adiabatic conditions or cavities lasting only for a minimal time

(milliseconds) intervals releasing large amounts of energy into a very small volume of

liquid. This phenomenon is represented in Fig. 2. Extremely high energy densities are

obtained at localized spots, resulting in high pressures and temperatures. These cavita-

tional effects are observed at multiple locations in the sonochemical reactor. This extreme

energy density results in the formation of highly reactive free radicals as well as generation

of intense turbulence associated with liquid circulation currents. This phenomenon

results in the mechanical or physical effects as well as chemical effects in the liquid

medium. These are the several events occurring during acoustic cavitation. The cavita-

tion occurring due to acoustic conditions which are referred to as sound waves (ultra-

sound). This phenomenon is termed as acoustic cavitation.

Different combination of power and frequency results in different cavitational inten-

sities. As reported in the case of laccases, a high-power low-frequency (22kHz, 2100W)

and high-frequency low-power ultrasounds (850kHz, 400W) were required to achieve
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satisfactory results in case of the cotton bleaching process. There are two effects obtained

in this case at two different conditions (1) high-frequency ultrasound (850kHz, 400W)

have assisted laccase pretreatment and (2) high-power ultrasound (22kHz, 2100W) have

induced bleaching effect due to different cavitational intensities [5]. Combining laccases

with the US helped it to reduce the consumption of expensive chemicals, energy, and

water. These systems have proved to be promising techniques for reducing the environ-

mental impact and the cost of operations of conventional industrial processes. The use of

mediators which acts as electron transporters can further expand the range of laccase sub-

strates to other classes of chemical compounds when used in combination with US [13].

For horseradish peroxidase, the peroxide inactivation by ultrasound follows the first-

order kinetics and rate constant increases with respect to the power applied. In the

inactivation of peroxidase high-frequency ultrasound such as ultrasound frequency of

378 and 583kHz (48W) were particularly effective [9].

Some enzymes like catalase, lysozyme, and alcohol dehydrogenase have been studied

with 20-kHz ultrasound bath at varying exposure time and out of these, only catalases had

minimum effect on activity, while alcohol dehydrogenase and lysozyme both showed

inactivation at an exponential rate. The rate of enzyme inactivation for alcohol dehydro-

genase and lysozyme decreased with increasing protein concentration. The inactivation is

inhibited by the addition of 2-mercaptoethanol. It was observed that the presence of

stainless steel in the sonication vessel has accelerated enzyme inactivation. Thus, based

on the observed results, it is suggested that the mechanism of inactivation is chemical

rather than mechanical. The comparison is made between the rate of inactivation and

Bulk solution
(~300 K) Gas-liguid interface

(~2000 K)

Cavity interior
(~5000 K; ~500 atm)

Bubble formation Bubble growth Bubble reaches instability Bubble implosion

Fig. 2 Graphical representation of cavitation phenomena.
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the yield of free radicals by measuring free radical concentration using a radiochemical

dosimeter. These conditions are suggested to minimize the sonochemical effects on pro-

teins isolated from cells with an ultrasonic horn [14].

Theultrasoundhas threemajor effects such as thermal, cavitation, andmechanical.Due

to the combination of these effects, there is an increase in mass transfer in the system,

enhancement in the extrusion of media molecules or release of enzyme molecules stored

in the cell membrane (in case of cell disruption) and change inmedia density (owing to size

reduction of the substrate in case of lignocellulosic biomass), change in function, and struc-

ture of enzyme as well as the substrate. In the case of acoustic cavitation, the collapse of

cavitation bubbles producedviolent physical forces (e.g.,microjets, shear forces, and shock

waves) along with the formation of free radicals [11]. Ultrasound is considered as the

fundamental process that causes the most chemical reactions in liquids [12]. The acoustic

cavitation intensity and ultrasonic frequency are two major factors that affect the produc-

tion and intensity of liquid cavitation and influence the effect of sonochemical treatment.

At the sameUS frequency, a specific type of enzymemay get deactivated, that is, showing

inhibitory effect but at the same time, another enzymemay show enhanced activity in the

same mixture. This effect can be used in introducing selective inhibition while selective

activation of enzymes. Qu et al. [9] found an increase in the enzymolytic efficiency with

the use of continuous single-frequency ultrasound at 33kHz alongwith the increase in the

inhibitory activity of the angiotensin-converting enzyme (ACE) in wheat germ protein

hydrolysates. Ultrasound pretreatment had led to a significant change in the structure of

proteins and had improved the functionality of protein hydrolysates [15].

For physical insights into ultrasound-assisted enzymatic reactions, parameters like an

analysis ofArrhenius and thermodynamicparameters alongwith cavitationbubbledynam-

ics are reported. It reveals that the strong microconvection generated by sonication

enhances enzyme activity and influence enzymatic reaction kinetics. The cavitation dif-

fusion model has been also reported. Themodel explains that the US-induced conforma-

tional changes in the secondary structure of the enzyme. The fall in frequency factor limits

the ultrasound-induced enhancement of biocatalysis. The study has been attempted by

Moholkar et al. to obtain physical insight into US-aided enzymatic desulfurization using

horseradish peroxidase enzyme for the degradation of dibenzothiophene [12]. The analyt-

ical methods like intrinsic fluorescence and circular dichroism spectra of ultrasound-

treated enzyme decipher the conformational changes in secondary structure (reduction

in α-helix and β-conformations and increase in random coil content) leading to enhance-

ment in the activity. Along with this the radicals generated due to transient cavitation

increases the desulfurization kinetics. However, the shockwaves result in randommotion

of enzyme molecules which reduces frequency factor and limits the ultrasonic enhance-

ment of enzymatic desulfurization to a lesser extent [12]. This basic mechanism of sono-

chemical biocatalysis explained here can be similar to a larger extent for the various

chemical reaction catalyzed by enzymes such as oxidation, reduction, and hydrolysis.
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The control of enzymatic activity by the effect of US is significantly influenced by

various intrinsic and extrinsic factors in biocatalysis such as enzyme concentration, sub-

strate concentration, temperature, the pH, and composition of the medium. In some

cases of enzyme inactivation using sonication, it is unclear whether the inactivation is

solely due to the process of enzyme dissociation into subunits as observed with thermal

inactivation. For ultrasonic baths, power is often low to avoid cavitational damage to the

tank walls and the power density is reduced due to the presence of large volume or

processing liquid. A sudden change in the pressure due to high-power US results in

the formation of cavitation bubble which collapses in the subsequent cycle as shown

in Fig. 2. This results in the formation of zones having a high localized temperature

up to 5000K along with very high pressure of 50,000kPa which results in shearing effect.

The sonication treatment and the cavitation activity in a sonochemical treatment reactor

may vary for the same ultrasound intensity if the sample volume and probe or horn or

transducer location is changed. The ultrasound power or energy dissipation to a liquid

medium can be expressed in terms of ultrasound power (W), ultrasound intensity

(W/cm2) based on the surface area of irradiation, acoustic energy density (W/mL) based

on volume or cavitational intensity. Currently, volumetric acoustic energy density

(W/cm3 or W/mL) has been widely used to indicate ultrasonic power intensity. The

measurement of ultrasound amplitude is a much reliable method of indication of the

ultrasonic cavitation or ultrasound power. This cavitation intensity can be estimated

by measuring hydrogen peroxide (H2O2) formation in distilled water during sonication

by performing a catalyzed colorimetric procedure reported by Mead et al. [16]. This

method can be combined with a calorimetric study carried out during mapping of the

sonication reactor as discussed in the further section of ideal protocol for sonochemical

biocatalysis. But the determination of H2O2 generation during sonication treatment in

the enzymatic system is highly complex due to the presence of large molecules of insol-

uble substrate, including ions and other colloidal components. To date, no reliable

method to measure cavitation activity in an enzymatic system has been developed.

3. Ultrasound-assisted enzyme-catalyzed reactions

3.1 Free enzyme catalysis
The US effect on the free enzyme is more vulnerable since there are no diffusion barriers

for cavitation to reach the active site of enzyme molecule. It has been reported that ultra-

sound treatment could enhance the hydrolysis of lignocellulosic biomass [6, 8] which has

reduced the time of hydrolysis by twofold while achieving total delignification of 80%. In

both studies, free enzyme from the crude broth was used which shows that free enzyme

can sustain US waves at low frequency in the range of 24–30kHz. The temperature

control plays a very important role too. There are few more reports on the use of the

commercial free form of laccases showing enhanced degradation of ciprofloxacin and

147Sonochemical protocol for biocatalysis



diclofenac [17]. In another study, the influence of ultrasonication on enzymatic hydrolysis

of a feedstock was examined. Newspaper, a potential feedstock containing a high level of

cellulosic content that can help in the production of bioethanol was treated with ultra-

sound. The impact of experimental conditions such as temperature, enzyme and substrate

loading, power input, and duty cycle on the enzymatic hydrolysis was investigated. The

optimized conditions for conventional enzymatic hydrolysis were found to be as follows;

temperature (323K), 5% (w/v) substrate loading, and 0.14% (w/v) enzyme loading. The

reaction was incubated for 72h, and 11.569g/L of reducing sugar was yielded. On the

other hand, for ultrasound-assisted hydrolysis, optimized condition attained were as

follows; 3% (w/v) substrate loading, 0.8% (w/v) enzyme loading, power 60W, and duty

cycle (70%). The total yield of reducing sugar, 27.6g/L was obtained within 6.5h. These

results showed that the ultrasound-assisted enzymatic hydrolysis approach achieved an

approximately 2.4-fold rise in the release of reducing sugar concentration. Several other

reports are supporting these findings where the synergistic effect of the combination of

ultrasound and enzymes was witnessed that lowered the diffusion-limiting barrier to

substrate/enzyme binding and ultimately enhanced the rate of reaction [18].

3.2 Immobilized enzyme catalysis
The immobilization of enzyme can increase the thermostability of free form of the

enzyme using various immobilization strategies. A purpose of immobilization is to pro-

tect the active catalytic site of the enzyme surface. The presence of ultrasound shock

waves can severely affect the enzyme structure which may yield a low reaction rate.

The reports suggest that the type of enzyme and type of immobilization used present

varied impact of US on the overall reaction rate. Cellulase cross-linked aggregates have

shown enhanced activity in the presence of low-frequency ultrasound. Magnetic nano-

particles immobilized cellulase when subjected toUS had shown an increase in activity by

2- to 3.6-folds activity along with enhanced reaction rate [19]. At the optimized condi-

tion of ultra-sonication, that is, 24kHz frequency, 6W power and incubation of 6min,

3.6-fold increase in the activity of the immobilized catalyst over the control experiment

were observed. Further, the use of US resulted in the stability of immobilized catalyst as

evident by the results. The effect of US has shown to attain hyperactivation of the enzyme

by complete unfolding of the active catalytic site which has led to increasing substrate

accessibility resulting in enhanced hydrolysis yield. In the case of esterification reaction,

immobilized lipase found to be active and followed forward reaction while the use of US

prevented backward reaction occurring due to the presence of water. The unfolding of

the active site due to US, and the protecting action of immobilizedmatrix, have led to the

progress of reaction thus resulting in higher yield in short span of time. In this case, the

reaction of oxidation-reduction was initiated by enzyme but further continued by the

effect of radical generation due to transient cavitation.
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Ultrasound has been used to intensify some of these esterification reactions. In the

esterification reaction of synthesis of citronellol under the solvent-free condition

N435 had given conversion over 95% under the US and the enzyme was reused for

5cycle with a very slight change in activity [20]. Similarly, in the esterification of linoleic

acid and ascorbyl acid using tert-butanol, the use of US results in the increase in the yield

of ester product to 90% [21]. The Trametes versicolor stimulated by US has been immo-

bilized in alginate beads has shown improved catalysis as reported by few authors [10].

Zinc oxide nanoparticles (ZnO) of different morphologies such as nanodisc, nanoflower,

and nanorod were prepared and used for the immobilization of horseradish peroxide

(HRA) for the removal of phenol via phenol oxidation. The use of US increased the

activity of the immobilized and free catalyst to get almost 100% degradation of phenol

under the optimized condition in 20min [9].

3.3 Whole-cell biocatalysis
There are reports of enhanced enzyme production by T. versicolor by pulsed exposure of

US [10]. The physical effect of increased microconvection and enhanced porosity of cell

membrane where the enzyme is stored has led to the release of more enzymes. This

increased porosity of membrane has shown to increase substrate consumption by fungi.

In case of bacteria, as reported by Balasundaram et al. the release of enzymes takes place

from the periplasmic membrane [22] but precaution should be taken to maintain chilling

environment or 4°C while performing the sonochemical treatment. This temperature

control helps in reducing the loss of enzyme activity due to thermal degradation. The

production of the laccase from the alginates beads immobilized mycelia of T. versicolor

increased after use of US. The optimized conditions for the US treatment were estab-

lished and resulted in an increase in the production of laccase by twofold than the

untreated sample in both the flask and bubble column reactor. The use of US resulted

in an improvement in the mass transfer of nutrient, and product between the liquid

and gel media. The results were useful and can be used for the large-scale production

of laccase using sono-bioreactor [14]. Effect of US and different parameters were studied

in detail for the coproduction of uricase and alkaline protease from Bacillus licheniformis

NRRL14209 [23]. US treatment at 60W power with 40% duty cycle and 15min of

exposure to fermentation broth after 6h of growth stage resulted in the maximum yield

of 0.825 and 0.646U/mL of uricase and alkaline protease, respectively. The US treat-

ment increased the yield of uricase and alkaline protease by 1.9–3.8 and 1.2–2.2 times,

respectively [23]. In the case of the disruption operation of cells, the mechanical effect is

responsible when compared to the chemical effect of the cavitation [24]. The detailed

model has shown that each stage of transient cavitation (i.e., expansion, collapse, and

the subsequent shock wave of the bubble) may contribute to the membrane permeabi-

lization. The cell disruption by hydrodynamic cavitation and acoustic cavitation was
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found to be more selective and energy-efficient method for extraction of periplasmic

enzyme compared to the conventional method of cell disruption such as high-pressure

homogenizer, bead mill, etc. [22]. The use of hydrodynamic cavitation has been success-

fully implemented and used for cell disruption and selective release of periplasmic

enzymes. Periplasm is the location at which most of the enzymes like alcohol dehydro-

genase, proteases, are stored in a cell. The low-frequency sonication by US bath can also

bring the same effect if tuned properly. The use of low-frequency and the high-power

US resulted in strong cavitation effect that affects the physical, chemical/biochemical, or

mechanical properties of the protein. While the use of the low-power and high-

frequency US produces very moderate physical effects, this can be used for nondestruc-

tive separation and noninvasive analysis of multicomponent mixture. The high-power

US resulted in the physical as well as chemical effect in the dairy processing. The physical

effects due to cavitation, acoustic irritation, microjetting, acoustic streaming, and shock-

wave along with chemical reaction including the formation of small amount of highly

reactive radicals are used for several applications. However, for enzymatic studies the

frequency and power differ from enzyme to enzyme, enzyme molecular weight and

structure, reaction to be carried out, and type of medium used.

4. Factors affecting ultrasound-assisted enzyme-catalyzed reactions

In earlier times, apart for cell inactivation, ultrasound played an essential role in disruption

and degradation of cell, but in last few decades ultrasound has proven its competence in

the enhancement of catalytic activities of enzymes. However, it can be only achieved

under optimum biocompatible mild experimental conditions. There are several factors

involved in ultrasound treatment that directs the rate of reactions, including the intensity

of ultrasound irradiation (input power), ultrasound frequency, the concentration of sub-

strate, the concentration of enzyme, temperature of the system, the effect of polar/non-

polar solvents, and the form of the enzyme (free or immobilized).

4.1 Influence of frequency
As the name suggests, ultrasound waves are mechanical waves producing the frequency

(20,000cycles/s) above the threshold limit of human hearing (16–100kHz) that can

travel through a medium and induct formation of bubbles that eventually grows and

bursts [25]. Commercially, three major types of ultrasonic frequencies are available such

as power ultrasound (16–100kHz), diagnostic ultrasound (1–10MHz), and high-

frequency ultrasound (100kHz–1MHz) [26]. According to reports, an increase in fre-

quency may significantly diminish the cavitational effect by a negative pressure produced

by rarefaction cycle of the sound wave that might not be strong enough in its intensity

when combined with the duration. Also, at elevated frequencies compression cycle tran-

spires quicker than the time needed for the microbubble to burst [27]. Moreover, a
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further increase in frequencies makes the cavitation zone less violent and almost no cav-

itation is witnessed thereafter. Hence, power ultrasound frequency can be used to obtain

large cavitation bubbles that lead to elevated temperatures and pressures in the cavitation

zone [28]. An earlier report examined the effect of ultrasound frequency on the catalytic

activity of the cellulase enzyme. It was observed that the activity was enhanced from

6.56% to 10.45% with an increase in a range of frequency (18–16kHz). This might

be due to the positive impact of ultrasound that increased the surface area of the enzyme

that ultimately influenced the enzymatic stability resulting in a variation of the catalytic

activity. However, as the frequency further increased, a loss of cellulase activity (by

1.02%) was observed due to excessive heat generated by violent collapse of a massive

number of bubbles in reactionmedium [29]. In another study, the influence of ultrasound

frequencies on the catalytic activity of alliinase which was extracted from fresh garlic was

investigated. It was recorded that the elevating rates of frequencies (28–100kHz) at

power (0.5W/cm2) led to a positive impact on alliinase activity by 47.1% when

compared with an untreated enzyme [30]. It was witnessed that the lower frequency-

generated bubbles have prolonged expansion cycle when compared to a higher fre-

quency. Also, at a lower rate, several monolayers get evaporated into the bubble whereas

at a higher frequency rate, due to lesser expansion time, not even a single monolayer is

attained [31]. Therefore, water molecules dissipate more heat during bubble collapse and

relatively, at a higher frequency rate, not multiple water molecules form due to short-

term expansion [32].

4.2 Influence of intensity/power
Ultrasound intensity is directly influenced by the maximum power input and the oper-

ating frequency of the device [33]. As the operating frequency directly influence the

ultrasonic power, it is essential to optimize the power input required to get a positive

impact on enzyme-catalyzed reaction. Investigation of power in ultrasound treatment

is an essential factor to be optimized since it directs the overall course of the reaction.

It has been recorded by several researchers that the rate of reaction elevates with an

increase in power supply and with further increase in power can lead to a decrease in

the rate of reaction after a while [34]. A notable decrease in the rate of reaction with more

power input is possible due to the formation of compact clouds of cavitational bubbles in

the region around probe that might act as an obstacle to the transmission of energy to the

reacting species. Moreover, high power can lead to an increase in bubble formation fol-

lowed by violent implosion of a substantial number of bubbles and ultimately enhances

the rate of reaction [35]. However, prolonged exposure to US is not advised since it may

generate excessive heat in the process that can deform the enzyme structure resulting in

loss of catalytic activity. Also, more prolonged exposure can adversely affect the life of

transducers [36]. The effect of power input of ultrasound was investigated on the activity

151Sonochemical protocol for biocatalysis



of cellulase enzyme and was found to be intensified with an increase in power (up to

15W). The possible reason for the enhanced activity could be breakage of weak hydro-

gen bonds along with van der Waals’ interactions that lead to a highly active conforma-

tion of the enzyme. However, further elevation in the power supply could not enhance

the catalytic activity of cellulase [29]. Similarly, in another report, high-intensity ultra-

sound irradiations show a detrimental impact on the catalytic activity of trypsin. When

the level of intensity surpassed optimum value, the activity of the enzyme started decreas-

ing steadily with an increased intensity of ultrasonication [37].

4.3 Influence of pH and temperature
The catalytic activity of the enzyme can be determined to some extent by the microen-

vironment, where pH and temperature affect the overall rate of reaction to some extent

[36, 38]. Temperature plays a crucial role in several heterogeneous reactions where the

viscosity of the medium can get highly influenced by temperature and further directs the

diffusional rate, which ultimately controls the overall reaction. However, in the case of

ultrasonication, temperature exhibits a negative impact and must be optimized to attain a

maximum conversion. Nevertheless, the pH and temperature can show a distinct

response to the ultrasonication when examined separately. When the effect of pH and

temperature were examined for alpha-amylase using central composite design, the impact

of temperature was found to be less noticeable when ultrasonication was provided;

however, 80% drop in the activation energy was recorded when compared to the study

without ultrasound irradiation. Moreover, threefold enhancement in the catalytic activ-

ity of alpha-amylase under temperature (up to 40°C) was observed in case of an

ultrasound-assisted reaction. Also, an adverse effect on the catalytic activity of enzyme

under ultrasonic irradiation was observed due to the pH of media used [39].

4.4 Influence of duty cycle
Enzymes are thermosensitive biomolecules and can be influenced by the mode of ultra-

sound irradiation employed. Duty cycle is another crucial factor to be monitored and

optimized to attain energy-efficient reaction. A duty cycle of the process can be opti-

mized by varying theON-OFF time of exposure of ultrasound irradiation to the enzyme.

The amount of exposure of ultrasound to enzyme directs the extent of structural mod-

ification of proteins. Continuous mode is not desirable as a more eminent treatment of

irradiation can result in the generation of excessive heat that could quickly and perma-

nently denature the protein in the process [40]. It was witnessed that the lower dose of

ultrasound irradiation could help the enzyme to reach maximum activity that can be

assigned to incompetent microstreaming generated due to acoustic cavitation. However,

the dosage beyond optimized value could end up resulting in a drop in the catalytic activ-

ity of enzyme due to unfolding of the enzyme. In a previous study, the effect of duty cycle
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was investigated on the activity of β-D-glucosidase. It was observed that the activity of the
enzyme was found to be increasing with an increasing duty cycle (33.33%–40%). How-

ever, a further increase in duty cycle led to a slight drop in β-D-glucosidase activity. This
might be due to the adverse effect of the excessive heat generated by cavitation on

enzyme structure at higher duty cycles [41]. Moreover, the continuous mode of ultra-

sound irradiation can also affect the life of ultrasound transducers since the excessive heat

generated by cavitation cannot be entirely dissipated within a short period. In another

study, the lipase enzyme fromCandida antarcticawas investigated for the effect of the duty

cycle. The maximum catalytic activity was obtained at 0 s on and 5 s off (66.67% duty

cycle). Researchers mentioned the possible reason for such observation by relating it with

the appropriate influence of impulsive forces on the structure of the lipase enzyme [42].

These reports suggest that power input and irradiation duration primarily affect the over-

all efficiency of ultrasonication. It also reveals that the excessive and prolonged irradiation

of ultrasound can head toward the aggregation of enzymes, thereby, hindering the avail-

ability of active sites of protein that ultimately leads to drop in the catalytic activity of

enzymes. Therefore, the overall findings support the impact of appropriate duty cycles,

power input, and irradiation time on the stability of an enzyme and its catalytic activity.

5. Effect of reactors on enzyme-catalyzed reactions in sonication

5.1 Ultrasonic horn
The dimensions of probe or horn and distance of the tip of horn from the reactionmixture

are the most important parameter determining the progress of a reaction. The maximum

intensity of energy observed at the tip of the horn. The US horn is not uniform in most

cases. Sometimes it may lead to the evaporation of the solvent in the presence of horn. It is

only used for intense cavitation processes such as cell disruption for enzyme release from

bacterial cells or disinfection of water, as reported by Phull et al. [43]. The radially placed

horns aremuch effective than radially placed probes to achieve uniform cavitational inten-

sities all over the reactor. Most of the enzymes get degraded in the presence of US horn

due to its stronger intensity when compared to US probe. Although the setup has a major

application in cell disruption studies, not much work has been explored yet [44].

5.2 Ultrasonic bath
Most of the reports show that using an ultrasound bath enhances the activity of enzymes.

A part of the enhanced activity is due to the effect of US on the substrate. The increase in

relative enzymatic activity in some cases can reach up to 80%. US bath also affects the

thermodynamic properties of the enzyme where the energy of activation for the enzyme

to act was reduced. The scale-up of US bath design can be done with an increase in the

number of transducers placed below the US bath as explained by Gogate et al. [11, 45].
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The choice of transducer type is also very important in determining the energy consump-

tion and effectively producing transient cavitation. The arrangement of US transducer

has a significant effect on the distribution of shock waves in the sonochemical reactor.

Some US reactors have radial transducers which are also effective in case of biocatalysis

at higher scales of 10–20L.

5.3 Ultrasound-assisted packed bed reactor (PBR)
Rotating Packed Bed (RPB) reactor is another type of reactor that has been innovatively

designed by several researchers where it is equipped with an ultrasound device [46–48].
In this modified version, ultrasound probes were installed on the top of RPB reactor.

This unique arrangement can elevate the mass transfer along with enhanced micromixing

in the system. Ultrasound was found to be more sensitive to L-L micromixing over

gravity-based (G-L) mass transfer. Since US has established as an efficient means to

improve chemical reaction via acoustic cavitation, it was the first report of employing

ultrasonication in RPB reactor that enhanced micromixing and mass transfer. Moreover,

the influence of reactor-specific factors such as effective interfacial area and mass transfer

coefficient (volumetric liquid) concerning micromixing efficiency were compared with

and without US assistance and were reviewed orderly. Also, the possible enhancement in

RPB reactor concerning micromixing and mass transfer was discussed. The relative

segregation index was found to be decreasing by 13.8%, whereas relative mass transfer

(volumetric liquid-side) was found to be increasing by 5.5% along with enhancement

in the relative effective interfacial area by 3.7%. In another study, intensification of

the process was attained by RPB centrifugal force that enhanced micromixing of lipase

and substrate. An essential factor that influences mass transfer inRPB is high gravity factor

(β). Further, to understand the efficiency of the reactor, at optimal β value, three types of
oil were assessed in RPB-assisted hydrolysis system. When the hydrolysis process was

analyzed concerning different types of oils, the yields were found to be 15%–25% greater

than the yield recorded under conventional continuous stirred tank reactor (CSTR).

Also, the reaction time was found to be reduced by 30%–50% that evidently claimed

the superiority of RPB reactor over the CSTR system. Other study showed that lipase

(Candida sp. 99–125) could successfully hydrolyze the oil, heterogeneously using an RPB

system. It is to be noted that at optimal high gravity factor (β¼15), RPB exhibited supe-

rior micromixing capability for enzyme and substrate that led to an enhanced hydrolysis

yield (93.11%) in 24h. Therefore, these studies prove that RPB equipped with US can be

an efficient candidate biocatalytic hydrolysis [48].

5.4 Scale-up
The sonochemical reactor has been scaled up to 10–20L with numerous US probes or

transducers placed radially [11]. Ultrasonic probes with tuned cylindrical radial have pro-

posed several advantages over ultrasonic probes during inactivation of bacterial strains.
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The effectiveness of a radial horn and probe were compared in a study where Escherichia

coli K12 was inactivated. Further, a finite element model for radial horn and probe was

established and predicted parameters of the model were experimentally validated. Also,

visual examinations of the extent of cavitation fields generated by both types were

assessed. It was observed that radial horn was found to be advantageous over probe as

it could produce a highly focused cavitation field with widely dispersed streamers. It

was also recorded that with the same amount of power provided to the system, better

inactivation of bacterial species E. coli K12 was accomplished using a radial horn. More-

over, the radial horn can achieve higher power density that can further enhance the inac-

tivation of microbes while offering uniformly distributed cavitational fields. It can be

concluded from these studies that radial horn is comparatively effective than the probe

that extends several designing opportunities concerning an in-line flow-through mech-

anism for process application. A similar device can be used for biocatalysis at a lower

frequency while maintaining the same type of setup design. In the case of biocatalysis,

transducers can be used radially placed as explained by Gogate et al. [45].

6. Kinetics and thermodynamics of sono-enzymatic synthesis

6.1 Effect of ultrasound on kinetics parameters
In case of an enzymatic reaction, the enzyme has one or more stereospecific active sites for

binding of the substrate that involves in the reaction to get the final product [49]. Depend-

ing on the size of the molecule, functional group attached to it, stereoselectivity of the

molecule, and the size of the active site and enzymes specificity also changes [50]. The

primary step in the enzymatic reaction is the formation of a complex between the enzyme

and substrate followed by conversion to the desired product. With an increase in the sub-

strate concentration, the activity of enzymes also increases up to specific concentration but

remains constant or decreases after a further increase in the concentration of substrate [51].

The decrease in activity or no change in activity is referred as inhibition or poisoning of

the active site and it is due to the strong adsorption of the substrate or lack of vacant sites

for another reactant of lower concentration. The slow rate of reaction in comparison to

chemical catalysis is one of the major disadvantages for enzyme catalysts. Mass transfer

limitation due to the structure of enzyme and inefficient mixing of substrates are the main

two reasons that exhibit slow reaction rate [52]. The ultrasound induces the physical

effects to get micromixing and helps to improve the mass transfer by enhancing active

contact between substrate and catalyst. Ultrasound-induced changes in the structure of

an enzyme that provides sufficient exposure of the active sites to the substrate and results

in a high rate of reaction and overcomes the abovementioned problem.

For the immobilized catalyst, in the absence of the mass transfer resistance, a math-

ematical model based on initial rate data and Burk-Line weaver double inversion plot can

be used. The kinetic model plays a vital role in scale-up and designing of the reactor.
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Various research articles and book chapters have given a detailed explanation about the

development of the kinetic model for enzymatic reactions [49, 50, 53]. For a single

substrate reaction, the most-followed mechanism is based on the Michaelis-Menten

kinetic model, while for two or multisubstrate-based reactions, depending on the

sequence of the substrate-binding step, mechanism of the reaction is determined

[54]. For a two-substrate-based reaction, the mechanism can be based on random

substrate binding or ordered substrate binding. In the first case, any of two substrates

can bind to the active site, and binding of that first substrate is independent of the

second substrate. The Michaelis-Menten constant (KM) represents affinity of the

enzyme toward the substrate, and maximum rate of reaction (Vmax) are generally cal-

culated by fitting the initial rate of reaction (ν) for each substrate concentration (S) to

the Michaelis-Menten equation:

v¼ Vmax S½ �
KM + S½ � (1)

On further simplification, it can be rewritten as

1

v
¼ KM

Vmax

� 1

S
+

1

Vmax

(2)

The values forKM and Vmax can be calculated by calculating slope and intercept from

the plot of 1/ν versus 1/S. In the following sections, we have discussed the effect of ultra-
sound irradiation on the value of KM and Vmax and their possible causes.

Muley et al. [55] have studied the effect of ultrasound on KM and Vmax value of free

cutinase, cutinase immobilized on magnetic nanoparticles (Fe-NPs), and the US-treated

free cutinase and cutinase-Fe-NPs, for different concentration of p-nitrophenyl butyrate

(p-NPB). The slight decrease in KM value of free and immobilized catalyst was noticed

after ultrasound treatment indicating enhanced affinity of enzymes toward the substrate.

According to the authors, this is due to the change in the structural conformation of the

enzyme after treatment resulting in opened and better access to active sites. Further, this

also increases in Vmax value, which confirms that ultrasound treatment improves the cat-

alytic efficiency of cutinase. Similarly, Dabbour et al. [56] have studied the effect of the

dual-frequency ultrasound (DFU) treatment on enzymolysis of sunflower meal protein

(SMP) using alcalase as a catalyst. The DFU treatment results in the decrease in Michaelis

constant KM by 11.29%, indicating the increase in the affinity among substrate and

enzyme. This decrease in the KM value for DFU pretreatment was possibly due to the

modification in the conformation of SMP by a change in monovalent interactions of

the enzyme after sonication. Meng et al. [57] have studied the effect of ultrasound treat-

ment on the activity of glucoamylase and its kinetic parameters. The KM and Vmax value
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were increased under the specified reaction condition of 60°C and ultrasound at 420W

for 10min. The value of Vmax increased by 52% at 420W of ultrasound but decreased

with an increase in the power of the US (540W). Similarly, KM value was found to

be constant for 420W of ultrasound but decreased with the use of 540W. This suggests

that the low intensity of the ultrasound was beneficial for a kinetic reaction, while further

increase in intensity hampered the kinetics of the reaction. In the enzymolysis of tea res-

idue protein (TRP) using alcalase, the KM value was found to decrease by 32.7% after

ultrasound treatment over the control or traditional enzymolysis reaction [58]. The

single-frequency countercurrent ultrasound (SFCCU) pretreatment on enzymolysis also

resulted in a decrease inVmax value by 7.6% in comparison to the traditional or controlled

reaction. The use of ultrasound seems to results in the breakage of chemical bonds and

hence increases the substrate surface area for an enzyme reaction [59]. A very slight dif-

ference in Vmax of both the process indicates that the highest binding frequency was

obtained at the saturation of alcalase by the substrate. In ultrasound-assisted solvent-free

enzymatic alcoholysis for the synthesis of monoglyceryl phenolic acids, the value of KM

and Vmax was found to increase by fourfold and fivefold, respectively [60]. The lipase

(Novozyme 435) catalyzed reaction was found to have enhanced activity under the ultra-

sound treatment as compared to the traditionally stirred system [61]. In the sequential

dual-frequency ultrasound (SDFU)-assisted enzymolysis of rapeseed protein by alcalase

as a model enzyme, the values of KM was found to decrease by 17.61% in comparison

with conventional reaction [61]. The reason behind the decrease in the KM value was

explained based on the change in the enzyme conformation as described above.

In the enzymolysis of corn gluten meal (CGM) catalyzed by immobilized alcalase, the

effect of triple-frequency ultrasound (TFU) on kinetics parameters were studied, andKM

value was found to decrease by 27% in comparison to control reaction [62]. The decrease

in the KM value was explained based on conformational changes in the enzymes due to

the ultrasonic cavitation. Further, the use of ultrasound results in shock waves and the

generation of free radicals which destroys the formation of starch-protein conjugate

and thus increases the protein surface area and hence increases the chance of protein

and enzyme contacting [63]. Wang et al. [64] have studied the effect of ultrasound on

the hydrolysis of starch using glucoamylase and calculated the kinetics parameters.

The Vmax value was found to be increased by 25.87% while the value of KM decreased

by 45% with the use of the ultrasound. The improved mass transfer and the change in the

conformation change resulting in the better affinity were the main reason for the seen

changes in parameters. Effect of ultrasound on activities of pectinase (PE), xylanase,

and cellulase was measured in terms of KM and Vmax [65]. In the case of pectinase, ultra-

sound decreased theKM by 20%, proposing a better enzyme-substrate affinity whileVmax

value was found to be constant. For xylanase (XLN), the KM value was the same for the

ultrasound and mechanical stirring (MS), but the Vmax value increased due to sonication.

While the Vmax value for cellulase (CE) was also increased by 37.5%. The increase in the
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Vmax indicates the enhancement of the reaction. In the case of PE, sonication caused

structural changes and thus increased the activity, whereas in the case of CE and

XLN, ultrasound affected the substrate chains and thus increases the activity by providing

easy access to the active sites. Jin et al. [66] have studied the effect of the use of multi-

frequency power ultrasound (MPU) on the enzymolysis of CGM, and the kinetics

parameters were also calculated. The results indicated that use of MPU resulted in the

decrease in the KM value by 26.1% in comparison to the conventional method and this

was possibly due to the increased affinity between substrate an enzyme stimulated by the

ultrasound. The same kind of effect was observed in the cellulase catalyzed carboxy-

methyl cellulose hydrolysis under ultrasound irradiation [67]. Under the power intensity

of 17.33W/cm2 for the hydrolysis reaction, theKM value was decreased by 17%, and the

Vmax value was increased by 34% in compassion to the untreated sample. The use of ultra-

sound resulted in the conformational changes in the cellulase structure and thus increased

the overall affinity of the substrate. Souza et al. [39] have found a significant effect of ultra-

sound on the kinetic parameters calculated at two different temperature for amylase.

Under the use of ultrasound, Vmax value increased with increase in temperature whereas

KM value remained constant. Further in the absence of the ultrasound, KM value

decreased significantly by 65% at a higher temperature while Vmax increased up to

190% with temperature. Suliiman et al. [68] also investigated the effect of ultrasound

treatment on the kinetic parameters of cellulase. They found the enhanced catalytic activ-

ity of cellulase and increase in the Vmax value and slight decrease in KM value. However,

the affinity of the enzyme was improved as compared to the control experiment, which is

due to structural change in the enzyme. The effect of ultrasound on kinetic parameters

associated with glucose oxidase was explored with respect to time [69]. The increase in

the irradiation time has a negative effect as the turnover number of enzyme and Vmax

value decreases with increase in time up to 60min. Also, it resulted in a stepwise decrease

of approximately 50% in theKM values as compared to the fresh enzyme. For a short time

irradiation, Vmax increased with time, which was possibly due to a physicochemical

change in the enzyme. Further increase in the irradiation time resulted in a significant

difference in structure and hence resulted in a decrease in the activity [69].

From the above discussion, the ultrasound enhanced activity of the enzyme in most of

the cases, and it is reflected in terms of the decrease in the constant KM value and some-

times increase in the Vmax value. The change in this value can be explained based on the

following points: (1) Use of ultrasound results in cavitation, and this results in a shear

force, intense pressure, and temperature, which changes the enzymatic kinetic parame-

ters that give higher affinity to the substrate, which results in an enhanced rate of forma-

tion of product and hence, the KM value decreases while Vmax increases. (2) Use of

ultrasound results in the additional turbulence and results in the enhanced mass transfer

phenomena and thus, the reaction rate increases [70] and it results in the decrease in the

KM value with increased Vmax [70].
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6.2 Effect of ultrasound on thermodynamic parameters
Effect of ultrasound on the activation energy (Ea) and other thermodynamic parameters

such as enthalpy (ΔH), entropy (ΔS), and Gibbs free energy (ΔG) are analyzed to under-

stand the microscopic effect of ultrasound irradiation on the enzyme. The activation

energy is the minimum amount of energy required to initiate the reaction to form the

product and for most of the reaction, it ranges from 40 to 400kJ/mol [71]. The reaction

progresses very rapidly if activation energy is lower than 40kJ/mol. Enthalpy (ΔH) refers

to the total heat content of the system, if the change in enthalpy is positive, the reaction is

endothermic in nature, and a lower enthalpy means it requires less energy. In the enzy-

matic reaction, ΔH depends on the capacity of formation and disruption of the chemical

bond and structure of enzyme used [72]. In the enzymatic reaction, ΔG refers to the

energy difference between the complex of substrate binding with the enzyme at the

ground state and the complex of substrate binding with the enzyme at activated state

[73]. The low value of ΔG indicates that substrate conversion to the product was more

feasible [74]. Entropy (ΔS) of the system represents the degree of disorder between tran-

sition state and ground state of reaction, and it is related to a number of a molecule with

sufficient energy to react [75]. Also, with an increase in temperature, the activity of enzy-

matic complexes enhances. The increase in temperature results in more energy supply,

which helps to overcome the minimum activation energy and results in high collision

frequency, thus helps to get a high initial rate of reaction. It is well observed that with

an increase in temperature, the enzymatic activity increases up to certain temperature

and after that further increase in temperature results in a decrease in activity due to inac-

tivation of enzymes. Several literature and papers have been published to cover the gen-

eral method of calculation of these parameters and are described herein short.

For calculation of activation energy for any catalyst, the rate constant (k) at different

temperature was calculated and used to make a linear plot of k of rate constant per second

against the temperature, according to Arrhenius equation:

k¼Ae�
Ea

RT (3)

Enthalpy (ΔH) can be calculated using the activation energy as per Eq. (4),

ΔH ¼Ea�RT (4)

Gibbs free energy (ΔG) can be calculated using Eq. (5) and using the above-calculated

value ΔS can be calculated using Eq. (6).

k¼ kBT

h
exp

�ΔG
RT

� �
(5)

where T is the absolute temperature (K), h is Planck constant (6.6256�10�34 J/s) and

kBis Boltzman constant (1.38�10�23 J/K).
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ΔG¼ΔH�TΔS (6)

Similarly, thermodynamic parameters, ΔG, ΔS, and ΔH can be calculated using the

Eyring’s transition state theory from a plot of lnk/T against 1/T (Eq. 7).

Combining Eqs. (5) and (6) we have

k¼ kBT

h
exp

�ΔG
RT

� �
¼ kBT

h
exp �ΔH

RT
+
ΔS
R

� �

ln
k

T

� �
¼�ΔH

RT
+ ln

kB

h

� �
+
ΔS
R

(7)

Dabbour et al. [56] have calculated the activation energy for enzymolysis of SMP

using alcalase enzyme and was found to be 31.49 and 23.89kJ/mol for control and

the ultrasound treated the reaction, respectively. The decrease in Ea value shows that

the ultrasound-treated reaction requires less energy and results in the faster reaction

between enzyme and substrate. Further, the effect of DFU treatment on other thermo-

dynamic parameters was also studied. TheΔH andΔS value decreased 26.13% and 9.10%

of controlled reaction values, respectively. Further, the positive ΔH value indicates that

the reaction is endothermic. The decrease in ΔS value confirms the improved affinity

among the substrate and enzyme, which can be due to the enhancement in binding affin-

ity among substrate and enzyme due to the more orderly distribution of enzyme and sub-

strate after ultrasound treatment in the reaction. TheΔG value increased with an increase

in temperature for both US-treated and control reaction. However, in the case of the

ultrasound-treated reaction, the increase rate in ΔG was higher in comparison with

the control reaction. The thermodynamic properties such as Ea, ΔH, ΔS in the enzymo-

lysis of TRPwas found to be decreasing by 8.5%, 9.0%, and 8%, respectively, with the use

of ultrasound while ΔG was increased in comparison to the traditional enzymolysis [58].

As a result of sonication and thermal effect, the protein structure of the enzyme was mod-

ified that helped to drive the reaction faster and thus Ea and ΔH value were decreased.

The activation energy of the zein hydrolysis reaction using an angiotensin-converting

enzyme (ACE) was calculated for control reaction and compared with the Ea value of

sweeping frequency ultrasound (SFU)-treated enzyme [76]. The Ea value for SFU pre-

treated and traditional hydrolysis reaction was calculated to be 39.06 and 48.55kJ/mol,

respectively. The lower Ea value confirms the ultrasound treatment affects the catalytic

rates. Further, the value of ΔH for SFU-treated reaction decreased by 20.63% when

compared to traditional reaction, indicating that ultrasound treatment favored the forma-

tion of the substrate enzyme complex and a transition state. The value of ΔS also

decreased by 6.16% with SFU treatment indicating the reduced disorder after treatment.

The decrease in the above two parameters also resulted in a decrease in the value of ΔG
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by 7.02%. The change in all these parameters is mainly due to a change in the structure of

the substrate. The effect of ultrasound pretreatment on whey protein enzymolysis was

studied, and results were compared with the control reaction [77]. The activation energy,

enthalpy, and entropy of whey protein enzymolysis were found to be decreasing by

15.9%, 16.8%, and 16.4% respectively. However, the Gibbs energy was almost constant.

This change was mainly due to increases in the surface-free sulfhydryl content and an

increase in surface hydrophobicity caused by the US-induced unfolding of whey protein.

Gawas et al. [78] have studied the effect of ultrasound treatment on the thermodynamics

property of solvent-free synthesis of ethyl laurate from ethanol and lauric acid using

fermase as a catalyst. The Ea values for the reaction was found to be 20.95 and

�23.92kJ/mol for conventional and ultrasound-assisted reaction, respectively. The neg-

ative value of activation energy indicates that the reaction is spontaneous. The values of

ΔH andΔSwere also found in negative as compared to the conventional reaction system.

This further confirms the spontaneous nature of the esterification reaction under ultra-

sound treatment. In the rapeseed protein enzymolysis catalyzed by alcalase, the thermo-

dynamic parameters such as, ΔH, ΔS, and Ea were reduced after SDFU treatment as

compared to the conventional method by 31.78%, 18.0%, and 29.56%, respectively

[61] while, the SDFU had minimal effect on ΔG value of the reaction [61].

A decrease in the Ea after SDFU treatment indicates the decrease in the energy barrier

for the reaction and thus reaction processes at a faster rate with a low amount of energy.

The altered protein structure of the enzyme and the enhanced affinity between enzyme

and substrate due to the SDFU treatment were the main factors for change in theΔH and

ΔS value. Thermodynamic parameters such as Ea, ΔH, and ΔS were found to be

decreased by 17.1%, 15.2%, and 24.1%, respectively, in TFU-assisted enzymolysis reac-

tion of corn gluten meal. The positive change caused by the ultrasound in the protein

conformation, secondary structure, and microscopic structure has resulted in a decrease

in these thermodynamic parameters [62]. Similar kind of change in thermodynamic

parameters was also seen in the hydrolysis of the starch by glucoamylase [64]. TheEa value

was decreased by 12.5%, which resulted in a low-energy barrier and thus, the reaction

could progress at a higher rate and lower temperature. The values of other parameters

like ΔH and ΔS were also decreased; however, the ΔG value had no significant change.

The activation energy value for PE was almost same for the ultrasound and mechan-

ical stirring (MS) system while for CE and XLN, Ea value was high in comparison to the

MS system even though the activity was improved under the ultrasound as discussed

above [65]. The activation energy was calculated based on rate constant obtained for

the particular enzyme used in the reaction and even though the Ea value were high

but the difference in the activity of CE and XLN were also high under the ultrasound,

which indicates that the activity of CE and XLNwere more affected by ultrasound bath’s

temperature. The value of Gibbs free energy (ΔG) was almost equal for PE and XLN and

lower for CE under the ultrasound in comparison to MS. Further, the ΔH value for PE
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was decreased by 5.7% which indicates that conformational change in the PE structure

and thus giving high activity. Whereas for CE and XLN, the high difference in the activ-

ity of theses catalyst under the ultrasound in comparison with MS by an increase in tem-

perature shows no change in ΔH for ultrasound and MS. The activation energy for the

ultrasound-assisted hydrolysis of waste cooking oil (WCO) using immobilized lipase

(Novozyme 435) under solvent-free condition were calculated under the optimized con-

dition and compared with the conventional method [79]. In comparison to the conven-

tional stirring method, use of ultrasound resulted in a decrease in the Ea value of reaction.

The combination of ultrasound and continuous stirring have further resulted in a decrease

in the Ea value to get �20.79kJ/mol. The negative value suggests the enhanced mass

transfer and decreased energy barrier that resulted in the high reaction rate under ultra-

sound treatment. In the enzymolysis of CGM by alcalase, the thermodynamic parameters

such as Ea, ΔH, and ΔS were decreased by 23%, 24.3%, and 25.3%, respectively, under

the treatment of ultrasound [66]. Sudhedar et al. [67] have found the similar kind of effect

on the thermodynamic properties of cellulase catalyzed hydrolysis of carboxymethyl cel-

lulose. The values of different parameters such as Ea, ΔS, ΔH, and ΔG were found to be

reduced by 64.7%, 37.3%, 68%, and 1.3%, respectively, in comparison to the nontreated

samples. In the enzymolysis of defatted wheat germ protein catalyzed by alcalase, ther-

modynamic parameters were calculated and compared with the conventional method

[80]. The values for different parameters like Ea, ΔS, ΔH, and ΔG were decreased by

68.6%, 1.4%, 74%, and 34.3%, respectively. This exponential decrease in the thermody-

namic parameters was mainly due to the conformational changes in the enzyme structure

caused by the breakage of hydrogen bonds and aggregation of the protein [80]. The sim-

ilar type of decrease in the thermodynamic parameters for the different enzymatic reac-

tion was also seen for lipase, alcalase, and α-amylase catalyzed reaction under the

ultrasound [71, 81–83].
The decrease in activation energy of reaction after ultrasound treatment refers that the

enzymatic reaction can occur very easily due to the lower energy barrier to catalyze the

reaction. In general, ultrasound treatment of enzyme results in the change in enzyme

conformation, and hence the enzyme activity enhances, which results in a decrease in

ΔG value [84, 85]. Also, the value of enthalpy (ΔH) decrease after ultrasound treatment

and is possibly due to the modification in the structure of the enzyme (sometimes referred

to as conformational changes) caused by the breakdown of noncovalent bonds. As

explained by Ma et al. [86], the oxidative modification of amino acid residues and the

initiation of cross-linking and aggregation also results in improved enzyme activity.

The enhanced activity of enzyme also leads to an increase in the spontaneity of reaction

as indicated by the higher (�ΔS) values for some enzymatic treatment at the atmospheric

process [86]. Further, the use of ultrasound results in the microturbulence and acoustic

waves due to sonication that increases static pressure and hydrodynamic stresses that

help to the breakdown of weak linkages like hydrogen, vander Waal’s bond and

electrostatics, etc.
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The use of ultrasound results in the enhancement in the activity of the enzymatic

reaction, and it is represented or reflected by the change in the kinetic parameters such

as Km and Vmax along with a change in thermodynamic parameters. These changes are

generally compared with conventional methods to see the effect of the ultrasound.

Table 1 provides a summary of the effect of the ultrasound on the different parameters

when compared to the conventional method.

Table 1 Effect of US treatment on the kinetic and thermodynamic parameter in comparison to the
conventional process.

Enzyme Application
Type of US device/optimum
condition

Effect on kinetic
and
thermodynamic
parameters Ref.

Fe-NPs

immobilized

cutinase

Hydrolysis of

p-nitrophenyl

butyrate

Ultrasonic bath sonicator,

24kHz,7.63W

KM and Vmax

value increase for

the free as well as

immobilized

enzymes

[55]

Alcalase Enzymolysis of

sunflower meal

protein

Dual-frequency ultrasound,

20/40kHz, 220W/L power

KM, Ea, ΔH, ΔS,
were decrease by

11.29%, 24.13%,

26.13%, and

9.10% with slight

increase in the ΔG

[56]

Glucoamylase Hydrolysis of

starch

The ultrasonic reactor,

40kHz,420W power

KM and Vmax

value increased

after US treatment

while Ea, ΔH, and

ΔG decreased

with a slight

increase in ΔS

[57]

Alcalase Enzymolysis of

tea residue

protein

Single-frequency

countercurrent ultrasound,

20kHz, 377W/L power

KM, Vmax, Ea,

ΔH, and ΔS value

decreases by

32.7%, 7.6%,

8.5%, 9.0%, and

8%, respectively,

while ΔG
increased slightly

under the US

[58]

Lipase Alcoholysis for

the synthesis of

monoglyceral

phenolic acids

Microtip probe, 20kHz, 250W

power

Fourfold and

fivefold increase in

the KM and Vmax

[60]

Continued

163Sonochemical protocol for biocatalysis



Table 1 Effect of US treatment on the kinetic and thermodynamic parameter in comparison to the
conventional process—cont’d

Enzyme Application
Type of US device/optimum
condition

Effect on kinetic
and
thermodynamic
parameters Ref.

Alcalase Enzymolysis of

rapeseed protein

Sequential dual-frequency

ultrasound, 150W/L,

201–40kHz

KM value

decreased by

17.61%. Ea, ΔH,

and ΔS values

decrease by

29.56%, 31.78%,

and 18%,

respectively, with

negligible effect

on ΔG

[61]

Immobilized

alcalase

Enzymolysis of

corn gluten

meal

Triple-frequency ultrasound,

20/28/40kHz, 150W/L

KM value

decreased by 27%

along with a

decrease in Ea,

ΔH, and ΔS
values by 17.1%,

15.2%, and 24.1%,

respectively, with

no significant

effect on ΔG

[62]

Glucoamylase Starch

hydrolysis

ultrasonic horn, 22kHz,

7.20W/mL

Increase in Vmax

value by 25.87%

while KM, Ea,

ΔH, and ΔS
values decrease

with no significant

effect on ΔG

[64]

Pectinase Hydrolysis of

Pectin

Ultrasonic bath

(300�240�150mm), 40kHz,

220W

KM and ΔH value

decreased with no

significant change

in Vmax, Ea, and

ΔG

[65]

Xylanase Hydrolysis of

xylan

Ultrasonic bath

(300�240�150mm), 40kHz,

220W

Vmax, Ea value

increased with no

significant change

in KM, ΔG, and

ΔH values

[65]
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Table 1 Effect of US treatment on the kinetic and thermodynamic parameter in comparison to the
conventional process—cont’d

Enzyme Application
Type of US device/optimum
condition

Effect on kinetic
and
thermodynamic
parameters Ref.

Cellulase Hydrolysis of

cellulose

Ultrasonic bath

(300�240�150mm), 40kHz,

220W

Vmax, Ea value

increased with no

significant change

in KM and ΔH
values. ΔG value

decreased in

comparison to

conventional

stirring

[65]

Alcalase Enzymolysis of

corn gluten

meal

Multifrequency power

ultrasound using sweeping

frequency and pulsed ultrasound

bath (362mm�294mm�
502mm), 28/68kHz, 80W/L

KM value

decreased by

26.1%. Ea, ΔH,

and ΔS values

decreased by 23%,

24.3%, 25.35%

with a slight

change in ΔG
value

[66]

Cellulase Carboxymethyl

cellulose

hydrolysis

Cylindrical horn (probe

sonicator), 20kHz,

17.33W/cm2

Vmax value

increased by 34%

while KM, Ea,

ΔH, ΔS, and ΔG
were reduced by

17%, 64%, 68%,

37.3%, and 1.3%

respectively

[67]

Amylase Hydrolysis of

starch

Ultrasonic bath, 40kHz, 132W Under the US,

Vmax value

increased with

increase in

temperature

whereas KM value

remained constant

[39]

Cellulase Hydrolysis of

cellulose and

carboxymethyl

cellulose

Ultrasonic horn-type reactor

(d¼12.7mm), 20kHz,

11.8W/cm2, duty cycle 10%

Enhancement in

Vmax by 85%

while KM reduced

to 47% of control

reaction

[68]

Glucose

oxidase

Oxidation of

glucose

Ultrasonic horn-type reactor

(d¼9.5mm), 23kHz

KM value reduced

by 50% while,

Vmax increase for a

short time of

irradiation

[69]

Continued
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Table 1 Effect of US treatment on the kinetic and thermodynamic parameter in comparison to the
conventional process—cont’d

Enzyme Application
Type of US device/optimum
condition

Effect on kinetic
and
thermodynamic
parameters Ref.

Alcalase Casein

hydrolysis

Ultrasonic horn-type reactor

(d¼2cm), 20kHz, 80W

Ea, ΔH, ΔS, and
ΔG were reduced

by 70.0%, 75.8%,

34.0%, and 1.3%,

respectively

[71]

Alcalase Hydrolysis of

zein

Sweeping frequency ultrasonic

bath reactor

(362mm�294mm�502mm),

40kHz, 600W

Values of Ea, ΔH,

ΔS, and ΔG
decreased by

19.54%, 20.63%,

6.16%, and 7.02%,

respectively,

under the US

[76]

Alcalase Hydrolysis of

whey protein

Ultrasonic horn-type reactor

(d¼1.5cm), 20kHz, 300W

Values of Ea, ΔH,

and ΔS decreases

by 15.9%, 16.8%,

16.4%

respectively, with

no significant

change in ΔG
under the US

[77]

Immobilized

lipase fermase

Synthesis of

ethyl laurate

Ultrasonic bath

(300�150�150mm), 25kHz,

100W, 50% duty

Negative Ea value

along with a

decrease in the

ΔH and ΔS value.

No significant

change in ΔG
after US treatment

[78]

Immobilized

lipase

Hydrolysis of

waste cooking

oil

Ultrasonic bath reactor

(300�150�150mm), 22kHz,

100W, duty cycle 50%

Values of Ea, ΔH,

and ΔS were

negative with no

significant change

in ΔG after US

treatment

[79]

Alcalase Defatted wheat

germ protein

enzymolysis

Ultrasonic horn-type reactor

(d¼2cm), 20kHz, 600W

Ea, ΔS, ΔH, and

ΔG were

decreased by

68.6%, 1.4%, 74%,

and 34.3%,

respectively

[80]

166 Green sustainable process for chemical and environmental engineering and science



7. An ideal sonochemical protocol for biocatalysis

Considering several factors affecting the overall efficiency of ultrasound-assisted bioca-

talysis, an ideal protocol for a desired reaction can be developed. However, a thorough

understanding of these parameters followed by implementation in the process is vital.

Nevertheless, to attain an ideal protocol for specific ultrasound-treated biocatalysis,

the following factors should be considered.

7.1 Selection of reactor vessel
The glass test tubes or reactors made up of glass of uniform thickness are preferred so that

energy dissipated is uniform and reaches throughout the reactionmedium.Usually, stainless

steel or metal reactor is avoided since there are reports of enzyme inactivation due to high

mechanical impact. Moreover, corrosion or pitting in ultrasound bath on the surface of

reactors can occur. Shape geometry of US reactor plays a very important role since energy

dissipated depends on the surface thickness of the reactor used. Beaker or test tube can also

be used with wall with uniform thickness for carrying out sonochemical biocatalysis. For

small volumes of reactions, in case of test tubes, a stirrer is not required but for larger vol-

umes, a stirrer can be used for uniform distribution of content and ultrasound waves. Also,

stirrers provide reproducible results if the cavitation intensity is uniformly maintained.

Table 1 Effect of US treatment on the kinetic and thermodynamic parameter in comparison to the
conventional process—cont’d

Enzyme Application
Type of US device/optimum
condition

Effect on kinetic
and
thermodynamic
parameters Ref.

Immobilized

lipase

Hydrolysis of

p-nitrophenyl

acetate

Ultrasonic horn-type reactor

(d¼3.5cm), 22kHz,

15.48W/cm2, duty cycle

66.67%

Thermodynamics

properties

lowered due to

US treatment

[81]

Alcalase Hydrolysis of

porcine cerebral

protein

Ultrasonic horn-type reactor

(d¼2.0cm), 20kHz, 80W

Values of Ea, ΔH,

and ΔS decreases

by 76%, 82%, and

31%, respectively,

with no significant

change in ΔG
under the US

[82]

α-Amylase Hydrolysis of

starch

Ultrasonic bath, 40kHz, 100W Ea value decreased

by 60% under US

[83]

Amylo-

glucosidase

Hydrolysis of

starch

Ultrasonic bath, 40kHz, 100W,

duty cycle (50%)

Ea value decreased

by 40% under US

[83]
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7.2 The medium
Distilled water is being used as a medium in ultrasound treatment that avoids interactions

of ions resulting in generation of heat to obtain reproducible results. The ultrasound bath

is preferably filled with distilled water to avoid corrosion and interactions of ions to min-

imize the effect on the temperature of bath. Most of the enzymatic reactions are carried

out in an aqueous medium; however, in some cases such as lipase-catalyzed reaction, it

may be carried out in an oily medium or organic solvent. In such cases, calorimetric stud-

ies for control solvent should be preestimated. The mapping study can also be carried out

in advance with the solvent or liquid medium to be used.

7.3 Mapping
The first step in sonochemical biocatalysis is to map the ultrasound bath or probe. The

ultrasound bath has to be characterized for acoustic power dissipation using calorimetric

measurement [87, 88]. The location of the reactor has a major influence on reaction

progress due to difference in cavitational intensity in different zones of US reactors.

The major hurdle in implementation or scale-up of sonoreactors is to obtain uniform

cavitation intensity. The distance of the bottom of the vessel from the transducer is also

important and should be varied and studied in details during mapping.

7.4 Bath type
In the case of US bath, the enzymatic studies can sustain until 37kHz. The operational

range of Frequency can be considered from 20 to 37kHz. Researchers have used 25kHz

in studies of laccases and amylase [87]. However, the range of frequency for ultrasound

probe sonicator will differ from the bath.

7.5 Placement of reactor
Location of placement of enzyme solution in a sonicator bath is also one of the important

governing factors that influence the overall efficiency of the process. The location of

transducers also affects the cavitational intensity or energy dissipation (energy dispersed

throughout the reaction mixture). In the case of US bath, the location of the transducer

and the number of transducers affects the cavitational intensity. So, in such cases mapping

of the US bath plays an important role. The fixed reactor or test tube containing a known

quantity of enzyme solution is placed at different locations in a US bath [87, 88]. More-

over, the position and shape of the vessel has a significant impact on extraction yield the

same is the case of enzymatic reactions to be carried out in US bath. Several other studies

[87] showed that distance of 2.54cm above the bottom of the bath, 7cm diameter of flat

bottom vessel, 6.35-cm liquid height, 122-W input power and 25kHz frequency showed

maximum extraction yield.
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7.6 Enzyme form
The enzyme used should be soluble in its optimum buffer and temperature (at room tem-

perature). Ultrasound waves can be uniformly distributed thus affecting uniform effect on

enzyme and substrate molecules. Most of the free enzymes are soluble in the aqueous

phase which is influenced significantly by US.

7.7 Temperature control
The temperature in US bath should be able to control using thermocouples, where at

required temperature circulating cooling water through a coil immersed in the ultra-

sound bath can be provided. Alternatively, a stirrer can be introduced in US bath as

shown in Fig. 3. The location of transducers in the diagram is also the most widely used

design. There are designs available for US bath acting as both US bath and functions as

water bath with variable frequency and power Input. In the case of usage of test tubes,

there should be a provision of the stirrer in the ultrasound bath outside the test tubes to

circulate water to achieve uniform temperature.

7.8 Monitoring enzyme activity concerning time
The basic stability study of control enzyme has to be carried out without substrate at opti-

mum pH and temperature conditions. The timely samples should be removed and

checked for the presence of enzyme activity at different frequency and power. The time

duration till which a particular concentration of enzyme can sustain US should be studied

in detail.

5

2

1

3
6

4

Fig. 3 Schematic representation of ultrasound bath with experimental setup used in sonochemical
biocatalysis studies (recommended design) ((1) water, (2) overhead stirrer, (3) ultrasound bath, (4)
transducers, (5) reaction mixture, and (6) ultrasound controller).
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8. Conclusion and future prospects

Ultrasound has been used in various industries for the enhancement in productivity via

process intensification. Apart from process intensification, ultrasound also offers several

other advantages over conventional methods such as the reduction in waste generation,

comparatively safer operation, low-energy requirement, and material usage. However,

the excessive usage of ultrasound may hinder the overall efficiency of the process, and

there is an urgent need to define the specific protocols to get the maximum out of this

advanced technique. Several kinds of work have been published and discussed in recent

past and have been discussed here to understand the effect of various experimental param-

eters to attain the optimum utilization of ultrasonication. Moreover, it was observed that

appropriate ultrasonication with agitation resulted in an intense enhancement in the cat-

alytic activity of the enzyme where it helped sound waves to distribute uniformly. The

other parameters, such as duty cycle and operating temperature also affect the overall con-

version of the reactant. One of the critical parameters is US power that drastically affects

the enzyme structure and may result in enhanced activity, but if provided above the

threshold level, might decrease with time. Therefore, it is essential to define the power,

time, duty cycle, operating temperature, and degree of agitation to get the ideal protocol

for the optimized use of ultrasound. Further, the kinetics and thermodynamics studies

have shown that for the particular condition or the defined protocol of the ultrasonica-

tion, the enzyme can be stable and more active than the conventional method. For the

kinetics parameters, decrease in the values of KM and an increase in the value of Vmax

reflect the enhancement in the activity of the enzymes. While in the term of thermody-

namic parameters, decrease in the activation energy (Ea), enthalpy (ΔH), entropy (ΔS)
indicates the stability of the active catalyst. However, the primary problemwith the ultra-

sound has been its scale-up to attain large-scale production as the construction of the big

ultrasound bath or horn is not economically feasible until we tackle the problems related

with higher noise and energy dissipation. Also, a successful implementation of ultrasound

on the industrial scale majorly has the gap between the data from lab scale to pilot plant

and followed by lack of usual relations between the obtained data for the final commission

of plant. Detailed and rigorous research is needed to get these data along with the opti-

mization of the design of the process. Also, studies have to be more focused toward

obtaining the data and establish effective relationships between the parameters at the

lab and industrial scale. To conclude, the use of the ultrasound is beneficial for most

of the reactions of biocatalysis and only fruitful if the usage is based on the optimized

protocol. The several parameters which constitute an ideal protocol are needed to be

studied in detail to get the optimized ultrasound parameters, based on that a protocol

for a desired reaction and condition can be defined.
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CHAPTER 7

Sonochemical protocol for coupling
reactions
Pubanita Bhuyan, Amar Jyoti Bhuyan, Lakhinath Saikia
Department of Chemistry, Rajiv Gandhi University, Arunachal Pradesh, India

1 Introduction and background

With the advent of “green chemistry” to promote sustainable chemical reactions, the

quest for environmentally clean technology and alternative energy sources became a

research field of interest to many researchers, as a result of which ultrasonic irradiation

along with ball milling and microwave irradiation were evolved as techniques that could

add value to the conventional laboratory setup [1]. Although initial reports on the phys-

ical, biological [2], and chemical effects [3] of ultrasoundwere published long way back in

1927 [4], there was only modest activity in this field in the next 50years [5]. Chemists

started getting interest in this field only after Fry et al. published their work of reducing

α,α0-dibromo ketones using ultrasonically dispersed mercury in protic solvents in 1978

[6], which is signified by a fair number of reports published in the following years [7–14].
The term “sonochemistry” slowly made its entry into chemical literature to describe

chemical events induced by ultrasound and the first symposium fully devoted to sono-

chemistry was staged by the Royal Society of Chemistry Annual Congress held at

Warwick University, UK during 8–11 April 1986 [15]. The field has thereafter been

continuously enriched by many contributors across the globe and numerous review arti-

cles have been found published till date describing the evolvement of the field [1, 15–24].
Although these reviews summarize the overall progress of the application of ultrasound in

chemical synthesis, however, to the best of our knowledge, not a single such report is

available in the literature that concentrate solely on sonochemical protocol for coupling

reactions.

Coupling reactions have always been of immense importance in organic chemistry as

they constitute an unassailable tool for joining two fragments of the same, similar, or dif-

ferent substrates in organic synthesis. Although in recent years, scientific studies have

been found to be more focused on metal catalyzed name coupling reactions, viz., Suzuki

cross-coupling, Kumada cross-coupling, Sonogashira cross-coupling, Negishi cross-

coupling, Stille cross-coupling, Buchwald-Hartwig cross-coupling, etc., the term
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“coupling reactions” does not restrict to these only and signifies a much broader area. In a

wider perspective, any organic reaction that leads to new CdC and/or CdX (X is ele-

ments other than C, for example, O, N, Si, etc.) bond formation falls under the coverage

of organic coupling reactions. The simplest example includes Aldol-condensation reac-

tion in which two carbonyl compounds join via a newCdC bond formation under alka-

line condition. One of the classical electrophilic aromatic substitution reactions, the

diazo-coupling was so named as there occurs coupling of diazonium compound with

an electron-rich aromatic system via a new CdN bond formation. Many classical name

reactions viz. the Grignard reaction, Barbier reaction, Refortmatsky reaction, etc., which

have been discussed under the heading of nucelophilic addition reaction to carbonyl

groups in textbooks are varied types of coupling reactions. So, there remains only a

few types of organic reactions, viz., oxidation, reduction, elimination, etc. which do

not come under the coverage of coupling reactions. As a result, it becomes quite chal-

lenging and a huge task to prepare a comprehensive review on “sonochemical prot-

ocol for coupling reactions” and is beyond the scope of a single chapter in a book.

This chapter encompasses the sonochemical methodologies developed for organic cou-

pling reactions carried out in the presence of metal species only. The metal species may

sometimes be used in stoichiometric amounts, while many times are used in catalytic

amounts. A few other chapters of this book have been dealing with the sonochemical

protocol for coupling reactions which are carried out in absence of metal species under

different headings.

2 Sonochemical coupling reactions

Literature reports suggest that Luche et al. reported the first sonochemical coupling reac-

tion in 1980 by carrying out reductive coupling of organic halides (mainly bromides)

with carbonyl compounds in the presence of Li wire or Li-2% Na sand (4equiv.) [8].

They performed the reaction using an ultrasound laboratory cleaner (60W, 50kHZ)

and made a particular note that the Barbier reaction could be done in wet technical grade

THF under their setup within 10–40min. Plenty of reports have been published after-

wards demonstrating the application of ultrasonic irradiation in varied classes of coupling

reactions, which will be discussed in the following section. However, two research works

by Boudjouk et al. are worth mentioning here as those cannot be placed under any of the

subheadings below. These two reports describe ultrasound-promoted SidSi coupling

reactions of chlorosilanes [10] and dimesityldichlorosilanes [12] in the presence of Li wire

in the THF to yield disilanes with SidSi single and SidSi double bond, respectively (see

Scheme 1).
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2.1 Sonochemical protocol in CdC coupling reactions
2.1.1 Reductive coupling to carbonyl (>C]O) functionality under ultrasonic
irradiation
As mentioned earlier, the first report of sonochemical coupling reaction demonstrated

modified Barbier reaction between organic halides and carbonyl compounds in the pres-

ence of Li species [8]. Ultrasonic irradiation afforded the preparation of organolithium

species in situ, which readily reacted with the carbonyl compound in a subsequent step.

Although typical reactions of organolithium species demand dry solvents under an inert

atmosphere, they were successful to get products in high yield using technical grade THF

under ambient reaction conditions (see Table 1). Authors accounted such high efficiency

of their reaction protocol either to the alterations occurred at the metal surface during

sonication or its ability to keep the metal surface free from derived species (organo-

lithium, lithium halide, or hydroxide) so that it remains highly activated during the entire

course of the reaction. Subsequent to this, they performed a study to understand the

mechanism of the effect of ultrasonic irradiation on reaction rate and yield of the sono-

chemical Barbier reaction by carrying out reactions between benzaldehyde, n-heptyl

bromide, and Li-wire in dry THF [25]. They examined the metal surface using electron

microscopy at different time intervals and made a remark that acoustic waves formed

during ultrasonication has important activation role through the cavitation phenomenon.

As the key step in Barbier reaction has been the single electron transfer (SET), they

mentioned that the ultrasonic waves have direct effect on the SET. Lee et al. extended

the scope of Barbier-type coupling reactions for the synthesis of homopropargyl alcohols

Scheme 1 Ultrasound-induced coupling of chlorosilanes in the presence of Li. Credit: P. Boudjouk, B.H.
Han, Organic sonochemistry. Ultrasound promoted coupling of chlorosilanes in the presence of lithium
wire, Tetrahedron Lett. 22 (1981) 3813 and P. Boudjouk, B.-H. Han, K.R. Anderson, Sonochemical and
electrochemical synthesis of tetramesityldisilane, J. Am. Chem. Soc. 104 (1982) 4992.

179Sonochemical protocol for coupling reactions



under ultrasonic irradiation starting from 3-bromo-1-propyne and carbonyl compounds

in the presence of Zn (5equiv.) and 1,2-diiodoethane (1equiv.) in THF (Scheme 2).

Table 1 Modified Barbier reaction under ultrasonic irradiation.a

Entry R-X
Carbonyl
compound Product

Reaction
time (min) Yieldb

1 Me-I 10 100

2 n-C3H7Br C6H5-CHO 10 100

3 n-C3H7Br 15 100

4 n-C4H9Br (n-C4H9)2C]O (n-C4H9)CdOH 15 100

5 30 80

6 n-C4H9Br 15 100

7 n-C4H9Br 15 84

8 t-C4H9Br 30 76

9 C6H5Br 30 100

10 C6H5CH2Br C6H5dCOCH3 10 95

11 C6H5Br C6H5dCOCH3 30 92

12 CH2]
CHdCH2Br

15 76

13 C6H5dCHO 40 96

14 CH3dCH]
CHdBr

C5H11dCHO C5H11dCHOHdCH]
CHdCH3

40 95

aReaction condition: A flask containing a 0.1-M ethereal solution of an alkyl or aryl halide in the presence of Li wire or
Li-2% Na sand (4equiv.) was irradiated in the water bath of an ultrasound laboratory cleaner (60W, 50kHz).
bThe yields were calculated with respect to the initial carbonyl compound from VPC measurements.
Credit: J.-L. Luche, J.-C. Damiano, Ultasounds in organic syntheses. 1. Effect on the formation of lithium organometallic
reagents, J. Am. Chem. Soc. 102 (1980) 7926.
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They synthesized 15 numbers of homopropargyl alcohols from both aldehydes and

ketones; however, ketones generated low contamination of allenyl alcohols [26].

In 1982, Boudjouk et al. reported the advantages of carrying out the Reformatsky

reaction under ultrasonic irradiation over conventional procedures (see Table 2) [13].

While high yield and short reaction time were the main features of their work, the

methodology also enabled to eliminate the need of preparing Zn powder by reduction

of a Zn-salt using metallic K in refluxing THF under argon atmosphere [27] as well as the

use of trimethyl borate [28].

Sala€un et al. developed a sonochemical protocol for intramolecular acyloin coupling

of 1,4-, 1,5-, and 1,6-carboxylic esters to 4-, 5-, and 6-membered ring products in the

presence of cholorotrimethylsilane in THF-containing metallic Na at 0°C to ambient

temperature [29]. Typical condition demands highly dispersed sodium for the reaction

Table 2 Comparison of yields and reaction times for Reformatsky reaction.

Entry RR0C]O

Yield, %; reaction time for RR0C(OH)CH2CO2Et

Sonically
accelerated

Activatedzinc
powdera

(MeO)3B-THF
solventb

1 R¼C3H7;

R0 ¼H

90; 5minc 97; 1h 90; 5h

94; 2.5 hd

2 R¼C7H15;

R0 ¼H

100; 5minc 78; 1h

100; 2.5hd

3 R¼C6H5;

R0 ¼H

98; 5minc 98; 1h 95; 12h

98; 5 d

4 Cyclopentanone 98; 30minc 97; 1h 87; 5h

97; 3hd

aReaction condition: RR0CO(0.058mol), BrCH2CO2Et (0.060mol), Activated Zn powder (0.065mol), diethylether
(40mL), �5°C, positive nitrogen pressure.
bReaction conditions: RR0CO (100mmol), BrCH2CO2Et (100mmol), (MeO)3B (25mL), THF (25mL) Znmetal (6.4g,
100mg-atoms), 25°C, static nitrogen pressure.
cReaction condition: RR0CO (1mol), BrCH2CO2Et (1.2mol), Zn(1.8mol), KI (0.20mol) dioxane, 25–30°C,
ultrasonication (150W, 50/60Hz).
dReaction conditions: RR0CO (1M), BrCH2CO2Et (1.2M), Zn (3.0M), KI (0.84M), 25–30°C, ultrasonication (150W,
50/60Hz).
Credit: B.-H. Han, P. Boudjouk, Organic sonochemistry. Sonic acceleration of the Reformatsky reaction, J. Org. Chem.
47 (1982) 5031.

Scheme 2 Synthesis of homopropargyl alcohols via sonochemical Barbier-type reaction. Credit: A.S.-Y.
Lee, S.F. Chu, Y.T. Chang, S.H. Wang, Synthesis of homopropargyl alcohols via sonochemical Barbier-type
reaction, Tetrahedron Lett. 45 (2004) 1551.
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to happen which was significantly simplified and improved by this sonochemical version

as Na could be used in small cubic pieces (5-mm edge) and refluxing toluene was

excluded as solvent, yet delivering the products in a yield comparable to conventional

procedures (Table 3).

Luche et al., the pioneer research group of sonochemical coupling reactions also

worked on pinacol reductive coupling reaction under ultrasonic irradiation [30]. They

developed a reductive cross-coupling protocol for α,β-unsaturated carbonyl compounds

to acetone in the presence of ZndCu metallic couple in a 4:1 (v:v) acetone-water mix-

ture, which resulted the coupling product with unprecedented ease (Scheme 3). ZndCu

couple was prepared in situ from Zn dust and CuCl2 dihydrate under sonication and the

addition of enone was done after the formation of the metal couple and the sonication

was continued for 90 more minutes. No self-condensation products of the carbonyl

Table 3 Comparison of yields of acyloin-coupling reaction.

Entry Esters Products

Yields (%) under
ultrasonic condition
(time)a

Yields (%) under
conventional condition
(Source)

1 82 (2h) 78–81
(K. Ruhlmann et al.

Chem. Ber. 1967, 3820)

2 80 (2h 30min) 78

(J. Salaun et al.

Tetrahedron 1989, 45,

3151)

3 85 (1h 45min) 93

(K. Ruhlmann,

Synthesis 1971, 4, 256)

4 83 (1h 45min) 89

(K. Ruhlmann,

Synthesis 1971, 4, 256)

aReaction conditions: Ester (30mmol), ClSiMe3 (180mmol), Na (1.2equiv.), THF (40mL), 0–5°C, ultrasonication
(60kHz, 80–160W).
Credit: A. Fadal, J.-L. Canet, J. Sala€un, Ultrasound-promoted acyloin condensation and cyclization of carboxylic esters,
Synlett 2 (1990) 89.

Scheme 3 Sonochemical cross-coupling between enones and acetones. Credit: P. Delair, J.-L. Luche,
A New Sonochemical carbonyl cross-coupling reaction, J. Chem. Soc. Chem. Commun. 20 (1989) 398.
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compounds were observed while no reaction occurred at the conjugate position of the

enone (Eqs. 1 and 2, Scheme 4). The absence of 2,3-dimethyl-butane-2,3-diol, the self-

condensation product of acetone (Eq. 2), ensured that the final product was not formed

via free radical coupling of the two ketyl radicals (Eq. 3, Scheme 4). These observations

led them to suggest that SET occurs only at the more easily reducible carbonyl group, that

is, at enone, but not at acetone. However, they did not disclose any reason of not detect-

ing the self-condensation product of the enone. They proposed a mechanism in which

the radical anion of enone either reacts with acetone to give an unstable radical that

undergoes rapid stabilization by a second SET or it first undergoes reduction to generate

a dianion followed by reaction with acetone (Eq. 4, Scheme 4). They could not acquire

enough evidence to conclusively comment on the preferred route between these two.

Scheme 4 Mechanistic study and the plausible mechanism for Scheme 3. Credit: P. Delair, J.-L. Luche,
A new sonochemical carbonyl cross-coupling reaction, J. Chem. Soc. Chem. Commun. 20 (1989) 398.
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T.-s. Li et al. too contributed to sonochemical pinacol coupling by carrying out coupling

of aromatic aldehydes with ketones using Mg in aqueous NH4Cl at room

temperature [31].

2.1.2 Sonochemical CdC coupling in the presence of Li species
The first report on sonochemical direct CdC coupling was published in 1981 by Boud-

jouk et al. [11], a research group who had been focusing on sonochemical SidSi cou-

pling reaction during that period [10, 12]. They carried out coupling of various organic

halides in the presence of Li-wire under sonication (see Table 4) and commented that

little or no reaction occurred in absence of sonic waves. Reactions with entry no. 1–6
of Table 4 are examples of Li-promotedWurtz-Fittig reaction, while reactions with entry

nos. 7 and 9 are Li promoted Wurtz reactions. Impressed by this work, Lash et al.

designed two undergraduate laboratory experiments [32], one for the synthesis of

n-octane by Wurtz reaction and another for biphenyl synthesis by Wurtz-Fittig reaction

in the presence of Li-wire under sonication simply by adding more conventional workup

procedures to the original methodology (Scheme 5). Osborne et al. attempted to extend

the methodology for coupling of heteroaryl bromides [33]. While 3-bromopyridine, as

expected, resulted 3,30-bipyridine albeit in low yield (the main reaction was debromina-

tion of 3-bromopyridine); 2-bromopyridine produced three isomeric bipyridines: 2,20-
bipyridine (65%), 4,40-bipyridine (30%), and 2,40-bipyridine (5%). The formation of

three isomeric dimers was in contrast to the basic concept of Wurtz-type reaction where

the new bond normally forms at positions previously occupied by halogen atoms and thus

Table 4 Ultrasound-induced coupling of organic halides with Li-wire.

Entry RdX Producta Time (h) Yield (%)

1 C6H5Cl C6H5dC6H5 12 70

2 C6H5Br C6H5dC6H5 10 70

3 C6H5I C6H5dC6H5 12 73

4 p-CH3C6H4Br (p-CH3C6H4)2 10 52

5 p-CH3C6H4I (p-CH3C6H4)2 10 42

6 m-CH3C6H4Br (m-CH3C6H4)2 10 36

7 C6H5CH2Cl C6H5CH2CH2C6H5 40 60b

8 C6H5COCl 17 73

9 CH3CH2CH2Cl CH3(CH2)6CH2 17 72

aReaction condition: RdX (0.02mol), Li wire 1/400 �1/800 (1equiv.), dry THF (5mL), ultrasonication (117V, 150W,
50/60Hz).
bYield from NMR. All others are isolated yield.
Credit: B.H. Han, P. Boudjouk, Organic sonochemistry. Ultrasound-promoted coupling of organic halides in the
presence of lithium wire, Tetrahedron Lett. 22 (1981) 2758.
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implied that the mechanism was not that of the Wurtz-type coupling. They investigated

more examples of heteroaryl halides in their subsequent report and proposed a mecha-

nistic pathway for the unusual formation of 4,40-bipyridine from 2-bromopyridine [34].

Price et al. too worked on sonochemical Wurtz-type coupling reactions to acquire more

information on their mechanism, however, ended with the demonstration of involve-

ment of radical intermediates only in the reaction [35]. The same group later worked

on sonochemical Wurtz coupling of alkyl bromides and reported that the coupling is

regiospecific and takes place at C-atoms attached to the halogen atom in the starting

organic bromide (Scheme 6) [36]. So, the reaction led to single isomer formation which

was in contrast to earlier observations with aryl halides. They accounted it to their low

stability in comparison to their aryl counterpart due to which alkyl radicals undergo cou-

pling rapidly to result the dimer prior to the formation of any secondary radical. They

extended the methodology to dibrominated alkyls, which produced low molecular

weight oligomers and also cited examples of alkyl-aryl coupling under similar conditions.

2.1.3 Sonochemical CdC coupling in the presence of Pd species
Most of the modern day coupling reactions involve Pd catalysis: Heck reaction, Sono-

gashira coupling, Stille coupling, and Suzuki coupling are to name a few. Development

Scheme 6 Li-promoted regiospecific sonochemical Wurtz coupling of 2-bromopentane. Credit: D.
Vandenburg, G.J. Price, Ultrasound promoted Wurtz coupling of alkyl bromides and dibromides,
Ultrason. Sonochem. 19 (2012) 7.

Scheme 5 Li-promoted sonochemical procedure for n-octane and biphenyl. Credit: T.D. Lash, D. Berry,
Promotion of organic reactions by ultrasound: Coupling of alkyl and aryl halides in the presence of lithium
metal and ultrasound, J. Chem. Edu. 62 (1985) 85.
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of ultrasonic protocols for these important coupling reactions have been attempted by

various research groups at different point of times and so a plethora of reports have been

found published in journals of repute. The following subsections will deal with sono-

chemical CdC coupling in the presence of Pd species under different headings.

Sonochemical Heck coupling
The first report on ultrasound-promoted Heck reaction was published by Srinivasan et al.

(2001) [37], in which iodobenzene and substituted iodobenzene were described to react

with alkenes/phenylacetylene in various ionic liquids at ambient temperature (30°C)
with considerably enhanced reaction rates (Table 5). A divalent Pd-complex was formed

in situ which was evident from NMR and MS studies (Fig. 1). They postulated that the

Pd-complex underwent in situ reduction to zero-valent Pd species in the subsequent

step, which was accelerated by electron transfer reactions under sonochemical condition

Table 5 Heck reaction of iodobenzenes with activated alkenes/alkyne under sonication in
[bbim]+ Br2/[bbim]+ BF4.

a

No. Aryl halide Olefin/alkyne Time/h Product
% Yieldb

(isolated)

1 Methyl acrylate 2.0 Methyl cinnamate 81

Ethyl acrylate 1.5 Ethyl cinnamate 87

Styrene 1.5 Stilbene 82

Phenylacetylene 2.0 Diphenylacetylene 78

2 Methyl acrylate 3.0 4-Methoxymethyl

cinnamate

82

Ethyl acrylate 3.0 4-Methoxyethyl

cinnamate

79

Styrene 3.0 4-Methoxystilbene 80

Phenylacetylene 2.0 4-Methoxyphenyl)

phenyl acetylene

77

3 Methyl acrylate 1.5 4-Chloromethyl

cinnamate

79

Ethyl acrylate 1.5 4-Chloroethyl

cinnamate

77

Styrene 1.5 4-Chlorostilbene 73

Phenylacetylene 2.0 4-(Chlorophenyl)

phenyl acetylene

78

aReaction conditions: Iodoarene (2 mmol), alkene/alykyne (2.1 mmol), sodium acetate (0.2 g), Pd(OAc)2 (0.02 mmol),
ionic liquid (1.5 mL), Ar atmosphere, ultrasonication (50 kHz).
bYields are based on iodobenzenes.
Credit: R.R. Deshmukh, R. Rajagopal, K. V. Srinivasan, Ultrasound promoted CdC bond formation: heck reaction at
ambient conditions in room temperature ionic liquids, Chem. Commun. 1 (2001) 1545.
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by cavitation phenomenon. They accounted it to the enhanced reaction rate of their

methodology. They carried out in situ TEM analysis to investigate the formation of

Pd nanoparticles and reported Pd-cluster formation during the process. Very recently,

Naeimi et al. developed NiFe2O4@TASDA-Pd(0) as a highly active and reusable

catalyst for Heck coupling reaction in DMF under ultrasonic irradiation [38]. They

carried out comparative studies of the product yield and time requirement of the reac-

tions under thermal as well ultrasonic condition, and observed a comparable high yield in

significantly low reaction time in the later (see Table 6).

Fig. 1 Divalent Pd-complex formed during Heck reaction of iodobenzenes with activated alkenes/
alkyne under sonication in [bbim]+ Br2/[bbim]+ BF4. Credit: R.R. Deshmukh, R. Rajagopal, K.V.
Srinivasan, Ultrasound promoted CdC bond formation: Heck reaction at ambient conditions in room
temperature ionic liquids, Chem. Commun. 1 (2001) 1545.

Table 6 Mizoroki-Heck cross-coupling of aryl halides and styrene in the presence of
NiFe2O4@TASDA-Pd(0).a

Entry Aryl halide Product

Thermal
conditionsb

Time (h)/
yieldd (%)

Ultrasonic
conditionsc

Time (min)/
yieldd (%)

1 4/96 8/99

2 5.5/87 10/95

3 6/90 12/96

Continued
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Table 6 Mizoroki-Heck cross-coupling of aryl halides and styrene in the presence of
NiFe2O4@TASDA-Pd(0)—cont’d

Entry Aryl halide Product

Thermal
conditions
Time (h)/yield
(%)

Ultrasonic
conditions
Time (min)/
yield (%)

4 5/81 9/94

5 7/87 14/95

6 3/78 6/92

7 8/72 14/92

8 7/91 13/94

9 6/94 12/98

10 2.5/95 5/98

11 7/80 15/93
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Table 6 Mizoroki-Heck cross-coupling of aryl halides and styrene in the presence of
NiFe2O4@TASDA-Pd(0)—cont’d

Entry Aryl halide Product

Thermal
conditions
Time (h)/yield
(%)

Ultrasonic
conditions
Time (min)/
yield (%)

12 7/90 14/93

13 7/85 12/93

14 10/66 25/65

15 9/83 16/87

16 11/65 30/63

17 8/80 13/90

18 12/51 35/58

aReaction conditions: Aryl halide (1 mmol), styrene (1.2 mmol, for entry 12, 2.2 mmol), amount of catalyst (0.02 g) and
NEt3 (2 mmol) in DMF.
bAt 130°C.
cApplied power: 45W.
dIsolated yield.
Credit: H. Naeimi, F. Kiani, Magnetically thiamine palladium complex nanocomposites as an effective recyclable catalyst
for facile sonochemical cross coupling reaction, Appl. Organomet. Chem. 33 (2019) 9–10.
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Sonochemical Suzuki coupling
The first report on ultrasound-promoted Suzuki cross-coupling was published by Srini-

vasan et al. [39], the same research group who first reported sonochemical Heck coupling

reaction too [37]. As a continuation to their studies on sonochemistry in ionic liquids,

they extended their reaction protocol for Heck reaction with a slight modification to

Suzuki cross-coupling reaction of halobenzene and phenylboronic acid at ambient

temperature (30°C) in [bbim][BF4] using MeOH as a cosolvent (see Table 7). From

Table 7, it is very clear that the methodology was successful to carry out coupling of

phenylboronic acid with various halobenzenes including chlorobenzenes, which are

normally less or nonreactive. Like their earlier work, they proposed the formation of

a divalent Pd-complex as a precursor to the active catalyst, the zero valent Pd species.

Cravatto et al. reported Suzuki homocoupling of arylboronic acids under high-

intensity ultrasound in neat water using Pd/C as recyclable heterogeneous catalyst system

in the absence of added ligands [40]. They demonstrated successful homocoupling of

19 numbers of different aryl and heteroaryl boronic acids under their reaction condition.

In 2008,Wu et al. developed themethodology for Suzuki cross-coupling reaction in water

using cyclopalladated ferrocenylimine catalyst systems (Fig. 2) [41]. They carried out the

reactions under both conventional heating and ultrasonic irradiation and the results are

summarized in Table 8. Table 8 clearly reflects the advantage of carrying out the reactions

under ultrasonic irradiation both in terms of reaction time and resultant yields.

Table 7 Suzuki cross-coupling reaction of halobenzenes with phenylboronic acid in
[bbim]+[BF4]

�/MeOH under ultrasonic irradiation.a

No. Substrate Time/min Yield of biaryls (%)

1 Iodobenzene 20 92b

2 4-Methoxyiodobenzene 20 93c

3 4-Chloroiodobenzene 30 85b

4 4-Nitroiodobenzene 30 82c

5 Bromobenzene 45 82b

6 4-Methoxybromobenzene 10 85c

7 4-Nitrobromobenzene 20 90c

8 Chlorobenzene 60 42b

9 4-Nitrochlorobenzene 30 65c

10 4-Chlorotoluene 60 52b

11 2,4-Dinitrochlorobenzene 90 42c

aReaction condition: Aryl halide (0.5 mmol), phenylboronic acid (0.5 mmol), [bbim][BF4] (0.5 g), Pd(OAc)2 (0.001 g),
NaOAc (0.045 g) [NaOMe (0.035 g) for chlorobenzenes], MeOH (1 mL), Ar atmosphere, ultrasonication (50 kHz).
bBased on GC analysis with external standards.
cIsolated yields by column chromatography.
Credit: R. Rajagopal, D. V. Jarikote, K. V. Srinivasan, Ultrasound promoted Suzuki cross-coupling reactions in ionic
liquid at ambient conditions, Chem. Commun. 6, 616, 20,002.
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Sonochemical Sonogashira coupling
An early report of sonochemical Sonogashira coupling has been found published by Sri-

nivasan et al. (2005) in which they demonstrated copper and ligand-free coupling of a

variety of aryl halides (both bromides and iodides) with terminal acetylenic compounds

Fig. 2 Cyclopalladated ferrocenylimine catalyst systems employed by Wu et al. Credit: J. Zhang, F.
Yang, G. Ren, T.C.W. Mak, M. Song, Y. Wu, Ultrasonic irradiation accelerated cyclopalladated
ferrocenylimines catalyzed Suzuki reaction in neat water, Ultrason. Sonochem. 15 (2008) 117.

Table 8 Ultrasonic irradiation and conventionally heated Suzuki coupling of aryl halides with
phenylboronic acid in water.

Entrya Aryl halides

Ultrasonic irradiation with
heating (70°C) Conventional heating (100°C)

Reaction
time (h)

Catalyst
loading
(mol% Pd) Yields

Reaction
time (h)

Catalyst
loading
(mol% Pd) Yields

1b PhI 1 0.5 94c 5 0.5 100c

2b PhI 0.5 1 93c 3 1 100c

3b 4-CH3OC6H4I 1 1 86c 20 1 83c

4b PhBr 3 0.5 73c 6 0.5 100c

5b 4-CH3OC6H4Br 1.5 1 75c 20 1 95c

6b 4-CH3OCC6H4Br 2.5 1 96c 4 1 94c

7b 2-CH3C6H4Br 3 1 83c 10 1 88c

8b 4-CH3OC6H4Cl 8 1 Trace 40 1 13d

9b 3-NO2C6H4Cl 8 1 <5d 18 1 24d

10b 4-NO2C6H4Cl 8 1 30c 24 1 57c

11e 4-NO2C6H4Cl 8 1 80c 24 1 86c

12e 4-CH3OCC6H4Cl 8 1 75c 24 1 82c

13e 2,4-N2O4C6H3Cl 7 1 96c 10 1 96c

14e 2,4-N2O4C6H3Cl 7 0.1 94c 10 0.1 91c

aReaction stoichiometry: PhX (2.0mmol), PhB(OH)2 (3.0mmol), K3PO4 (4.0mmol), H2O 13mL, catalyst, TBAB for
conventional heating (2.0mmol).
bCat. 1 was used and TBAB as emulsifying agent for conventional heating.
cIsolated yields based on ArX.
dAverage results of two runs determined by GC based on ArX.
eCat. 2 and TBAB as emulsifying agent were used.
Credit: J. Zhang, F. Yang, G. Ren, T.C.W. Mak, M. Song, Y. Wu, Ultrasonic irradiation accelerated cyclopalladated
ferrocenylimines catalyzed Suzuki reaction in neat water, Ultrason. Sonochem. 15 (2008) 117.
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in acetone as well as room-temperature ionic liquid 1,3-di-n-butylimidazolium tetra-

fluoroborate ([bbim]BF4) [42]. They ascertained the role of ultrasound in generating

the active catalyst (Pd(0) nanoparticles) as well as promotion and enhancement of cata-

lytic activity of the species in the reaction. In the subsequent year, they developed a sono-

chemical methodology for 2-substituted indoles via tandem Sonogashira coupling

5-endo-dig cyclisation as shown in Scheme 7 [43]. They carried out the reactions under

both silent condition and ultrasonic irradiation and observed product formations in the

same range; however, the time requirement of the reactions was hugely reduced by

ultrasonic irradiation (Table 9). They were successful to synthesize 18 numbers of

2-arylindole derivatives using their reaction protocol at ambient temperature (30°C)
in CH3CN as solvent in the absence of ligand, copper, and amine bases. They later

extended their methodology for the synthesis of benzo[b]furans/nitro benzo[b]furans

starting from iodophenols and terminal alkynes under identical condition (Scheme 8)

[44]. In situ formation of Pd(0) nanoparticles was confirmed by TEM analysis while

the role of ultrasonication in promoting the reaction was substantiated by control

experiments.

Scheme 7 Synthesis of 2-substituted benzo[b]furan under ultrasonic irradiation Credit: S.S. Palimkar, P.
Harish Kumar, R.J. Lahoti, K. V. Srinivasan, Ligand-, copper-, and amine-free one-pot synthesis of
2-substituted indoles via Sonogashira coupling 5-endo-dig cyclization, Tetrahedron 62 (2006) 5111.

Table 9 Yield comparison at different times for Scheme 7 (R1 ¼CH3, R2 ¼Ts, R3 ¼Ph).

Stirring at room temperature
Time (h) 5 12 18 24 30 36
Yield (%)a 39 48 58 64 71 71

Ultrasonic irradiation Time (h) 3 3 45 6

Yield (%)a 58 65 74 74

aIsolated yields.
Credit: S.S. Palimkar, P. Harish Kumar, R.J. Lahoti, K. V. Srinivasan, Ligand-, copper-, and amine-free one-pot synthesis
of 2-substituted indoles via Sonogashira coupling 5-endo-dig cyclization, Tetrahedron. 62 (2006) 5110.
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Recently, Safaei-Ghomi et al. reported sonochemical synthesis of five numbers of

arylethynyl linked triarylamines from iodophenyl diaryl amines and substituted phenyl

acetylenes via Sonogashira cross-coupling using Pd(PPh3)2Cl2 as catalyst and CuI

nanoparticle as cocatalyst in solvent-free condition (Scheme 9) [45]. They carried out

the synthesis under both silent condition and ultrasonic irradiation and found the later

significantly advantageous than the former which is evident from Table 10. Better

efficiency of the methodology under ultrasonic irradiation was attributed to better

adsorption on the catalyst surface as well as higher mass transport of organic compounds

among the liquid phase and the catalyst surface. Authors assumed that dispersed CuI

nanoparticles in the solution afforded additional nucleation sites for cavity formation over

its surface during sonication which facilitated the reaction.

Scheme 8 Synthesis of 2-substituted benzo[b]furan under ultrasonic irradiation. Credit: S.S.
Palimkar, V.S. More, K.V. Srinivasan, Ultrasound promoted copper-, ligand- and amine-free synthesis of
benzo[b]furans/nitro benzo[b]furans via Sonogashira coupling-5-endo-dig-cyclization, Ultrason.
Sonochem. 15 (2008) 855.

Scheme 9 Synthesis of arylethynyl linked triarylamines by Sonogashira coupling. Credit: J. Safaei-
Ghomi, Z. Akbarzadeh, Sonochemically synthesis of arylethynyl linked triarylamines catalyzed by CuI
nanoparticles: a rapid and green procedure for Sonogashira coupling, Ultrason. Sonochem. 22 (2015) 368.
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Sonochemical Stille coupling
Concept of using ultrasonic irradiation in Stille coupling is not too old, the first report

being published by Domini et al. in 2012 only [46]. They demonstrated synthesis of

unsymmetrically substituted biphenyls via a sonochemical variation of the Stille coupling

(Scheme 10) and the results were compared with the conventional silent reaction

(Table 11). They concluded that sonication significantly enhances the usefulness of

the methodology by resulting products in higher yield within a shorter time period. They

carried out comparison of the reactivity of trimethyl versus tributylstannanes with bro-

mobenzene and observed that the former reacts more effectively than the later. In the

following year, they reported synthesis of benzophenones by Stille cross-coupling reac-

tions of aryl stannanes with aroyl chlorides under identical condition (Scheme 11) [47].

Here too, they made comparison of their methodology under thermal as well as ultra-

sonic irradiation and found that ultrasonic irradiation results in significant improvement

in product yield as well as reaction time (Table 12).

Table 10 Synthesis of arylethynyl linked triarylamines via Scheme 9 under thermal heating (method A)
and sonication (method B).

Entry R1 R2

Method Aa Method Bb

Time (min) Yield (%)c Time (min) Yieldb(%)c

1 H H 360 47 30 75

2 4-Br H 400 39 45 65

3 4-OCH3 H 300 51 30 79

4 H 4-OCH3 300 58 30 88

5 H 4-COOH 360 49 45 76

aReaction condition: iodo phenyl diarylamine (1mmol), arylacetylne (1mmol), Pd(PPh3)2Cl2 (2.5mol%), CuI
nanoparticle (2.5mol%) and Et3N (5mL), stirring at 50°C.
bReaction condition: iodo phenyl diarylamine (1mmol), arylacetylne (1mmol), Pd(PPh3)2Cl2 (2.5mol%), CuI
nanoparticle (2.5mol%) and Et3N (5mL), sonication (20kHz, 50W).
cIsolated yields.
Credit: J. Safaei-Ghomi, Z. Akbarzadeh, Sonochemically synthesis of arylethynyl linked triarylamines catalyzed by CuI
nanoparticles: a rapid and green procedure for Sonogashira coupling, Ultrason. Sonochem. 22 (2015) 369.

Scheme 10 Cross-coupling reactions of aryl stannanes and bromobenzene. Credit: C.E. Domini, G.F.
Silbestri, B. Fernández Band, A.B. Chopa, Ultrasound-assisted synthesis of unsymmetrical biaryls by Stille
cross-coupling reactions, Ultrason. Sonochem. 19 (2012) 412.

194 Green sustainable process for chemical and environmental engineering and science



Scheme 11 Cross-coupling reactions of aroyl stannanes and aroyl chlorides. Credit: M. Luong, C.E.
Domini, G.F. Silbestri, A.B. Chopa, Ultrasound-assisted synthesis of benzophenones by Stille cross-
coupling reactions. Optimization via experimental design, J. Organomet. Chem. 723 (2013) 46.

Table 11 Comparison of product yields via Scheme 10 under thermal heating (method A) and
sonication (method B).

Entry Z Product

Method Aa

(conventional heating)
Yield (%)b (20h)

Method Bc

(Ultrasonication)
Yield (%)b (30min)

1 o-OMe 73 76

2 m-OMe 87 87

3 p-OMe 75 97

4 m-Cl 65 72

aReaction condition: Bromobenzene (1.2mmol), arylstannane (1mmol), PdCl2(PPh3) (2mol%), 80°C, DMF (20mL).
bQuantified by GC, using the external standard method.
cReaction condition: Bromobenzene (1.2mmol), arylstannane (1mmol), PdCl2(PPh3) (2mol%), 90°C,DMF (13mL), US
(20kHz, 600W).
Credit: C.E. Domini, G.F. Silbestri, B. Fernández Band, A.B. Chopa, Ultrasound-assisted synthesis of unsymmetrical
biaryls by Stille cross-coupling reactions, Ultrason. Sonochem. 19 (2012) 412.

Table 12 Comparison of product yields for Scheme 11 under ultrasonica and silent condition.b

Entry
ArSnBu3
(Z)

Ar0COCl
(Z0) Product

Ultrasonic
methodc

Thermal
methodc

30min 20h

1 m-

OMe

Ph- 96 27 47

Continued
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2.1.4 Sonochemical CdC coupling in the presence of metal species other than Pd
An early example of sonochemical CdC coupling was reported by Suzuki et al. in which

they carried out straightforward synthesis of alkynyl sulfones starting from alkynyl halides

and copper sulfonates in THF under sonication [48]. They showed that the synthesis

could be carried out by ultrasonic irradiation of aryl sufonic acid and alkynyl halides

in the presence of commercial basic copper carbonate where in situ generated copper

sulfonates underwent CdC coupling with alkynyl halides in a tandem process

(Scheme 12). Recently in 2018, Naeimi et al. reported magnetically recyclable

bis(propyl malononitrile) Ni(0) complex nanocatalyst catalyzed sonochemical Suzuki

coupling for green and efficient synthesis of biphenyl derivatives (Scheme 13) [49].

The same research group in the same year reported Pd-free sonochemical protocol

for Sonogashira cross-coupling reaction in the presence of hexamethylenetetramine cop-

per diiodide immobolized on graphene oxide nanocomposite as catalyst in water

(Scheme 14) [50].

Table 12 Comparison of product yields for under ultrasonic and silent condition—cont’d

Entry
ArSnBu3
(Z)

Ar0COCl
(Z0) Product

Ultrasonic
method

Thermal
method

30min 20h

2 m-Cl Ph- 66 20 32

3 m-

OMe

p-

ClPh-

59 13 29

aReaction condition: ArSnBu3: PhCOCl (1:1.2), Toluene, 2mol% of Cl2Pd(PPh3)2 with respect to arylsannane, 90°C,
ultrasound (20kHz), 30min.
bReaction condition: ArSnBu3:PhCOCl (1:1.2), Toluene, 2mol% of Cl2Pd(PPh3)2 with respect to arylsannane, stirring at
90°C for the required time period.
cQuantified by GLC, using the external standard method.
Credit: M. Luong, C.E. Domini, G.F. Silbestri, A.B. Chopa, Ultrasound-assisted synthesis of benzophenones by Stille
cross-coupling reactions. Optimization via experimental design, J. Organomet. Chem. 723 (2013) 47.

Scheme 12 Sonochemical synthesis of alkynyl sulfones. Credit: H. Suzuki, H. Abe, A new straightforward
synthesis of slkynyl sulfones via the sonochemical coupling between alkynyl halides and copper sulfinates,
Tetrahedron Lett. 37 (1996) 3718.
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2.2 Sonochemical protocol in CdN coupling reactions
In comparison to CdC coupling reaction, CdN coupling reactions have been less

exposed to ultrasonic irradiation. Robin et al. reported the synthesis ofN-aryl anthranilic

acid derivatives bearing dioxolo, dioxino, cyclopent, and imidazole supplementary ring

systems by ultrasonic Ulmann condensation reaction in butan-2-one in the presence of

CudZn metal couple [51]. They compared their results with the reported results under

silent reaction condition which are summarized in Table 13. From the table, it is very

clear that ultrasonic irradiation could improve the Ulmann-Goldberg condensation reac-

tion in yield and reaction time.

Scheme 13 Suzuki cross-coupling using NiFe2O4@BPMN-Ni complex under ultrasonic irradiation.
Credit: F. Kiani, H. Naeimi, Ultrasonic accelerated coupling reaction using magnetically recyclable bis
(propyl molononitril) Ni complex nanocatalyst: a novel, green and efficient synthesis of biphenyl
derivatives, Ultrason. Sonochem. 48 (2018) 272.

Scheme 14 Sonogashira cross-coupling of aryl halides and phenyl acetylenes in the presence of
GO@SiO2-HMTA-Cu(I) under ultrasonic irradiation. Credit: H. Naeimi, F. Kiani,
Hexamethylenetetramine copper diiodide immobilized on graphene oxide nanocomposite as recyclable
catalyst for sonochemical green synthesis of diarylethynes, ChemistrySelect 3 (2018) 13316.
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2.3 Sonochemical protocol in CdSn coupling reactions
A facile and efficient synthetic methodology for organostannanes via sonochemical Barb-

ier reaction has been found reported by Lee et al. (Scheme 15) [52]. They investigated

and remarked that Mg underwent reaction with 1,2-dibromoethane to generate MgBr2
in situ which facilitated the organostannane formation. Aryl-, alkyl-, and alkenyl stan-

nanes could be synthesized using the procedure and synthesis of aryl stannanes were

found chemoselective for aryl bromide.

Table 13 Comparison of conventional heating and ultrasonic irradiation in Ulmann-Goldberg
condensation reaction.

Structure
Product yield
Conventional heating (source)

Product yield
Ultrasonic irradiationa

R¼Cl, 25%, 12h

R¼H, 24%, 12h

R¼CH3, 23%, 12h

(Tetrahedron Lett. 34, 2609, 1993)

86%, 3h

72%, 3h

81%, 3h

21%, 6h

(J. Heterocyclic Chem. 29, 73, 1992)

42%, 12h

(Magn. Reson. Chem. 35, 556, 1997)

45%, 3h

58%, 3h

(J. Heterocyclic Chem. 30, 1101, 1993)

53%, 12h

(Magn. Reson. Chem. 35, 556, 1997)

81%, 3h

33%, 12h

(J. Chem. Research 4, 115, 1998)

70%,3h

51%, 3h

(J. Heterocyclic Chem. 34, 1781, 1997)

87%, 3h

Never done 90%, 3h

aReaction condition: Amino heterocycle (10mmol), o-bromobenzoic acid (11mmol), and K2CO3 (12mmol), Cu/Zn
(0.06g), butan-2-one (25mL), ultrasonic irradiation (35kHz), 80°.
Credit: M. Robin, V. Pique, R. Faure, J.P. Galy, Ultrasonic irradiation of the Ullmann condensation: application to the
preparation of dioxolo, dioxino, cyclopent, and imidazolo anthranilic acid derivatives, J. Heterocycl. Chem. 39 (2002)
1083.
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3 Concluding remark

In conclusion, sonication has been successfully used for various organic coupling reac-

tions. Most of the reports made comparison of the developed sonochemical methodol-

ogies with corresponding silent conventional methodologies and found that the

sonochemical methodologies are superior to conventional methodologies in terms of

percentage of conversion, product yield, and reaction time. Only a few methodologies

have been seen to focus on studying the effect of sound waves on reaction mechanisms.

Relative to CdC coupling reactions, CdX (X is an element other than C and H) cou-

pling reactions have been less studied under ultrasonic irradiation. So, it is felt that there is

enough scope to develop sonochemical methodologies for C-X coupling reactions and

new sonochemical protocol for CdC coupling reactions. Such methodologies, which

are greener than their conventional counterpart will be valued additions to the existing

coupling procedures.
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CHAPTER 8

Sonochemical protocol for protection
and deprotection of functional groups
in organic synthesis
Bhagirath Limbani, Dhananjoy Mondal, Smritilekha Bera
School of Chemical Sciences, Central University of Gujarat, Gandhinagar, India

1. Introduction

The protection and deprotection of functional groups in synthetic organic chemistry

with high chemoselectivity and efficiency, is always a challenging task, due to inhibition

of forming undesired bonds as well as other unwanted reactions [1, 2]. Particularly, in

multistep reaction with multifunctional groups in organic synthesis face sequential pro-

tection/deprotection to get the desired molecules. In that respect, the reactive sites of a

compound having multiple functional groups are in general temporarily blocked to carry

out the reaction at one particular reaction center, and it can be brought off by appropriate

protection and deprotection of functionality to survive in the chemical environments.

Keeping in mind, the orthogonal protection protocols are selected mildly so that

expected demasking could be focused by alternative cleavage mechanisms rather than

the rate of reactions. A simple example is displayed below to provide the answer to

the question: why protecting and deprotecting of the functional group is important

and how it is carried out? When 1° and 2° alcohol groups are present simultaneously

in the molecule, oxidation of the 2° alcohol group could be accomplished with the assis-

tance of oxidizing agents like PCC or DCC, but the primary alcohol is more sensitive

(reactive) to oxidation (Scheme 1) than the others.

Thus, to solve the problem, two additional steps are required; firstly, the protecting

group could be introduced to protect primary alcohol and makes it inert toward oxida-

tion and facilitating the secondary hydroxyl group oxidation easily to get the intermediate

keto derivative. After successful oxidation, the cleavage of the protecting group also

Scheme 1 Oxidation of alcohol group and selectivity.
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could be performed straightforwardly regenerating the primary alcohol easily, as shown

in Scheme 2.

This context indicates that the functional groups which are required to be preserved,

protected by proper functionality and then the required reactions are implemented on the

desired functional group, keeping the other functionalities intact during the reaction

period/workup and in purification steps. After completion of the reaction, the parent

functional group could be restored by cleaving protecting group, which is presented

graphically in Fig. 1. Therefore, a desirable synthetic scheme cannot be suitable if the

corresponding protecting groups present in the molecule are not properly chosen. Per-

haps, Emil Fischer has first recognized the necessity to temporally block a functional

group for permitting regioselective bond formation in carbohydrate synthesis [3]. The

literature report finds that Bergmann and Zervas developed the first “modern” protecting

group benzyloxy carbonyl (Z) [4] in 1932.

2. Different energy source for chemical reaction

Since chemical reactions come off throughmaking and breaking of bonds, henceforth for

any protection/deprotection of functional groups necessitate an energy source to activate

molecules and cleave/form bonds. The main focus in chemical modification of a func-

tional group in a molecule is its selectivity (kinetic/chemoselectivity) in the presence of

other reacting groups with notable yields. In that respect, an effective way for the

Fig. 1 Protection and deprotection sequence in chemical reactions.

z

D

Scheme 2 Oxidation of the hydroxy group and selectivity using protecting groups.
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protection and cleavage of functionality is highly indispensable to synthesize complex

molecules. Not only the fulfilling of the economic criteria but also it should be a time

saver and environmentally friendly. As a consequence, besides the proper synthetic pro-

cedures and reagents, the energy source (Fig. 2) is also vital in the active chemical process.

Thermal conditions are simple and classical mode for chemical synthesis, as easily

accessible in a laboratory friendly environment unless otherwise, the reactions are

extremely high pressure/temperature-dependent. Nonetheless, in the sensitive mole-

cule, like biomolecules peptides/DNA, which is denatured during heating at a higher

temperature, low-temperature maintenance is necessary. In maintaining an atom econ-

omy in green chemical reactions, the reactions are always designed to produce the highest

yield with a minimum number of steps and also using less energetic approaches. The nov-

elty is the improvement of environmentally sound techniques in their chemistry that

could address many inevitable challenges, in working with chemical reactions, and in

the quality and quantity of the products by developing greener reactions.

On top of that, the synthetic scheme should be designed to crop the molecules which

are nontoxic to human as well as the environment. Nowadays, the attention is toward the

green approaches that have the potential to the escalation of yields of desired products,

minimization of time and by-products, and simplification the operations in chemical pro-

duction by using nontoxic, less hazardous, and less carcinogenic nonvolatile organic sol-

vents [5]. Though natural energy source, photochemical energy is used in few cases [6], it

is limited, and also UV-light used for this purpose is not always safe [7].

Energy source for
protection/deprotection

of FG

Heat

Photo
energy

(UV)

Microwave
energy

Ultrasound

Fig. 2 Energy sources used for protection/deprotection reactions of functional groups.
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In this regards, ultrasound energy is emerging among various environmentally

friendly energy sources for chemical reactions which lead to low energy requirements,

low waste, high efficiency, and reaction rate enhancement by many orders of magnitude

[8, 9]. Although chemical reactions are also performed under microwave irradiation as

green energy well in chemical reactions to protect and deprotect functional groups rap-

idly, it is limited as high boiling solvents are required and temperature control is difficult.

Sonochemistry is evolving as an advanced field in the organic synthesis because of its ben-

efits like shortening reaction steps, effective reactions of sterically hindered groups, and

less harsh circumstances like low temperature, solvent-free as well as additives free reac-

tions [10]. Recently, it is broadly applied as an energy source to make radicals and initiate

the electron transfer process in chemical reactions [11]. Time and economically bonafide

approaches to form and remove the protected compounds are desirable for the synthesis

of complex molecules. Ultrasound promotes an unusual mechanism for the provision of

high energy-assisted chemistry. It can reduce the reaction time significantly; improve the

reactivity of the reactant, resulting in superior yield with excellent stereoselectivity. The

remarkable acoustic cavitation makes sonochemistry a unique tool for the excellent

behavior for chemical reactions. Usually, in the process of ultrasound-mediated organic

reactions, the range of ultrasound energy is within the range of 20kHz–1MHz [12], and

for protection and deprotection reactions, the frequency is �20–50kHz (Fig. 3).

3. Mechanisms for the generation of energy in sonication

In 1927, Loomis, first applied ultrasound (100–500kHz) energy for the iodine “clock”

reaction [13]. Outstanding progress in the area of sonication-assisted organic reactions has

been noticed, particularly for their superior yields, better stereoselectivity, a lesser reac-

tion times, increased reactivity of reactant/reagents/catalysts, switching of the reaction

pathway, avoidance of phase-transfer catalysts, activation of metals and solids, improved

nanoparticle synthesis, and initiation of radical polymerization.

Fig. 3 Range of ultrasound waves and its use.
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In recent times, this green technology is a highly encouraging energy source to execute

chemical reactions, rather than the classical one, wherein the reactions proceed via an inter-

esting cavitation phenomenon, producing energy enough to alter rotational and vibrational

molecular states. This ultrasound-mediated organic synthesis is directed by parameters like

amplitude and frequency of the applied sound field, surface tension, temperature, vapor

pressure, vessel and probe geometry, etc. Interestingly, the creation of acoustic cavitations

of microbubbles that grow and collapse incessantly, reaching temperatures of 5000–8000K
and pressures>10,000atm on a nanosecond timescale within the vapor phase of the bub-

ble, subsequently swift cooling at a rate as fast as 109K/s (Fig. 4) [14].

Surprisingly, the sonication mediated reactions are independent of acidity, basicity, or

dipole moment. The inadequate yields acquired from classical ways and requirement of

expensive catalysts and limited scope of substrates, this ultrasound irradiation has occurred

in the literature as a beneficial approach in synthetic chemistry predominantly, to pro-

mote environmentally friendly protocols for the protection and removal of different

functional groups such as amine, hydroxy, carboxyl, carbonyl, amide, and so on.

4. Brief discussion on protection and deprotection of functional groups

The well-known and sensitive functional groups in synthetic organic chemistry are a

hydroxy group of alcohol/phenol, the carbonyl group of aldehyde/ketone, amine, car-

boxylic acid group, and so forth. Henceforth their role in modern chemical reactions is

always demanding. Appropriate protecting groups are required for these functional

groups, as nature and chemical reactivity is distinguishable for unlike functional groups

(Fig. 5). The regeneration of parent functional groups through selective deprotection

applying suitable condition is always thought provoking.

C F G E

A

S

Fig. 4 Acoustic cavitation for the generation of energy in sonication.
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4.1 Protecting groups for hydroxy
Firstly, we deliberate about the hydroxy functionality as this is present in numerous mol-

ecules, particularly, the most abundant carbohydrates, polysaccharides, hydroxy acids,

polyhydroxylated open-chain compound, etc. The wide ranges of the hydroxy group

present in organic molecule make it key to protect as it is quite sensitive to oxidation

and reduction. The main category of protection of hydroxy is the esterification, ether-

ification, and ether silyl protection. The protection of the hydroxy group with function-

ality like TBS, TBDPS, MOM, MEM ether, acetate, etc. as shown in Fig. 6 has placed a

significant role in organic synthesis.

A A A

KS

Fig. 5 Few common functional groups.

æOH group

-
OTBDM

S -OAc

-OBz

-OTs

-OPiv

-OMeOCOCl

-Bn

-OPMB

-OMOM

-ODMT

-
OTBDPS

Acetal
or ketal
of diol

Fig. 6 Different protecting groups for hydroxy.
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4.2 Protecting groups for aldehydes and ketones
The availability of blocking agents for carbonyl groups in organic synthesis are acetal/

ketal, oxime, and thioacetal/thioketal as represented in Scheme 3.

4.3 Protecting groups carboxylic acids/amines
Carboxylic acid functionality is part of the amino acids/hydroxy acid/and required to be

protected during peptide synthesis as well as various chemical transformations. Protection

of the carboxylic acid conducted as ester, amide, and anhydride, etc. are regenerated after

other functional groupmanipulation under acidic/basic hydrolysis to their corresponding

parent functional group. Amino acids are essential to the formation of protein building

blocks, and it is required to be protected and deprotected during peptide synthesis in

addition to other aliphatic and aromatic amines should also be preserved during chemical

reactions. Some relevant protecting groups for amine are alkyl, acetyl, Boc, Fmoc,

β-enaminones, etc. (Scheme 4).

oxime

XR
RX

R= cyclic acetel/ketal,
acyclic acetal/thioacetal/thioketal

R R'
X

X
R R'

O

p-TsOH

HX XH

R R

XR XR

R R

N
HO

N
OH

X = O, S

Scheme 3 General protecting groups for carbonyls.

D

Scheme 4 Protecting groups for a carboxylic acid group and protection/deprotection.
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5. Ultrasound-promoted protection and deprotection of hydroxy
group (dOH) in carbohydrates

Carbohydrates or polysaccharides which contain multiple hydroxy groups play a vital

role in organic chemistry as it is a significant part of biomolecules and associated with

both sources of the precursors of organic reactions as well as derivatives like nitro-

cellulose, rayon, etc. These polyhydroxylated molecules required protection and

deprotection of the hydroxy group and these procedures are well documented in

the literature [15]. These procedures were time-consuming, and the use of ultra-

sound in these reactions reduced the time for reactions significantly. Herein, firstly

we will discuss the monosaccharides, which in particular are useful chiral pools as a

starting material to endeavor natural products and pharmaceutically active ingredients

synthesis [14]. The beneficial effect of sonochemical reactions emerging in the liter-

ature assists in taking advantage to apply this energy source in the area of carbohy-

drate chemistry [16].

5.1 Acetylation and ketal protection
The blocking and removal of hydroxy functionalities in carbohydrates with acetyl,

benzylidene, isopropylidene, pivaloyl, or benzyl groups, as well as the migration

of these groups, are a common subject [17–21]. In 2006, Chang et al. have

Scheme 5 Acetylation of hydroxy functionality of monosaccharides under sonication.
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established that for synthesis and functionalization of carbohydrates and particularly

protection and deprotection as well as protecting group migration may be better exe-

cuted under ultrasound irradiation with superior results concerning yields and reac-

tion times [22, 23]. The hydroxy groups present in a different position in

monosaccharide and disaccharides were acetylated within 5–15min and with

83%–95% yields, as shown in Scheme 5. With the help of sonication, the acetylation

of all the four hydroxy groups of galactose has achieved in only 5min. The exper-

iment discloses that glucosamine takes 13min for acetylation of all four hydroxy

groups under sonication reaction.

Protection of hydroxy group in carbohydrates (hydroxy groups in 1,2-relationships)

is best performed with acetyl and ketal group which takes hours by the conventional

method. Sterically hindered disaccharides like trehalose can also be protected by ketal

and acetal group in much shorter reaction time with high yield sonochemically. Tosy-

lation has functioned very nicely under microwave irradiation, too (Scheme 6) [23].

5.2 Deprotection of acetate, trityl, and benzylidene functionalities
The experimental results to cleave acetyl and benzylidene groups under sonicationwithin

a few minutes providing the corresponding deprotected product in good yields are

depicted herein. The trityl group was also deprotected smoothly and successfully in

nearly 12min and quantitative yield, which generally demands harsher conditions in con-

ventionally owing to steric hindrance (Scheme 7). Furthermore, the ketal group was also

demasked within 2–7min under sonication.

Scheme 6 Ketal protection of 1,2-hydroxy groups.
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5.3 Migration of functional groups
Normally, migration of acyl group within the carbohydrate scaffold ensures hours or

even days to complete the reaction [23]. In comparison, it can be over within much

less time by ultrasound assistance (Scheme 8). In the presence of the mild base silver

oxide and TBAI, the migration of the benzoyl, acetyl, and pivaloyl esters function-

ality under sonication manufactured the desired compounds in 3–13min and 71%–
80% yield. For altering the position of protecting groups, a solution of starting com-

pound (0.12mmol), silver oxide (0.12mmol), and tetrabutylammonium iodide

(TBAI) (0.012mmol), in anhydrous DMF (5mL) was sonicated at room

temperature [24].

Scheme 7 Deprotection of acetate, trityl, and benzylidene functionalities.

212 Green sustainable process for chemical and environmental engineering and science



5.4 Ultrasound-assisted selective deprotection of terminal acetonides
Extensively used functional groups to protect both terminal and internal 1,2- and 1,3-

diols in nucleoside and carbohydrate chemistry is simple isopropylidene group.

A variety of catalysts employed for the deprotection of terminal acetonides, including

protonic acids such as HCl, HBr, HOAc, H2SO4, and TFA. Lewis acid-based reagents

such as CeCl3.7H2O(COOH)2, (Zn(NO3)2�6H2O, BiCl3, VCl3, In(OTf )3, and

La(NO3)3, are also employed for this program. Most of these processes suffer from dis-

advantages such as strong acidic medium, expensive metals, longer reaction times, and

high reaction temperatures [25]. In other cases like protonic acids or Lewis acid-based

reagents in homogeneous solutions, the removal of these catalysts is problematic. Alter-

natively, use of supported reagents including FeCl3�6H2O on silica H2SO4 on silica,

HClO4 on silica, and NaHSO4 on silica have solved work up the problem by easy

Scheme 8 Migration of hydroxy, protected functional groups.
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removal but created other drawbacks, including lower yields, long reaction periods, and

inharmoniousness with few other protecting groups [26].

Junlong et al. stated a facile and convenient acid-catalyzed selective cleavage of ter-

minal isopropylidene in the presence of ultrasonic irradiation (Scheme 9) [27] (Table 1).

To do the removal reaction, methanol (5mL) containing BF3�OEt2 (4.2mmol) and

preheated silica gel (0.4g) were stirred for 1h at r.t. following concentration on a rotary

evaporator at 40°C and then drying at r.t. for 2h to get a solid mixture. To the solution

of acetonide protected sugar derivatives (1mmol) in CH3OH (10mL), prepared BF3-SiO2

(5mmol%) was added, and the heterogeneous mixture was shaken in an ultrasonic cleaner

at rt. for 150–180min to afford the product in high yield (85%–92%). Likewise, the

Scheme 9 Selective deprotection of the terminal O-isopropylidene with BF3-SiO2 under ultrasound.

Table 1 Deprotection of the terminal O-isopropylidene in thermal and sonication conditions.

Entry Substrate Product

Time
(min)
Stirring

Yield
(%)
Stirring

Time
(min)
)))

Yield
(%)
)))

1 180

180

78

76

30

30

85

89

2 150

180

82

81

30

30

90

92
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acetonide in D-xylofuranose derivative was deprotected and formed the corresponding diol

in a short time (30–40min) and good yields (Scheme 10). At this point, ultrasound irradi-

ation increases the reaction rate as well as yield and protection to acid-sensitive groups.

These solid-supported Lewis acids make easy separation of products too.

5.5 Sugar O-tosyl groups deprotection from purine nucleosides
The intensive efforts to deblock tosyl functional groups thermally, works successfully

with ultrasonic irradiation upon reaction with sodium naphthalenide. The high reduc-

tion potential of sodium naphthalenide assists in the removal of 20-, 30-, or 50-O-tosyl

groups of sugar derivatives through in situ preparation of sodium naphthalenide from

sodium and naphthalene in THF under ultrasound irradiation. The successful approach

has been devoted to removing tosyl group in 20,30-O-isopropylidene-50-O-tosyluridine

or 20-O-tosyluridine using sodium naphthalide (Scheme 11) at �78°C to furnish 20,30-
O-isopropylideneuridine or uridine, respectively with 80%–90% along with 5%–15%
by-products [28].

Scheme 10 Deprotection of the D-xylofuranose derivative by Lewis acid and sonication.

Scheme 11 O-Tosyl groups deprotection from purine nucleosides with the help of sonication.
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6. Ultrasound-promoted protection and deprotection of hydroxy
group (dOH) in noncarbohydrates

6.1 Ultrasound mediated catalyst-free protection of alcohols
The additional andworthy protecting group of hydroxy functionalities is the silyl ether, and

their formation is valuable. Among the silyl ethers, though tert-butyldimethylsilyl ether is

most frequently used protecting group [29], the use of cheap and commercially available

reagent is currently increasing [29b, 30–32]. Protection of the hydroxy group is being set

out with ultrasound assistance by Mohammad et al. using hexamethyldisilazane (HMDS)

tocompensatepoor silylationpower [33].Protectionofvariedalcohols andphenols is rapidly

performedwith hexamethyldisilazane using ultrasound irradiation in the presence of no sol-

vent, or any additive takes place in good yields at room temperature (Scheme 12). Notably,

the excellent chemoselectivity was highly visible for competitive protection of hydroxy

groups in favor of sterically less hindered alcohols.Ultrasonic irradiation promoted efficient,

rapid, solvent-free, and chemoselectively for the synthesis of silyl ethers in the presence of no

additive is summarized in Table 2. In the absence of ultrasound irradiation, benzyl alcohol

(5.0mmol) withHMDS (3.0mmol) mixture under heating in boiling water bath gave only

46% of the same compound after 12h, but under sonication, reaction completed to the cor-

responding silyl ether in 10min (entry 1). Separation of the product was easily worked out

after removal of the volatile components andpurification through columnchromatography.

The reaction of other benzylic and aliphatic alcohols, similarly, supplied the desired TMS

ethers in 84%–99% yield and in short reaction time (entries 2–8). Protection of secondary

alcohols (entry 9–13), tertiary alcohol (entry 14), and phenols (entries 15–16) was also
achieved very fast to their respective products under a similar protocol.

Scheme 12 Ultrasound-mediated TMS protection of alcohol.

Table 2 Ultrasound-assisted TMS protection of the hydroxy group.

Entry Alcohol/phenol Product (silyl ethers) Time ))) Yield (%)

1 C6H5CH2OH C6H5CH2OTMS 10 99

2 4-MeOC6H4CH2OH 4-MeOC6H4CH2OTMS 10 99

3 4-ClC6H4CH2OH 4-ClC6H4CH2OTMS 10 91

4 4-NO2C6H4CH2OH 4-NO2C6H4CH2OTMS 10 84

5 Ph(CH2)3OH Ph(CH2)3OTMS 5 99

6 PhCH]CHCH2OH PhCH]CHCH2OTMS 5 99

7 CH3(CH2)4OH CH3(CH2)4OTMS 5 98

8 CH3(CH2)5OH CH3(CH2)5OTMS 5 99

9 PhCH(CH3)OH PhCH(CH3)OTMS 20 75
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Competitive reactions were also designed by the same research group to conquer the

chemoselective protection of hydroxy groups, which has briefly discussed in Table 3.

These results revealed that aliphatic having less hindered alcohols are more rapidly

and selectively react in good to excellent yields (entries 1–3), particularly, protection
of primary aliphatic (entry 4) or benzylic alcohols (entries 5–6) dominating over more

Table 2 Ultrasound-assisted TMS protection of the hydroxy group—cont’d

Entry Alcohol/phenol Product (silyl ethers) Time ))) Yield (%)

10 CH3CH2CH2CH(CH3)

OH

CH3CH2CH2CH(CH3)

OTMS

20 92

11 Cyclohexyl-OH Cyclohexyl-OTMS 20 96

12 CHCCH(CH3)OH CHCCH(CH3)OTMS 20 98

13 (Ph)2CHOH (Ph)2CHOTMS 20 60

14 CH3CH2C(CH3)2OH CH3CH2C(CH3)2OTMS 20 75

15 Phenyl-OH Phenyl-OTMS 20 93

16 2-Naphtyl-OH 2-Naphtyl-OTMS 10 97

Table 3 Ultrasound-assisted solvent-free competitive TMS protection of alcohols.

Entry Alcohol Product A Alcohol Product B A:B

1 CH3(CH2)4OH CH3(CH2)4OTMS EtCH2CH

(CH3)OH

EtCH2CH(CH3)

OTMS

11.5:1

2 CH3(CH2)4OH CH3(CH2)4OTMS CH3CH2C

(CH3)2OH

EtC

(CH3)2OTMS

>99:1

3 EtCH2CH

(CH3)OH

EtCH2CH(CH3)

OTMS

EtC

(CH3)2OH

EtC

(CH3)2OTMS

24:1

4 CH3(CH2)4OH CH3(CH2)4OTMS C6H5CH

(CH3)OH

C6H5CH(CH3)

OTMS

13.3:1

5 CH3(CH2)4OH C6H5CH2OTMS EtCH2CH

(CH3)OH

EtCH2CH(CH3)

OTMS

11.5:1

6 CH3(CH2)4OH C6H5CH2OTMS EtC

(CH3)2OH

EtC

(CH3)2OTMS

99:1

7 CH3(CH2)4OH C6H5CH2OTMS C6H5CH

(CH3)OH

C6H5CH(CH3)

OTMS

3.5:1

8 CH3(CH2)4OH CH3(CH2)4OTMS C6H5CH2OH C6H5CH2OTMS 1.3:1

9 EtCH2CH

(CH3)OH

H3CCH2CH2CH

(CH3)OTMS

C6H5CH

(CH3)OH

C6H5CH(CH3)

OTMS

1.2:1

10 EtC(CH3)2OH EtC(CH3)2OTMS C6H5CH

(CH3)OH

C6H5CH(CH3)

OTMS

1.1:1

11 C6H5OH C6H5OTMS C6H5NH2 C6H5NHTMS >99:1

12 HO-4-

C6H4NH2

TMSO-4-

C6H4NH2

HO-4-

C6H4NH2

HO-4-

C6H4NHTMS

>99:1

217Sonochemical protocol for protection and deprotection



hindered hydroxy moieties. For other cases, no noteworthy difference was noticed, and

the selectivity reduces to moderate (entry 7) or low values (entries 8–10). For selective
blocking of phenols in the presence of aromatic amines, successful experimentation was

also set out using HMDS (entries 11–12). In both inter- (entry 11) and intramolecular

(entry 12) competitive reaction, protection of the phenol groups solely found in short

periods keeping the amine groups intact. Thus, this protection protocol of hydroxy

group occurs with high yields (75%–99%) within 5–20min without the need for additive

or catalyst with the influence of ultrasonic irradiation [33].

6.2 O-Silylation of homoallyloxyalcohols
The thermal, physical, and chemical stability in a wide range of temperature and out-

standing chemical resistance, auto-oxidizing capacity and very low surface tension, makes

siloxanes and allyl ethers readily useful in radiation curing applications. Transition metal

complexes, mainly ruthenium metal complexes catalyze the isomerization of allyl ethers

to the corresponding 1-propenyl ethers for unmasking.

Lewis and Brønsted acids can initiate polymerization of the most reactive monomers

of the 1-propenyl ethers by facile cationic photopolymerization. Urbala and Antoszczys-

zyn have synthesized allyl ethers––siloxane and allyl ethers––silyl ethers monomers under

sonication in reasonable yield from their subsequent monoallyl ethers and chlorosilanes

[34] (Scheme 13).

6.3 Deprotection of silyl ether
It has found that thermal cleavage of the silyl group requires harsh environments, but

ultrasound promoted reactions proceeds in less time with high yield in a mixed solvent

(Scheme 14) [35]. The experimental results revealed that primary tert-butyldimethylsilyl

ether was removed selectively to the corresponding alcohol, whereas secondary and tert-

butyl dimethylsilyl ethers remain stable. The cleavage reactions of tert-butyldimethylsilyl

ethers of benzyl alcohols are brought off by use of a 0.25M CH3OH/CCI4 (1:1) solvent

mixture applying ultrasound energy for 1.5–3h at 40–50°C in excellent yield (90%–96%)
within a short time.

Scheme 13 O-Silylation of homoallyloxy alcohols under ultrasonic irradiation.
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Under ultrasound irradiation, silyl ether in 1-tert-butyldimethylsilyloxy-6-tert-

butyldiphenylsilyloxyhexane was chemoselectively deprotected affording desilylated

product in 71% yield for 1.5h, which increased to 90% upon 3h sonication (Scheme 15).

The SidF attraction assists to deprotect t-butyldimethylsilyl (TBDMS) group, with

the use of tetra-butylammonium fluoride (TBAF) as fluoride ion source through the

breaking of SidO bond.

However, the shortcoming of TBAF is to encourage elimination reactions and this

basic medium may also be troublesome for other protected functional groups such as

benzoic and acetate groups. Added cleaving performances of trialkyl silyl ethers, such as

AcOH/H2O/THF, TFA/H2O, I2/MeOH, and K2CO3/MeOH have also been estab-

lished, but these are specific to the individual substrates. Furthermost, this removal

techniques face difficulty in aqueous workup and hence, a suitable and facile synthetic

strategy for silyl ether cleavage from nucleosides is highly desirable in nucleoside

chemistry.

Karimi and Golshani did the selective deprotection of tert-butyldimethylsilyl ethers of

phenols by using potassium fluoride on basic alumina in acetonitrile under ultrasound,

which is depicted in Scheme 16 [36]. Desilylation includes the nucleophilic addition

of fluoride ion in the presence of basic species allied with potassium hexafluoroaluminate,

potassium hydroxide, potassium aluminate, and potassium carbonate (KF-A12O3). It was

prevented by cooperative action of F� ion on the alumina surface. Use of ultrasoundwith

KF-based Al2O3 facilitated the reaction to furnish within a period of 15min–4h with

good yield (70%–87%). High selectivity was noticed between TBDMS ethers of phenols

versus benzyl alcohols as well as between SEM and TBDMS phenolic ethers under this

neutral medium.

Scheme 14 Deprotection of hydroxy group of primary alcohol.

Scheme 15 Selective cleavage of tert-butyldimethylsilyl ethers of primary hydroxy.
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In synthetic chemistry, the orthogonal protection and deprotection among various

functionalities ensure high priorities. Ultrasound-assisted selective removal of tert-

butyldimethylsilyl ethers ortho to a carbonyl group was described by Alex et al.

(Scheme 17) [37]. Highly regioselective cleavage at near to a conformationally fixed

carbonyl group of aromatic and enolic tert-butyldimethylsilyl ethers using a straightfor-

ward ultrasound treatment in a CH3OH/CCl4 (1/1) mixture provided the targeted

compounds. The reaction, in some cases quite longer due to the planar configuration

of the carbonyl group relative to the ortho-silyl ether.

The protection of hydroxy as silyl ether in nucleoside chemistry is a common con-

cern, also to remove the TBDMS group, needs a suitable and selective procedure, to

avoid side reactions, in particular, CdN bond cleavage. Jan et al. have demonstrated a

milder approach for desilylation (Scheme 18) [38] as shown in Table 4, 20,30-O-bis

(benzyloxycarbonyl) nucleosides, which upon exposure to bromochloromethane

(30 equiv.) in methanol yielded products in 92%–96% within 30–50min using

ultrasound.

Scheme 17 Ultrasound-assisted selective desilylation of tert-butyl dimethylsilyl ethers.

O

OCbzCbzO

TBSO Base

)))), 30oC

CBrCl3 (30 equiv.),
MeOH O

OCbzCbzO

HO Base

Scheme 18 Ultrasonic-assisted removal of the tert-butyldimethylsilyl group.

Scheme 16 Selective deprotection of tert-butyldimethylsilyl ethers of phenols with ultrasound.
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Table 4 TBS deprotection of the nucleoside bases in sonication conditions.

Entry Starting material Product

Time/min
(heating
at 60°C)

Yield
(%)

Time/min
(ultrasonic
at 30°C)

Yield
(%)

1 180 81 50 96

2 120 83 40 95

3 120 85 40 95

4 90 87 30 92



6.4 Acetylation
One of the most common and comprehensive methods in organic synthesis is the con-

version of hydroxyl to acetyl derivative. The well-known O-acetylation proceeds

generally with acetic anhydride in a wide range of solvents and catalysts. A diverse

range of catalysts, particularly bases; 4-(dimethylamino) pyridine (DMAP), Lewis

acids; ZnCl2, zeolites; H-beta, enzymes; lipases are developed to assist these reactions.

In recent days, metal triflates in ionic liquids have also been demonstrated as active

catalysts for the acetylation with Ac2O. Among these metal triflates are expensive;

others are air and moisture sensitive and frequently require environmentally harmful

volatile organic solvents, for example, dichloromethane and thus demand alternate

procedure.

An exciting ecological process by Manohar et al., involves the application of γ-Fe2O3

nanoparticles as a recoverable and robust catalyst for the protection of phenol (1mmol)

with Ac2O, (1.5mmol) and nano-γ-Fe2O3 (5mol%) for 1h at r.t. under sonication

(frequency 33kHz and electric power 100W) to get the desired acylated derivatives

in an excellent yield (92%) (Scheme 19) [39].

Even the substituted phenols were also acetylated, giving the corresponding products

in excellent yields and the alcohols produced acetate derivatives in average yields

(Scheme 20). Applying a similar methodology, the protection of hydroxy gave the

desired products in 44%–96% yields. The high catalytic activity, low waste, low energy,

and heat transfer efficiency compared to conventional heating, and recyclability of cat-

alyst up to the fourth run makes this effort more advantageous.

The sonochemical process was reported by Atul et al. for the acetylation of alcohols

in ionic liquid at r.t. (Scheme 21) [40]. The reaction was performed applying sono-

chemical reaction of alcohol (10mmol) with acetic anhydride (11.1mmol) in ionic

OH Ac2O, nano gamma
-Fe2O3 (5 mol%)

))), 1 h
solvent free,
rt.

OAc

Scheme 19 Iron oxide-NPs catalyzed acetyl protection of phenol under sonication.

Scheme 20 Iron oxide nanoparticles catalyzed acetyl protection of alcohol by sonication.
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liquid 1,3-di-n-butyl imidazolium bromide ([bbim]Br) for 5–95min at 50kHz and at

30°C, whereas without catalyst, the product resulted in moderate to excellent yield

(59%–93%).

A competent manner to acetylate alcohols was described by Sreedhar et al. in which

exposure of the reactants to conventional heating or ultrasound (Scheme 22) [41] was

carried out by using chamosite, as an active and reusable natural heterogeneous clay cat-

alyst. The acylation was accounted for using carboxylic acid as an acylating agent. For

instance, alcohol (1mmol) and glacial acetic acid (2mmol) (1:2M ratio) were agitated

under sonication using 10mg of catalyst for about 5–40min to acquire the pure product

in the range of 60%–99% for individual alcohols.

6.5 PMB/MOM protection
The 4-methoxybenzyl (PMB or MPM) group is another very common protecting

group for phenols, alcohols, and nitrogen moieties [42] in organic chemistry. This

is more robust and less expensive protecting group than many of the silicon-based

protecting groups as the introduction happens with 4-methoxybenzyl chloride

(PMB-Cl), which is comparatively safe and stable and can be removed by a varied

type of reagents.

Experimentally PMB-Cl was synthesized from p-anisyl alcohol (1.61mmol) followed

by concentrated HCl (1.6mL) under sonication, for 15min to give the product in 75%

yield with sufficient purity. Ultrasound-assisted PMB protection of various multisubsti-

tuted phenols, comprising sensitive phenolic aldehydes, is depicted in Scheme 23. Excel-

lent yield (97%) is obtained within short reaction time (15min) under sonication in

comparison to a thermal condition which entails 17h for this reaction. Herein, the

use of ultrasound dealt conveniently concerning time although yields are not that much

beneficial [43].

Scheme 21 Ultrasound-promoted acetylation of alcohols in ionic liquids.

Scheme 22 Acylation of alcohols using heterogeneous catalyst and sonochemistry.
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Hydroxy group protection as methoxymethyl ether (MOMether) is a frequently used

process in organic synthesis [42]. Ranu et al. stated an effortless and convenient procedure

for the protection of a variety of alcohols without any solvent to obtain the corresponding

methoxymethyl ethers in good yields (Scheme 24) [44] wherein hydroxy reacts with

MOMCl on the alumina surface under ultrasound. Protection was carried out reasonably

fast (1–24h) and with high yields (68%–92%). Mild reaction medium evades any isom-

erization of double or triple bond in case of allylic and propargylic alcohols. Molecules

like cholesterol and tetrahydrofurfuryl alcohols were also protected by this approach

(hydroxy group). Tertiary alcohols are found inert to this procedure, which helps to pro-

tect primary and secondary alcohol selectively in the presence of tertiary alcohol group.

6.6 Deprotection of DMT (dimethoxytrityl)
Oneof the routinelyusedprotectinggroupsofhydroxyl isDMT,particularly appliedduring

the preparation of antiviral, antibacterial, and anticancer agents. The conventional method

for 50-protection of nucleosides is the protection of the hydroxy group in the form of

dimethoxytrityl [DMT] ethers. Acidic removal of dimethoxytrityl ether is usually per-

formed with 80% acetic acid or 3% trichloroacetic acid, which affects acid-labile function-

alities.Wang andMcGuigan, have to get rid of the dimethoxytrityl group under sonication,

using a mixed solvent of methanol and tetrachloromethane (Scheme 25) [45]. This tech-

nique is applicable for compounds having other functionalities like azide, acetyl, alkene,

silyl, and internucleotide phosphate forming the parent primary alcohols in good

[>90%] yield after 1–3h. To a solution of DMT protected alcohol in tetrachloromethane

and methanol mixed solvent (1:1v/v) (10mL) under ultrasonic bath was agitated for 3h at

25–40°C to get primary hydroxy, protected dimethoxytrityl ethers in 69%–100% yields.

Scheme 24 Ultrasound-assisted MOM protection of hydroxyl group.

¢

Scheme 23 Ultrasound-assisted PMB protection of multisubstituted phenols.
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6.7 Cleavage of phenol protected functionality
Upon neutral medium, hydrolysis of 4-nitrophenyl chloroacetate in the presence of

1mol% of alcohol applying ultrasound at 25kHz was carried out by Sander et al.

(Schemes 26) [46] in the water at 20°C using cosolvent n-BuOH.

7. Deprotection of carbonyl protecting groups

7.1 Removal of acetals and ketals
As it is well known that the transformation of carbonyl groups into the 1,3-dioxolane

group is one of the most versatile used protective functionality for carbonyl group

[47] and ultrasound assist more straightforwardly. The cleavage of acetals or ketals with

protic acids such as CH3CO2H, HCI, oxalic acid, CF3CO2H, p-toluenesulfonic acid,

Dowex-50 (acidic resin), SiO2, Amberlyst-15, etc. are illustrious. Adam and Cheng

hydrolyzed cyclic and acyclic acetals and ketals to their corresponding carbonyl com-

pounds with catalytic CBr4 in a mixed solvent CH3CN/H2O under sonication

(39kHz) at 45°C with low-to-good (25%–97%) yield (Scheme 27) [48].

A

N

Scheme 26 Hydrolysis of 4-nitrophenyl chloroacetate by sonication acceleration.

equiv.

Scheme 27 Hydrolysis of acetals and ketals under sonication.

Scheme 25 Cleavage of the dimethoxytrityl group applying ultrasound.

225Sonochemical protocol for protection and deprotection



It has been observed that 2-(p-nitrophenyl)-l,3-dioxolanes and acyclic dimethyl acetal

are thermally stable at a longer reaction time. Tomake it more convenient, a series of 1,3-

dioxolanes was prepared in 60% yield along with a 10% yield of Et-brominated under

sonication (Scheme 28) with 0.5equiv. CBr4 in CH3CN/H2O mixture for 3h. Thus,

this result is more promising than the protocol via thermal conditions.

The substituents group has a strong effect on the hydrolysis of 1,3-dioxolanes even

under sonication reaction. Having weaker electron-withdrawing substituted carbonyl

compound, like o-chlorobenzaldehyde acetal hydrolyzed slowly, but with a strong

electron-withdrawing group, the same is resistant to hydrolysis under ultrasound

(Scheme 29).

Remarkable selectivity was witnessed upon hydrolysis of acyclic dimethyl and diethyl

acetals of p-nitrobenzaldehyde under ultrasonication as shown in Scheme 30. The highly

chemoselective hydrolysis of the acetals of p-nitrobenzaldehyde was achieved in which

only diethyl acetals was cleaved in 97% yield furnishing p-nitrobenzaldehyde after 4h of

sonication.

equiv.

Scheme 28 Deprotection of 1,3-dioxolane under sonication.

equiv.

Scheme 29 Deprotection of aldehyde in the presence of ultrasonic irradiation.

equiv.

Scheme 30 Selective hydrolysis of acetals under ultrasonic irradiation.
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7.2 Deprotection of aldehyde by deoximation of oximes
Reproduction of ketones from ketoxime/aldoxime is of prime importance during com-

plex molecule synthesis. Most of the deprotection performances are relatively nonselec-

tive and inadequate whereas ultrasonically stimulated Baker’s yeast in phosphate buffer,

pH7.2, incubated at 37°C offered corresponding aldehydes and ketones in good yields

from oximes (Scheme 31) [49]. A wide variety of oximes was converted to the corre-

sponding aldehydes and ketones. Ultrasonic pretreatment of Baker’s yeast enhanced

the yields by c. 35% in a short period though sonochemically exploring Baker’s yeast

to crop almost quantitative regeneration of carbonyl compounds from their oximes

(Table 5).

7.3 Rapid oxidative cleavage of oximes
The additional protecting group of the carbonyl are their oxime derivatives [50] which

regenerate to parent aldehydes after cleaving the C]Nbondwithout affecting the rest of

the molecule.

h

U

Scheme 31 Ultrasonic promoted deprotection of aldehyde by deoximation of oximes.

Table 5 Aldehyde/ketone product from deoximation under sonication.

Aldehydes and ketones

Yield (%)
unsonicated after 3days
of incubation

Yield (%)
sonicated after 2days
of incubation

Benzaldehyde 68 96

p-Methoxybenzaldehyde 72 98

Caproaldehyde 75 95

Acetophenone 56 63

Benzophenone 51 62

Cyclohexanone 65 87

Pinacolone 68 92

Camphor 76 97

Caprolactone 63 94

Butan-2-one 58 93
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Commercially available, stable, solid, capable of multielectron transfer reactions, and

thermodynamically strong oxidant sodium bromate is used for this type of reaction.

Though sodium bromate is usually applied in aqueous media in the presence of

co-reactants such as HBr, NaHSO3, Br2, FeCl3, NH4Cl, cerium(IV) ammonium nitrate,

KHSO4, H2SO4, HClO4, and [CH3(CH2)3]4NHSO4, unfortunately, the reaction con-

ditions are hard, and particularly the removal of excess sodium bromate from the

co-reactant is troublesome. Hence, the reactions were standardized by Shaabani et al.

[51] (Scheme 32) using solvent-free ion exchange resin (IER) as cocatalyst in the pres-

ence of sodium bromate under ultrasonic irradiation to obtain parent carbonyl group in

84%–54% yields within 5–45min at r.t.

The general experimental method was grinding a mixture of oxime (1mmol), sod-

ium borate (3.3mmol), and ion exchange resin (0.2g), applying sonication at 25–30°C
for 15–30min followed by washing with chloroform and purification by column

chromatography.

7.4 Silica sulfuric acid-catalyzed deprotection of oximes
There are several literatureprocesses to furnishoximesother thancarbonyl compounds suchas

oxidative deoximation, acid-catalyzed hydrolysis, reductive deoximation, and deoximation

through the exchange of oximes with other carbonyl compounds. Sometimes these systems

encountered drawbacks such as drastic conditions, requirements for refluxing temperature,

long reaction times, tedious workup, undesired chemical yields, and use of toxic reagent.

Silica sulfuric acid as stable, reusable, and cheap catalyst replaces sulfuric acid or chlor-

osulfonic acid as these are vicious for acid-sensitive functional groups. Silica sulfuric acid/

surfactant/paraformaldehyde system, applying sonication remove oximes to their corre-

sponding carbonyl compounds (Scheme 33) [52]. Silica sulfuric acid (0.25mmol), SDS

(5mol%), and paraformaldehyde (2mmol) were added to an aqueous solution of oxime

(1mmol) and sonicated at 25kHz frequency at 50°C for 1–3h, yielding aldehyde in 49%–
97% yields.

Scheme 32 Ultrasound-promoted oxidative cleavage of oximes.

Scheme 33 Deprotection of oximes to carbonyls under ultrasound irradiation.
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7.5 Chemoselective 1,1-diacetate protection
Used of solid acids as a heterogeneous catalyst in organic transformation are generally

environmentally benign and less corrosion or avoid disposal of effluent. Acetals (1,1-

diacetates) are frequently employed as a suitable protecting group for aldehyde owing

to their significant stability to neutral and basic medium [53]. A simplistic process for pro-

tection and deprotection of aldehydes, catalyzed by PVPHS (Scheme 34) engaged in stir-

ring of a mixture of aldehyde (1mmol), PVPHS (5mg, 0.01mmol), and acetic anhydride

(3.3mmol) under ultrasonic irradiation at room temperature for 4–32min yielding 72%–
100% products.

7.6 Deprotection of 1,1-diacetates
Unmasking of 1,1-diacetates to their corresponding aldehydes is a high concern, and sev-

eral approaches have been published in the literature [54] (Scheme 35). The cleavage

reaction involves sonication of a mixture of 1,1-diacetate (1mmol), PVPHS (0.01mmol)

in methanol at ambient temperature for 10–80min with moderate-to-high (76%–92%)
yield.

8. Protection and deprotection of amine group

Protection ofdNH2 group is very much significant due to their presence in a diversity of

biologically active compounds like amino acids, DNA base, etc. [55]. Amino acids are

building blocks of proteins and peptides, neuropeptide [56], and fundamental priorities

are the protection of amine functionality with various groups. In organic synthesis, a

ubiquitous and necessary procedure to protect NH2 is amide formations which are useful

building blocks to be utilized in pharmaceuticals, agrochemicals, and polymers industri-

ally and academically.

Scheme 34 1,1-diacetate protection of aldehyde under sonication.

a

Scheme 35 Deprotection of 1,1-diacetates to parent aldehyde by sonication.
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Anuradha and Ravindranath described a strategy in which amino acids directly and

rapidly acetylated at room temperature with acid anhydrides and activated esters in

organic solvents (Scheme 36) [57] under sonication. For polar amino acids, water is added

to facilitate the reaction’s progress. Under this reaction methodology, to complete the

reaction, it took 5min for proline and 45min for valine and isoleucine with producing

products in 90%–99% yield. However, acetylation of tyrosine with acetic anhydride in

dimethylformamide in moderate yield. The general procedure was trituration of amino

acids (1mmol) and Ac2O (2mmol) in ethyl acetate under sonication for the required

period.

The acyl protection of various aromatic amines having electron-donating and

electron-withdrawing groups were influenced by ultrasonic irradiation and iron oxide

nanoparticle catalyst (Scheme 37) [39]. The typical reaction consists of agitation of a mix-

ture of amine (1mmol), nano γ-Fe2O3 (5mol%), and acetic anhydride (1.5–3mmol)

under sonicator (frequency 33kHz and power 100W) to furnish the desired product

in 28%–95% yields, according to the influence of the substituted group. The rates of

yields are higher for aliphatic, cyclic, and heterocyclic amines with the advantage of a

catalyst having recyclability up to the fourth run.

8.1 Ultrasound and heterogeneous catalyst promoted acylation of
amines
Efficient process to acetylate amines was reported by Sreedhar et al. in wherein

(Scheme 38) [41] acylation was executed efficiently by naturally occurring clay chamo-

site, as an efficient and reusable heterogeneous catalyst along with an acylating agent.

Glacial acetic acid (2mmol) was added to amines (1mmol) to a 2:1M ratio in the pres-

ence of 10mg of catalyst for about 5–55min under sonicated in 30%–100% yields for

different amines.

Scheme 36 Amino acids amine protection by sonication.

R NH2

Ac2O,nano gamma
-Fe2O3 (5 mol%)

))), 1 h
solvent free
R.T.

R NHAc

R = alkyl,aryl

Scheme 37 Ultrasound-assisted iron oxide nanoparticles catalyzed acetyl protection of amines.
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In particular, the synthesis of N-acetyl sulfonamides was carried out by the conden-

sation of the various sulfonamides with anhydride or acyl chloride in the presence of a

base. The similar acylation of sulfonamides was also accomplished with concentrated

H2SO4, Lewis acids or heterogeneous solid acid in acetonitrile, palladium-catalyzed acyl-

ation of aryl with sulfonamides etc. under ultrasound. Recently, productivity for acyla-

tion of sulfonamides with the assistance of solid acid catalyst H6P2W18O62 in acetonitrile

is recognizable.

Structurally diverse amine was acetylated efficaciously with acetic anhydride at room

temperature without using solvent and catalyst under ultrasonic irradiation as described

by Bouasla et al. (Scheme 39) [58]. Herein, a mixture of amine or sulfonamide derivatives

(1 equiv.) and acetic anhydride (1 equiv.) were agitated under sonicator bath (frequency

40kHz and nominal power 260W) for 15–30min to offer the N-acetyl amines in rea-

sonable yield.

The amide formation finds the use of acyl halides, anhydride, and esters, but acyl

halides and anhydrides are moisture sensitive and react very fast with water and alcohols

forming acids and esters as by-products, interfering in the purification of the desired

amides. These amide formations require bases like imidazole and pyridine to perform

the reaction. To avoid these, sulfonated reduced graphene oxide (rGO-SO3H, SRGO),

as a reusable, metal-free, solid acid catalyst was employed for the direct N-acetylation of

amines in acetonitrile under irradiation into the corresponding amides, avoiding toxic

and moisture sensitive substances such as acetyl chloride, acetic anhydride, and acetic acid

(Scheme 40) [59]. 0.05g of SRGO catalyst was added to a mixture of amine (1equiv.),

and acetonitrile (1equiv.) and sonicated at 50–60°C to furnish the reaction in 80%–98%
yields in less than 1h.

Scheme 39 Catalyst-free N-acylation of amines under ultrasonic irradiation.

Scheme 38 Acylation of amines under catalysis and sonication.
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Moreover, primary and secondary amines (Scheme 41) were also protected without

the use of toxic reagents to formulate several N-acetamides.

8.2 N-Boc protection of amines
The tert-butyloxycarbonyl (Boc) group is very common, protecting the functionality of

amine by base-catalyzed reactions using aq. NaOH, DMAP, NaHMDS, or Lewis acids

catalyzed reactions, such as ZrCl4, HClO4/SiO2, Cu(BF4)2�9H2O, LiClO4,

Zn(ClO4)2�6H2O, La(NO3)3�6H2O, yttria-zirconia, amberlyst-15, H3PW12O40, mont-

morillonite K-10, and sulfamic acid. Nonetheless, due to acidity, corrosiveness, toxicity,

high cost, and requirement of other auxiliary substances during isolation of the product,

a green and simple approach for the N-Boc protection of various amines under ultra-

sound irradiation was established by Amira et al. (Scheme 42) [60]. The reaction of

primary and secondary aromatic and aliphatic (cyclic and acyclic) amines (1mmol) with

Scheme 41 Protection of primary and secondary amine by sonication.

Scheme 42 N-Boc protection of amines under ultrasonic irradiation.

Scheme 40 N-Acetylation of amines with acetonitrile by SRGO catalyst under sonication.
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di-tert-butyl dicarbonate (1.1mmol) without using any solvent or catalyst formed com-

pound within 2–7min quantitatively. Similarly, the amine functionality of β-amino alco-

hol, α-aminoesters, and sulfamines were protected excellently with preservation of

stereochemistry of N-Boc amino acids (Scheme 42) in a FUNGILAB ultrasonic bath

(40kHz, 250W) with neat (Boc)2O.

8.3 N-Fmoc protection of amines
Another typical amine protecting functionality is Fmoc group, and the introduction of

this functionality is eased by coupling an dNH2 with an activated 9-fluorenylmethyl

carbonate such as Fmoc-chloride (Fmoc-Cl), Fmoc benzotriazole-1-yl carbonate

(Fmoc-OBt), or (9-fluorenylmethoxycarbonyloxy) succinimide (Fmoc-OSu). The most

important is their stability toward acidity, facilitating the selective removal of other

common groups Boc under acidic exposure. Fmoc groups are deprotected with primary

amines (e.g., cyclohexylamine and ethanolamine), secondary amines (e.g., piperidine and

piperazine), and tertiary amines; the removal of this group is fast with secondary amines

but comparatively slower with tertiary amines.

A simple and sustainable method under ultrasonic irradiation for the N-Fmoc

protection of structurally variant primary and secondary amines was described by

Rachida Mansouri et al. (Scheme 43) [61]. The reactions occur with reasonably good

yield (72%–95%) and short reaction time (2–5min).

Aniline amine protection as N-Fmoc with Fmoc-Cl in dichloromethane, under

ultrasonic irradiation, occurs in 3 min with a yield of 95%, and comparable yields are

obtained even in the absence of solvent. Scheme 44 indicates that ultrasound, rather than

solvent, plays a more prominent role.

Scheme 43 Fmoc protection of primary and secondary amines by sonication.

Scheme 44 N-(9-Fluorenylmethoxycarbonyl) protection of aniline.
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The modification of functional groups of amino acids and their derivatives is always a

significant concern because of their importance in peptide synthesis. The Fmoc protec-

tion accomplished products in the range of 85%–92% yields only after 2min of reaction

(Scheme 45).

α-Amino acids are protected without using solvent for 2–5min under sonication of

amine (1mmol) and Fmoc-Cl (1.1mmol) at room temperature in good to excellent

yields as described in Scheme 46. The experimental results conclude that the yield is inde-

pendent of the nature of aromatic substituents.

8.4 Ultrasound-assisted amine protection as β-enamino esters
β-Enaminones are one of the fundamental and useful scaffolds for the synthesis of bio-

logically active analogues. It is synthesized from β-dicarbonyl compounds by utilizing

Al2O3, SiO2, montmorillonite K-10, and NaAuCl4 as catalysts. To avoid the hazardous

solvents, costly reagents, longer reaction times, etc. Carlos et al. applied environmentally

friendly and very fast and mild procedure using acetic acid as an acid catalyst operating

ultrasound irradiation (Scheme 47) [62]. To protect amines in the form of β-enamino

esters, a mixture of β-dicarbonyl derivatives (2mmol), amines (2mmol), and AcOH

(0.2mmol) were shaken under irradiation at 40kHz and with 100W power at a temper-

ature below 30°C for 0.2–3h, contributing the product in moderate to almost quanti-

tative yield (60%–98%).

Scheme 45 F-moc protection of β-amino alcohols by sonication.

Scheme 46 F-moc protection of α-amino acid esters by sonication.

Scheme 47 Ultrasound-assisted amine protection as β-enamino esters.

234 Green sustainable process for chemical and environmental engineering and science



8.5 N-Acylation of sulfonamides
Acetylated sulfonamides moieties (N-acetyl sulfonamide) are present in several important

biomolecules [63]. Greener approach has been informed by Bouasla et al. for acylating

the sulfonamide group under ultrasonic irradiation without catalyst use (Scheme 48) [58].

To synthesize N-acyl sulfonamides in good yields, a mixture of sulfonamide derivatives

(1equiv.) and Ac2O (1.0equiv.) was sonicated at a frequency of 40kHz and power 260W

for 15–60min at r.t.

8.6 Deprotection of substituted phenyl sulfonyl carbamates
To furnish parent amide compound, arene sulfonamides was cleaved under sonication

(Scheme 49) [64] using Mg powder (2.5mmol), arene sulfonamides (0.5mmol) in

MeOH (6mL) for 20–40min to get white crystalline product quantitatively with

81%–100% yield. The conventional manner takes a longer time to complete this reaction

(6–24h). It was observed that (i) Mg- powder (5equiv.) are satisfactory for an effectual

removal of 4-BrC6H4SO2, PhSO2, Ts, and Cbs groups; and (ii) 10equiv. for the

2,4,6-iPr3C6H2SO2 and 2,4,6-Me3C6H2SO2 functionalities, whereas (iii) at least

15equiv. for the demasking of the Mbs-carbamate.

8.7 Deprotection of propargyloxycarbonyl (POC) [65, 66]
An uncommon protecting group for solution-phase peptide synthesis is propargyloxycar-

bonyl (POC). This functionality has sustainability toward the tBoc demasking and even

acts as a safeguard to amino acid chlorides. The compounds having this group is also used

for couplings on hindered amines without racemization. Chandrasekaran and group

applied the ultrasonic irradiation for the deprotection of this functionality in tetrathio-

molybdate complexes [(PhCH2NEt3)2MoS4].

Scheme 48 Catalyst-free N-acylation of sulfonamides under ultrasonic irradiation.

Scheme 49 Removal of arene sulfonamides by use of magnesium and sonication.
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9. Carboxylic acid group protection/deprotection

Carboxylic acid protection/derivatization in peptides, protein or heteropoly acids, also in

the manufacture of fine and specialty chemicals such as fragrances, pharmaceuticals, and

pesticides is highly essential. Normally, thedCOOH functionalities are blocked as ester

and various routes are reported for their conversion. Traditional methods have few draw-

backs like the use of gaseous HCl as a catalyst where possibilities of side-chain cleavage of

amino acids glutamine and asparagine are possible. In that respect, mild and ultrasound

approaches support to perform the reaction with good yields.

9.1 Esterification of dCOOH in amino acids
Proteinogenic and α,α-dialkylaminoacid ester salts were derived by ultrasonic irradiation

for esterification of varied amino acids (Scheme 50) [67] using freshly distilled SOCl2
(1.3mL, 11mmol) at �10°C in dry methanol or ethanol at room temperature for

30–45min. The reactions produced esters in good yield (94%–98%).

Solid acid catalysts like zeolites, clays, etc. facilitate the esterification. The activated

carbons as porous materials are broadly explored as adsorbents, catalysts, or catalyst sup-

ports and their acidic and basic properties depend on their origin and on the temperature

as well as conditions under which these are activated.

Nevskaia et al. in their work used HNO3-oxidized activated carbon as a catalyst for

the esterification of benzoic and phenylacetic acids with alcohols under ultrasound irra-

diation (Scheme 51) [68]. This catalytic system esterifies organic acids like carboxylic and

phenolic hydroxy groups with alcohols on the carbon surface. For esterification, the

carboxylic acid (benzoic acid or phenylacetic acid) was mixed with alcohol without

any solvent and then sonicated in the ultrasonic bath (Selecta Ultrasound-H) at

40kHz and 550W and 333K for 11h. The esterification of benzoic and phenylacetic

acids with alcohols was successfully furnished on nitric acid-oxidized carbon under ultra-

sound acceleration with yield �85% and high selectivity (�95%).

Scheme 50 Esterification of amino acids under ultrasound irradiation.

Scheme 51 Esterification of benzoic and phenylacetic acids under ultrasound irradiation.
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The widely applicable reactions to esterified carboxylic group(s) [69] comprise

through the alkylation of carboxyl oxygen or a nucleophilic substitution on the carboxyl

carbon. In addition to iodomethane, other reagents such as trimethylsilyldiazomethane,

diazomethane, and polymer-supported methyl sulfonate, dimethyl sulfate, and dimethyl

carbonate are used as electrophilic methyl group equivalents. Among several, Fisher

esterification is the most familiar classical approach for such conversion. These methyl

esterifications find many applications containing biodiesels synthesis, fragrance materials

and surfactants along with purification, characterization of structurally complex mole-

cules [70], and so on. Typically, these reactions are acid-catalyzed and necessities of

the excess of alcohol for higher yields, also, due to the employment of acidity, the sus-

ceptibility of acid-sensitive functionalities is quite less. Sonication finds much promising

alternative to the traditional esterification process concerning functional groups compat-

ibility and selectivity (Fig. 7).

To circumvent this problem, a single step methyl esterification applying catalytic

quantities of the polymer-bound phosphine TCT/PS-Ph3P/Na2CO3 combination

(1:0.1:2M ratio) in methanol (0.5mL) at 50°C under ultrasonic irradiation was done

under sonication to get the ester in moderate-to-high (70%–98%) yield within

10–30min. This weakly basic system enables reaction compatibility with a range of

acid- or base-sensitive functional groups of carboxylic acids like a reactive hydroxy group

and different N-protected α-amino acids [71].

Fig. 7 TCT/PS-Ph3P-catalyzed methyl esterification.
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9.2 Ester hydrolysis in the presence of sonication
In a binary solution comprising ethanol-water, acidic hydrolysis of n-propyl acetate was

executed with 1MHCl at 20°C applying ultrasound at 22kHz (Scheme 52) and the pro-

gress of the reaction was monitored by GLC [46]. The experimental result reveals that the

effect of sonication is chain length depended, and it is higher for ethyl and propyl, indi-

cating solvent interaction of ester. In the case of hydrophobic compounds, the hydrolysis

requires cosolvent.

10. Summary

In conclusion, this chapter included the surveys and summaries of previously published

studies related to the protection and removal of majorly used functional groups such as

amine, hydroxy, carboxyl, carbonyl, amide, and so on under environmentally friendly

ultrasound-assisted protocols. The poor yields in traditional methods, the use of expen-

sive catalysts, longer reaction time and limited scope of substrates urged to look for a

high-yielding, expeditious, mild, and easy to handle mode triggered by an alternative

sonication-mediated energy as an advantageous strategy in synthetic chemistry. In this

chapter, the mechanism of sonication is pictorially depicted with brief discussion for lucid

understanding to the researchers in the relevant field. Herein, under sonication, the

detailed deliberations on the ultrasound-promoted protection and deprotection of

hydroxy group (dOH) in carbohydrates such as acetyl and removal of ketal, acetal, ace-

tate, trityl, and benzylidene functionalities and the migrations of a few functional groups

and the removal of terminal acetonides in carbohydrates are conferred.

On the other hand, the same energy source showed its potentiality to furnish the pro-

tection and deprotection of hydroxy group in noncarbohydrates as a silyl ether, acetyl

ester, PMB/MOMether, etc. mildly. Deprotection of acetal, ketal, and oxime protecting

groups of carbonyl functionality as well as chemoselective 1,1-diacetate protection and

deprotection are also summarized. Besides, the protection of amine group as N-acetyl,

N-Boc, N-Fmoc as well as β-enamino esters, N-acetyl of sulfonamides and the several

deprotection of amine functionality are covered. Esterification of carboxylic acid in

amino acids and its hydrolysis under sonication has also elaborated in this article. In

the end, it has been realized that for most of the protection and deprotection of the func-

tional groups, the reactions under sonication took less time and provided excellent yields

in comparison to the traditional ones. Hence, the readers, researchers, and academicians

might be benefited from this assembled literature data for the future applications of ultra-

sound in organic reactions.

P

Scheme 52 Acid-catalyzed hydrolysis of n-propyl acetate by sonication acceleration.
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1. Introduction

Inspired by zinc-organic chemistry actively explored in the end of 19th century at the lab-

oratory of Russian chemist Aleksandr Mikhailovich Zaitsev (Saytzeff ), Philippe Francois

Antoine Barbier (1848–1922) and his doctoral student Francois-Auguste Victor Grignard

(1871–1935) attempted to perform a one-step synthesis of alcohol 2 using ketone 1 and

methyl iodide by replacing zinc in the Wagner and Saytzeff method [1] with magnesium

(Scheme 1) [2]. This reaction, nowadays known as the Barbier reaction, initiated more in-

tensive research in organomagnesium chemistry. The organometallic species in this process

are convenientlygenerated in thereaction in situ.However, theone-potprocess in theBarb-

ier reaction does not always involve the formation of organomagnesium halides as interme-

diates [3], resulting in low specificity and overall unsatisfactory outcome of the reaction for

many substrates [4]. Therefore, a two-step approach, which involves initial preparation of

organomagnesium halides followed by their reaction with carbonyl substrates, was devel-

oped by Grignard in his doctoral thesis [5]. In his seminal work [6], Grignard exemplified

this process using the reaction of methyl iodide with magnesium and then the reaction of

acetophenone with the resulting methylmagnesium iodide (Scheme 2). Other successful

examples reported in this publication [6] included the reaction of isobutylmagnesuim

bromide with benzaldehyde and that of benzylmagnesium bromide with acetone.

Scheme 1 Barbier reaction.

Scheme 2 Grignard reaction.
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This reaction of organomagnesium halides with carbonyl compounds is now known

as the Grignard reaction, while organomagnesium halides, separately prepared in this

method before their reaction with carbonyl compounds, are called Grignard reagents

[7]. The Grignard reaction has been used widely in the preparation of various valuable

products and intermediates. The importance of this reaction was well recognized and in

1912 Grignard was awarded with the Nobel Prize in Chemistry.

2. Grignard sonochemistry

Many ultrasound methods have been used in organic synthesis and there is a clear trend in

developing more ultrasound-based protocols for new and classical reactions [8]. Ultra-

sound applications in organic synthesis have gained interest due to their high efficiency,

relatively inexpensive equipment, simple procedures, and sustainability. The prevalent

trend toward sustainable approaches demands advanced ultrasound-assisted protocols

for greener synthetic methods [9]. Despite many successful applications [10], organome-

tallic applications in sonochemistry are relatively limited and yet to come. This chapter

focuses on advancements in the ultrasound-assisted protocols for the preparation of Gri-

gnard reagents and ultrasound-promoted Grignard reactions.

2.1 Ultrasound-assisted preparation of Grignard reagents
The history of ultrasound applications in organometallic chemistry began in 1950, when

Renaud reported [11] the first protocol for organometallic reagent preparation in ultra-

sonic baths. This work described the preparation of Grignard reagents and organolithium

compounds, but the fundamental aspects of the method and role of ultrasound remained

unexplored.

An attempt to continue further from the Renaud’s success and expand this field of

organometallic chemistry was made by Luche and Damiano in 1980 by performing

another study on the formation of organolithium compounds under ultrasound irradia-

tion [12]. Surprisingly, almost instant initiation of the reaction was observed even in sol-

vents of commercial grade without any additional drying. That outcome was

unachievable in such solvents under conventional conditions. To explain the successful

formation of organolithium compounds, two possible roles of ultrasound waves were

proposed: mechanical and cleansing effects.

Howkins et al. [13] published their research shedding light on the influence of ultra-

sound on metal surface. The beneficial effect of ultrasound irradiation was explained by

the cavitation activity, which created bubbles drilling holes on the metal surface. The

metal erosion was associated with the cavitation “collapse” phenomena, an implosive

high-energy effect of expansion and compression of sound waves in a locally enhanced

sound-pressure field. Although, this work did not directly describe the Grignard reagent

formation, it opened a route to further investigations of metal surface related processes.
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The role of metal surface in Grignard reagent formation was elegantly explored by

Whitesides’ Research Group [14], which developed a practical way to increase the rate

of solid-liquid reactions between magnesium and organic halides. To study the processes

undergoing in the reactionmixture, they prepared exceptionally puremagnesium crystals

(99.999%) and examined the surface halide-metal interactions. It was found that initia-

tion of the reaction took place at the induction period when tiny corrosion pits and dis-

locations were formed inside the metal lattice. The localized pits in the metal surface were

formed in the first phase of reaction, which was defined as an activation period. With the

pits growing and overlapping, the second phase started and the reaction became self-

sustained. The Grignard reagent formation was found to depend entirely on the rate

of occurrence of pits and dislocations. Subsequently, surface area was confirmed to be

the major factor determining the reaction rate in the Grignard reagent synthesis with

ultrasound helping to increase this surface area on magnesium particles.

Another vital impact on the field was made by Hoffmann’s group [15], which studied

the fundamental kinetic processes occurred in the local ultrasound-produced bubbles

creating microjets at the metal surfaces. Several models for the Grignard reagent forma-

tion were created to describe relationships between the metal activation degree and ultra-

sound field local energy spreading. The results obtained in this study made it possible to

predict the reaction rate for the Grignard reagent formation on the basis of the solid-

liquid interaction model.

It was demonstrated that a combination of calcium and magnesium could improve

yields of Grignard reagent under ultrasound protocols. This effect was attributed to

the brittle alloy structure, which could be easily cleaved by the ultrasound force, achiev-

ing significantly active small magnesium particles, while calcium remained intact. It was

shown that applied together, ultrasound and MgCa alloy could significantly reduce the

formation of undesirable admixtures during the reaction (Table 1).

The benefits of using MgCa alloys in the ultrasound-promoted synthesis of various

Grignard reagents have been well explored [16, 17]. Besides the synthesis of typical Gri-

gnard reagents, the application of MgCa alloys opened a route to the engagement of

highly inactive halides in the formation of organomagnesium halides [15]. Thus, phenyl

fluoride was utterly unreactive and the standard method [18] for the preparation of

Table 1 Formation of benzylmagnesium chloride and by-products from benzyl bromide and themetal
in THF at 5°C.

Application BnMgCl (mol%) PhCH2CH2Ph (mol%) Toluene (mol%)

Mg without ultrasound 61 10.2 16.8

Mg with ultrasound 75 2.8 12.4

MgCa with ultrasound 95 0.6 2.4
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phenylmagnesium fluoride was extremely time consuming, complicated, and occasion-

ally ineffective. However, the combined application of MgCa alloy and ultrasound irra-

diation made this reaction possible (Table 2) [15].

The effect of ultrasound on magnesium reactivity was studied by Sprich and Lewandos

[19] using a model reaction of 2-bromopentane with magnesium turnings in diethyl ether

containingdifferent amountsof thewater/alcohol contamination.Theyobserved thatultra-

sound irradiationdidnot affect yields but significantly reduced the initiation timeof the reac-

tion. Similarly, in the reactions of chlorocyclohexane and 1-bromonaphthalene with

magnesium, a substantial reduction of the time needed to initiate a self-sustaining reaction

was observed under ultrasonic irradiation [20]. Sprich and Lewandos [19] attributed the

improved initiation of the reaction to the “cleaning” role of low-intensity sonication via

removal of a thin layer ofwater or alcohol adsorbed onto themagnesium surface.However,

Teerlinck andBowyer [21] examining the effects ofmagnesium surface on the formation of

Grignard reagents found that ultrasound irradiation of magnesium in dioxane prior to the

reaction with organic halides did not significantly benefit the process [22].

It was demonstrated that ultrasound irradiation frequency played an important role in

the acceleration of the Grignard reagent formation [23]. Changing the frequency from

44 to 22kHz nearly doubled the rate of the reactions of vinyl chloride and chlorobenzene

with magnesium in THF. Importantly, no products of the Wurtz side reaction were

detected when these reactions were carried out under sonication.

An important contribution to understanding the ultrasound effect in the process of

the Grignard reagent formation was made by researchers from the University of Tartu

[24, 25]. They studied a role of ultrasound in the formation of Grignard reagents inves-

tigating the effects of reaction inhibitors (water and alcohol) on the kinetics of induction

period. A direct correlation was found between the concentration of inhibitors and the

initiation constant rate. However, when the process occurred under ultrasound irradia-

tion, even a significant amount of inhibitors (40–50mM water) did not stop the forma-

tion of Grignard reagents. Without sonication, the reaction, under otherwise identical

conditions, did not even start.

Interesting results were obtained when toluene or its mixtures with THF or diethyl

ether were used as solvents for the Grignard reagent preparation [24]. A substantial

Table 2 Formation of phenylmagnesium fluoride in the reaction of phenyl fluoride with magnesium
and magnesium calcium alloy in THF at 60°C after 15h.

Metal PhMgF yield (%) with ultrasound PhMgF yield (%) without ultrasound

Mg 0.6 �0

MgCa 8 �0
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acceleration of the reaction was observed under ultrasound irradiation in toluene in the

presence of THF (Table 3). Similar results were also obtained for the toluene—diethyl

ether mixtures [24, 25]. It should be noted that the initiation of the Grignard reagent

formation was accelerated by ultrasound in pure diethyl ether a few times less compared

to the reaction in toluene in the presence of diethyl ether. This fact was associated with

the higher cavitation collapse energy in toluene compared to that in ether. Therefore, the

magnesium oxide contaminants situated on the metal surface could be removed faster. It

is also worth noting that comparison of the yields proved lack of an ultrasound influence

on the chemical nature of the process, since in all cases the outputs were almost identical

and only initiation constant and induction period were affected by ultrasound.

An efficient ultrasound-assisted protocol for the preparation of Grignard reagents was

developed using aryl and heteryl halides reactions with magnesium in dry THF [26].

The quantitative conversion and yields of Grignard reagents 3–6 were obtained when

2-bromopyridine, 2-chloropyridine, bromobenzene, and 1-bromo-3,5-dimethoxybenzene

were used as substrates in the ultrasound protocol (300kHz, 200W) (Scheme 3). However,

this reaction failed when these conditions were applied to chlorobenzene or when the

reactions of 2-chloropyridine or 1-bromo-3,5-dimethoxybenzenewere carried out at lower

Table 3 Rate constants for the slow stage of the formation of alkylmagnesium bromides in toluene in
the presence of THF (0.51M).

k×104 (moldm23 s21)a

R With sonicationb Silentc

Et 0.73 0.17

n-Bu 0.83 0.098

i-Bu 0.52 0.090

s-Bu 0.61 0.08

aAverage values of several determinations.
bMean error about �10%.
cMean error about �15%.

Scheme 3 Ultrasound-assisted synthesis of (het)arylmagnesium halides 3–6.
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frequencies (19.6–35kHz). Instead, the formation of a substantial amount ofWurtz reaction

side-products was detected.

The synthesis of Grignard reagent 7 from 1-bromo-2-methylnaphthalene and mag-

nesium turnings in diethyl ether (Scheme 4) was facilitated by sonication in the cleaning

bath (41kHz, 53W) [27]. The reaction was effectively completed in 3h affording the

solution of 7 suitable for the following steps in the synthesis of 1,10-
binaphthyl-2-carboxylic acid.

It was also reported [28] that 1,4-dibromobenzene in the reaction with magnesium in

THF under ultrasonic irradiation was nearly quantitatively converted to the corresponding

Grignard reagent 8 (Scheme 5). The latter was used for further silylation with dimethylsilyl

chloride at both reactive sites.

The ultrasound-promoted preparation of Grignard reagent 10was reported [29] from

(3-chloropropyl)triphenylstannane (9) and magnesium in the presence of catalytic

amounts (20mol/%) of anthracene in THF (Scheme 6). The obtained Grignard reagent

10 was effectively used for further transformations.

Scheme 5 Reaction of 1,4-dibromobenzene with magnesium under sonication.

Scheme 4 Ultrasound-promoted preparation of 2-methyl-1-naphthylmagnesium bromide (7).

Scheme 6 Synthesis of organotin Grignard reagent 10.
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Overall, ultrasound was found to be beneficial for the promotion of Grignard reagent

formation. The developed ultrasound protocols were rather general and practical allow-

ing fast initiation of reactions without the use of dry solvents and affording alkyl and aryl-

magnesium halides in good yields. Even though various ultrasound-generating devices

were found to be suitable for the reaction, attention should be paid to the frequency

of ultrasound irradiation. Variations in the frequency and power might result in a dra-

matic difference in the reaction product composition and yields.

2.2 Reactions of Grignard reagents under ultrasound irradiation
2.2.1 Reaction of Grignard reagents with aldehydes
Often, sonication is also utilized in subsequent reactions of Grignard reagents after their

preparation under ultrasound irradiation. This approach was applied for the synthesis of

several natural product intermediates and bioactive compounds. Particularly, in the syn-

thesis of α-asarone, ethylmagnesium bromide was prepared in THF under ultrasound

irradiation (Scheme 7). In the following sonicated step, ethylmagnesium bromide was

involved in the reaction with 2,4,5-trimethoxybenzaldehyde to afford alcohol 11, which

was further dehydrated to α-asarone [30].
A similar protocol was applied for the synthesis of another natural product, resvera-

trol. Initially, p-methoxybenzyl chloride was converted into the corresponding Grignard

reagent, which was further used for the reaction with 3,5-dimethoxybenzaldehyde to

Scheme 7 Grignard reagent in the ultrasound-assisted synthesis of an α-asarone precursor.

Scheme 8 Grignard reagent in the ultrasound-assisted synthesis of a resveratrol precursor.
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afford alcohol 12 in good yield (Scheme 8). Both steps were conveniently performed

under ultrasound irradiation (500W) in THF [31]. Alcohol 12 was further dehydrated

and demethylated to produce the desired resveratrol.

It was reported [32] that aldehydes under sonication in the ultrasonic cleaning bath

(50kHz) reacted with the mixture of magnesium and 6-bromo-1-butene in THF to

afford secondary alcohols, for example, 13 (Scheme 9). It should be noted that 1,2-

dibromoethane was used in the reaction as an activator. Being rather general, the reaction

was effectively applied to a variety of aliphatic, aromatic, and heteroaromatic aldehydes to

provide the corresponding alcohols (12 examples, 52%–96% yields). Hexanal in this

reaction gave the lowest yield (52%) that was attributed to volatility of the substrate.

A relatively low yield (57%) of the product of the addition to thiophenyl aldehyde

was explained by its partial decomposition under the reaction conditions.

Similar to magnesium, other metals were also reported [33] to facilitate addition to

aldehydes in their reaction with alkylhalides under sonication. This variation of the Zait-

sev reaction of aldehydes with allyl halides in the presence of zinc and tin was performed

in the subcritical (30°C, 80bar) CO2/H2Omixture as a solvent (Scheme 10). The appli-

cation of CO2 as a medium for the reaction improved solubility of organic reagents in the

reaction media and allowed convenient isolation of allylation products 14. It was also

reported [33] that yields and selectivity of the reaction toward homoallylic alcohol could

be improved by higher temperature, addition of sodium or ammonia chlorides, and

Tween 80 as a surfactant stabilizing the emulsion, which was formed under sonication

of the CO2/H2O biphasic reaction mixture.

Scheme 10 Ultrasound-supported organometallic reaction of aldehydes in the subcritical CO2/H2O
media.

Scheme 9 Ultrasound-assisted synthesis of 1-phenylpent-4-en-1-ol (13).
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2.2.2 Reaction of Grignard reagents with ketones
The Grignard reagents 3–5 prepared using the sonication protocol (Scheme 3) were fur-

ther reacted in a one-pot manner with benzophenone under ultrasound irradiation to

afford the corresponding tertiary alcohols 15–17 in good yields (Scheme 11) [26].

The same cup horn (300kHz, 200W) was used in this second step of the process. It

should be noted that 2-pyridylmagnesium chloride (6) reacted identically to its bromide

analog 5. The method conveniently combined the synthesis of Grignard reagents from

poorly reactive (het)aryl halides and the subsequent reaction of the Grignard reagents, as

sonochemical transformations.

The sonication protocol was applied to both steps, the formation of arylmagnesium

bromides and their reaction with acetophenones [34]. It was demonstrated that ultra-

sound irradiation effectively promoted the reaction without prior drying of solvent

and requirements of inert atmosphere. The first step of the Grignard reagent formation

proceeded smoothly. However, in the second step the authors observed two main prod-

ucts generated in different proportions. The reaction of 4-methoxyphenylmagnesium

bromide, prepared in the first step from p-bromoanisole and magnesium, with

4-propylacetophenone resulted in the formation of the addition product 19 together

Scheme 11 Ultrasound-assisted reaction of benzophenone and Grignard reagents 3–5.

Scheme 12 Synthesis of 4-methoxyphenylmagnesium bromide and its reaction with
4-propylacetophenone under ultrasound irradiation.
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with the product of dehydration 18 as the major component (Scheme 12). The conver-

sion of 4-propylacetophenone in this reaction was 92%. The selectivity of the process was

found to depend greatly on the reaction time and structure of substrates.

Grignard reagents are often not very effective and selective as building blocks in sono-

chemical additions to ketones. For example, Grignard reagent derived from

4-bromo-1-butene did not afford appreciable quantity of alcohol 20 in the reaction with

isophorone. Instead, a mixture of 20with the elimination and 1,4-addition products was

formed [35]. The selectivity of the process was improved when lithium was used instead

of magnesium in the Barbier-type reaction under ultrasound affording the desired 1,2-

addition product 20 in good yield (Scheme 13).

2.2.3 Reaction of Grignard reagents with acetals
The effect of ultrasound irradiation on the addition of Grignard reagents 22 to masked

aldehydes, that is, acetals of α, β-unsaturated aldehydes 21was explored [36]. It was found
that sonochemical protocol under low temperature (�60°C) and ultrasonic irradiation

(50W) enhanced the addition of Grignard reagents 22 to acetals 21 without affecting

the selectivity of the reaction (Scheme 14). The yields under silent conditions were

4%–63%, while under sonication they were above 62% and nearly quantitative for most

of the substrates. The 1,2-addition products 23were predominant (sometimes exclusive)

Scheme 14 Ultrasound-assisted reaction of acetals 21 with Grignard reagents 22.

Scheme 13 Ultrasound-assisted synthesis of tertiary alcohol 20.
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in the reactions. Only small quantities of geometrical isomers 24 as the products of

1,4-addition were detected for some substrates.

2.2.4 Reaction of Grignard reagents with esters
The ultrasound irradiation was applied to facilitate the reaction of proline ester 25 and its

analogs with arylmagnesium bromides [37]. For example, in the reaction of 25 with

phenylmagnesium bromide, compound 26, possessing potent insecticidal activity against

aphids, was obtained (Scheme 15). A few insecticidal compounds were prepared using

this method.

3. Concluding remarks

Sonication has been demonstrated to promote the formation of Grignard reagents facil-

itating the reaction of alkyl, aryl, and hetaryl halides with magnesium. Compared to con-

ventional synthesis, this process under ultrasound irradiation was found to be less

demanding to solvents and more efficient in the conversion of the original halides into

the corresponding organomagnesium halides. It was also demonstrated that sonication

accelerated the formation of Grignard reagents and improved selectivity of the reactions

often making practical the one-pot Barbier-type reaction of magnesium, halides, and car-

bonyl compounds without prior preparation of Grignard reagents. The reactions of Gri-

gnard reagents with carbonyl compounds under sonication in many cases resulted in a

better outcome compared to conventional conditions. However, occasionally sonication

protocols for the Grignard reaction gave unexpected results, such as the formation of

products different from those obtained from synthetic procedures utilizing conventional

conditions. Additional experiments are required to understand the role of ultrasound in

the facilitation of the Grignard reaction.

Scheme 15 Reaction of proline ester 25 with phenylmagnesium bromide.
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CHAPTER 10

Sonochemical approach for the
synthesis of organo-modified layered
double hydroxides and their
applications
Shadpour Mallakpoura,b, Mina Naghdia
aOrganic Polymer Chemistry Research Laboratory, Department of Chemistry, Isfahan University of Technology, Isfahan, Iran
bResearch Institute for Nanotechnology and Advanced Materials, Isfahan University of Technology, Isfahan, Iran

1. Introduction

Among different methods of carrying out organic synthesis such as photochemistry,

microwave-assisted chemistry, wet chemistry, hydrothermal approach, flame pyrolysis,

and sonochemistry, the latter has been proposed as an economical method in terms of

time and cost and is based on chemical activation [1]. Ultrasonic waves are used in various

fields of chemistry including synthesis, destroying both biological and chemical pollutants

from the environment, etc. Also, they can be used for improving procedures related to

the polymer chemistry and engineering areas, e.g., extraction, crystallization, and elec-

troplating [2]. For example, in the process of producing biodiesel from blended oil feed-

stock, applying the ultrasound in comparison to the mechanical mixing showed a higher

yield of the transesterification [3]. In another study [4], using sonochemistry in the emul-

sion polymerization of methyl methacrylate and preparation of its nanocomposites led to

an enhancement in the final conversion.

The first usage of ultrasonic waves in chemistry dates back to 1927 by Richards and

Loomis [5]. They acclaimed that the compressional waves with high frequency can accel-

erate certain chemical reactions. From those times to now the ultrasonic technology has

been used in a broad range of synthetic reactions mainly the synthesis of nanomaterials,

including metal oxides, alloys, semiconductors, as well as carbonic and polymeric mate-

rials and their nanocomposites because it generally meets the goals of the green chemistry

[6, 7]. In recent years, it has been introduced as a green and environmentally benign tech-

nique for the surface modification of the nanoparticles with different types of molecules

and preparation of polymer-based nanocomposites. It induces surface activation, deag-

glomeration, and proper dispersion of the nanofillers within the polymeric phase [8].

On the other hand, it can be a proper source of energy to induce the reaction between

nanoparticles and organic counterpart [9]. These demands are met by neither mechanical
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nor magnetic stirring [8]. The efficiency of this technique is as a result of two

phenomena, i.e., acoustic cavitation and acoustic streaming [10]. Fig. 1 shows a statistical

comparison of using sonochemical in the field of nanoparticles surface modification dur-

ing several years and confirmed that a new era has been introduced in this domain.

In this chapter, we will concentrate specifically on the role of ultrasound waves in the

synthesis of organo-modified/layered double hydroxide (LDH)s and their nanocompo-

sites with different applications.

2. A summary on the ultrasonic approach

2.1 Transducers configuration
The sonochemical instruments are typically available as ultrasonic horns, baths, and cup-

horn devices of which the latter is a midway of a horn and bath instrument [11]. To direct

sonication, the ultrasonic horn can be used, though two others are applied for indirect

irradiation. The frequency range applied in horn case starts from 20 to 50kHz, while

higher frequencies are accessible by ultrasonic baths [1]. Rahimi et al. [12] found that

compared to the ultrasonic bath, horn systems induce higher ultrasonic intensity into

the liquid media. Mohod et al. [13] observed that using an ultrasonic horn instead of

a bath leads to more local cavitational activity and greater extent of energy scattering

within the liquid media. Although the lack of a mixing system limits their applications,

the ultrasonic baths are simple and cost-effective and can be scaled up for industrial pur-

poses [14]. The most important point, which is usually ignored in using an ultrasonic

horn, is calibrating the ultrasonic output to report the exact experimental conditions.

Fig. 1 Search results from the Scopus website for the number of documents per year with the keyword
of “surface modification of nanoparticles using ultrasound” including article titles, abstract, and
keywords (obtained on April 2020).
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This can be done by calorimetry. Ultrasonic baths can be good alternatives, which have a

lower power density compared to a horn. Despite ultrasonic horns, which have chemical

outcomes, ultrasonic baths cover physical aspects. For instance, they can be used for acti-

vation of highly reactive metals, easy solvation of solids or crystallization, and exfoliation

of layered materials [15]. Consequently, by taking into account our expectations and

experimental conditions, we can choose a proper device. For example, in the synthesis

of nanomaterials applying different types of irradiation system leads to different morphol-

ogies for the resulted materials. In this regard, Sharifalhoseini et al. [11] investigated the

effect of sonication type on the morphology of the synthesized ZnO nanostructure. As

can be seen from Fig. 2, using three different irradiation systems meaning a horn

equipped, an ultrasonic bath, and a cup-horn system led to different morphologies

including rod-shaped, flower-like, and network for the nanostructures, respectively.

In a study by Thompson et al. [16], the effect of the type of sonication (direct or indi-

rect) on the properties of a series of zeolitic imidazolate framework (ZIF-8)/Matrimid

composite membranes was investigated. The composites prepared by direct sonication

(applying a sonication horn) showed better dispersity for the ZIF-8 within the polymeric

Fig. 2 (A) The micro-sized spherical structures and the zinc oxide nanostructures could be observed,
(B) zinc oxide nanorods with uniform distribution on the surface of the product prepared by direct
sonication, (C) surface morphology of sample prepared by ultrasonic bath, and (D) SEM
micrographs of the sample prepared by ultrasonic cup horn. SEM, scanning electron microscopy.
Adopted from Z. Sharifalhoseini, M.H. Entezari, M. Shahidi, Sonication affects the quantity and the
morphology of ZnO nanostructures synthesized on the mild steel and changes the corrosion protection
of the surface, Ultrason. Sonochem. 41 (2018) 492–502, with kind permission of Elsevier.
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matrix. Also, the mentioned composites showed better CO2 permeability and CO2/CH4

selectivity compared to those prepared via indirect irradiation (applying a sonication bath).

2.2 Mechanism
The ultrasound frequency ranges from 20kHz to 100MHz, while the conventional

sonochemistry lies between 20 and 40kHz [2]. The exact mechanism of the sonochem-

ical process is based on the acoustic cavitation phenomenon. In fact, when sound waves

pass through a reactionmixture, induce dynamic tensile stress, which leads to the creation

of bubbles. These bubbles grow to a critical size and then collapse [15]. It is an adiabatic

process, in which releasing a high amount of energy creates hot spots with a temperature

of about 5000°C and pressure of 2000atm (Fig. 3) [17].

This phenomenon justifies the role of ultrasonic waves in enhancing the rate of reac-

tions and improving the dispersion of nanoparticles in a media, e.g., a polymeric matrix in

the process of nanocomposite synthesis [18]. Compared to other sources of energy used

in the chemical synthesis like heat and light, the ultrasound creates a million zones with

more concentrated energy content within the liquid. Under these circumstances, the

vaporized molecules of the reaction mixture inside the cavitating bubbles can be

destroyed and could cause the formation of free radicals as well. These reactive species

can promote further oxidation and reduction in the reaction medium. These conditions

Compression

Rarefaction

Bubble formation Bubble growth
over several cycles

Bubble implosion/
violent collapse

Unstable size

5000°C
2000 atm

Rarefaction Rarefaction Rarefaction Rarefaction

Compression

Ultrasonic cavitation
Compression Compression

Fig. 3 Schematic representation showing the mechanism of acoustic cavitation which is used in the
sonochemical processing method. Adopted from A. Moghtada, R. Ashiri, Superiority of sonochemical
processing method for the synthesis of barium titanate nanocrystals in contrast to the
mechanochemical approach, Ultrason. Sonochem. 41 (2018) 127–133, with kind permission of Elsevier.
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also induce interparticle collisions between the particles and consequently propose a solu-

tion for the agglomeration issue [19].

3. Synthesis of organo-modified/LDHs and their nanocomposites with
prospect applications

LDHs are a group of ionic compounds with the brucite-like structure in which cationic

hydroxide sheets are close together via interacting with interlayer anions. Their general

formula is [M2+
1�χM

3+
χ (OH�)2 ]

χ+(An�)χ/n�mH2O in which M2+, M3+, and An� are rep-

resentative of di- and trivalent metal cation, and an exchangeable hydrated anion, respec-

tively [20]. They have vast applications in catalysts [21], sensors [22], and electrodes [23],

as well as drug delivery systems [24]. Recently, LDH nanostructures and their nanocom-

posites have attracted a lot of attention in the field of wastewater treatment [25].

Modification of LDH is crucial especially from the perspective of nanocomposites

preparation. During modification, intercalation of LDH with different organic moieties

leads to expanding the interlayer space of the LDH and consequently better intercalation

of a large hydrophobic polymeric chain. Meanwhile, surface modification of LDH

endues it with organophilic character [26].

A large number of compounds have been applied for themodification of the LDH and

preparation of the nanocomposites. Herein, organic compounds as a huge class of mod-

ifiers are more attractive, since they provide characteristics, which are rather more favor-

able than the others. Dyes, drugs, vitamins, polymers, and different allotropes of carbon,

including carbon black, carbon nanotubes (CNTs), and graphene oxide (GO) are some

members of this group.

Hitherto, several strategies have been proposed to prepare organo-modified LDH

structures, i.e., coprecipitation, anion exchange, and reconstruction. In the first approach,

the LDH layers are fabricated in the related metal ion salt solutions and the presence of an

organic moiety. In the anion exchange protocol, the interlayer anion of the LDH is

replaced by an anionic organic molecule. This method has some difficulties in the term

of industrialization since in some cases the interlayer anions are more prone to be bonded

with layers (e.g., CO3
2�). Temperatures over 450°C can disturb the lamellar structure of

the LDH. In the presence of water and anionic organic molecules and during the recon-

struction path they can reassemble and create the original structure of LDH [27]. In this

chapter, we will focus on those approaches conducted sonochemically for the organic

modification of LDH structures and discuss their numerous applications in different fields.

As mentioned before, the ultrasonic irradiation is an appropriate tool to prepare nanopar-

ticles, which are organically modified. Since it can break hydrogen bondings among them

and separate their aggregates. After irradiation of nanoparticles, the number of accessible

hydroxyl groups on their surface will increase [28]. Under this circumstance, the interac-

tionof thenanoparticleswith several organicmodifying agentswill be improved [29].Also,

the organic phase can be dispersed in the reaction mixture properly.
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3.1 Carbon derivative/LDH structures
Nowadays, carbon-based nanoparticles have been introduced to the world as six main

groups, i.e., graphene compounds, CNTs, mesoporous carbons, nanodiamonds, fuller-

enes, and carbon dots [30]. Their combination with LDHs to prepare organic/LDH

nanocomposites has attracted much more attention in recent years.

Zhao et al. [31], ultrasonically dispersed GO in deionized water and then prepared a

GO/LDH nanostructure during a hydrothermal process. The results of the X-ray pho-

toelectron spectroscopy demonstrated an enhancement for the carbon signal of the car-

boxylate functional group, which could be as a result of intercalated CO3
2� in the LDH

structure. They acclaimed that the resulted nanohybrid can be applied as a thermal or

electrical conductive as well as a flame-retardant material.

Xia et al. [32] used an ultrasonic bath to exfoliate GO and then it was reduced via a

hydrothermal route. After ultrasonic (bath)-assisted dispersion of the reduced GO

(RGO) inN,N-dimethylformamide, related salts of the LDHwere added. As can be seen

from transmission electron microscopy (TEM) and high-resolution TEM (HRTEM)

images in Fig. 4, two amounts for interlayer spacing are noticeable (0.25 and 0.32nm)

in which the first relates to the (012) plane of LDH with hexagonal morphology and

the second corresponds to (002) crystallographic planes of graphitic carbon. These con-

firm the synthesis of the RGO/LDH moiety with proper contribution of both counter-

parts in its structure. The results showed that the RGO/LDH structure has the potential

use as an electrocatalyst since it showed high oxygen evolution reaction activity with a

low overpotential of 250mV.

Fig. 4 (A) TEM and (B) HRTEM images of the RGO-Ni-Fe LDH composite. TEM, transmission electron
microscopy; HRTEM, high resolution TEM; RGO, reduced graphene oxide. Adopted from D.-C. Xia, L.
Zhou, S. Qiao, Y. Zhang, D. Tang, J. Liu, H. Huang, Y. Liu, Z. Kang, Graphene/Ni–Fe layered double-
hydroxide composite as highly active electrocatalyst for water oxidation, Mater. Res. Bull. 74 (2016)
441–446, with kind permission of Elsevier.
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Yuan et al. [33], made the GO exfoliated using sonication for 1h. After addition of the

related metal salts of the LDH to the above suspension, it was further sonicated for 30 min

to make it ready for a hydrothermal process. The resultant material showed good perfor-

mance in the removal of Cr6+ from aqueous solutions, which could be as a result of good

dispersion and synergism among two counterparts of the nanocomposite.

GO/LDH nanocomposites with the ability of SeO4
2� and Sr2+ uptake from radio-

active wastewater were synthesized using sonication [34]. For this purpose, suspensions

of GO with different weight percentages were prepared using ultrasonic irradiation

at 28kHz for 3h and after mixing with LDH, nanocomposites were attained during

a freeze-drying process. The results of powder X-ray diffraction (XRD) of the nano-

composites showed a decrease in d003 spacing with increasing the GO content. They

explained that enhancing the partial NO3
� releasing as a result of partial charge neu-

tralization by the GO’s functional groups may be responsible for this occurrence.

Youn et al. [35] used the ultrasonic tool in the process of the preparation of theRGO/

LDH composite to disperse GO in water. The resulted nanocomposite can play the role

of an electrocatalyst in the electrochemical and photoelectrochemical water oxidation.

For this aim, it was dispersed ultrasonically in the ethanol and the resulted solution

was deposited on to the hematite photoanode, which was used as the working electrode.

It was observed that the photocurrent of the hematite photoanode was improved by two

times, while the onset potential was shifted negatively.

Fang et al. [36] reported the synthesis of aerogels based on GO contained LDH.

They mentioned that sonication of the mixture for 1h changed its color from original

brown to a darker brown. Interactions including charge-assisted hydrogen bonds and

lattice-lattice cation-π among the GO and LDH are responsible for this observation.

Hence, the resulted aerogels showed excellent structural stability and hydrophilicity

and were used successfully for the uptake of methylene blue (MB) and Cd2+ from

wastewater.

In the procedure of CNT/LDH nanohybrids synthesis, use of ultrasonication has

been reported to gain good dispersion of CNT before use [37]. As demonstrated in

Fig. 5, CNT underwent acid treatment and then sonication to disperse in alkaline

solution. Next, the adsorption of metal ions occurred and LDH sheets were shaped

by nucleation and growth during a hydrothermal process. The resulted CNT/LDH

nanocomposite with amphiphilic characteristic was able to play the role of an emulsifier

at the water-oil interface. Finally, it was used as catalyst support and showed high catalytic

activity for the selective oxidation of benzyl alcohol to benzaldehyde. The conversion

was 92% for the reaction time of 5h.

In an experiment by Khodam et al. [38] ultrasonication was used for both surface

modification of CNTs and synthesis of CNT/LDH nanohybrids. In this regard,

CNT was first sonicated for 20min and then underwent oxidation. After treating

the CNT in NaOH to gain negative charge, it was dispersed in deionized water using
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ultrasonication. Next, the synthesis of LDH was performed in the presence of the

CNT during a coprecipitation method. Brunauer-Emmett-Teller (BET) measure-

ments confirmed higher surface area of the resulted nanohybrid than the neat LDH.

The fabricated nanohybrid demonstrated high efficiency in the removal of Acid

Red 14.

Yang et al. [39] prepared CNT/LDH composites with good electrochemical per-

formance. For this purpose, before synthesis they first oxidized the surface of the

CNT via sonication for 6h in the presence of a mixed solvent including nitric acid

and sulfuric acid. They confirmed successful fabrication of this composite via compar-

ison of its TEM images with the composite prepared via physical mixing of the LDH

and CNT. Thus, the role of sonication in the pretreatment of CNT for the fabrication

of the composites could be imperative. Also, the electrochemical properties of the

CNT/LDH composite were studied and they understood that it has satisfactory elec-

trochemical characteristics, e.g., increasing average discharge capacity, high cycle sta-

bility, lower charge plateau voltage, as well as higher discharge plateau voltage.

Therefore, the resulted composite can be a good candidate to be used as the anode

material in Ni-Zn cells. In several other studies [40–44], sonication was used for the

preparation of CNT/LDH nanohybrids.

In an experiment performed by Xie et al. [45], ultrasonic irradiation was used for the

treatment of magnetic carbon spheres. Then, the LDH prepared by coprecipitation

method was loaded with these magnetic carbon spheres. The scanning electron micros-

copy (SEM) image of the prepared composite revealed stacked layers of the LDH with

Fig. 5 Schematic of the synthetic process and formation mechanism for the LDH-CNT nanohybrids.
CNT, carbon nanotubes. Adopted from Y. Shan, C. Yu, J. Yang, Q. Dong, X. Fan, J. Qiu,
Thermodynamically stable pickering emulsion configured with carbon-nanotube-bridged nanosheet-
shaped layered double hydroxide for selective oxidation of benzyl alcohol, ACS Appl. Mater. Interfaces 7
(2015) 12203–12309, with kind permission of American Chemical Society.
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small plate-shaped units. The composites were used for the elimination of the Cu2+

and Pb2+ from wastewater.

In the study by Zhang et al. [46], the pretreatment of a glucose solution before sub-

jecting to the hydrothermal process was done by sonication. In this regard, Fe3O4 micro-

spheres were firstly dispersed inHNO3 via sonication for 10min and then dispersed in the

solution of glucose using ultrasound irradiation for 5min. The resulted carbon-coated

Fe3O4 structure was then used for the LDH nanosheets to grow on it. The fabricated

Fe3O4/carbon/LDH nanostructure showed the adsorption capacity of 174 mg/g for

U6+. That is because of the enhancing of functional groups after coating LDH with a

carbon layer. They mentioned two probable mechanisms for the adsorption, i.e., surface

adsorption or intercalation mechanism.

LDH was coated on a porous carbon structure obtained from biomass using an

ultrasound-assisted method [47]. In this regard, different amounts of LDH and porous

carbon were dispersed during sonication before carrying out the hydrothermal process.

The composite with 13.8%mass ratio of LDHhad the highest efficiency for the removing

of Cr6+ and methyl orange (MO) at the same time. This observation was in agreement

with BET data, which showed the highest surface area (1273m2/g) for the nanocompo-

site with a mass ratio of 13.8%.

Yu et al. [48] prepared a series of LDH composites coupled with different kinds of

nanostructured carbon compounds. For this aim, they first dispersed carbon species

including carbon black, CNT, GO, and CNT/RGO using sonication for 30min,

separately. It was demonstrated that the CNT/RGO/LDH composite has better per-

formance as a pseudocapacitor. Therefore, it can be a good alternative electrode in

different kinds of lithium batteries and solar cells.

3.2 Drug/LDH structures
Different kinds of drugs hitherto have been used for the insertion within the LDH layers

with the aid of sonication. For example, hybrid films of GO/drug intercalated LDHwere

prepared through an ultrasonic method [49]. At first, GO was suspended in water using

sonication for 2h. Afterward, LDHwas intercalated with benzylpenicillin (BP) potassium

salt during ion-exchange. The resulted BP/LDH was suspended in water using sonica-

tion for 2h. Finally, two suspensions were mixed under stirring and then sonication for

2h. The mass ratio of BP/LDH was varied in the resulted films. By decreasing the GO

content the release time was enhanced. Also, the nanocomposite films presented antibac-

terial activity, which arose from both GO and BP.

Kamyar et al. [50] prepared a type of LDH nanohybrids intercalated with dexa-

methasone (DEXA) through an ion-exchange process. For this aim, they first dispersed

DEXA phosphate in deionized water using ultrasonic irradiation. After preparation of
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the nanocomposite, it was deposited on the anodized titanium. In vitro release tests

showed that the resulted material has the potential to be used for bone implant

applications.

In another study [51], the LDH was intercalated with methotrexatum (MTX) as

an antifolate drug. At the first stage to attain positively charged sheets, LDH was dela-

minated in formamide through sonication and then reassembled in the presence of dis-

solved MTX anions. A translucent suspension of LDH was attained using sonication

and it showed a Tyndall effect. As this suspension was added to the solution of the

MTX and due to its insertion within the LDH intergalleries, this effect was not

observed at all. As can be seen from photographs (Fig. 6), the appearance of the sus-

pension of the LDH in formamide was changed from a clear steady state to a turbid

viscous state, which shows the effect of sonication on the exfoliation of the LDH.

The resulted MTX/LDH hybrids showed an inhibitory effect on the development

of cancer cells.

Ultrasonic treatment was carried out in several steps of the synthesis of nanovehicles

consisting of LDH intercalated with Fluorouracil (5FU) as an anticancer drug [52]. The

procedure for this synthesis is as follows: first, Y2O3:Er
3+,Yb3+@SiO2 nanoparticles with

negative surface charge were prepared using sonication. Afterward, a layer of LDH was

formed on them and the 5FU was inserted within the LDH layers during an ultrasonic-

assisted route. The resulted system has the potential to be used for the optical tumor imag-

ing as well as therapy, at the same time.

Fig. 6 Photographs of (A) colloidal suspensions of the exfoliated LDHs and (B) the suspension
containing LDHs and MTX. MTX, methotrexatum. Adopted from S.-Q. Liu, S.-P. Li, X.-D. Li,
Intercalation of methotrexatum into layered double hydroxides via exfoliation-reassembly process,
Appl. Surf. Sci. 330 (2015) 253–261, with kind permission of Elsevier.
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3.3 Polymer/LDH structures
Recently, polymer/LDH composites have become an important field of research. The

outcomes of interactions among LDH and polymers can be classified into three different

categories. In some cases, they are phase-separated. The LDH also can be intercalated

with polymers and even exfoliation of the LDH can occur [53]. The resulted composites

have outstanding properties provided fine dispersion of the LDH within the matrix and

good binding among them.

In a study done by Lyu et al. [54], an emulsion-cross-linking technique was used to

synthesize a chitosan (CS)/LDH nanocomposite. In this strategy, ultrasonic waves were

applied to disperse CS and LDH in a solution of acetic acid, separately. After mixing and

cross-linking in the presence of the epoxy chloropropane, the prepared nanocomposite

showed good adsorption of Pb2+ and Cd2+ from contaminated water. The adsorption

process obeyed Langmuir and pseudo-second-order for the isotherm and kinetic models,

respectively.

In the work of Hajibeygi et al. [55] ultrasonic irradiation was used for the preparation of

the poly(amide-imide) (PAI)/LDH nanocomposites. In this regards, first of all organically

modified LDHwas prepared using two types of themodifiers including diacid-diimide and

sodium dodecylbenzene sulfonate. Then, a distinctive amount of the organically modified

LDH was added to PAI solution. The resulted mixture was subjected to high-intensity

ultrasonic irradiation for 45min before casting. Thermal characteristics of the polymerwere

improved after the addition of the organically modified LDH.

Mallakpour et al. [56], intercalated LDH withN,N0-(Pyromellitoyl)-bis-L-methionine

as a type of a diacid using 1h sonication. The organo-modified LDH was then entered to

the PAI matrix at three different weight percentages to prepare nanocomposites under

sonication for 2h. The TEM results showed that the morphology and particle size of

the organicallymodified LDHwas changed after insertion into the PAImatrix. Since under

sonication, the number of the polymer chains entered the interlayer of organically modified

LDH were enhanced and delamination and exfoliation of the LDH occurred faster.

Mallakpour et al. [57], synthesized folic acid (FA) intercalated LDH and then added it

to the CS matrix with different weight percentages. Both of these steps were accom-

plished using sonication. The in vitro release of FA was scanned at simulated conditions

of the gastrointestinal tract. They acclaimed that by using sonication, homogenous

dispersion of the nanofiller in the CS matrix will be attained. It can be seen from field

emission scanning electron microscopy (FE-SEM) images in Fig. 7, the morphology

of the FA/LDH has changed after adding to the CS matrix and a porous structure is

observable in the case of polymer nanocomposite. The results showed that compared

to FA/LDH, controlled release of the drug occurred from CS/FA/LDH nanocomposite

at similar conditions to stomach after 8h. So, the presence of CS can modify the behavior

of FA/LDH for drug delivery purposes.
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Zubair et al. [58] synthesized a series of composites containing LDH and different

portions of starch. Sonication (5min) was used for dissolving starch in deionized water.

The starch/LDH composites were used for the removal of the MO from aqueous solu-

tion. Based on the reported maximum adsorption capacity of 246.91, 358.42.91, and

387.59mg/g for bare LDH, starch/LDH (2:1), and starch/LDH (1:1) composites, the

resulted composites had high efficiency in the dye removal.

Mallakpour et al. [59] also applied ultrasonic irradiation in both steps of the organic

modification of LDH and fabrication of its composites with PAI. First of all, LDH

was intercalated with N,N0-(pyromellitoyl)-bis-L-phenylalanine under ultrasonic

irradiation. Then, PAI was dispersed in absolute ethanol by sonication for 30min. After

mixing the resulted colloid with desired amounts of modified LDH, it was further

sonicated for 1h. The results of the thermogravimetric analysis (TGA) showed that

degradation of the nanocomposites occurred at higher temperatures compared to the

neat polymer and it moved to higher temperatures with increasing the modified

LDH content.

Huang et al. [60] synthesized a series of polyamide 6 (PA6)/CNT/LDH hybrid

nanocomposites using an ultrasonic route. Specific amounts of CNT/LDH hybrid

and ε-caprolactam were added to a flask and the resultant was sonicated for 60min at

80°C. Then, they were fabricated after adding 6-aminocaproic acid. The stress-strain

curves of the nanocomposites and pure PA6 are shown in Table 1. It is obvious that

mechanical strength has increased with the incorporation of the CNT/LDH hybrids.

In fact, a synergism between LDH and CNT and also proper dispersion of its hybrid

in the matrix of polymer leads to stress transfer from PA6 to the CNT/LDH hybrid.

Fig. 7 FE-SEM images of (A) LDH-FA and (B) LDH-FA/Cs. FE-SEM, field emission scanning electron
microscopy. Adopted from S. Mallakpour, M. Hatami, Fabrication and characterization of pH-sensitive
bio-nanocomposite beads havening folic acid intercalated LDH and chitosan: drug release and
mechanism evaluation, Int. J. Biol. Macromol. 122 (2019) 157–167, with kind permission of Elsevier.
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Ultrasonication has been used in both synthesis process of RGO/LDH as well as

poly(methyl methacrylate) (PMMA) based composites [61]. They mentioned that a uni-

form suspension of RGO/LDH in the CHCl3 was prepared using an ultrasonic bath.

Then, they added the resulted RGO/LDH hybrid to PMMA to enhance its thermal

resistance. Again a synergism between catalytic carbonization of the LDH and physical

barrier of the RGO is responsible for this observation.

Zhao et al. [62] used sonication for the preparation of the polyimide (PI) film containing

CNT/LDH. For this aim, at first a hierarchical nanocomposite of CNT/LDH was

prepared. The resultant was dispersed in dimethyl acetamide using an ultrasonic bath for

3h at room temperature in the presence of 4,40-diaminodiphenyl ether. After dissolving

of pyromellitic dianhydride in this suspension, it was transferred into glass slides. By using

a film-coating device, the desired thickness for the film was attained. The results of the

tensile test showed advancement in mechanical features, including tensile modulus

(MPa), tensile strength (MPa), elongation at break (%), and energy absorbed (kJ/kg). By

taking account of these features, the mentioned protocol can be applied in the design of

novel structures with applications in catalysts, ion transportation, energy conversion, etc.

Perreira et al. [63] improved dispersity of LDH by using the ultrasonic treatment for

5min before reversible addition-fragmentation chain transfer (RAFT)-assisted encapsu-

lating emulsion polymerization (REEP), which was a process for the waterborne poly-

mer encapsulation of the LDH. They pointed out that the obtained nanocomposites have

the potential to be used in coatings and adhesives technologies.

In a study [64], sonication was used for the preparation of a series of PI nanocom-

posites filled with CNT/LDH. At first, CNT was dispersed in an alkaline solution using

a sonication bath (30min irradiation). Then, the CNT/LDH was prepared by irradia-

tion of the CNT suspension in the presence of the metal salts of the LDH for 1h.

After preparation of the CNT/LDH, the uniform colloidal dispersion of the PAI

Table 1 Summary of mechanical properties of neat PA6 and its nanocomposites.

Sample
Tensile modulus
(GPa)

Tensile strength
(MPa)

Elongation at break
(%)

Neat PA6 1.0�0.1 55.0�0.3 220.0�33.6

PA6/LDH (1.0wt%) 2.0�0.1 62.1�0.2 74.8�12.5

PA6/CNT (1.0wt%) 2.5�0.1 63.9�0.1 102.3�22.5

PA6/Hybrid (2.0wt%) 3.1�0.1 74.3�0.5 41.5�5.6

Adopted from S. Huang, H. Peng, W.W. Tjiu, Z. Yang, H. Zhu, T. Tang, T. Liu, Assembling exfoliated layered double
hydroxide (LDH) nanosheet/carbon nanotube (CNT) hybrids via electrostatic force and fabricating nylon
nanocomposites, J. Phys. Chem. B 114 (2010) 16766–16772, with kind permission of American Chemical Society.
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was obtained by subjecting it to irradiation for 15min. Finally, different concentrations

of the CNT/LDH were added to it and then it was sonicated for 1h. The resulted

nanocomposites showed enhancement in onset degradation temperature and char yield

(remaining mass at 800°C) values.
Zhou et al. [65], prepared of poly(vinyl alcohol) (PVA)/LDH nanocomposites under

2h sonication of the related mixture of PVA and LDHwith different concentrations. The

prepared PVA/LDH nanocomposites showed better performance in the case of thermal

and mechanical characteristics. While the obtained parameters from microscale combus-

tion colorimeter including heat release capacity, total heat release, peak of heat release

rate for the nanocomposite with 5% loading were 185 Jg�1 K, 14.3kJg�1, and

189Wg�1, respectively. These data were 388 Jg�1 K, 16.7kJg�1, and 397Wg�1 for

the pure PVA and showed improved flammability of the nanocomposite. Meanwhile,

based on the TGA, the temperature of 50% degradation (T50%) was increased from

290°C for the pure PVA to 347°C for the nanocomposite containing 1wt% of LDH.

On the other hand, mechanical features of the nanocomposites 1 and 3wt% including

tensile strength and elongation at break were all superior compared to the pure PVA.

Therefore, strong and proper interactions between LDH and polymer lead to reinforce-

ment of the resulted PVA/LDH nanocomposites.

In another study [66], the procedure of preparation of poly(methyl-ether-imide)/

LDH nanocomposite has been reported as follows: the poly(amic acid) was first synthe-

sized using 4,40-{[(4-Tolylmethylene)bis(2,5-dimethyl-4,1-phenylene)]bis(oxy)}diani-

line (TBNH) and 4,40-oxydiphthalic anhydride (ODPA). Then, the various amounts

of LDH were added to it. Herein, sonication was used for the fine dispersion. Finally,

programmed heating was carried out for the imidization. Fig. 8, schematically demon-

strate this route. Moreover, they claimed these nanocomposites have better resistance in

the case of mechanical and thermal features.

Kalali et al. [67], functionalized LDH with several modifying agents including

hydroxypropyl-sulfobutyl-beta-cyclodextrin (sCD), sodium dodecylbenzenesulfonate

(DBS) as well as taurine (T) at the same time. They stated that to gain appropriate dis-

persion of modified LDHwithin the epoxymatrix a two-step route including a three-roll

mill (30min) and then sonication (20min, 60°C) in acetone was used. After a thermally

induced reaction among T and epoxy chains, the reaction mixture was cooled and then

diaminodiphenylsulfone was added to it. At last, to attain nanocomposite thermal curing

was performed. The nanocomposite containing unmodified LDH was also prepared

based on a similar procedure for the comparison purposes. The behavior of the nanocom-

posites during a cone calorimeter test was studied. The obtained data from this test, e.g.,

time to ignition, fire growth rate index, and char residue confirmed better flame retar-

dancy of the nanocomposite in the presence of the modified LDH. Higher char residue

for the nanocomposite embedded with modified LDH creates a thick layer of char on its

surface, which plays the role of an insulator and even prevents the surface to reach oxy-

gen. In addition to that, the morphology of the remaining chars after cone calorimeter
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test was investigated via scanning electron microscopy (SEM) and the resulted images

showed that the char residue for the epoxy/LDH nanocomposite shows brittle nature,

while nanocomposite containing sCD-DBS-T/LDH has a consolidated char layer pro-

hibiting mass and heat transfer.

In another experiment, Mallakpour et al. [68] first intercalated LDHwith vitamin B9

(VB9) under sonication. TEM images confirmed that the morphology has changed dur-

ing surface modification. Then, it was mixed with an equal amount of Ag nanoparticles
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Fig. 8 Synthesis route of the diamine monomer. Adopted from M. Shabanian, H. Ardeshir, S. Haji-Ali, H.
Moghanian, M. Hajibeygi, K. Faghihi, H.A. Khonakdar, H. Salimi, Efficient poly(methyl-ether-imide)/LDH
nanocomposite derived from a methyl rich bisphenol: from synthesis to properties, Appl. Clay Sci. 123
(2016) 285–291, with kind permission of Elsevier.
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via sonication for 60min. The resulted Ag@VB9-LDHwas used at 3, 6, and 9wt% to be

inserted within the CS matrix ultrasonically. The results of the antibacterial test showed

their good performance against both Staphylococcus aureus and Escherichia coli.

Ultrasonication along with mechanical stirring was used to fabricate polystyrene (PS)/

functionalized LDHnanocomposite [69].At first stage, LDHwas functionalizedwithMO

andMB as the organic dyes. Next, a mixture containing both functionalized LDH and PS

was subjected to the 2h sonication and mechanical stirring. The TEM images revealed

intercalation and in some cases, exfoliation for the LDH functionalized with MB. While

in the case of theMO functionalized, some aggregations were detectable. The nanocom-

posite demonstrated high thermal resistance and smoke suppression characteristics.

Barkhordari et al. [70], designed carboxymethyl cellulose (CMC) capsulated Cepha-

lexin (CPX)/LDH systemwith the aid of sonication. They first prepared LDH intercalated

with CPX. Based on theXRD results and d003 spacing of 2.52nm, it can be concluded that

CPX molecules are arranged tilted with respect to the LDH. CMC/CPX/LDH Nano-

composite beads were prepared with the aid of sonication (bath) for 60min. The prepared

nanocomposite beads were applied for oral delivery of the CPX and results showed a

controlled release of drug at conditions simulated to the intestinal tract. As can be seen from

Fig. 9, compared to the CPX/LDH system liberating of the CPX occurred at a lower rate

for the CMC capsulated CPX/LDH nanohybrids. The content of liberation was found

to be 10%, 60%, and 22% at pH 1.2, 6.8, and 7.4, respectively.
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Fig. 9 Drug release behavior of LDH-CPX and CMC/LDH-CPX nanocomposite bead in conditions that
simulate the gastrointestinal tract passage (pH and time). CPX, cephalexin; CMC, carboxymethyl
cellulose. Adopted from S. Barkhordari, M. Yadollahi, Carboxymethyl cellulose capsulated layered
double hydroxides/drug nanohybrids for Cephalexin oral delivery, Appl. Clay Sci. 121 (2016) 77–85,
with kind permission of Elsevier.
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In another study, Mallakpour et al. [71] prepared a series of nanocomposites with

potential uses for the removal of Cd2+ from wastewater. An ultrasonic promoted copre-

cipitation strategy was first applied for the synthesis of multi-walled carbon nanotube

(MWNT)/LDH nanohybrids. In the next stage, 1, 2, and 4wt% of the prepared nano-

hybrid was added to the poly(ethylene terephthalate) (PET) solution and sonicated for

30min to attain nanocomposites. From the TEM image of the PET/MWCNT/LDH

nanocomposite 10wt%, an exfoliated structure for the LDH can be imagined in the pres-

ence of the PET chains.

3.4 Other organics/LDH structures
Lyu et al. [72] applied ultrasonic bath in the process of functionalization of LDH with

ionic liquid (IL). First, they let LDH interact with sodium dodecyl sulfate (SDS). After

4.5h sonication of the obtained SDS/LDH in toluene, it was functionalized with tri-

methoxysilylpropanethiol. The resultant was subjected to a thiol-ene click reaction in

the presence of 2,2-azobis(2-methylpropionamidine) dihydrochloride and 1-propyl-

ene-3-methylimidazolium chloride ionic liquid (IL) to prepare LDH functionalized

with IL. The performance of the IL/LDH in the removal of Congo red (CR) was

studied. As can be seen from curves of Fig. 10, the IL/LDH was more effective than

SDS/LDH and the adsorption capacity was found to be 90.86 and 288.63mgg�1 for

Fig. 10 Effect of the CR concentration on adsorption capacity (A) LDH-SDS; (B) IL-LDH (conditions:
sample volume: 10mL; pH of the sample solution: 7.0; amount of adsorbent: 5mg; adsorption time:
60min; temperature: 298K). CR, Congo red; SDS, sodium dodecyl sulfate; IL, ionic liquid. Adopted
from H. Lyu, Y. Ling, J. Fan, Y. Chen, Y. Yu, Z. Xie, Preparation of ionic liquid-functionalized layered
double hydroxide via thiol-ene click chemistry for highly efficient removal of azo dyes during broad pH
range, J. Clean. Prod. 211 (2019) 1026–103, with kind permission of Elsevier
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the SDS/LDH and IL/LDH, respectively. The reason behind it is enhanced surface

area and basal spacing as well as several interactions among the dye molecule and

IL/LDH such as hydrogen bonding and electrostatic interactions.

Mallakpour et al. [73] fabricated LDH intercalated with organic diacids with the aid of

ultrasonic irradiation as a green and fast technique. The prepared organo-modified LDHs

are biocompatible with the capability to apply as proper nanofiller to prepare different

kinds of environmentally benign nanocomposites. In another experiment [74], they

intercalated LDH with VB9 using sonication for 1h. The resulted organo-modified

LDH was used as the nanofiller for the PVA matrix. For this aim, it was first mixed ultra-

sonically with TiO2 and then 2, 4, and 8wt% of the obtained was dispersed in water using

sonication. After adding it to the PVA solution, it was irradiated further for 30min to be

prepared for casting. They claimed that the ultrasonic irradiation is an environmentally

friendly approach for the preparation of the nanocomposites with potential use for the

photodegradation of MB dye.

LDH was intercalated with a diacid fabricated from L-phenylalanine and pyromellitic

dianhydride [75]. The resulted organo-modified LDHwas inserted within the poly(vinyl

chloride) (PVC) matrix to prepare nanocomposites with Cd2+ removal capability. Both

processes of LDH modification, as well as its doping into the PVC matrix, were per-

formed using ultrasonic irradiation as a green route.

In the study of Blaisi et al. [76], biomass-based composites were synthesized by inser-

tion of date palm ash (DPA) with different concentrations within interlayers of LDH. To

gain homogeneous and efficient dispersion of DPA into the interlayers of LDH, DPAwas

first ultrasonically dispersed (1h) in deionized water and then was added to the solution

containing related salts of the LDH. The DPA/LDH with a composition of 1.5 (g)/2 (g)

showed a high removal percentage for the MO and eriochrome black-T. Based on the

isotherm and kinetic investigations, chemical interactions among the carbonyl functional

groups of the composites and dye molecules was occurred, which this finding was con-

sistent with Fourier transform infrared spectroscopy.

It has been reported that ultrasonic can also be used to remove impurities in the pro-

cess of surface modification. Hu et al. [77] reported washing the γ-aminopropyltriethox-

ysilane/LDH with ethanol in ultrasonic bath to omit the unreacted modifier. The

obtainedmodified LDHwas then used as the nanofiller to be incorporated in the polyani-

line matrix to prepare anticorrosive coatings.

Marzec et al. [20], applied ultrasound to promote surface modification of LDH with

different weight ratios of Alizarin as an organic dye. Two types of LDH were used with

Mg/Al weight ratio of 30/70 and 70/30, which were labeled as LDH30 and LDH70,

respectively. The resulted composites were inserted within the ethylene-norbornene

(EN) and acrylonitrile butadiene-rubber (NBR) as the pigments. The resistance of the

pigments against discoloration in several solvents was studied. As demonstrated in Fig.

11A, the pigment contained LDH30 with 10% of alizarin weight ratio, shows the best
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Fig. 11 Digital photographs of Alizarin, LDH30/Alizarin10% and LDH70/Alizarin10% after 24h of immersion in acetone (A) and Color difference
(DE) values for Alizarin and LDH/Alizarin pigments in ethylene-norbornene copolymer as a function of aging time (B). Adopted from A. Marzec, B.
Szadkowski, J. Rogowski, W. Maniukiewicz, M. Kozanecki, D. Moszy�nski, W. Maniukiewicz, M. Kozanecki, D. Moszynski, M. Zaborski, Characterization
and properties of new color-tunable hybrid pigments based on layered double hydroxides (LDH) and 1, 2-dihydroxyanthraquinone dye, J. Ind. Eng.
Chem. 70 (2019) 427–438, with kind permission of Elsevier.



resistance since no significant color can be observed within the solvent after 24h. In addi-

tion to that, color difference value, which is shown by4E for the Alizarin and Alizarin/

LDH pigments in EN matrix vs aging time is presented in Fig. 11B. In the case of using

Alizarin as the pigment, the amount of4E can be found to increase from 4 to 16 within

50h confirming high photooxidation. While this parameter is considerably lower for

composites embedded with the Alizarin/LDH pigments which demonstrate higher

UV endurance for them. They acclaimed strong interactions among the LDH and

dye molecule as well as dye insertion within the LDH intergalleries are responsible for

these consequences.

4. Comparison of ultrasonication with other techniques

A comparative study of several techniques for the synthesis of organically modified LDH

has been done. In a study done by Ezeh et al. [78], three different techniques, i.e., copre-

cipitation, sonochemical, and ultrasonic-assisted high-pressure hydrothermal were used

for the preparation of the amine-functionalized LDH. After that, the effect of each tech-

nique on the physicochemical properties of the resultants was investigated. Results of

CO2 uptake measurements (Fig. 12) showed that first, the amine-functionalized LDH

Fig. 12 Average CO2 uptake of LDH and amine-modified LDH prepared via the different routes.
Adopted from C.I. Ezeh, M. Tomatis, X. Yang, J. He, C. Sun, Ultrasonic and hydrothermal mediated
synthesis routes for functionalized Mg-Al LDH: comparison study on surface morphology, basic site
strength, cyclic sorption efficiency and effectiveness, Ultrason. Sonochem. 40 (2018) 341–352, with kind
permission of Elsevier.
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has better capacity compared to the unmodified one. Second, among three techniques

used for the synthesis of amine-functionalized LDH, the ultrasonic-assisted high-pressure

hydrothermal led tomore efficient structures in the uptake process. This method not only

enhances strong basic sites (O2�) but also leads to a reduction in the number of moderate

(M-O) and weak basic groups (OH�). Totally, ultrasonic-assisted hydrothermal

approach improves the textural properties of the adsorbent.

In the study of Quispe-Dominguez et al. [79] a comparison was performed among

sonication-assisted masterbatch melt mixing and direct melt mixing efficiency on the dis-

persion of organically modified LDH within the poly(lactic acid). Several analyses were

used to explore the effect of each technique. It was understood that sonication assisted

route reflected better dispersion and a reduced amount of agglomerated LDH inside

the polymer. They acclaimed the sonication-assisted masterbatch melt mixing method

can be an efficient way for the synthesis of nanocomposites with high LDH amount ben-

efits both solution mixing and melt mixing technique.

A study has been done by Nagendra et al. [80] on the effect of sonication on the

dispersion of LDH in the polypropylene (PP) as well as characteristics of the resulted

composites and it was compared with just stirring technique. They prepared two sets

of composites, which differed in the step of pretreatment of the LDH before adding to

the PP. In the first case, they prepared a gel from LDH by adding it to xylene and were

stirred for 12h at room temperature. In the second route, LDH was first dispersed in

xylene using a sonication bath. The sonication time was 4h and the temperature was

maintained at room temperature. As demonstrated in Fig. 13A, the as-prepared LDH

shows a hard contrast, which is representative of the presence of several layers. The

mean size of the hexagonal platelets was 3.5μm. The existence of water molecules

within the layers of the LDH was confirmed by the domination of the oxygen peak

in the energy dispersive spectrometer (EDS). In the TEM image of the prepared

LDH gel in the first route, a delaminated structure is observable. The selected area elec-

tron diffraction (SAED) (inset of Fig. 13C) points out the single-crystalline nature of the

delaminated nanosheets. Removal of the water molecules from the LDH interlayer can

be concluded based on the reduction in oxygen peak in the EDS. The TEM image of

the sonicated LDH is demonstrated in Fig. 13E. As can be seen, the platelets are broken

to nanometer scaled sizes. In addition, the EDS spectrum of this sample shows a drastic

decrease in the intensity of the oxygen peak, which confirms the removal of the inter-

layer water molecules. So, compared to conventional techniques like stirring, sonication

not only leads to exfoliation of the LDH layers but also can reduce the size of the layers.

As a result, the composite in which LDH was sonicated showed better thermal stability,

nucleation ability, and higher crystallization rate of the PP compared to the non-

sonicated system.
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Fig. 13 TEM images of (A and B) as-prepared Mg-Al LDH and corresponding EDS spectrum, (C and D)
delaminated Mg-Al LDH and corresponding EDS spectrum (inset) selected area electron diffraction
(SAED) pattern of delaminated Mg-Al LDH, (E and F) sonicated LDH and corresponding EDS
spectrum. TEM, transmission electron microscopy; EDS, energy dispersive spectrometer. Adopted
from B. Nagendra, K. Mohan, E.B. Gowd, Polypropylene/layered double hydroxide (LDH)
nanocomposites: influence of LDH particle size on the crystallization behavior of polypropylene, ACS
Appl. Mater. Interfaces, 7 (2015) 12399–12410, with kind permission of American Chemical Society
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With all these descriptions, in the case of synthesis of LDH composites based on the

polymers, sonication can be a way to attain high-performance composites. Because rup-

ture of polymer chains followed by the creation of free radicals caused branch points and

creates high graft polymers via attaching lateral branches [81]. Several other studies have

been paid to this subject and all are in agreement with this fact that sonication led to cross-

linking and branching of the polymer matrix [82, 83]. This occurrence canmodify several

characteristics of the polymer composites such as some of the mechanical features [83].

5. Some disadvantages of sonochemistry

As we discussed in earlier sections, chemical reactions can be performed easier, faster, and

in a better way by using ultrasound waves. In fact, sonochemistry is a powerful tool helps

human to accomplish a reaction without using a surfactant and production of smaller

particles without producing high temperatures. In fact, this method can convert harsh

reaction conditions to a rather mild and gentle one [84]. But despite its versatile advan-

tages, sonication can bring unwanted outcomes during its usage in chemical synthesis.

Rodrigues et al. [85] pointed out the effect of sonication on the single-wall CNTs. In

their study, a sonication device with 600W power and 20-kHz frequency equipped with

a horn was used to create a stable suspension of CNTs during filtration. They observed

some damages on their walls. In some cases, these damages cut the (CNTs) and led to

shortening their length. However, the outer wall was more exposed to the sonication

damage and created an obstacle against damaging for the inner wall.

In some practical applications, sonochemistry faced with some difficulties. For exam-

ple, in the conversion of chitin to CS, the ultrasonic route has been used instead of chem-

ical techniques [86]. However, inhomogeneous directional ultrasound field limits its

industrialization. Accordingly, to gain uniform distribution of the cavitational activity

in large scale more than one transducer should be used [87].

6. Other applications of ultrasound

Apart from its usage for dispersion purposes in the procedure of surface modification of

nanoparticles and the nanocomposites preparation, ultrasound has a variety of applica-

tions in other areas. For instance, Collins et al. [88] performed RAFT polymerization

of acrylates and acrylamides using ultrasonic waves. Interestingly, they performed this

in the absence of a conventional initiator like azobisisobutyronitrile. In their study, pyrol-

ysis of the organic solvent which was done by the acoustic cavitation led to the formation

of radicals having the role of the initiator. It has also a versatile application in medical

sectors. For example, at low frequencies ultrasound can be used for gene delivery pur-

poses [89]. Several studies have paid to some aspects of ultrasound-assisted disruption of

the blood-brain barrier [90]. In the food industry, it has been widely used for several
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purposes, e.g., crystallization of the milk fat [91], extraction of polyphenols from pome-

granate peels [92], and inactivation of microbes of dried food ingredients [93]. In the

extraction of bioactive materials from agro-wastes, it can be a good alternative route

for the conventional Soxhlet extraction which has several limitations, e.g., consuming

high amounts of the organic solvents, long time of extraction, and the probability of ther-

mal degradation of the targeted material [94].

Sonochemistry helps human to treat industrial sludge and wastewater. In the sonolysis

approach, microbubbles are formed as a result of acoustic cavitation. The sudden collaps-

ing of these bubbles creates hot spots with high pressure and high temperature and as the

result promotes destroying the toxic materials [95]. On the other side, it has been

reported that it accelerates the degradation of dyes in the presence of a photocatalyst.

In cases where the wastewater is nontransparent, it is difficult for the light to penetrate.

Therefore, due to the low penetrating depth, the photocatalysis action faces trouble.

Here, the role of sonocatalysis becomes important. The as-mentioned hot spots encour-

age the valence electrons of the photocatalyst to move from valence bond to the con-

ducting bond and consequently enhance its catalytic proficiency [96].

7. Conclusions

Sonochemistry can be a proper replacement for traditional energy sources in a broad

range of chemical reactions and synthesis. Taking into account the creation of hot spots,

reactions can occur in a shorter time with higher yields with the aid of ultrasonic waves.

On the other hand, it is one of the cheap and accessible facilities in all of the chemistry

laboratories. Meanwhile, it is a green and safe tool without any environmental conse-

quence. That’s why it has been widely used in the synthesis protocols, surface modifica-

tion of nanoparticles, and also for dispersion purposes in the preparation of

nanocomposites. In this chapter, we specifically focus on the organo/LDH composites

and some of the studies were done through the sonochemical approach in this area were

presented. Meanwhile, different applications for the resulted composites were men-

tioned. Several results showed that it can be a key for the LDHs aggregation problem

in the process of nanocomposites synthesis. Also, it can provide the energy required

for the reaction among LDHs as well as the organic counterpart and promote reactions,

which lead to several types of composites. However, during its usage, paying attention to

several parameters related to sonication is crucial including time, power, frequency, and

type of the transducer. All of these parameters have an effect on the resultant. Conse-

quently, enough care and attention should be taken during its utilization. Eventually,

more studies should be done to make sonochemistry more accessible even in industrial

areas in the future.
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Sonochemical protocol for the
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aOrganic Polymer Chemistry Research Laboratory, Department of Chemistry, Isfahan University of Technology, Isfahan, Iran
bResearch Institute for Nanotechnology and Advanced Materials, Isfahan University of Technology, Isfahan, Iran

1. Introduction

Nowadays, sonochemistry, as a simple route in the chemistry science, is commonly used

for the numerous research domains such as organic synthesis, electrochemistry, environ-

mental remediation, polymer chemistry, sonocatalysis, extraction, pharmaceuticals, food

industry, construction of materials, and biomass conversion. Ultrasound is a sound field

with a frequency higher than 20kHz (Fig. 1) and is an effective method to homogenize,

mix, and reduce the size of particles [1–6].

Fig. 2 shows the utilization of ultrasonic power for the fabrication of materials for

several years.

Fig. 1 Ultrasound range diagram. Adopted from S. Arefi-Oskoui, A. Khataee, M. Safarpour, Y. Orooji, V.
Vatanpour, A review on the applications of ultrasonic technology in membrane bioreactors, Ultrason.
Sonochem. 58 (2019) 104633, with kind permission of Elsevier.
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There is a link between sonochemistry and the rules of green chemistry, so, chemists

around the world apply ultrasound to develop new applications based on it (Fig. 3) [7].

This technology suggests several distinctive benefits compared to the conventional

techniques. Greater selectivity, higher yields, enhanced reactivity, acceleration and

decrease of reaction time, energy savings, cleaner products, and activation of catalysts

are the benefits of ultrasound technology in comparison with other methods. Indeed,

sonochemistry is a more efficient technology for the organic synthesis than photochem-

istry, hydrothermal, pyrolysis, and microwave-assisted chemistry [8–11].
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Fig. 3 Proportion of manuscript involving “ultrasound/sonochemistry” and “green/eco-friendly/
sustainable chemistry” concepts in relation to the country where the study was conducted (from
2000). Data from Scopus website (January 2017). Adopted from G. Chatel, How sonochemistry
contributes to green chemistry?, Ultrason. Sonochem. 40 (2018) 117–122, with kind permission of Elsevier.

Fig. 2 Proportion of manuscript including “ultrasonic sonochemistry.” Data from Scopus website
(May 2020).
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In 1927, Wood and Loomis, for the first time, reported the effects of ultrasound on

several phenomena, and so far, numerous applications of this technology for sustainable

synthesis have been reported, for example, fabrication of amorphous materials such as

metal oxides, the introduction of nanomaterials into mesoporous substances, and fabri-

cation of nanomaterials for various usages [8–11]. Up to now, researchers used ultrasound

for the construction of materials. For example, Okoli et al. [12] applied the sonochemical

approach for the fabrication of metal-alloy nanoparticles (NPs) as electro-catalysts for

electrochemical uses. Zahedi et al. [13] used ultrasonic irradiation for the preparation

of chitosan NPs as polymeric nano-catalyst to synthesize dihydropyrroles. Naeimi

et al. [14] prepared copper-based bio-composites for green oxidation of alcohols. Mal-

lakpour et al. [15–18] used ultrasonic waves for the organo-synthesis, surface modifica-

tion of NPs, and fabrication of various polymeric composites with antibacterial and

remediation applications.

During the sonication process, three steps occur, which initially causes the bubble

formation, then the bubble growth, and eventually, the bubble collapses as this step pro-

duces temperature up to 5000K. Therefore, in order to better dispersing,

de-agglomerating, homogenizing, blending, dissolving, as well as reducing the particle

size of materials, ultrasound irradiation can be useful [19].

Ultrasound has diverse kinds of sonication: direct and indirect, which for direct son-

ication, horn system is used and for indirect sonication, bath (low intensity), as well as

cup-horn systems (high intensity), are applied [20].

On the other side, titanium dioxide or titania (TiO2), is a semiconducting metal oxide

with white color and peculiar physic-chemical features like exceptional stability,

biocompatibility, low cost, nontoxicity, easy preparation, and high activity. This material

has various utilizations in photocatalysis, solar cells, sensors, electronic components,

ceramics, catalysis, food, cosmetics, and are found in paints, ink, papers, and rubbers.

Rutile, anatase, as well as brookite are three crystalline constructions of titania, which

among them, anatase and rutile have prominent significance. Anatase and rutile have

3.2- and 3.0-eV band gaps, respectively [21–24].
Due to the excellent properties of TiO2 as well as the useful ultrasonic usages, numer-

ous TiO2-based hybrids were prepared under sonication. In this chapter, we will espe-

cially focus on the role of ultrasonic irradiation for the organic synthesis of TiO2 and their

hybrids with diverse applications.

2. Effect of ultrasonic power in the organic synthesis of TiO2 and their
applications

Since TiO2 has excellent photocatalytic property, it can be used for the photodegrada-

tion of pollutants like dyes. In this way, Miao et al. [25] synthesized mesoporous TiO2

employing the skins of grapes, garlic, tomato, and onions as the bio-templates. Owing
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to the high surface area of mesoporous TiO2, it is an efficient material for dyes photo-

degradation. For the preparation of TiO2, first, inorganic elements in the skins were

removed with the help of acid chloride, after washing and drying the skins, they were

added to a solution containing titanium tetraisopropoxide (TTIP). The ultrasonic bath

was employed to exit the air bubbles and enter the solution containing TTIP into the

skins. Afterward, the sample was added to water, and finally, it was filtered, dried,

heated (to 450°C), cooled, and products were achieved. Advantage of this method

was the use of sonochemical processing as a beneficial system and biological templates.

The fabricated particles showed different morphologies and different photocatalytic

behaviors.

Solano et al. [26] used lemongrass extract as a reducing agent, as well as a stabilizer for

the preparation of TiO2 NPs and also TiO2 doped with Fe for utilization in the waste-

water treatment. In the fabrication process, the TTIP precursor was added to the aqueous

lemongrass extract under ultrasound processor. After calcination at 550°C, the product

was gained. Based on the outcomes of ultraviolet-visible (UV–Vis) spectroscopy, the
absorption edge of doped TiO2 was greater than un-doped TiO2. X-ray analysis con-

firmed the anatase phase of fabricated TiO2, which was as a catalyst for photocatalytic

processes in the wastewater remediation.

In another study by Yu et al. [27] mesoporous TiO2 with anatase and brookite bicrys-

talline structures was prepared directly under ultrasound probe in the presence of a suit-

able copolymer, and the prepared mesoporous TiO2 had a narrow pore size distribution.

At first, TTIP and triblock copolymer were dissolved in alcohol. Then, it was stirred and

added to deionized (DI) water under ultrasonic waves. After centrifugation, it was

washed and dried. Ultrasonic waves were assisted in the preparation of the brookite struc-

ture. As an outcome of applying the polymer, the content of brookite phase increased,

along with the crystalline and pore size of brookite and anatase. The prepared samples

demonstrated superior photocatalytic activities compared to the commercial P25 for

n-pentane degradation. The great activities of the samples were due to the good surface

area, high content of brookite phase, and mesoporosity.

Wang et al. [28] reported the fabrication of mesostructured TiO2 via ultrasound tech-

nique employing octadecylamine as a long-chain amine and TTIP precursor. Based on

the microscopic investigations, particles with spherical morphology and low aggregations

and size of 50–200nm were achieved.

Also, Pinjari et al. [29] prepared and characterized nanostructured TiO2 by employing

both conventional and ultrasonic procedures for the examination of cavitational effects in

the fabrication route. Also, the influence of calcination time (750°C for 30min to 3h) on

features of fabricated particles was studied. With the difference in sonication time, inter-

esting results were observed. With increasing ultrasonic time, initially, the content of

rutile increased and then decreased after the optimization of sonication time. In general,

using the ultrasonic process compared to conventional methods, TiO2 particles with a
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higher content of rutile were achieved. Thus, 3h of calcination time and 10min of son-

ication time were the best conditions to attain the 100% rutile TiO2 with good morpho-

logical features.

3. Effect of ultrasonic power in the organo-modification of TiO2 and
their applications

One of the useful techniques to enhance the distribution stability of TiO2 in different

media and develop its properties is the surface treatment by various modifiers. Various

materials can be used as modifiers, and some of them have been mentioned below,

and examples are given for each group.

3.1 Silane coupling agents
Zhao et al. [30] applied two kinds of silane modifiers to improve the affinity and dura-

bility of TiO2 to fabrics and investigated the effect of surface modification on TiO2 fea-

tures. For this aim, nano-TiO2 was dispersed in DI water via ultrasonication (10min) for

preparation of the suspension. Diverse concentrations of silane coupling agents were

added, refluxed, centrifuged, and washed for eliminating the extreme silanes. Then,

the ultrasonic bath was used to re-disperse this centrifuged sample for better dispersion,

and finally, the modified TiO2 was dried. Thermogravimetric analysis (TGA) was used to

estimate the efficacy of the modified particles in various reaction conditions. Fourier

transform infrared (FT-IR) spectrometer outcomes confirmed the effective grafting of

functional groups of the modifier to the TiO2 surface by chemical connections. The

modified TiO2 showed increase in zeta potential due to the protonation of NH2 groups

in the acidic area. The reduction of polydispersity index and diameter of particles indi-

cated that zeta potential affected on dispersion stability of particles.

In the study of Qi et al. [31], organosilane was used for grafting on the surface of TiO2

via SidOdTi bonds. The modified particles were employed to produce cool materials

based on a polymeric composite of TiO2. During the process of hydrophobic modifica-

tion of TiO2, ultrasonic disperser and ultrasonic bath were applied. After modification,

the water contact angle increased. Cooling feature and solar reflectance of the TiO2 com-

posites improved, significantly.

In another study, organo-silane was applied for surface functionalization of TiO2 and

improving the dispersion of filler in the cationic polymeric matrix. The ultrasonic bath

was applied to disperse TiO2 NPs in toluene, and after the addition of silane coupling

agent, the mixture was refluxed, filtered, and washed. Indeed, by silanization reaction

vinyl groups were attached on the particle surface for the creation of covalent bind

between TiO2 and polymer. By electron microscopy, the NPs were detected on the

nanocomposite (NC) surface. The prepared NC was employed as a sorbent to remove

arsenate from aquatic solutions. The NC containing a higher amount of TiO2 revealed
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greater sorption capability. Based on the kinetic and equilibrium experiments, this exo-

thermic process was based on pseudo-second-order and Langmuir isotherm model [32].

Mallakpour et al. [33] used ultrasonic radiation and silane coupling agent to modify

the nano-sized TiO2 to enhance its distribution, as well as compatibility of inorganic and

organic constructions. For this aim, a solution of silane coupling agent and TiO2 suspen-

sion were blended and influenced via ultrasonication waves and finally, it was dried. Dur-

ing the modification, amine groups were introduced on the TiO2 surface for connection

to the organic matrix. Collected outcomes displayed that TiO2 NPs homogeneously dis-

persed in an organic matrix.

Also, Dinari et al. [34] successfully functionalized TiO2 NPs with three-dimensional

silane modifier by employing ultrasonic irradiation. The functionalized particles were

inserted into the polyamide matrix to prepare NCs as good adsorbents for Cr(VI) ion

elimination from wastewater. The TGA outcomes proved the development in the ther-

mal stability of NCs. Also, adsorption isotherms as well as adsorption kinetics were exam-

ined. Owing to the existence of diverse functional groups like nitrogen atoms, the

fabricated NCs were good adsorbent for Cr(VI) ion removal.

In another study by Li et al. [35], ultrasound was used to prepare silane-modified

TiO2, and the modified NPs were incorporated into the fluoropolymer for the fabrica-

tion of NC coatings. The prepared samples were studied with many techniques and based

on outcomes; themodified TiO2was dispersed in the polymeric matrix, homogeneously.

Also, the modified particles developed corrosion resistance, self-cleaning features, as well

as UV resistance of the NCs, effectively.

3.2 Dicarboxylic acid
Interaction betweenNPs and polymericmatrix can be improved byusing dicarboxylic acid;

actually, terminal carboxyl groups can change the van derWaals interaction to H-bonding

with distribution facility and low energy attraction. In this regard, Gonzalez-Calderon et al.

[36] used a pimelic acid modifier to enhance the interaction of nano-TiO2 with isotactic

polypropylene matrix. For coating the TiO2 with pimelic acid, ultrasound waves were

applied to prepare a homogenize mixture. Because of the chemical connections among

the organic modifier molecule and nano-TiO2 surface, the coating presented good thermal

stability. The enhancement of the integration between themodifiedTiO2 and polymerwas

seen in atomic force microscopy and dynamic mechanical analyzer.

Mallakpour et al. [37] modified nano-TiO2 by amino acid-comprising diacids. For

this aim, TiO2 and bioactive diacids were mixed under agitation and methanol was used

as a solvent. Then, this mixture was ultrasonicated, filtered, and washed. Under ultrasonic

irradiation, aggregation decreased, and the dispersion of TiO2 improved. The attained

modified TiO2 was characterized, and morphology studies displayed well-dispersed par-

ticles. This technique for modifying the TiO2 was good for compatibility with a
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hydrophilic surface. The obtainedmodified TiO2 could be applied for manufacturing the

various eco-friendly polymeric NCs.

Also, in another study, Mallakpour et al. [38] modified nano-TiO2 with biologically

active diacid via the ultrasonic process. Chemical connections among the diacid mono-

mer and nano-sized TiO2 was formed. The modified TiO2, along with modified mont-

morillonite, were used as nano-filler for manufacturing the poly(vinylpyrrolidone) (PVP)

NCs. Construction and features of the samples were studied, and field emission scanning

electron microscopy (FE-SEM) studies indicated good dispersion of nano-filler in the

PVP. The outcomes exhibited that the attained NCs had mainly intercalated construc-

tion, and they showed improved thermal stability in comparison to the neat polymer.

Also, the existence of nano-TiO2 along with nano-layer had a synergistic effect and

improved the thermal behavior of the polymer.

3.3 Polymers
Currently, to avoid the aggregation of TiO2 and enhance its dispersibility, the strategy of

grafting or coating polymers on TiO2 surface is often applied. Functional groups in the

polymer chain can interact with OH on the surface of TiO2 NPs and protect them from

aggregation. Mallakpour et al. [39] used poly(vinyl alcohol) (PVA) for grafting on TiO2

NPs tomodify their surface for introducing into a polymeric matrix. To graft the polymer

chain on the TiO2 surface, nano-TiO2 was dispersed in DI water using a magnetic stirrer

and ultrasonic radiation. Then, a solution of PVA was prepared and added to TiO2 sus-

pension and irradiated under ultrasound power. Indeed, ultrasonic waves had outstanding

dispersion effect on the functionalized TiO2. Hydroxyl groups in the polymer chain

reacted with OH groups of NPs and reduced the aggregation and enhanced the compat-

ibility of NPs with the matrix.

Oliveira et al. [40] treated TiO2 surface with PVA. Ultrasonicator was employed in

modification process as a dispersant. Then, the modified TiO2 was applied for the fabrica-

tion of nano-fluids. The obtained nano-fluids showed good thermal conductivity. Also, the

resulted nano-fluids had greater viscosity compared to the water. Thus, modification of

TiO2 with PVA was a beneficial technique for stabilization of the obtained nano-fluids.

Polyaniline was used tomodify the surface of TiO2 by Li et al. [41] in order to develop

the conducting behavior of this polymer in diverse areas. To this aim, aniline monomer

with TiO2 in the presence of HCl was sonicated to decrease the accumulation of TiO2

NPs. After the addition of FeSO4 and (NH4)2S2O8 as a strong oxidizing agent, the sample

was stirred constantly. The polymerization was done, and finally, it was filtered and dried.

The obtained products were characterized by many techniques and based on their out-

comes strong connection happened at the interface of the polymer and TiO2 NPs was

concluded. Crystallinity andmorphology of TiO2 were fixed after modification and con-

ductivity of the polymer improved.
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Yousefzadeh et al. [42] used poly(hydroxyl ethyl aniline) for modification of nano-

TiO2 to prepare an adsorbent for elimination of Pb(II) ions from aquatic solutions.

Chemical oxidization technique and ultrasonic treatment were used to synthesize the

adsorbent. At first, TiO2 was dissolved in HCl and ultrasonicated. After that, a solution

of hydroxyethyl aniline was added and stirred in the presence of the oxidizing agent.

Eventually, the sample was filtered and dried. The outcomes verified the crystalline struc-

ture of modified TiO2 with 2.83eV-band gap and 24-nm particle size. At pH 5.5, the

adsorbent dosage of 2gL�1, and at 328K, maximum adsorption happened. The best

models for kinetic and thermodynamic wereWebber-Morris and Langmuir. Also, Gibbs

free energy had a negative amount, so the adsorption had an endothermic nature.

3.4 Other modifiers
Mallakpour et al. [43] covered the surface of nano-sized TiO2 with serum albumin pro-

tein modifier as biocompatible protein to avoid agglomeration of the particles in the

polymeric matrix (Fig. 4). For the modification process, ultrasonic irradiations were used

for better distribution of NPs. The modified TiO2 was introduced into poly(vinyl chlo-

ride) (PVC) matrix to prepare polymer-based composite in order to destroy methylene

blue (MB) dye through photodegradation. The outcomes displayed a reduction of

photocatalytic behavior of TiO2 after modification and preparation of NCs. So, modified

TiO2 had UV shielding features and could protect the film from degradation.

Rahim-Abadi et al. [44] used ultrasonic irradiation to chemical modification of TiO2

NPs with glycidyl methacrylate. For this aim, TiO2, modifier, and AlCl3 catalyst were

mixed in tetrahydrofuran (THF) under ultrasonication. Then, it was stirred, centrifuged,

washed with THF, and finally dried. A condensation reaction among epoxy functional

group related to the modifier and –OH groups on the NPs was done, and the surface of

TiO2 was modified. TGA and FT-IR analyses proved successful modification. The mod-

ified TiO2 was applied for the fabrication of NC films.

4. Sonochemical synthesis of polymeric hybrids based on TiO2 and their
applications

Sonochemistry can improve and develop chemical reactions through acoustic energy,

which reduces reaction time and improves the speed of this process. Ultrasound, as a

unique tool, opens up a manner for the manufacture of numerous polymer NCs in order

to have two functions: both for filler dispersion in the polymeric matrix and polymeri-

zation of the monomer. Indeed, ultrasonic waves act as specific assistant and initiator to

disperse the nanomaterials and to break the chemical bonds for increasing polymeriza-

tion, respectively. Recent progress in the sonochemical construction of NCs with poly-

mers and TiO2 particles along with their physical features and different utilizations have

been introduced [45].
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Fig. 4 Surface modification of TiO2 NPs with BSA by ultrasonic irradiation. BSA, bovine serum albumin.
Adopted from S. Mallakpour, S. Shamsaddinimotlagh, Ultrasonic-promoted rapid preparation of PVC/TiO2-
BSA nanocomposites: characterization and photocatalytic degradation of methylene blue, Ultrason.
Sonochem. 41 (2018) 361–374, with kind permission of Elsevier.
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4.1 Remediation industry
Water, as a valuable and vital material for human civilization, must be clean and free of

toxic and harmful contaminants. Because of the toxicity of industrial dyes even at low

concentrations, they must be removed from the water before they enter the body.

On the other side, the presence of heavy metal ions such as cadmium, lead, chromium,

arsenic in water is harmful and a major concern for human health. Several treatment tech-

niques like precipitation, solvent extraction, filtration, photocatalysis, reverse osmosis,

electrochemical, oxidation, adsorption, etc., have been applied for contaminants removal

from wastewater. Adsorption is the most effective method for the wastewater treatment

due to many advantages such as low cost, good selectivity, simple process, and elimina-

tion of pollutants even at low concentrations. Researchers around the world are con-

stantly trying to develop efficient and cost-effective absorbents [46].

Based on published articles, a lot of research has been done to remove water pollutants

with the aid of polymer/TiO2 NC adsorbents, and ultrasonication technique has been

used to make composites. For example, in many studies, TiO2 NCs based on chitosan

(CS) matrix has been fabricated due to the availability and low-costs of the CS and high

surface area of the nano-TiO2 to increase the adsorption capacity.

Bhanvase et al. [47] reported the synthesis of CS/ZnO/TiO2 NC through sono-

chemical as well as conventional magnetic stirring. In the sonochemical route, the

NC was prepared in three steps: fabrication of CS solution, preparation of ZnO/

TiO2 hybrid, and loading the CS on ZnO/TiO2 NC, in which, ultrasonic irradiation

was applied in all of the stages. For the preparation of the CS solution, ultrasonication

was used with the time of 60min. In the second stage (manufacturing of ZnO/TiO2

NC) it was under ultrasound irradiation for 40min. Also, for the construction of

CS/ZnO/TiO2 NC, the time required for the ultrasound-assisted route was 45min.

The fabricated NC was evaluated for the crystal violet dye adsorption from aqueous

solution. The adsorption of dye for the fabricated NC through ultrasonic technique

was significant in comparison to the conventional techniques. Indeed, ultrasonic waves

dispersed the contents of NC uniformly to enhance the adsorption performance because

of the physical influences of the ultrasonic waves for the fabrication of finely dispersed

NC. The adsorption models were compared and based on them; the Temkin model

was more suitable. Also, based on the kinetics investigation of adsorption phenomenon

was fitted with the pseudo-second-order model. Furthermore, enthalpy (ΔH°) and

Gibbs free energy (ΔG°) were positive and negative, respectively, which indicated endo-
thermic and spontaneity adsorption phenomenon.

In another study by Vardikar et al. [48], ternary NC adsorbent based on CS, kaolin, and

TiO2was prepared for dye adsorption. Both sonochemical and conventional methods were

used in the manufacturing process of NC. The results showed that using an ultrasonic

route, the average particle size of TiO2 and NC were around 5 and 293nm, respectively

that were much less than conventionally prepared samples. Also, Brunauer-Emmett-Teller
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(BET) analysis outcomes exhibited that the surface area of the ultrasonically prepared NC

was 116.5m2/g, that was greater than the conventionally prepared NC (4.95m2/g).

Moreover, 93.30% of dye was removed with ultrasonically prepared NC, and 85.50%

was removed by conventionally prepared NC. So, ultrasonic had a good effect on the

preparation and performance of the adsorbent. The adsorptive performance of NC

matched with the Freundlich model and kinetic pseudo-second-order.

Alizadeh et al. [49] used ultrasonic irradiation for the fabrication of cross-linked mag-

netic adsorbent for the cadmium ion elimination and phenol degradation as harmful pol-

lutants from the wastewater. For this aim, first, with the aid of ultrasonic vibration,

magnetic NPs were dispersed in the CS solution. After mixing this solution with an

emulsion containing DI water, emulsifiers, and hexane, a cross-linker [ethylenediamine-

tetraacetic acid (EDTA)] was added and magnetic EDTA-CS was obtained. Then under

ultrasonication conditions using nano-TiO2 in the presence of emulsifier the EDTA-CS-

TiO2 NC product was prepared. Based on the outcomes, the average size of the

adsorbent was 40nm, and according to the Langmuir model, the adsorption amount

of cadmium was 209.205mgg�1, and degradation yield of phenol was 90%. Also, after

five cycles, adsorption capacities were in a good performance.

Zhou et al. [50] reported that composite hydrogel based on CS, nano-sized TiO2, and

poly(N-isopropylacrylamide) (TiO2-CS-PNIPAAm), which could be applied as a prom-

ising and appropriate photocatalyst for acid fuchsin dye removal from solution. For the

fabrication of composite hydrogel, NIPAAm, nano-sized TiO2, and N,N0-
methylenebisacrylamide cross-linking agent were added to the CS solution and mixed

under sonication for 10min to increase the distribution of the TiO2NPs. In the redox ini-

tiator system, initial polymerization was done, and subsequent polymerization (freezing

polymerization)was completed at 18°Cfor24h.After the immersionofpreparedhydrogel

inwater (for 24h) forwashingunreactedmaterials, itwas freeze-dried, and theproductwas

gained. Photocatalytic behavior of the composite hydrogel was tested for the dye degra-

dation, and the outcomes specified that acid fuchsin adsorption dye was affected by pH.

Protonation degree of the NH2 groups in the TiO2-CS-PNIPAAm is related to solution

pH. Indeed, in the H+ medium, the NH2 groups that exist in the TiO2-CS-PNIPAAm

converts to (–NH3
+), and electrostatic interaction exist between (–SO3

�) acid fuchsin and
�NH3

+. In strong acidic solution (pH <4) –SO3
� converts to –SO3H and negative

charges of acid fuchsin are decreased, and a weak interaction is created with composite

hydrogel. As pH values increase (pH 4), negative charges (–SO3) in dye structure rise

and the interaction with composite hydrogel enhances and dye adsorption rate by com-

posite increases. At pH 4, dye elimination rate was high (72.4%). However, in values

higher than theoptimumvalue (pH>4), the number of–NH3
+decreases and dye removal

ratedeclines (Fig. 5).Also, the removal rate declined after raising the temperature.Basedon

kinetics studies, the adsorption of dye by the manufactured composite followed the

pseudo-second-order model. Likewise, this composite hydrogel revealed great perfor-

mance for the photocatalytic degradation of dyes.
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Seema et al. [51] demonstrated that bio-NCs based on cyclodextrin (CD), polycapro-

lactone (PCL), and TiO2 (with weight percentages of 85%, 10%, and 5%, respectively)

could be employed as adsorbents for Pb(II) elimination from wastewater. For the fabri-

cation of bio-NCs, first, a biopolymer blend of CD and PCL was prepared using toluene

as a solvent under continuous agitation. Nano-sized TiO2, which was prepared with the

sol-gel method, was added to the CD-PCLmixture and was stirred. The TiO2 NPs were

better dispersed and incorporated into the polymeric matrix by sonication. After drying

the solution, the product was attained. BET results illustrated a high surface area for the

NCs; thus, the adsorption capacity of the products was good. Transmission electron

microscopy (TEM) micrographs displayed multi-morphological that comprise rod-like

rectangular shapes. Additionally, the agglomeration of NCs was observed. According

to the adsorption experiments, Pb(II) ion adsorption was affected by several factors like

contact time, adsorbent dose, pH, and initial concentration of the solution. The optimum

conditions were pH 9.7, 10ppm pollutant concentration, and 0.005g of the adsorbent.

Adsorption isotherms and kinetic investigations were examined and based on the out-

comes, adsorption was monolayer type (adsorption was obeyed by Langmuir isotherm).

Also, Pb(II) ion was fitted with pseudo-second-order kinetics.

:  D–SO3
– :  D–SO3H –NH3

+

pH<4

pH
>4

pH 4

Fig. 5 Schematic illustration of AF dye adsorption from aqueous solution by nano-TiO2/CS/PNIPAAm
composite hydrogel under various pH conditions. AF, acid fuchsin; CS, chitosan; PNIPAAm,
poly(N-isopropylacrylamide). Adopted from J. Zhou, B. Hao, L. Wang, J. Ma, W. Cheng, Preparation and
characterization of nano-TiO2/chitosan/poly(N-isopropylacrylamide) composite hydrogel and its
application for removal of ionic dyes, Sep. Purif. Technol. 176 (2017) 193–199, with kind permission of Elsevier.
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4.2 Packaging industry
In recent years, in order to protect foods, increase quality, prolonging the shelf-life, and

prevent them from deterioration, active packaging-based biopolymer with antifungal and

antibacterial features, has appealed increasing consideration compared to conventional

packaging. Ethylene scavengers in active packaging preserve the quality and safety of

products [52]. On the other hand, TiO2 as an effective photocatalyst is an antimicrobial

agent and suitable ethylene scavenger. Indeed, when TiO2 exposed to UV light, it creates

radicals like •OH, and O2
�• that cause antibacterial properties. Thus, in the food industry,

active packaging based on TiO2 as harmless material and biopolymers have been

synthesized. For example, Siripatrawan et al. [52] fabricated CS-TiO2 NC film as active

packaging. For this aim, a solution of CS was prepared by dissolving it in acetic acid.

Nano-TiO2 with several quantities was added, and then this solution was shaken and

homogenized. Subsequently, using the ultrasonic processor, it was degassed. Finally, after

casting on a ceramic plate, it was dried, and the film was gained. The scanning electron

microscope (SEM) images indicated evenly distribution of nano-TiO2 in the matrix. But,

with the increasing NPs contents, spontaneous agglomeration was observed. Barrier and

tensile strength features were enhanced, but optical transparency was reduced. The film

ability for ethylene photodegradation was examined, and as demonstrated in Fig. 6, in the

presence of light, the electrons promoted and went to the conduction layer and electron-

hole pairs produced. After reactionwith hydroxide ions or water, and radical species were

formed and produced water and carbon dioxide from ethylene oxidation. The fabricated

film containing 1% w/w TiO2 revealed optimal ethylene photodegradation, barrier, and

mechanical characteristics. Hence, it was selected for evaluation of antimicrobial, and

antifungal behaviors and good results were achieved.

UV light

e–

h+

O2

Microbial cell

Damaged cell
Chitosan- TiO2 nanocomposite film

Photocatalytic reaction

O2
–

H–+H2O

H2O

O2

O2
O2H2O

H2O

CO2 + H2O

C2H4

OH•

TiO2hv

Fig. 6 A schematic diagram of the possible mechanism of photocatalytic degradation of ethylene and
antimicrobial activity of the CS-TiO2 NC film. CS, chitosan; NC, nanocomposite. Adopted from U.
Siripatrawan, P. Kaewklin, Fabrication and characterization of chitosan-titanium dioxide
nanocomposite film as ethylene scavenging and antimicrobial active food packaging, Food Hydrocoll.
84 (2018) 125–134, with kind permission of Elsevier.
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Zhang’s research team [53] introduced nano-sized TiO2 in CS matrix and con-

structed the efficient antimicrobial composite film for foodborne microorganisms

employing sonication. For this aim, CS and nano-TiO2 powder were mixed together

and dispersed in acetic acid through ultrasonic waves for 10min. After that, for unifor-

mity suspension, it was stirred and followed by adding epichlorohydrin as the cross-linker

and was agitated for 4h. After spreading the suspension on a plate and drying, it was

peeled off from the plate and was immersed in NaOH solution. Lastly, was washed with

DI water and dried. Morphological studies indicated the uniform distribution of TiO2

into the matrix. The hydrophilicity and mechanical characteristics of the obtained

CS-TiO2 were enhanced, but, visible light transmittance decreased that assisted the

photocatalytic antibacterial influence. Diverse pathogenic microbes (fungi, bacteria,

and molds) were employed to estimate the antimicrobial action and based on the out-

comes; the CS/TiO2 composite had effective antimicrobial behavior against them. In

order to investigate the utilization of the fabricated composite in the food packaging,

red grape preservation was studied. They were effectively preserved by the prepared

composite film and their shelf life was extended with this film (Fig. 7).

Fig. 7 (A) SEM surface image of CS-TiO2 film with inserted schematic diagram, (B) SEM cross-section
image of CS-TiO2 film. Preservation of red grape packed in different materials at 37°C for 6 days,
(C) plastic wrap, (D) pure CS film, and (E) CS-TiO2 film. SEM, scanning electron microscopy. Adopted
from X. Zhang, G. Xiao, Y. Wang, Y. Zhao, H. Su, T. Tan, Preparation of chitosan-TiO2 composite film
with efficient antimicrobial activities under visible light for food packaging applications, Carbohydr.
Polym. 169 (2017) 101–107, with kind permission of Elsevier.
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Sadeghi-Varkani et al. [54] used the ultrasonication and casting techniques for the

preparation of novel bio-NC with embedding nano-TiO2 particles into Lallemantia

iberica mucilage (LM) as a cheap source of carbohydrate. LM biopolymer found in Asia

and Europe was used as traditional medicine for the treatment of a variety of diseases such

as hepatic, cough, fever, and renal sicknesses. To fabricate the composite, at first, via a

magnetic stirrer, TiO2 NPs were distributed and mixed in distilled water. After that,

to impede the NPs aggregation, ultrasonic homogenizer was employed for 5min. In

the next step, the TiO2 solution was added to the biopolymer solution and stirred for

homogenizing and uniform distribution of particles. In order to eliminate the trapped

air bubbles in the sample and for separation of any aggressions of NPs, ultrasonic treat-

ment was used. After pouring and dehydration of the prepared solution, the film was

formed. Thickness, mechanical, barrier, thermal, and optical features of the constructed

NCs, which are the key parameters in the packaging industry, were thoroughly exam-

ined. Morphological studies indicated the good distribution of TiO2, which led to the

improvement of the gas permeability. Moisture absorption isotherms under different

humidity’s conditions showed stable behavior in NCs. Mechanical tests specified the

improved features due to strong interaction among particles and polymer. But under high

concentration of TiO2, accumulation happened, and the useful mechanical, as well as

structural characteristics, were diminished.

Teymourpour et al. [55] used the ultrasonic bath to disperse and homogenize TiO2

NPs in DI water for construction of NC film using soybean polysaccharide matrix.

Mechanical, barrier, thermal, and antibacterial features of the fabricated NC films were

investigated. After the incorporation of TiO2 into the matrix, barrier properties for water

vapor, oxygen, and moisture decreased, mechanical features of the films enhanced, also,

bio-NC films showed exceptional antimicrobial behavior against bacteria.

In the study of Baek et al. [56] poly(lactic acid) (PLA) was used as a matrix to prepare

the TiO2/polymer NC employing the sonochemical technique. To fabricate the PLA/

TiO2 film, at first TiO2 surface was functionalized with oleic acid tomake it nonpolar and

increase the compatibility of them with PLA. Then, the modified TiO2 was dispersed in

chloroform, and it was mixed with PLA solutions. After that, it was sonicated and thor-

oughly agitated. Finally, on a glass plate, the prepared solution was cast and dried. Mor-

phological pictures did not show aggregation. Based on the barrier feature, O2, and H2O

vapor permeability reduced relative to the pure polymer. The flexibility and transparency

of the fabricated film containing modified TiO2 were higher than the PLA/TiO2. Thus,

TiO2 functionalization developed TiO2 dispersion in the matrix. This fabricated film had

the potential to be used in food packaging domain.

Goudarzi research team [57] applied ultrasonic homogenizer for TiO2 dispersion in

water to prepare the TiO2 suspension. After that, this suspension was mixed with a starch

solution to develop the photodegradable and photo-producible bio-NC for food

packaging. As a result, the absorption and content of moisture decreased with the help
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of TiO2 and UV ray. Also, photodegradability of this NCwas exceptionally improved by

simultaneous usage of TiO2 and UV.

Bio-NC film with antibacterial and antioxidant features was prepared using incorpo-

ration of TiO2 NPs and rosemary into the polymeric matrix of whey protein/cellulose

nanofibers by Alizadeh-Sani et al. In the fabrication process, ultrasonic probe sonicator

was used for the better distribution and complete homogenization of TiO2 in the matrix.

The antioxidant, antibacterial, and physicomechanical features of the NC film were stud-

ied, and the influences of several concentrations of cellulose nanofibers, TiO2, and rose-

mary oil were considered in the film. The optimum quantities of TiO2, rosemary oil, and

nanofibers were 1%, 2%, 7.5%, respectively, to develop the functional features of the

whey protein films. The outcomes revealed outstanding effects of a simultaneous mixture

of TiO2 and rosemary oil with matrix on the considered characteristics. Water resistance

and mechanical feature of the films enhanced considerably after adding rosemary oil and

TiO2. Furthermore, the resulted bio-NC films demonstrated a noteworthy antioxidant

as well as antibacterial behavior, and among bacteria, Gram-positive bacteria were more

affected. Indeed, the manufactured films revealed good morphology and physicomecha-

nical features. Also, owing to the outstanding distribution of rosemary oil and TiO2 in the

matrix, antibacterial, and antioxidant features, that are the key features in packaging

usages, were gained [58].

Goudarzi et al. [59] in another work reported successful construction of starch-

kefiran-TiO2 bio-NC film as food packaging material via photochemical reactions. In

the first step, equal ratios of kefiran and starch solutions were mixed under agitation

for 15min in the presence of glycerol plasticizer. Then, TiO2 particles were dispersed

in water under stirring (for 15min) and sonication process was carried out through ultra-

sonic homogenizer (for 30min) for the good suspension formation. TiO2 suspension and

film-forming solution agitated under UV-A exposure. After casting and drying, the NC

film was attained. UV irradiation as a modification method, which is easy and green,

enhanced the compatibility of kefiran and starch. By increasing photo-irradiation, the

tensile strength of NCs improved. Young’s modulus, elongation at break, and

moisture-sensitive parameters reduced.

4.3 Other NCs and their applications
Xiang and Zhang [60] introduced several loading amounts (0, 1, 2, and 3wt%) of TiO2

NPs into acrylonitrile/styrene/acrylate (ASA) terpolymer through in situ polymerization

method. In the NCs fabrication process, ultrasonic disperser was applied to disperse and

reduce the accumulation of TiO2 and then, the polymerization was done after adding the

initiator to the reaction mixture. Based on TEM micrographs, after loading 1wt% of

TiO2 in ASA, uniform dispersion was observed, but with the increasing TiO2 amount,

dispersibility declined due to the agglomeration of NPs. The influence of inserted TiO2
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NPs on the mechanical characteristics such as tensile features as well as impact toughness

of the fabricated TiO2/ASA NCs was examined. Based on the outcomes, when TiO2

content was 1wt%, a significant enhancement in the impact strength, and tensile strength

was gained. This outstanding development was due to the better dispersibility of TiO2

that mostly was related to the effect of ultrasound disperser before the polymerization of

the monomer. Also, in situ polymerization causes better dispersion of TiO2 in ASA.

In many studies, the ultrasonication method was applied for both the surface treat-

ment of TiO2 and fabrication of various TiO2/polymer NCs. For instance, in studies

by Mallakpour and Shamsaddinimotlagh, the surface of TiO2 NPs was modified with

bovine serum albumin (BSA) as a green coupling agent through sonication process.

For this aim, at first, a buffer solution was prepared; nano-TiO2 was added to it and then

was sonicated for 7min. Then, it was mixed with a buffer solution containing BSA using

ultrasonication for 5min. So, at this stage, BSA covered the surface of TiO2 by ultrasonic

waves. After centrifuging, washing, and drying, the modified powder was gained, in

which 3, 6, and 9wt% of this product was incorporated into the PVC using ultrasonica-

tion (for 7min) for manufacturing the PVC/TiO2-BSA NCs. Therefore, sonication

manner was vital and very useful. Morphology examinations displayed the proper distri-

bution of particles in the matrix. Also, based on outcomes, the fabricated NCs were more

thermally stable than the pristine PVC. The photocatalytic test was done via MB degra-

dation, and the outcomes indicated a decrease in the photocatalytic activity of the TiO2

NPs after modification and insertion in the matrix due to the increase in theNPs size [43].

In another study, ultrasonic irradiation was employed to modify the surface of TiO2

NPs with g-aminopropyltriethoxy silane (KH550) coupling agent and produce the poly-

merNCs-based PVAmatrix. For this purpose, in brief, TiO2 particles were first sonicated

with KH550 solution for surface treatment of TiO2. Then, 5, 10, 15, and 20wt% of

modified-TiO2 particles were mixed with 0.1g of PVA in the absolute ethanol as the

solvent and was sonicated for 2h. The fabricated NCs were used as electrolyte additive

for the methanol oxidation reaction. The outcomes exposed enhancement in electroca-

talytic behavior of Pt for the oxidation of methanol [61]

Ultrasonication process was used to modify TiO2 surface with vitamin B1 as a natural

molecule by Mallakpour and Adnany Sadaty (Fig. 8) [62]. For this purpose, nano-TiO2

and VB1 in DI water were dispersed and homogenized, separately using ultrasonic irra-

diation (for about 15min). Then, they were mixed together using the ultrasonic process

to graft the VB1 modifying agent onto the nano-TiO2 surface through several interac-

tions between OH and NH2 functional groups and OH groups on the TiO2 surface.

Actually, ultrasonic waves generated extra energy and caused a better interaction among

modifier and TiO2 in order to prevent accumulation. Then, PVC NCs were manufac-

tured by inserting TiO2 NPs using ultrasonication. Microscopic studies showed a uni-

form distribution of NPs into the PVC. Thermal and mechanical analyses exhibited

enhancement in the characteristics of the NCs.
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Also, in another study by Mallakpour and Khani [63], the ultrasonic tool was used for

organo-modification of TiO2 with biodegradable chiral diacid coupling agent and incor-

poration of organo-modified TiO2 into the thermosetting poly(amide-ester-imide) matrix.

Nano-sized TiO2 was ultrasonicated with modifier solution for 30min to better dispersion

and interactions between TiO2 and diacid functional groups. For the construction of

related NCs, the organo-modified TiO2 was added to the polymer suspension under

sonication (4h) for improvement of the distribution of particles in the polymer solution.

Mallakpour and Madani [64] reported the use of ultrasonic technique for the organo-

modification and synthesis of CS/nano-TiO2 NCs. Nano-TiO2 was modified under

ultrasonic waves by an amino acid modifier, and after that, in order to prepare the

Fig. 8 Surface modification of TiO2 NPs with VB1. VB1, vitamin B1. Adopted from S. Mallakpour, M.A.
Sadaty, Thiamine hydrochloride (Vitamin B1) as modifier agent for TiO2 nanoparticles and the optical,
mechanical, and thermal properties of poly(vinyl chloride) composite films, RSC Adv. 6 (2016)
92596–92604, with kind permission of The Royal Society of Chemistry.
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NCs, CS powder was dissolved in acetic acid under sonication process for 30min. Dif-

ferent amounts of nano-TiO2 particles were sonicated in water to produce a suspension

of TiO2 for 1h. After that, these prepared suspensions and CS solution were stirred and

ultrasonicated for 1h to obtain a homogenous mixture. Finally after drying, the NCs

were gained. It was observed that the organo-modified TiO2 distributed uniformly into

the CS. Also, mechanical as well as thermal features of the NCs were more than the pris-

tine CS. These NCs might be used to remove environmental pollutants.

Gonzalez-Benito et al. [65] used the sonication process for the preparation of ther-

moplastic NC with bactericide features and fiber-like structure based on

poly(vinylidene fluoride) (PVDF) and several contents of TiO2 NPs (0%, 1%, 2%,

5%, and 10%) to improve aggregation of NPs in the polymer solution. Solution blow

spinning as a new procedure for spinning nano-fibers was employed to manufacture

the NCs. The results exhibited good dispersion of NPs in the PVDF matrix.

Safaei and Taran [66] constructed bio-NC based on sodium hyaluronate (SH) bio-

polymer and TiO2 NPs in the presence of ultrasound and then, examined the antifungal

features of the product. SH was prepared through bacterial fermentation, and TiO2 par-

ticles were synthesized by a sol-gel procedure. In situ technique was employed to syn-

thesize the SH/TiO2 NC. At first, SH and TiO2 particles were sonicated separately in

order to attain efficient homogeneity and good dispersion. After that, the solution con-

taining TiO2 particles was added dropwise to SH solution under agitation. The outcomes

showed well distribution of NPs in the SH biopolymer and also, antifungal behavior of

the bio-NC was better than the constituents. The constructed product had good anti-

fungal behavior due to the synergistic influence of polymer and TiO2 particles. TEM

micrographs showed the formation of SH-TiO2 NCs (Fig. 9).

Fig. 9 TEM images of sodium hyaluronate-TiO2 nanocomposite (A), antifungal activity of the sodium
hyaluronate, TiO2 NPs and sodium hyaluronate-TiO2 NC against Aspergillus niger (B). TEM, transmission
electron microscopy. Adopted from M. Safaei, M. Taran, Fabrication, characterization, and antifungal
activity of sodium hyaluronate-TiO2 bionanocomposite against Aspergillus niger, Mater. Lett. 207
(2017) 113–116, with kind permission of Elsevier.
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One of the features of TiO2 is self-cleaning behavior, which can be used for the prep-

aration of self-cleaning fabric. So, Ghobashy [67] used ultrasonic and gamma waves as a

good dispersant tool for TiO2 distribution on the poly(ethylene terephthalate) (PET) fab-

ric. Also, due to the low adhesion of TiO2 on the fabric, poly(acrylic acid) (PAAc) as

hydrophilic polymer was grafted onto the PET for better adhesion and generate oxidized

species for pollutant removal. Finally, TiO2@PET-g-PAAc fabrics were successfully

achieved (Fig. 10). X-ray studies indicated rutile and anatase TiO2 and morphological

pictures showed good adherent and uniform distribution of TiO2 and PAAc with fabric.

Also, the thermal property of the constructed hybrid was increased. Three classes of dyes

were selected as models for evaluation of the self-cleaning, and the good results were

gained.

TiO2-biochar NC, as proficient sono-catalyst for Reactive Blue 69 degradation, was

prepared by Khataee et al. [68]. The prepared NC presented excellent surface area as well

as pore volume for high sono-catalytic performance. At pH 7, 300Wof ultrasonic power,

and 1.5g/L loading of NC, the best efficiency (97.5%) was gained. Utilization of titanium

above neutral pH, its stability in NC, and small dissolved concentration of it are the

remarkable advantages of the fabricated NC.

Fig. 10 Demonstration of PET fabric modification set up. 1-Ultrasonic irradiation, 2-Gamma irradiation.
PET, poly(ethyleneterephthalate); PAAc, polyacrylic acid. Adopted from M.M. Ghobashy, Combined
ultrasonic and gamma-irradiation to prepare TiO2@PET-g-PAAc fabric composite for self-cleaning
application, Ultrason. Sonochem. 37 (2017) 529–535, with kind permission of Elsevier.
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In the research of Saber-Samandari et al. [69], 3D NC scaffolds were prepared, which

were including TiO2 NPs (in different amounts), cellulose, and hydroxyapatite, as a

replacement for bone-tissue engineering. The sonication power was applied to fabricate

the scaffold. Mechanical, swelling behavior, and cytotoxicity of the NC were examined

and based on outcomes, it had highly porous construction, and in high TiO2 amount, the

mechanical property was suitable. After increasing the TiO2 percentage, swelling behav-

ior was lesser. From cytotoxicity tests on L929 cells in SEM image, this fabricated scaffold

was biocompatible and nontoxic (Fig. 11).

Yu et al. [70] prepared polyaniline/TiO2 composite under ultrasound processing and

deposited it on the cotton fabric surface. This fabricated sample had UV protection,

photocatalytic behaviors, as well as sunlight absorption. The conductivity of the fabri-

cated composite was investigated, and the outcomes displayed respectable conductivity,

which was reduced somewhat after increasing the TiO2 percentage.

Noman et al. [71] used the ultrasonic acoustic technique for deposition of TiO2 NPs

on the cotton surface. The features of manufactured samples like self-cleaning, antimi-

crobial, mechanical, and washing durability were examined. The outcomes revealed the

Fig. 11 SEM of L929 cells seeded on the surface of NC samples. Adopted from S. Saber-Samandari, H.
Yekta, S. Ahmadi, K. Alamara, The role of titanium dioxide on the morphology, microstructure, and
bioactivity of grafted cellulose/hydroxyapatite nanocomposites for a potential application in bone
repair, Int. J. Biol. Macromol. 106 (2018) 481–488, with kind permission of Elsevier.
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insertion of anatase TiO2 (with 4-nm particle size) and admirable photocatalytic behav-

ior. After 30 times home launderings, self-cleaning efficiency of the fabricated fabric

showed exceptional washing durability. Ultrasonic waves had no undesirable influence

on the mechanical feature of NC. Washing durability revealed the acoustic cavitation

role as well as covalent connections among –OH on the cotton and TiO2 particles.

Due to the harmfulness of traditional inks, attention has been given to edible inks. For

example, Wang research team [72] prepared edible ink of CS/TiO2 NC for utilization in

the printing field. In the preparation process, ultrasonic treatment (1h) was employed to

disperse edible pigment TiO2 in water, and then it was added to a solution of CS under

agitation. To prepare sustainable and stable ink, methylcellulose and Tween 80 as low-

cost, easy access, and green stabilizers were used. Fitting, print quality, and rheological

features of the prepared ink were studied. Fastness, optical density, and scratch-resistance

of the ink were satisfactory. This ink was proper to screen-print and customization

options, and also drug or food decoration. Fig. 12 shows screen-printed ink on the black

cardboard.

An et al. [73] used nano-fibrillated cellulose (NFC), Fe3O4, as well as TiO2 NPs for

the successful construction of NC for the photocatalytic generation of hydrogen. All

stages of production of this composite and its utilization are observed in Fig. 13. To pre-

pare the composite, ultrasonic treatment was employed for uniform dispersion of NFC in

aqueous solution. Morphological investigations revealed uniformly loading of NPs on

the NFC support. According to outcomes, by using NFC as versatile support and useful

titania NPs, photocatalytic efficiency, as well as the recyclability, were enhanced.

Fig. 12 Application of CS/TiO2 composite ink. Adopted from H. Wang, J. Qian, H. Li, F. Ding, Rheological
characterization and simulation of chitosan-TiO2 edible ink for screen-printing, Prog. Org. Coat. 120 (2018)
19–27, with kind permission of Elsevier.

308 Green sustainable process for chemical and environmental engineering and science



5. Preparation of carbon nanomaterials/TiO2 hybrids using
ultrasonication

5.1 Graphene or graphene oxide/TiO2 hybrids
As the hottest subjects in different domains like nanotechnology, chemistry, materials sci-

ence, and physics, graphene, is an allotrope of carbon that is a honeycombed network of

hexagonal rings of carbon. As recent studies, materials based on graphene have fascinated

abundant attention in photocatalysis, photovoltaics, and electronics. Also, the oxidized

shape of graphene is graphene oxide (GO), which has unique features and is a promising

candidate in different fields [74, 75]. The researchers used these valuable compounds for

the preparation of hybrid materials using TiO2 particles. In the following, a number of

examples are included with the applications.

Fig. 13 Schematic representation for the preparation of NFC@Fe3O4@TNP NCs for photocatalytic
hydrogen generation and recyclability; (A) NFC, (B) in situ preparation of Fe3O4 NP, (C) loaded
Fe3O4 NP on the surface of NFC with hydrogen bonds, (D) adding dispersed TNP into as-prepared
NFC@Fe3O4 NCs suspension, (E) loaded TNP on the surface of NFC@Fe3O4 NCs by hydrogen
bonding with NFC, and (F) schematic of photocatalytic hydrogen generation and recyclability of
NFC@Fe3O4@TNP NCs. NFC, nano-fibrillated cellulose; TNP, titanium dioxide nanoparticles; NP,
nanoparticle; NCs, nanocomposites. Adopted from X. An, D. Cheng, L. Dai, B. Wang, H.J. Ocampo, J.
Nasrallah, X. Jia, J. Zou, Y. Long, Y. Ni, Synthesis of nano-fibrillated cellulose/magnetite/titanium
dioxide (NFC@Fe3O4@TNP) nanocomposites and their application in the photocatalytic hydrogen
generation, Appl. Catal. B Environ. 206 (2017) 53–64, with kind permission of Elsevier.
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Nuengmatcha et al. [76] reported the fabrication of ternary NC based on graphene,

ZnO, and TiO2 NPs as an efficient sono-catalyst for dye contaminants using ultrasonic

waves. Moreover, the results were compared with the catalytic activities of its compo-

nents (graphene, ZnO-graphene, and TiO2). For the production of the sono-catalyst, at

first ZnO/graphene composite was prepared with the addition of graphene oxide to

Zn(NO3)2 6H2O solution under ultrasonication (2h) and agitation (5h). After heating

at 600°C, ZnO/graphene was obtained. Also, colloidal TiO2 solution was prepared with

the dispersion of C16H36O4Ti in methanol employing ultrasound sono-reactor. Then,

ZnO/graphene and TiO2 solution were mixed and heated for removal of the methanol,

and finally, the ZnO/graphene/TiO2 NC was gained. The outcomes specified that ter-

nary NC had higher activity compared to the other catalysts for degradation of dye pol-

lutants and it presented greater sono-catalytic degradability for the MB in comparison to

the other dye pollutants. In pH 9, 1.00g/L of catalyst, 120min irradiation time, 20mg/L

of dye, and 40% ultrasonic intensity, the best results were obtained. Hence this NC was a

proper candidate for environmental uses. Fig. 14 shows a possible mechanism for
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Fig. 14 Possible sonocatalytic degradation mechanism of ZGT catalyst on the degradation of organic
dyes. ZGT, ZnO/graphene/TiO2. Adopted from P. Nuengmatcha, S. Chanthai, R. Mahachai, W.C. Oh,
Sonocatalytic performance of ZnO/graphene/TiO2 nanocomposite for degradation of dye pollutants
(methylene blue, texbrite BAC-L, texbrite BBU-L and texbrite NFW-L) under ultrasonic irradiation, Dyes
Pigments 134 (2016) 487–497, with kind permission of Elsevier.
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sono-catalytic degradation of dye under ultrasonication waves. Under ultrasonic irradi-

ation, electrons and holes can be generated at NC surfaces, and react with hydroxyl ions

and oxygen to produce radicals for dye molecule degradation.

In the study by Vajedi et al., [77] NCs based on reduced graphene oxide (rGO) and

TiO2 with 1:1, 1:0.1, and 0.1:1 mass ratios were successfully prepared by an eco-

friendly and facile hydrothermal process using ultrasound. To this aim, GO, and

TiO2 were synthesized and distributed in DI water/ethanol by the assistance of

ultrasonication and agitation with stirrer for the entire exfoliation of GO and homo-

genization of the suspension, respectively. Then, the as-prepared suspension was

heated, centrifuged, washed, dried, and finally, the NCs were attained. The outcomes

of analyses like UV-Vis, X-ray, BET, FE-SEM, and TEM, showed outstanding

physical, optical, as well as electrochemical features. The fabricated NCs were applied

as an effective adsorbent for elimination the Cd(II), Pb(II), as well as Cu(II) ions. Due to

the wrinkled and squiggled structure of GO, good connections between TiO2 NPs

created and prevented them from aggregation and caused improvement in

electrochemical performance for the metal ions adsorption. This work indicated that

the NC comprising an equal amount of TiO2 and rGO (1:1) was efficient and high

sensitive adsorbent for heavy metal ions from solutions due to both properties of the

TiO2 and GO.

Also, Fausey et al. [78] prepared rGO-TiO2@fiber NCs to remove arsenic contam-

ination as hazardous matter in drinking water. Indeed, the profits of rGO-TiO2 NCs and

CS-based fibers were combined to improve the oxidation of arsenic. At first, nanofiber

mats based on CS and poly(lactic-co-glycolic) were prepared via electrospinning proce-

dure. Then, the fiber was enabled with rGO using bath-sonication. After that, TiO2 was

coated on GO@fibers, which for this purpose, TiO2 was suspended in DI water with

bath-sonication (10min), GO@ fibers were added and mixed by orbital shaker as well

as bath-sonication. After washing as well as drying, vitamin C was added for reduction

of the GO on the surface of fibers and production of rGO-TiO2@fiber. Surface mor-

phology was studied with SEM analysis (Fig. 15). After bounding GO to the pristine

fibers, GO sheets did not aggregate due to the epoxy-amine addition. With the TiO2

addition, the particles can bind to GO and rGO, directly. The oxidative features of light

irradiated rGO-TiO2@fibers were compared with the non-reduced sample (GO-TiO2-

@fibers), and the outcomes showed that rGO-TiO2@fibers oxidized As(III) ion 2.5

times more than the nonreduced sample. This improvement in oxidation by rGO-TiO2-

@fibers was due to the better conductivity of rGO in comparison with GO, permitting

better shuttling of electrons away from the TiO2’s valence band and destruction of

electron-hole recombination and raising the creation of OH radicals for oxidation of

As(III) (Fig. 15).
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Harraz et al. [79] used ultrasonication for the fabrication of TiO2/rGO NC through

simple procedures in order to design and construct a highly selective and sensitive amper-

ometric sensor for the vitamin C detection and determination with excellent action and

reproducible behavior. To prepare the desire NC, first, GO was synthesized and distrib-

uted in water/ethanol solution via ultrasound to obtain GO suspension. Then, TTIP was

added to this suspension and was ultrasonicated (60min). After that, it was filtered and

washedwith ethanol andDIwater. After heating at 450°C, the final product was attained.
The as-prepared NCwas fully characterized and the outcomes revealed the anatase phase

of TiO2 and wrinkled wave-like shape of GO. TiO2/rGONCwas applied to modify the

glassy carbon electrode. The sensor showed great performance due to the synergistic cat-

alytic influence of high conductive rGO and semiconducting TiO2 particles. Also, this

sensor had unique selectivity, electrochemical stability, and repeatability.

Fig. 15 Characteristics of GO and rGO-TiO2 composite nanofibers. SEM images of (A) pristine fibers,
(B) fibers coated with GO, and (C) fibers coated with rGO and TiO2, and (D) Schematic illustrating
the mechanism for enhanced synergy between rGO and TiO2. Enhanced conductivity of rGO
compared to GO allows increased shuttling of electrons away from TiO2 throughout the rGO
graphitic network, thereby suppressing electron-hole recombination and increasing the
photocatlytic activity of TiO2 bound to the rGO surface. GO, graphene-oxide; rGO, reduced GO.
Adopted from C.L. Fausey, I. Zucker, E. Shaulsky, J.B. Zimmerman, M. Elimelech, Removal of arsenic
with reduced graphene oxide-TiO2-enabled nanofibrous mats, Chem. Eng. J. 375 (2019) 122040, with
kind permission of Elsevier.
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Wu et al. [80] reported enhancement in antifouling and water flux performance of

polymeric ultrafiltration membranes based on PVDF through introducing TiO2/GO

hybrid. At first, GO-TiO2 NCwas prepared through impregnation-precipitation. Then,

by an ultrasonic probe, diverse amounts of TiO2/GO were distributed in dimethylace-

tamide, and subsequently, PVDF and poly(ethylene glycol) (PEG) modifier were added,

stirred, and finally cast on a glass plate. Owing to the interaction among GO and TiO2,

proper distribution of GO-TiO2 happened. Porosity, pore size as well as surface hydro-

philicity of the hybrid membranes increased; thus, antifouling and water flux enhanced.

But in high amounts of TiO2, agglomeration happened and subsequently, porosity

reduced. Also, PEG acted as an additive for pore-forming, and it caused better porosity

and hydrophilicity due to the enhanced distribution of TiO2-GO in the polymeric mem-

brane. Hence, membranes comprising PEG-modified TiO2-GO displayed good

performance.

In another study, TiO2@rGONCs were prepared via simple chemical method using

ultrasonic irradiation for the enhancement of the photodegradation behavior of TiO2 to

eliminate the Rhodamine-B dye from a solution under UV light irradiation. The

as-prepared TiO2@rGO hybrid revealed an enhancement in photocatalytic actions

for the elimination of dye. The achieved results indicated that, the highest dye elimina-

tion at pH 9, 60min irradiation time, 0.3g/L adsorbent, and 30mg/L of dye concentra-

tion. Additionally, the results showing that by adding of rGO as an effective catalyst,

photocatalytic behavior of TiO2 was improved [81].

Alves research team [82], produced graphene/TiO2 quantum dots by an oleo-

thermal redox reaction of nano-emulsion of GO, TTIP, and oleylamine reductant

for O2 evolution reaction. Ultrasonic power was used to complete the dispersion

of the GO in the oleic-surfactant and producing nano-emulsion. Temperature and

reaction time influenced the crystallization and reduction ratio. When the tempera-

ture and reaction time increased, crystallization, as well as reduction of GO, pro-

moted. Indeed, since one of the disadvantages of the usual hydrothermal

production is the manufacture of agglomerated NPs, an innovative way to create

spherically and well dispersed GO quantum dots from nano-emulsion was applied,

and besides the utilization of this sample in the photo-electrochemical cell, it was

obtained as a clear thin film.

Zhou et al. [83] invented rGO-TiO2 NC via the one-step hydrothermal procedure

and investigated the performance of it to remove humic acid as an organic pollutant.

Ultrasonic waves were used to prepare a suspension containing GO with a better

dispersion of the particles. The outcomes indicated partial reduction of GO to rGO

in the hydrothermal production procedure, and uniformity of anatase TiO2 growth

on the rGO surfaces. Humic acid could be adsorbed onto the graphene surface owing

to the outstanding conductivity and adsorption features of it. Due to the synergistic influ-

ence of functional groups on the surface and brilliant conductivity, rGO-TiO2 NC

revealed higher photocatalytic behavior. The effect of light intensity, NC amount,
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and the temperature was investigated on the photocatalytic activity of the resulting NC.

In pH 7, 4.37Wm�2 of light intensity, at 303K, 1.2g/L of NC, the maximum efficiency

was achieved for the humic acid degradation.

Guo et al. [84] reported the use of ultrasonic waves in the hydrothermal method to

fabricate rGO/TiO2 NCs for degradation of quinolone antibiotics in wastewater. The

characteristic outcomes demonstrated the successful production of rGO/TiO2 NCs.

The specific surface area of the NCs was larger than the pristine one. The manufactured

NCs and pulsed discharge plasma (PDP) as one kind of progressive oxidation procedures,

which apply for remediation systems, were coupled together in order to attain a syner-

getic influence to gain better performance, and the outcomes showed better degradation

efficiency of PDP/rGO/TiO2 (99.4% ) than PDP and PDP-TiO2 systems (64.8% and

75.7%, respectively). Also, antibiotic removal and kinetic constant were superior com-

pared to the sole PDP.

Nasrollahzadeh reported [85] facile and green in situ synthesis of Ag NPs on GO/

TiO2 NC, for production of Ag/rGO/TiO2 NC. Leaf extract of E. helioscopia L., which

contains antioxidants, was selected as reductant and stabilizer for Ag+ and GO reduction.

At first, GO suspension was prepared via the dispersion of it in water with ultrasonic

power. The TiO2 particles were added and re-ultrasonicated to improve dispersion.

AgNO3 and plant extract were added to GO/TiO2 NC and stirred, and finally, it was

washed and dried. The GO/TiO2 and Ag/rGO/TiO2 NCs were characterized, and cat-

alytic behavior of the obtained NCs for the reduction of nitrophenol and toxic dyes

(Congo red as well as MB) was studied. The Ag/rGO/TiO2 NCs was highly active

and simply separated from reaction media through centrifugation. No significant defi-

ciency in catalytic behavior was observed after several cycles.

Vinesh et al. [86] prepared Au/boron-TiO2/rGO hybrid through the modest hydro-

thermal process to degrade tetracycline antibiotics under ultrasound waves. Insertion of

boron, as electron-deficient atom, which could form acceptor energy level, and the exis-

tence of Au plasmonic metal as cocatalyst improved optical absorption of TiO2 in the

attendance of rGO support. For the preparation of Au/boron-TiO2/rGO, briefly, boric

acid, AuCl3, and TTIP were stirred for mix together. Meanwhile, GO solution was pre-

pared by dispersing it in water with sonication power in an ultrasonic bath. Then, GO

suspension was added to the mixture and was stirred. After centrifugation, washing, and

drying, the product was gained. Based on the outcomes, due to the synergic effect of

manufacturer constituents, this fabricated photocatalyst enhanced the degradation rate

of tetracycline. Indeed, ultrasound forces and boron atom, as well as rGO support facil-

itated the separation of electron-hole pair ultrasound forces and degradation activity

increased.

Park et al. [87] used ultrasonic spray pyrolysis as a simple method for the preparation of

rGO/TiO2. The fabricated hybrid applied for the MB degradation. Indeed ultrasonic

spray pyrolysis inhibited the TiO2 aggregation and improved the photocatalytic behavior

of the hybrid. The rGO/TiO2 hybrids had better photocatalytic performance than TiO2
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and degradedMB, effectively. Fig. 16A and B exhibit the SEM photographs for the TiO2

with a spherical shape, and rGO/TiO2 hybrids with crumpled shape. Fig. 16C and

D displays TEM images of the samples, respectively. Based on outcomes, ultrasonic spray

pyrolysis distributed the nano-TiO2 homogeneously on the graphene lattice. Fig. 16E

shows a graphic design for the fabrication of the rGO/TiO2 with ultrasonic spray pyrol-

ysis method.

Fig. 16 Morphology of samples prepared by ultrasonic spray pyrolysis; SEM images: (A) bare TiO2 and
(B) RGO5/TiO2, HRTEM images: (C) low magnification, and (D) high magnification of RGO5/TiO2, and
(E) schematic illustration showing the formation of RGO/TiO2 composite during ultrasonic spray
pyrolysis. HRTEM, high-resolution transmission electron microscopy. Adopted from J.A. Park, B.
Yang, J. Lee, I.G. Kim, J.H. Kim, J.W. Choi, H.D. Park, I.W. Nah, S.H. Lee, Ultrasonic spray pyrolysis
synthesis of reduced graphene oxide/anatase TiO2 composite and its application in the photocatalytic
degradation of methylene blue in water, Chemosphere 191 (2018) 738–746, with kind permission of
Elsevier.
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5.2 Carbon nanotubes (CNTs)/TiO2 hybrids
As multipurpose elements in the whole world, carbon atoms can be arranged in different

forms. CNTs, as fullerenes family members with a cylindrical shape, have excellent fea-

tures like great area, thermal, and chemical stability. They can be used in therapeutic uti-

lizations like cancer therapy, gas-sensors, electronics, remediation industry, NCs, and so

on [88–91]. Numerous NCs based on CNTs and TiO2 were reported, which many of

them are mentioned as follows:

Lithium-sulfur batteries are considered as energy storage systems because of low

toxicity, reasonable price, and abundance of sulfur. But, owing to the undesirable shuttle

influence from polysulfide and to develop the act of Li-S battery, Li et al. [92] invented a

new polysulfide barrier layer comprised ofmesoporous TiO2 andCNT. Indeed, in order to

limit the migration of polysulfides, TiO2 particles and CNTs were used because of good

absorption ability of titania and threaded structure of CNTs as a collector for reusing the

trapped polysulfides through TiO2 particles. In order to prepare the mesoporous TiO2-

CNTs interlayer, ultrasonic treatment was used to disperse and homogenize the materials

for better performance. Due to the existence and combination of CNTs and TiO2

networks, electrochemical performances of batteries were enhanced. The structure of a

prepared lithium-sulfur battery employing TiO2-CNTs is demonstrated in Fig. 17A.

Due to the flexibility of CNTs in the attainedmembrane displayed outstandingmechanical

features like good flexibility and strength (Fig. 17B). Fig. 17C shows cross-section micro-

scopic image that indicates membrane thickness is about 8 mm. Fig. 17D and E shows a

string structure of TiO2 that looks like a pearl necklace threaded structure of CNTs.

Fig. 17 Schematic cell configuration of Li-S batteries using MTO-CNTs interlayer. (A) Optical
photographs, (B) cross-section, (C) top-down SEM images of the MTO-CNTs interlayer. TEM images
at (D) low and (E) high magnification of the MTO-CNTs. MTO, mesoporous TiO2; CNTs, carbon
nanotubes. Adopted from N. Li, Z. Chen, F. Chen, G. Hu, S. Wang, Z. Sun, X. Sun, F. Li, From interlayer
to lightweight capping layer: rational design of mesoporous TiO2 threaded with CNTs for advanced
Li–S batteries, Carbon 143 (2019) 523–530, with kind permission of Elsevier.
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Ghartavol et al. [93] prepared solar cells sensitive to dye, based on nano-TiO2 photo-

anodes, which were decorated by CNT/TiO2 composite. In order to manufacture the

CNT/TiO2 hybrid, CNTswere dispersed in ethanol using ultrasonication waves for sep-

aration of the bundles, then, DI water and benzyl alcohol were added and stirred. TTIP

solution was dropped in it slowly and subsequently stirred, filtered, washed, and dried.

The CNT/TiO2 core-shell was characterized by several techniques. Morphological

examinations exhibited TiO2 formation as a shell on CNT surfaces as the core. Based

on outcomes, by incorporating the CNT/TiO2 core-shell, power conversion efficiency

of solar cells enhanced up to 37%.

Zolfaghari-Isavandi research team [94], functionalized CNTs and then prepared

CNTs/TiO2 NCs comprising several amounts of CNTs and as photoanode pastes in

solar cells application. In the preparation strategy of TiO2/CNT NCs, ultrasonic irradi-

ation was applied for dispersion of CNTs in a solution containing TiO2 paste. The out-

comes indicated improvement in CdS solar cells with the aid of TiO2/CNT photoanode.

Zhu et al. [95] employed an ultrasound-assisted technique for synthesizing Ag2S-

TiO2/CNT NCs. The surface state, microstructure, as well as elemental combinations

of the fabricated NCs, were examined by many techniques. The photocatalytic behavior

of the Ag2S-TiO2/CNT NCs was evaluated by investigating the Rhodamine

B degradation. In addition to the kinetics, photocatalysis mechanism of the NCs was

examined. Based on the charge transfer manner and excitation patterns among TiO2,

Ag2S, and CNTs, electrons and holes were created and after migration to the conduction

and valence bands, radicals for the degradation purpose were produced. The fabricated

NCs revealed higher photocatalytic behavior than pristine TiO2 due to the CNT

network.

Hemmat Esfe et al. [96] investigated the dynamic viscosity of many nano-lubricant

containing diverse combinations of TiO2 NPs and CNTs in engine oil. The significant

result of this study was the influence of CNT on the rheological performance of nano-

fluid. In order to achieve the nano-fluid, oil was added to the mixture of nanomaterials

and was blended via stirrer. Afterward, ultrasonic homogenizer was used to prepare the

homogenous suspension. The influence of the shear rate and temperature was examined.

With increasing temperature, viscosity was reduced (about 80%). Also, in a larger amount

of CNT, nano-fluid showed the non-Newtonian performance.

Jayanthi Kalaivani et al. [97] incorporated TiO2 into the paste matrix for the devel-

opment of a sensitive enzymatic biosensor. Inulin, as electroactive carbohydrate, was used

to prepare the Inulin/TiO2 composite. Ultrasonic waves were employed for dispersion

of TiO2 NPs in the Inulin matrix. In order to enhance the biocompatibility, stability, and

hydrophilicity of CNT; the fabricated Inulin/TiO2 composite was employed for CNTs

modification. Many techniques were employed for characterization of the CNT/Inulin-

TiO2 bio-NC. The invented biosensor presented good selectivity, sensitivity, as well as

stability.
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Kumar et al. [98] decorated TiO2 NPs on the CNT surface and fabricated CNT/

TiO2 hybrid structure as filler for reinforcement in an epoxymatrix. Ultrasonic cavitation

was used for decoration of CNT and preparation of epoxy NC. To decorate the CNTs

with TiO2 particles, CNTs, and TiO2 NPs were sonicated, stirred, and finally dried.

Afterward, this hybrid was mixed with epoxy resin by glass rod stirring and ultrasonic

waves for the better dispersion of the filler in the matrix. Morphological studies indicated

superior dispersion of CNT/TiO2 filler in epoxy, mechanical as well as anticorrosion

features were tested and the outcomes revealed superior mechanical performance (like

storage modulus and tensile strength), and anticorrosion feature.

6. Conclusions and future prospects

Sonochemistry, as a green technology in innovation, is used in various fields like organic

synthesis and surface modification of metal oxides, as well as the construction of different

polymeric NCs for usages in numerous areas like environmental remediation, packaging,

textile, and so on. Indeed, sonochemistry has many advantages in comparison with the

conventional techniques, simple equipment decreases in time, waste production, and

energy. These benefits encourage chemists and other scientists in multidisciplinary

research and development to apply sonochemistry and progress different utilizations

based on the ultrasound. In this chapter, we presented the organo-synthesis of materials

based on TiO2 metal oxide through the sonochemical method. Meanwhile, diverse uti-

lizations for the obtained hybrids were mentioned. They may have different applications

like in packaging, textile, and heavy metal or dyes adsorption. Furthermore, some of the

advantages, as well as disadvantages, were offered. At last, but not least in order to avoid

wasting time, energy, and environmental problems, it is recommended to pay more

attention to this technology for the future investigations in the research and development

from academia as well as industrial point of view.
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CHAPTER 12

Sonochemical protocol of polymer
synthesis
Mehdi Hatami, Manzar Mahmoudian, Saeed Khalili, Morteza Madadi Asl
Department of Polymer Science and Engineering, University of Bonab, Bonab, Iran

1. Emulsion polymerization

An individual method which applied for several radical chain polymerizations is called

emulsion polymerization that monomers polymerize in the appearance of emulsions

(i.e., colloidal dispersions). The method of emulsion polymerization has some advantages

which can be listed as follow:

• The ease of process control resulting from the condition of the emulsion approach.

• As compared to bulk polymerization, the problems associated with temperature and

viscosity are much less significant.

• Latex as the produce of an emulsion polymerization is applied in the absence of further

treatments [1].

As of now, we can assume that the rate and speed of emulsion polymerizations can be

accelerated by ultrasonic irradiation. This acceleration is the result of the following

two properties of irradiation which are explained as follows:

• Degassing effect of ultrasonic cavitation;

Causes the oxygen to deploy efficiently from reactants causing the transfer reactions to be

less possible, which shortens the induction period and thus leads to a higher

polymerization rate.

• Ultrasound cavitation causes a localized heating of the reaction medium [2].

As explained for emulsion polymerization, ultrasonic-assisted emulsion polymerization

comparing common emulsion polymerization has the following advantages as an

example;

• Absence of chemical initiators

• Rapid polymerizations

• Production of nanosized latex particles

• Production of polymers with high molecular weights [3].

Ultrasound is an initiator which causes chemical linkages of molecules to be broken, and

hence the rate of polymerization enhances, which can be used in extreme states created

through acoustic cavitation in the area of polymer science [1]. Ostroski and Stambaugh

explained the significant acceleration of a conventional emulsion polymerization using
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the sonication method in the 1950s. It was concluded that ultrasonic induced agitation

will result in a faster and improved emulsification stemming which was caused because of

the increased decomposition of the chemical initiator in aqueous solutions.

Ultrasound as an initiator for the polymerization of acrylonitrile was first used in early

1951. To this day, researchers have been mostly concerned with the homopolymeriza-

tion of a monomer in a good solvent, and pure monomer melt [3].

Kruus and Patraboy, with the help of intense ultrasound, have done the polymeriza-

tion initiation of methyl methacrylate monomer in a solution of vinyl monomer [4].

The final latexes with diameters of 50nm were produced under ultrasonic irradiation

in the polymerization of styrene in aqueous medium emulsion, in the absence of an

initiator, which was conducted at 30°C. Themolecular weights of polystyrene were high

(>106). Ultrasonic initiation is an alternative process for the synthesis of small latex par-

ticles. This process requires low levels of surfactants as stabilizers for emulsion

polymerization [2].

Moreover, Cheung and Gaddam studied the effects of ultrasound on methyl

methacrylate and styrene emulsion polymerization. At different temperatures, they used

Azobisisobutyronitrile and Potassium persulfate as initiators. They reported a higher

polymerization rate at low temperatures (50°C) under ultrasound treatment. They also

reported that ultrasound at higher temperatures (70°C) does not affect the polymerization

rate. Thus, reaction temperature is a key during the polymerization assisting with the

ultrasound. High vapor pressure, which is the result of higher temperatures, guides to

the formation of a fewer amount of radicals due to less intense cavity collapse. These

radicals are required for polymerization to be initiated. Therefore, for energy saving,

ultrasound is used in emulsion polymerization at lower temperatures [5]. As an example,

n-butyl acrylate emulsion polymerization assisting with ultrasound initiation without

using a chemical initiator has been investigated. The obtained results showed that high

evaluation of n-butyl acrylate through a high ejection rate of N2 can be achieved in a

shorter time if the ultrasonic method is employed [6].

In another investigation, the factors deciding the rates of ultrasound-assisted initiated

polymerization of various methylacrylate monomers were studied. The procedure of

these chemical reactions was according to pseudo-first-order kinetics as indicated by

the results. Pseudo-first-order kinetics confirms the utilization of a zero-one model such

that pseudo-instantaneous termination occurs by entering a radical to a particle including

a rising radical for polymerization. The polymerization rate of monomers, as indicated by

the experimental results, is related to the variances in the monomers surface

operations [7].

Fig. 1 shows the general process of the macromolecule latex’s preparation, as pro-

posed by Bradley and Grieser. In short, dispersion of monomer droplets in the aqueous

phase is achieved via the efficacy of the cavitation process. The stabilization of these
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droplets is done through the adsorption of surfactant molecules on themonomer droplet/

water interface. The acoustic cavitation process generates primary radicals (•H and •OH)

which release a monomer droplet directly and cause the initiation of the polymerization

reaction within a droplet. Or these radicals can interact with the monomer structures

adsorbed to the interface of the cavitation bubble/solution and create monomeric

radicals, which can cause the same direct diffusion to a monomer droplet and start the

polymerization reaction. Therefore, the droplet of monomer is polymerized, and even-

tually a latex particle is formed [8, 9].

In an ambient atmosphere, by the usage of ultrasonic energy the emulsion polymer-

ization of vinyl acetate can be initiated. This process (ultrasonic power plus a redox ini-

tiator) will result in a better and sufficient polymerization rate in which directing the

particle size and molecular weight of vinyl acetate polymer is possible. Ultrasonic-assisted

polymerization also generates a steady, milky white, dirty emulsion of vinyl acetate [10].

1.1 Ultrasound-assisted mini-emulsion polymerization system
The polymerization of poly(methyl methacrylate) and poly(butyl acrylate) by ultrasound

in the presence of dodecyl trimethylammonium chloride as a cationic surfactant has

MonomerH2O (vap) Cavitiation
bubble

Implosion

Radical
entry

Polymerization
Surfactant

Monomer droplets

H• + OH•
M

M

M

M

M

M•

M•

Ultrasound horn

Fig. 1 Schematic diagram of the proposed emulsion polymerization process induced by ultrasound [8].
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shown considerable changes in the polymerization rate. At 30°C, stable dispersions with a
diameter of 40–150nm and polymer molecular weight of 106gmol�1 are formed in the

polymerization of mixed oil-in-water emulsions of monomeric forms, which was an

initiator-free reaction. An ionic surface active agent as straightener will cause the creation

of clear latex particles [6]. The obtained results reveal a mini-emulsion method, in which

nucleation of particles continually occurs in the reactions of a monomer to polymer

changing [9].

Under ambient conditions, the mini-emulsion polymerization of n-butyl methacry-

late (BMA)-assisted with ultrasound using the mixtures of aliphatic and aromatic hydro-

carbon liquids-is investigated to measure the monomer transformation percent and

molecular weights of the BMAmacromolecules. Also, the kinetics of the polymerization

practice and resultant polymer features according to these measurements is studied. The

results showed that the polymerization rate and molecular weights of the polymers were

influenced by the nature of the organic liquid existent in the emulsion and its share in

mixture content. As the experiments showed, there were no significant changes when

using aliphatic organic liquids in the rates of BMA polymerization, whereas in the case

of aromatic liquids a considerable reduction of the polymerization rate and decrease in

polymer size were observed. Chain transfer reactions and creation of a radical complex

among the propagating radical and the organic liquid in the oil blend effect the kinetics of

the polymerization practice [11].

Further, the effect of free radicals in semibatch miniemulsion was studied wherein

ultrasound and an external addition of initiator is used to produce free radicals. The effect

of different reaction conditions was also reported in the literatures [7].

1.2 Ultrasonic initiation of aliphatic alcohols polymerization
Aliphatic alcohols as hydroxyl radical trappers increase the polymerization rate of ultra-

sonically initiated emulsion polymerization since these alcohols can release into cavitation

bubbles and interact with %OH produced by the sonolysis of water, which can produce

hydroxyalkyl radicals. Increasing the reaction system radicals is proved by the measure-

ments of H2O2 yield and the rate of polymerization at the various aliphatic alcohols. For

example, using methanol as one of these aliphatic alcohols will result in the following

phenomena:

• Scavenge •OH to enhance the content of radicals

• Quench ultrasonic cavitation

The high temperature and high pressure result in the drop in the content of radicals

which will reduce the polymerization rates. Methanol, by decreasing the ultrasonic

cavitation temperature and pressure, causes the reaction to continue efficiently. In this

case, it includes two reactions which affect the initialization of the polymerization

and decides the optimized concentration which will have the fastest reaction rates

(Fig. 2) [12].
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1.3 Liquid carbon dioxide systems
Ultrasound is used in the high-pressure liquid carbon dioxide systems. MMA-CO2 and

styrene-CO2 medium have been the subjects of both polymerization and radical scaven-

ger detection studies. UV-vis analysis determined the radical formation rate and the cav-

itation has been proven by the results. As mentioned before, the irradiation period

(ultrasonic process) has a considerable impact on the molecular weight and its dispersal

in a polymer. Also, the ratio of CO2/monomer content has an influence on themolecular

weight dispersion confirmed by the outcomes obtained from the polymerization process.

A comparison of the SEM images revealed that ultrasound irradiation causes the steady
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Fig. 2 (A) Conversions-ultrasonic irradiation time curves of ultrasonically initiated emulsion
polymerization of styrene in the presence of various aliphatic alcohols. (B) Conversion-ultrasonic
irradiation time curves with different amounts of methanol [12].
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distribution polymerization in liquid CO2, which proves that this polymerization can

efficiently do without using a stabilizer. A handmade reactor was used for the purposes

of this research. It is a cylindrical reactor with a 45-mL capacity, manufactured from stain-

less steel. Fig. 3 is a schematic illustration of the experiment. Two tempered steam gauge

glass windows was equipped to the cell until detect the cavitation experience [13].

1.4 Indirect ultrasound-assisted emulsion polymerization
Frequency and the reactor’s situation influenced the polymer yield and molecular weight

of the produced polymer under indirect ultrasonic irradiation. The irradiation process is

carried out in three stages and the effects of ultrasound on polymerization were investi-

gated. It was concluded that, by the creation of a steady emulsion in the first step and

changing the frequency of the sound and reactor’s position in a parallel process with irra-

diation time in the next two stages, an improvement in polymer yield can be expected.

Also, the molecular weight of the polymer was with altering the reactor’s situation with

irradiation in two steps was controlled, which in the second stage maintained low chain

scission energy. This dynamic process, which includes the changes in irradiation manner

over the way of the polymerization, is an effective application to intensify the emulsion

polymerization practice. The complete experimental procedure is explained in Fig. 4.

The temperature of the water bath was preserved steady at 30°C by a thermostatic stream

of water. The nitrogen was constantly flowing through the reaction because of the gas

needed for the ultrasound started emulsion polymerization of MMA [14].

Pressure
transducer

Heating band

UV-vis probes

Coolant inlet

Stainless Steel Reactor
Spectrometer

View windows

Cooling tunnels
Chiller

Coolant outlet

Thermocouple

to Controller

to Vent
Sonicator

Software controllerCO2 cylinder

Fig. 3 Schematic representation of the experimental apparatus [13].
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1.5 Ultrasound-assisted emulsion polymerization to produce hydrogel
polymer
The in situ emulsion polymerization of the three component system as a poly(acrylic

acid)-bentonite-FeCo hydrogel nanocomposite via ultrasound is investigated. The phys-

ical properties of hydrogel are improved with the addition of delaminated bentonite clay

sheets and the use of Fe-Co helped the adsorption of an organic pollutant [15].

1.6 Ultrasound-assisted emulsion copolymerization of butyl
acrylate/vinyl acetate
As in the meaning of it, two different respiting units form a copolymer. Thus, the copo-

lymerization process involves a simultaneous polymerization of two different monomers

to form a single polymer chain [1].

Emulsion of butyl acrylate and vinyl acetate has been reacted under ultrasonic and

without any added initiator. In this method, ultrasonic cavitation formed the radicals

required for the polymerization. The kinetic studies of the reaction revealed that the

polymerization rate at equivalent monomer concentrations of vinyl acetate have

markedly lower values when compared to the butyl acrylate. The numbers of particle

sizes and polymer molecular weight confirm that the monomer evaporation into the

Thermostatic Water

Cooling
Water

Cooling Water

N2 gas

N2 gas

Water bath
Ultrasonic transducer

Reactor
Oscillator

Ultrasonic generator

d+h d

Fig. 4 Experimental setup [14].
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cavities resulted from ultrasound effect, dampening the cavitation process to result in a

lower radical density [16]. At higher ultrasonic power, the time of the reaction was

shortened and the monomer conversion was at its highest level. These factor resulted

in a diminution in the average molecular weight [17].

1.7 Ultrasound-assisted graft copolymerization of acrylic acid/poly
(vinylidene fluoride)
Grafted Acrylic acid (AA) to the hollow fiber membrane of poly(vinylidene fluoride)

(PVDF) was prepared by the ultrasound-assisted graft polymerization method (Fig. 5).

In general, the attaching compactness improved with the rise of ultrasonic power, but

the enhancement in the rate of the polymerization at the beginning was higher and

the rate becomes lower as the reaction proceeds (Fig. 6B) in a way that, at an ultra-

sonic power of 1080 W, the attaching density had a steady value and no change was

reported [18].

Fig. 5 Schematic representation of themodification process of PVDF hollow fiber membrane using AA
as the graft monomer [18].
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1.8 Ultrasonic-assisted emulsion polymerization of
polyaniline/nanostructure TiO2 nanocomposites
Encapsulation or surface grafting of nano inorganic additives and polymers has been

employed to produce polymer nanocomposites [19]. Various methods such as interca-

lative polymerization, suspension polymerization, emulsion polymerization, etc. are

employed in the fabrication of nanocomposites [20, 21]. Along with these methodo-

logies, ultrasonic irradiation was used to prepare some desired environment and effects

in order to achieve a better dispersion of the nanocomposite component [22–26]. For
example, the polymerization of polyaniline/nanostructure TiO2 nanocomposite particles

under ultrasonic was studied. Ultrasonic can reduce the assortment of nano TiO2
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Fig. 6 Graft dispersity versus different conditions: (A) ultrasonic time, and (B) ultrasonic power [18].
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particles, and so the nanoparticles are prepared accordingly to be dispersed in aqueous

solution. Deposition of polyaniline on the surface of the nanoparticle will produce a

core-shell form. In this process, conductivity of the samples increases when ultrasonic

irradiation is used. Therefore, when the polyaniline content declines to �10%, the

conductivity of the nanocomposite stays intact at 10�1S cm�1 (Fig. 7) [27].

Fig. 7 Formation of core-shell polyaniline/nanocrystalline TiO2 composite particles: (A) TEM
photograph of aggregates of nanocrystalline TiO2 in aqueous solution; (B) TEM photograph of
polyaniline/nanocrystalline TiO2 composites particles obtained through ultrasonic irradiation [27].
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1.9 Ultrasound-assisted emulsion polymerization
ZnO/poly(butyl methacrylate) nanocomposites
In another approach using the hydrothermal-sonochemical emulsion polymerization

technique, zinc oxide (ZnO)/poly(butyl methacrylate) (PBMA) and PBMA/polyaniline

(PANI)-ZnO latex nanocomposite were synthesized. This study had three main

objectives:

(1) Synthesis of modified ZnO nanoparticles by sonochemistry

(2) ZnO-PBMA synthesis by sonochemical emulsion polymerization in green media

(3) Enhancing the properties of ZnO-PBMA latex for anticorrosive applications [28].

1.10 Ultrasound-assisted emulsion polymerization of the poly
(styrene-co-methyl methacrylate)/montmorillonite nanocomposite
The ultrasonic-assisted emulsion copolymerization of styrene and methyl methacry-

late is studied. It has been observed that the ultrasound in the synthesis of the

exfoliated structure poly (styrene-co-methyl methacrylate)/exfoliated montmorillon-

ite (P(MMA-co-St)/O-MMT) nanocomposite lowers (at a fivefold faster polymeriza-

tion rate) the time required for the polymerization to take place, along with the

higher polymerization rate and better distribution of MMT in polymer latex. Fig.

8 is a schematic illustration of the exfoliated P(MMA-co-St)/OMMT nanocomposite

synthesis mechanism. The first stage shows the mixing of O-MMT with styrene in the

existence of the ultrasonic wave to create the exfoliated structure. Ultrasound and its

cavitation effects create high shear levels that, related to strong confusion, will result

in clay domination into single sheets, which make easier the dispersion of these plate-

lets into the monomer phase. In the second stage, the polar carboxyl groups of the

methyl acrylate and styrene react by the polar groups (�OH) existing on clay sheets

leading to an establishment of steady emulsion droplets of monomers. Ultrasonic irra-

diations create the implosion of cavities, which is one of the reasons for the formation

of the radicals throughout the polymerization process. This radical generation quan-

tity also decreased the distribution resistance resulting from unstable conditions caused

by the cavitational factors of ultrasonic, which will result in much faster polymeriza-

tion rates. The diffusion resistance reduction increases the micro-vortex sign of the

component, causing great effects in the reaction condition [29].
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1.11 Ultrasound-assisted mini-emulsion production of polypyrrole-ZnO
(PPy/ZnO)
Oil-water mini-emulsion synthesis of PPy/ZnO by ultrasound was investigated. As was

evident by the TEM images, uniform dispersion of ZnO nanoparticles in the polypyrrole

medium was achieved due to the influence of ultrasonic energy on the polymerization

medium. Ultrasound controlling the sizes of the particles improves the cooperation

between ZnO and PPy nanoparticles. Fig. 9 demonstrates the reaction mechanism of

a hybrid PPy/ZnOnanocomposite formation in the presence of ultrasound. As is obvious

in Fig. 9, ultrasound produces cavitation conditions which are responsible for the crea-

tion of a mini-emulsion. Also, high temperature and pressure in the bubbles and intense

shear energy in the medium are the results of the crumble in cavitation bubbles. Such

forces can prepare such conditions prior to the uniform decomposition of ferric chloride

into iron (ferric) and chloride ions and the production of identical and nanosized droplets.

Furthermore, the shock waves of ultrasound cavitation caused destruction of the parti-

cles. This fragmentation breaks the particle aggregation, thus resulting in superior control

over the size dispersal. Ultimately, the produced PPy/ZnO hybrid nanocomposite is sta-

bilized with the surfactant SDBS. Py is the pyrrole monomer, and Py+ is the radical cation

which can dimerize by the elimination of H+ with ultrasound, such as given below in

reactions (1)–(4): [30]

Power ultrasonic
wave

Modification by
octadecylamine

Na-MMT

Na+ Na+
Na+

H
H H

H + OH

R +  RI2

Initiator
dissociation

Cavity

Cavity
bang

Ultrasound
horn

Exfoliation
of MMT

Mixing of monomer

Sonication

Sonication
surfactant

Polymerization

H
HH

+

+

N

N

Fig. 8 Schematic mechanism for exfoliation of MMT and the formation process of P(MMA-co-St)/
O-MMT nanocomposite [29].
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Py+Fe3+!Py+ + Fe2+ (1)

2Py+!Py�Py+ 2H+ (2)

Py�Py+Fe3+!Py�Py+ + Fe2+ (3)

Py�Py+Py+!Py�Py�Py+ + 2H+ (4)

Fig. 9 Mechanism of functionalization of ZnO nanoparticles using polypyrrole in the presence of
ultrasound during miniemulsion polymerization [30].
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2. Bulk and suspension polymerization

A simple process in which theminimum of product contamination can be achieved in the

polymerization of the pure monomer is called Bulk polymerization. In this polymeriza-

tion, monomer suspends as droplets (discontinuous phase) (50–500mm in diameter) in

water (continuous phase) [1].

2.1 Ultrasound-assisted bulk polymerization of styrene
The results in the ultrasonic Bulk polymerization of styrene with AIBN as the initiator are

listed and explained as follows:

1. Initiator concentration square root directly affects the rate of polymerization.

2. Enhancing net ultrasonic energy causes the total rate constant of polymerization to

decrease linearly.

3. As sound energy is applied, an increase in average molecular weight is observed.

4. Ultrasonic waves affect the depression behavior of the gel.

The results also showed that the termination reaction rate rises and ultrasonic irradiation

reduces the efficiency of the initiator [31].

2.2 Ultrasound-assisted bulk polymerization to fabrication of hydrogel
macromolecules
Hydrogels are dense cross-linked polymers with three-dimensional network structures

made from groups of functional hydrophilic which have significant water and solute mol-

ecules adsorbent ability. The swelling capability of the hydrogels is one of the key factors,

considering the Polymerization methods, which is affected by functional units and the

type of cross-linking agents, electric field, pH, ionic intensity, light, and temperature

are the external affecting parameters that affect hydrogels [15].

Dispersions of monomer droplets and formation of free radicals were achieved by the

assistance of ultrasound for initiation of polymerization of polymer hydrogel. Ultrasound

irradiations create high shear gradients, which can control themolecular weights, and also

through improvement in the adsorption ability of hydrogels and mechanical properties

are able to enhance the particles dispersion in the polymer matrix [32].

Furthermore, initiation of bulk polymerization reactions to formation of polymer

hydrogel by ultrasound-assisted synthesis from attachment of acrylamide andN-isopropyl

acrylamide onto lignin by combination of montmorillonite with excellent swelling-

deswelling property for the elimination of methylene blue from the aqueous medium

is studied, and the results showed positive effects of ultrasonic on the polymerization pro-

cess. Fig. 10 shows the schematic illustration of this process [32]. Also, in copolymers, the

graft ratio, graft efficacy, and monomer conversion improved remarkably in ultrasound

methods. Furthermore, the graft ratio and graft efficacy increased when one of the com-

ponents and initiator were sonicated before the reaction prior to the addition of

monomer [33].
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2.3 Ultrasound-assisted suspension polymerization of styrene
The suspension polymerization of styrene with the help of ultrasound is considered

experimentally in a batch reactor and stirred continually. The following results are

obtained from experiments:

1. Ultrasound prevents the agglomeration between droplets. Also, in batch and contin-

uous reactors, it prevents the adhesive of droplets on the reactor wall during suspen-

sion polymerization.

2. The effect of the irradiation in the condition of 500W at 400kHz on the kinetics of

suspension polymerization in batch operation was insignificantly unimportant, and so

the rate equation of bulk polymerization under no irradiation represents the polymer

yield and the average molecular weight of polymer.

3. The effects of the interactions between droplets in the reactor on monomer to

polymer conversion and the average molecular weight in continuous operations

by considering complete micro-mixing and complete segregation calculations were

investigated. In micro-mixing, there are two stable steady states in a range of 6 where

we can observe the gel effect, and also the droplet movements in the reactor will cause

the interactions affecting the conversion and the average molecular weight of the

polymer.

4. In the continuous operation, the results which occurred in between two very great

conditions showed the considerable interaction between droplets [34].

Fig. 10 Scheme for synthesis of hydrogel for the removal of methylene blue [32].
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2.4 Ultrasound-assisted suspension polymerization of
2-hydroxyethylmethacrylate/ethylene glycol dimethacrylate
copolymer
As was illustrated before, the role of ultrasound in different kinds of polymerization is ob-

vious Here we study the suspension Copolymerization of 2-hydroxyethylmethacrylate

and ethylene glycol dimethacrylate using ultrasound (20kHz). Different aspects of the

process and the products such as shape, particle size, and development of the physical

features (surface area, pore volume), which are affected by ultrasound, were observed

continually and reported in the paper. Using ultrasound, they were able to prepare both

smaller particles (10μm) or larger ones (100μm) since either way a narrower polydisp-

ersity PD) of sizes in the particles is possible [35].

3. Solution polymerization

In the solution polymerization process, the solvent acts as a diluent and supports the heat

transfer process of polymerization reaction.

3.1 Ultrasound-assisted polymerization of acrylic hydrogels
In the preparation of acrylic hydrogels, ultrasound was employed to generate initiating

radicals in the solutions of viscous aqueous monomer by glycerol, sorbitol, or glucose as

potential additives in an open system at the temperature of 37°C [36].

Also, the cavitation effect of ultrasound in situ ultrasound-assisted polymerization of

Polypropylene composite membrane with an acrylic hydrogel layer improves the attach-

ing efficacy of acrylic acid on the membrane surface. It is necessary to mention that the

ultrasound not only did not have a negative effect on the mechanical properties of mod-

ified membranes, but also there was a slight increase in mechanical characteristics of func-

tionalized membranes owing to the presence of acrylic hydrogels, as was evident by the

results of the experiment. This hydrogel can be a potential adsorbent for dyes and some

salts in aqueous phases [37].

3.2 Ultrasound-assisted copolymerization of polyacrylamide/
nano-fibrillated cellulose and acrylic acid/poly (vinylidene fluoride)
In the process of grafting the polyacrylamide onto nano-fibrillated cellulose (NFC-g-

PAM) under ambient conditions, the ultrasound-assisted protocol had an intense influ-

ence in improving the attachment of PAMontoNFC (Scheme 1). Persulfate initiator and

the ultrasound irradiation interactions causing the synergistic effect accelerate the crea-

tion of sulfate ion radicals as can be seen in Scheme 1. These radicals are responsible for

the initiation and propagation of the polymerization practice [38]. In AA grafting onto

PVDF, the grafting density of the reaction mixture could be controlled by changing the

time and power of ultrasonic waves, monomer, and initiator concentration.
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3.3 Ultrasound-assisted polymerization of poly
(N-isopropylacrylamide-co-2-hydroxyethyl methacrylate)
Toward preparation of the copolymers with lower polydispersity index and with consid-

eration to the polymerization rate and polydispersity of molecular weight, in the

ultrasound-assisted polymerization of poly (N-isopropylacrylamide-co-2-hydroxyethyl

methacrylate), without chemical initiator, the optimum volume fraction of ethanol

was 60vol%. The faster polymerization rate and lower molecular weight were achieved

in advanced ultrasonic energy force, which was due to the higher number of radicals pre-

pared in the reaction. In all the ultrasonic power intensities, the polydispersity was less

than 1.5, so while maintaining low polydispersity, the molecular weight can be managed

with ultrasonic energy force [39].

4. Phase-transfer catalysis polymerization

Phase-transfer catalysis (PTC) is important and such a convenient tool owing to its high

conversion, simplicity, and high selectivity in different conditions and environments.

Because of such properties, PTC can handle the interactions between immiscible lipo-

philic and hydrophilic reactants [40].

Scheme 1 Schematic representation for synthesis of NFC-g-PAMvia an ultrasound-assistedmethod [38].
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4.1 Ultrasound-assisted polymerization of butyl acrylate using crown
ethers as PTC
The first study on this method was described by Rasmussen and Smith. They investi-

gated the polymerization of butyl acrylate with several crown ethers as a PTC and ini-

tiators named potassium peroxydisulfate (K2S2O8) which is soluble in water [41]. It was

shown that the ultrasound improves the PTC efficiency with the production of high

interfacial space through emulsification reaction that to enhance the interfacial contact

area can create extremely fine emulsions. The reactivity of the reaction in a synergetic of

PTC along with ultrasound is considered appropriate, which can result in some bene-

ficial products [42].

4.2 Ultrasonic-assisted free radical polymerization of ethyl methacrylate
using PTC
A novel dual-function, 1,4-dihexadecylpyrazine-1,4-diium dibromide was synthesized

and was applied as PTC in the free radical polymerization of ethyl methacrylate assisted

via ultrasound. The data of the experiment exhibited that the rate of polymerization

enhances almost three to eightfold with 28kHz (300W) and 40kHz (300W), respec-

tively, under ultrasonic medium (Scheme 2) [43].

4.3 Ultrasound-assisted radical polymerization of acrylonitrile using PTC
Selvaraj et al. reported the radical polymerization of acrylonitrile (AN) using ultrasound

in a water/chlorobenzene biphasic system at 60°C assisted with multi-position phase-

transfer catalysis. As mentioned above, the parameters involved in the polymerization

rate revealed that the Rp enhances three to eightfold with 28 and 40kHz underneath

ultrasonic waves-assisted (Scheme 3) [44].

Scheme 2 Reaction of polymerization of ethyl methacrylate [41].

Scheme 3 Polymerization of acrylonitrile [44].
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4.4 Ultrasound-assisted radical polymerization of acrylonitrile using PTC
Another study confirmed the importance of PTC and ultrasound combined techniques

in active radical polymerization of acrylonitrile in two-phase conditions. The results of

this study too showed the ultrasound effect on the rate of polymerization. The significant

enhancement on the Rpwas obvious by varying the experimental parameter under ultra-

sonic conditions. Ultrasound condition causes the fast dissociation of the initiator so that

the production of more free radicals is possible and also the mixing of two phases can be

improved. The polymerization of acrylonitrile (M) initiated using K2S2O8/PTC in ethyl

acetate/water is shown in Scheme 4. In the two-phase system, the PCT role (Q+X�) is to
transfer the anion (Y�) of the aqueous phase to the organic phase, at an area among the

phases. Then, in situ reformed Q+X� in the aqueous phase is able to preserve the PTC

polymerization practice as revealed in Fig. 11. Cavitations generated by the chemical

effects of ultrasound are responsible for the generation of free radicals [45].
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Fig. 11 Kinetic model of an ultrasound and PTC-assisted polymerization of acrylonitrile in a two-phase
system [45].

Scheme 4 Ultrasound-assisted phase-transfer catalyzed polymerization of acrylonitrile [45].
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5. Reversible addition-fragmentation chain transfer

Reversible addition-fragmentation chain transfer (RAFT) polymerization is defined as a

living radical polymerization consisting of sets of reversible stages which work based on

the degenerative chain transfer to convert suspended chains to an active propagating rad-

ical in a controlled reaction process [1].

5.1 Ultrasound-assisted graft modification of silica gel by RAFT
polymerization
Silica gel graft modification with RAFT polymerization underneath ultrasonic waves has

been investigated (Scheme 5) [46].

Ultrasound can be a proper source to initiate the radicals of a controlled radical poly-

merization when it occurs in the existence of a (RAFT) agent. This method is considered

as a highly “green” approach of externally regulated/controlled polymerization which is

able to directly point monomers or polymer structures in the process of polymerization.

As was mentioned before, ultrasound causes the vaporization of liquid molecules into

cavitation bubbles, which in fact will result in the formation of radical species, so that

the growth of these species will eventually bring a collapse in the system. This anomaly

is responsible for the generation of extreme localized pressures along with the areal heats,

hence enabling the vaporization of so-called molecules into their related radicals.

Scheme 5 The modification and graft polymerization of silica gel [46].
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Generally, there are two important effects of ultrasound needs to be mentioned:

• Physical strengths (i.e., high shear)

• Chemical effects (i.e., radical generation)

The frequency of the irradiation directly determines the extent of physical and chemical

effects in a way that at low frequencies (�20kHz) physical strengths are in the ascendant

by the minimal chemical effects, while at higher frequencies (>200kHz) we can observe

the opposite behavior prior to the high frequency in the system (Scheme 6) [47].

5.2 Ultrasound-assisted RAFT polymerization-induced self-assembly
(Sono-RAFT-PISA)
Reversible addition-fragmentation chain transfer by the polymerization-induced self-

assembly process assisted with ultrasound (Sono-RAFT-PISA) is a “green” method in

which the high-frequency (490 kHz) ultrasound is used. This reaction is done in the

Scheme 6 (1) Schematic representation of sonochemically induced RAFT polymerization (sonoRAFT);
(2) proposed mechanism for sonochemical initiation of RAFT process; and (3) representation of forces
generated under different ultrasonic frequencies [47].
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existence of water as initiator and also as a solvent instead of organic initiator, namely

inisolv, which can target the poly(N-isopropylacrylamide-co-N,N’-methylenebis

(acrylamide)) P(NIPAM-co-MBA) as core and poly(poly(ethylene glycol) methyl ether

acrylate) PPEGA as shell-based thermosensitive nanogels (Scheme 7).

Here some of the advantages of the Sono-RAFT-PISA approach are mentioned:

• Total monomer conversion

• Low temperature

• High polymerization rate

• Temporal control over the polymerization

• Usage of water as inisolv

• Lack of unused organic compound in the nanogels

The RAFT-PISA process, which is assisted with high-frequency ultrasounds, can acquire

some benefits like:

(1) Low reaction temperature

(2) Complete monomer conversion

(3) Lack of additional initiator

Schematic illustration of the RAFT-PISA process is presented as follows [48].

5.3 Ultrasound-assisted Sono-RAFT polymerization in organic solvents
Sono-RAFT in organic solvents such as DMF and DMAc with high-frequency ultra-

sonic power (490 kHz) showed that the polymerizations were commonly well managed

by low dispersity of produced polymers. Monomer vapor pressure, solvent, and polymer

nature influence the final monomer conversion and molecular weight association. In

summary, the sono-RAFT process offers an ultrasound-assisted controlled polymer

synthesis without the need for additives or common radical initiators [49].

The radicals (e.g., methyl radicals) which were produced via high-frequency (490

kHz)-stimulated pyrolysis of organic solvents (X• in Scheme 8) can also initiate a poly-

merization. In this way, controlled sono-RAFT polymerization without the use of exter-

nal additives or initiators in organic solvents is possible of being achieved (Scheme 8) [49].

Scheme 7 Synthesis of thermosensitive nanogels-based on PPEGA-b-P(NIPAM-co-MBA) [48].
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6. Atom transfer radical polymerization

Atom transfer radical polymerization (ATRP) is referred to as a method in which the

generation of a carbon-carbon bond by a transition metal catalyst is possible. The poly-

merization from this process is described as atom transfer radical addition polymerization

(ATRAP) [1].

6.1 Ultrasound-assisted polymerization of acrylate by (ATRP) method
As an example, the polymerization of acrylate monomers provided by ultrasonic agitation

is studied. Piezo-chemical reduction of Cu(II) in the attendance of a monomer of n-butyl

acrylate and ethyl α-bromoisobutyrate used as the initiator will produce a low dispersity

poly(n-butyl acrylate). Having a continuous increase of the polymer chain requires a con-

tinual ultrasonic activation of the chains during the process which is schematically pre-

sented as follows (Scheme 9) [50].

Scheme 8 Proposed mechanism of organic SonoRAFT [49].
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6.2 Ultrasound-assisted polymerization of acrylate by (ATRP) method
Also, Methyl acrylate (mechanoATRP)a with low ppm of the CuBr2/tris(2-

pyridylmethyl)amine catalyst was carried out in an ultrasound chamber with narrow

molecular weight distribution as can be seen in Fig. 12. [51].

Scheme 9 Ultrasound-induced controlled radical polymerization of n-butyl acrylate 1. Sonochemical
reduction of the Cu(II)/Me6TREN complex at the interface of the piezoelectric nanoparticle (BaTiO3)
leads to the formation of the activator for ATRP. The polymeric chain growth starts from the alkyl
halide initiator 2 and successive addition of 1 to the growing polymeric chain Pn occurs in a controlled
fashion. The final polymer Pn+1 is obtained after chain termination. P represents a polymeric chain
with a degree of polymerization n [50].

Fig. 12 Temporal control in mechanoATRP using BaTiO3 nanoparticle (tetragonal, 200nm) as a
mechano-electric transducer under ultrasound agitation through intermittent switching on/off the
ultrasound bath [51].

a Mechanically controlled atom transfer radical polymerization.
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7. Ring-opening polymerization

Ring-opening polymerization (ROP) is another type of polymerization in which mono-

mers such as amides, acetals esters, cyclic ethers, and siloxanes are used [1].

Ultrasonic of ring-opening polymerization in cyclic Bisphenol A polycarbonate

oligomer can initiate the polymerization process and continually improves the reaction

conditions; thus, no added chemical initiator is needed (Fig. 13.). Although having a

chemical initiator in ultrasound-assisted polymerizations can significantly improve the

polymerization rate compared to the initiator-free reactions, for example, if lithium salic-

ylate is used as the initiator, the time of reaction would be reduced and the reaction would

be conducted seven times faster than in initiator-free reactions [52].

In another research, ultrasound with higher intensities was used in δ-valerolactone and
Ɛ-caprolactone ring-opening polymerization with dibutyl tin dilaurate used as a catalyzer

in this reaction (Fig. 14). It was observed that the sonication creates better reaction con-

ditions and accelerates the polymerization rate. In δ-valerolactone polymerization, using

sonication can also improve depolymerization reactions which cause themolecular weight

to drop during the reaction. The δ-valerolactone sequences caused the incorporation of

Ɛ-caprolactone into the products which was the result of ultrasound usage in the reaction.
This incorporation led to synthesizing copolymers from the so-called monomers [53].

Fig. 14 Ring-opening polymerization of δ-valerolactone and Ɛ-caprolactone [53].

Fig. 13 Cyclic oligomeric bisphenol A polycarbonate [52].
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Gumel et al. reported the conversion of the gama-caprolactone to poly-6-

hydroxyhexanoate and investigated the ring-opening polymerization process of this

reaction. The initiation of the reaction is achieved through the lactone ring opening

by the H2O molecule in the complex media in which the molecule performs as a

nucleophile on the intermediate complex of acyl carbon from acyl-enzyme in order

to create hydroxyl carboxylic acid. The additional propagation of polymer causes the

back side attack of the terminal hydroxyl unit on the complex which then results in

the chain elongation process in which the monomer to polymer conversion occurs. This

steps in this reaction are intensified in the presence of ultrasound that affects the catalytic

behavior, chain propagation steps rate, and the process of monomer synthesis, and thus

the polymerization rate is improved. Enhanced micro-streaming confirmed by the

results of characterization, revealed that the sonication synthesizes a polymer with

excellent crystalline structure compared to the sonication-free process in which the

crystallinity is 61% and 21%, respectively. This micro-streaming provides an alignment

of polymer molecules in the presence of ultrasonic irradiation. As results after 90hrs, the

poly-6-hydroxy hexanoate polymer molecular weight was much higher (twice) in

sonicated conditions than non-sonicated ones [54].

8. Conclusion

The chapter mainly focused on characterizing the different aspects of the energy resulting

from ultrasonic whichmostly causes the degradation of polymer chains in a case where the

produced radicals are the keys for the polymerization process to be started. The discussion

here included some ultrasound-assisted polymerization processes such as Emulsion

Polymerization, Bulk and Suspension Polymerization, Ring-Opening Polymerization,

etc. To conclude, ultrasonic waves are one of the most used approaches for the dispersion

of monomer into the medium of complex solutions where there is no need for excess or

any chemical initiator. The results reveal that the process of ultrasonic-assisted polymer-

ization is easily controlled by the properties provided by means of ultrasonic waves in

which case there is no need for chemical stabilizers. Also, according to the kinetic studies

mentioned in the chapter, the polymerization rate, decrease in polymer size, and molec-

ular weight distribution are directly influenced by the properties of the ultrasonic energy

so that the consideration of different outcomes of the reaction products can be manipu-

lated along with the engineering of the ultrasonic energy to form a condition which will

result in a most efficient product.
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1. Introduction

Rarefactions and alternate compressions in a transmitting medium with wave having a

preparation direction form an acoustic wave called ultrasound. Ultrasound or acoustic

waves have been accepted as a vital process for the synthesis of organic and other chemical

syntheses. A liquid is subjected to external ultrasonic pressure; the weak bonds between

the molecules firstly began to be weakened. Van derWaals, the weakest of physical inter-

actions, tears first. In addition to this weakening of the physical bonds, microbubbles

formed by gases and, as a result, chokes occur. The rapid movement of micro-sized

microbubbles forms from the nucleation and collapse-growth of these nuclei and forma-

tion of cavitation patterns [1,2]. The sonochemical effects of cavitation patterns result in

the formation of high energy waveforms. Sonochemical effects enable the formation of

high energy particles and their distribution in the solution medium. Sonochemical effects

facilitate the interaction between a substance and catalyst that enhances the activation of

the metal surface. These effects cause the formation of high temperature (4000–5000) and
high pressure (close to 1000atm) in a short time [3]. As can be understood, the ultrasound

cavitation waves facilitate events such as reactive diffusion from the solution medium to

metal, electron transfer, and reduction of organic substrates on the active surface. Hence,

new metallic organic frameworks are formed by the acoustic wave and cavitation effects

under ultrasonic conditions [4].

2. Ultrasound operation and bubble formation

Ultrasound operates at a frequency in the range of 10–20kHz and acts as an acoustic

mechanical wave. With secondary and cavitation effects, ultrasound gives high energy

the medium in which reaction takes place. In the ultrasound process, various microbub-

bles inside the solvent vapor are formed, and that produces acoustic energy with radial
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motion through the reaction medium. The size of microbubbles reaches a stable and

transient diameter in the range of 4–300μm [5,6]. The microbubbles having a low

acoustic intensity and numerous acoustic cycles repetitively and periodically enhance

and shrink. A few microbubbles of sufficient acoustic energy density may remain unsta-

ble within the acoustic cycle formed. When the resonance frequency of the microbub-

bles reaches a level that exceeds the ultrasonic field value, the bubbles formed collapse,

having some unique physical-chemical effects trigger the biochemical or thermochem-

ical reactions. The formation of microjets with high velocity occurs because of some

unsymmetrical movements of bubbles to the surface solid or inside of a solvent. These

unstable movements of bubbles occur as collapse of the bubbles that lead to the forma-

tion of a strong shock wave, which may reach up to 103MPa [7]. The movement of

liquid toward the cavitation parts caused by ultrasonic waves allows the concentration

of solid and fluid movement. These concentrated solid and fluid movements cause the

formation of emulsion or miscarriage. Compared to conventional methods, in the

ultrasonic process, some sharper forces are formed, and these forces divide liquids into

small droplets and divide solids into finer particles. The ultrasound causes two types of

formation of bubbles, which are a single bubble and multi-bubble systems. In a single

bubble, one process is conducted, but two processes are performed in the multiple sys-

tems. The mentioned processes conducted in these systems are called bubble coalescence

and rectified diffusion. In the single system, the influencing growth of bubbles is inves-

tigated using some different experimental methods containing stroboscopic, light

scattering, and video recording. The abovementioned experimental procedures cannot

be applied to multiple methods [8]. The bubble growing processes contain various

complexities; for this reason, some researcher [6] developed a facile method about the

bubble growing in the multiple systems that allow to record the bubble coalescence

and diffusion qualitatively. In order to get a steady state of multi-bubble formation in

the aquatic medium, so many acoustic pulses must be generated under sonication

conditions or the high frequency of ultrasonic values. The nonpresence of bubbles

with a resonance size at the beginning of the sonication process is effective on this

steady-state formation of bubbles [6].

3. Effectiveness and parameters of the sonochemical process

To determine acoustic cavitations, processes, and raw materials, various experimental

parameters including design of devices, ultrasonic frequency, homogeneity of solvents,

temperature, the pressure of the fluid, and state of power dissipation in liquid are con-

ducted. To specify the systems for ultrasonic studies, power values of acoustic levels are

presented in various contents for instruments. The reactors as specific instruments con-

taining rating values may be viewed for use in specific sonochemical processes, although
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the rating values viewed on the reactor are not real values in the process because of energy

losses during the energy conversion or transformation. The real energy level during the

process in the reactors is varied, almost about 10%–40% values [5]. The amounts of power

and energy values are largely expressed by the volume or scale of the process. However,

calorimetric measurement is also used in determining the power level. The volume of

liquid in probe-type reactors is expressed as the actual volume of the reagent. The water

in the bath in the reactor used for the sonication process serves as the first receiving

medium in the event of ultrasonic irradiation. The factors affecting the sonication process

and the amount of energy emitted are factors such as bubble life, bubble chemical com-

position, bubble settling time, and variation in size shape in the bubble radial motion

structure. High cavitation and acoustic density values with low thresholds may be effec-

tive in obtaining multiple bubbles [9]. However, the effect of different factors on the dif-

ference in the densification processes may be different. In the event of bubble collapse, the

energy release rate and intensity are effectiveon thewaves generatedby the shockwave and

micro-convection condensation. For this reason, the bubble length elongation-

shortening, bubble chemical content, bubble collapse time, and heat capacity must be

formed at the density level formed. For an effective sonication function, it is important

to shorten the sonication timing and to ensure that radicals accumulating in the blister

are removed. In addition, volatile substrates in the blisters need to be provided during

chemical densification. Heterogeneous systems designed for nonvolatile liquids or fluid

viscosity are other factors that affect energy absorption. The optimization of these bet

parameters should be performed precisely in the case of real condensation functions and

the realization of specific reactions [9].

4. Intensives and frequencies of sonochemical irritations

Ultrasonic frequency is a significant issue because it affects the features of bubble cav-

itation in forming the acoustic cycle during the process of operating at high and low

frequencies. As mentioned above, information determining an appropriate frequency

of irrigation is a very important issue in sonochemical devices for chemical processes.

The studies about the sonochemical process revealed that an effective physical process

requires sonochemical irradiation having at least about 10–100kHz [10]. The irra-

diation with this frequency range is applied for the conversion of biomass into bio-

fuels containing biodiesel synthesis, extraction, polymer degradation, bioethanol, etc.

The irradiation having a frequency above these values can be applied for chemical

synthesis needed for intensive conditions for some conversion processes and synthesis

studies containing water or aquatic mediums [11,12]. Some researchers [13–15] inves-
tigated potassium iodide oxidation reaction under sonochemical conditions using var-

ious sonochemical devices to determine the effects of frequent irradiation difference.
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A maximum rate for oxidation has been detected in a potassium iodide decomposition

process conducted with some different frequency in the range of 20–500kHz. In

another study [16], it was determined that a high frequency induced a reverse influence

because of insufficient energy distribution (19.5kHz–1.2MHz). Some similar results

have been detected in other studies that addressed fixing a high 130kHz efficiency

in the Fricke mixture under sonochemical conditions. The optimum frequency values

for sonochemical research have been studied and detected by previous searches [16].

The notion of enough time at high frequency led to a decrease in acoustic energy at

the sonochemical condition. After all, the high-frequency level at ultrasonic conditions

results in positive situations on energy efficiency and power distributions. In some

paper, it has been reported that the high-frequency level induces an acceleration in free

radical reactions [17]. Additionally, the ultrasonic cycle duration is shortened at high

frequencies that accompany with enhancing useful cavitation during the short time

of the process, and the presence of free radicals may influence the expiration of bubbles.

In the literature, studies conducted at different frequency values (20–1056kHz)

revealed that formation of the volume variation of bubbles at low frequency was higher

than that in the high-frequency medium that shows a low energy liberation at a lower

temperature [18]. An acoustic cycle forming occurs by water evaporation. The exten-

sion of the duration and the growth of bubble size of cavitation bubbles at low-

frequency values cause the entry of more liquid molecules inside the bubbles having

high energy. However, the cavitation efficiency and released energy rate of single bub-

bles have been higher than bubbles originated at high frequencies by some

researchers [19].

5. Duration of stirring

Durations for stirring mixtures are very effective factors in a process conducted in sono-

chemical instruments and are extensively studied to detect its effects on sonochemical

operations and parameters. Effects during chemical reactions of sonochemical reactions

are getting more evidence as the reaction progresses. Mixture stirring duration and reac-

tion time are important factors to get a completed process for synthesis or the other reac-

tion studied. A reaction occurring with a high reaction rate take places randomly. For this

reason, the stirring mixture must be shorter than the reaction time to get a completed

reaction in sonochemical instruments [20–22]. Hitherto, various methods have been

used in the conventional instruments for the measurements of mixing durations. Some

of these methods including conductivity, fluid dynamics, pH, and particle size-image are

also applied in the sonochemical process and sonochemical instruments for different

chemical applications. In these studies, variations of power, energy, and ultrasonic

frequency are investigated depending upon stirring mixture time in sonochemical

instruments. Studies conducted for the identification of models of various chemical
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reactions in batch or semi-batch sonochemical instruments have been tested and should

be tested for further research. Hitherto, searches related to sonochemicals revealed that

increase of ultrasonic intensity decreases the stirring time. Additionally, the increase in the

amount of ultrasonic intensity generated from power has a reducing effect on mixing

time [23].

6. Heterogeneous and homogenous features of reactions under
ultrasonic conditions

Active cavitations in reactions-based ultrasound assistance under sonochemical condi-

tions take place on the heterogeneous sides of liquids. The heterogeneous sites in liquids

used for sonochemical studies are nuclei formed from collapse, free microbubbles, addi-

tives of nonvolatile, impurities fragmentations, etc. The spectrum for water containing

any impurities and pure water shows no production of fundamental frequencies for an

ultrasound with only one peak. On the other hand, water containing a certain amount

of gas microbubbles produces an acoustic emission with harmonic, ultra-harmonic, and

strong subharmonic emission spectrums. For these reasons, the heterogeneity of reactions

studied is a requirement for producing ultrasonic cavitations [24,25].

It can be understood that chemical and physical features of liquids as solvents affect the

formation of acoustic cavitation and propagation. Chemical features of liquids containing

electrolyte activity, radical content, and the composition of ternary-binary organic mix-

tures influence the physical properties like volatility, viscosity, and the surface tension of

multicomponent-single liquids. These properties of liquids have a vital effect on the

activity of sonochemical reactions [9]. The interaction of intermolecular is a breakdown

and weakens upon the formation of cavities in a bulk solvent structure under ultrasounds.

The variations in the interaction of intermolecular determine the physical properties like

vapor pressure, surface tension, viscosity, and boiling point of liquid under ultrasonic

conditions. A liquid having a high vapor pressure, surface tension, viscosity, or boiling

point prevents energy enhancement, which produces cavities for bubbles. The chemical

contents and physical properties of bubbles are influenced by oscillations of the growing

size of the surface tensions, the volatility of liquid, and cavitation bubbles. High volatility

prevents the collapse of bubbles and induces a form of intensified bubbles. The high sur-

face tension of liquid ensures a stable bubble size that prevents the dissolving of bubbles

into a bulk solvent [9]. Ultrasonic or hydrodynamic cavitation enables an effective effect

by catalyzing with low energy under room conditions. Hydrodynamic cavitation is a fac-

ile and effective method, especially in some common applications such as oil hydrolysis,

oxidation process, depolymerizations, removal or degradation of pollutants, and organic

syntheses. By using hydrochemical cavitation, distinguishing real chemical effects from

mechanical effects is possible, and this method enables some unique advantages of pres-

sure waves in the synthesis materials in modern chemistry. The applications and processes
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of ultrasound have not been highlighted well as yet. However, its importance and effec-

tiveness in synthesis materials have been captured by industrial and academic fields [1],

because cavitation effects occurring from ultrasounds have some huge and useful effects

on the accelerating chemical conversion reactions of heterogeneous systems and pro-

cesses. Enabling shorted the reaction time, while inducing selectivities and enhancing

reaction yields are some distinct and effective features of cavitation of sonochemical in

experimental processes. Methods containing metal catalysis and called synthetic tech-

niques have been extensively applied and seen as a rewarding issue and favorite in sono-

chemical processes [26–35]. Generally, the studies conducted in sonochemical syntheses

are carried out in an aqueous or water medium for heterogeneous reactions. The aqueous

or water medium enables a sufficient medium for producing excellent cavitations from

mild conditions up to 60°C [36]. As is known, water is naturally being abundant, envi-

ronmentally friendly, nontoxic so that it can be a good dispersible medium for producing

cavitations under the mentioned conditions. Compared to nonaqueous environments,

the sonochemical events in water highlight the visibility of chemicals with reactive

and selective effects. As a result of the studies on the subject in the literature, the best

solvent to be used is a solvent-free process. However, the best answer to this question

is water [36].

7. Conversion of biomass to biofuels under ultrasonic conditions

In addition to the chemical synthesis processes, the sonochemicalmethod has awide appli-

cation area in the conversion of biomass to biofuels. Sonochemical processes in biofuel and

related fields are numerous. These processes include pretreatment of lignocellulosic struc-

tures, sonochemistry of carbohydrates, natural product extraction, fermentation, organic

waste pretreatment, biological water treatment, and biotechnology/bioengineering

[37–39]. In these mentioned applications with ultrasonic support, the future advantages

of the ultrasonic reaction mechanism, ultrasonic condensation, and ultrasonic pretreat-

ment applications need to be evaluated very well. In the studies examined to date, the

effects of lignocellulosic structures, microwaves, and biodiesel on sonochemical pretreat-

ment applications andbiomass conversion rates havebeen studied andexplained.The con-

version of biomass into biofuel contains some difficulties to be overcome. In order to

overcome these difficulties, the structures in the structure of the biomass should be illumi-

nated.Rawbiomass contains various structures containing lignin, cellulose, hemicellulose,

free sugar, beeswax, proteins, traceorganic-inorganic, and alkaloids, such as a largenumber

of complex structures.Almost thewholeof these structures inbiomass are indefinite chem-

ical structures. Cellulosic structures in biomass have a continuous repetitive structure, and

lignin complex has a reticular connection structure [9]. The degradation of the lignin-

carbohydrate structure in the raw biomass requires a high temperature-pressure envi-

ronment, namely, harsh conditions. The selection of the appropriate solvent for the
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degradation of the structures in this biomass is one of the issues that should be considered

carefully in biomass conversion. Ultrasonic energy can be an appropriate tool for over-

coming these troublesome problems, because it provides suitable physicochemical condi-

tions in the processing of complex structures in biomass. Compared to thermochemical

methods with the introduction of high-intensity ultrasonic energy into the biomass, the

conversion of biomass under lower valence conditions leads to degradation and high-

efficiency catalytic reactions. With the applied ultrasonic energy, heat and mass transfer

in the reactions take place at high intensity. The intermediate causes the contact of reagents

and products to increase, and the reaction kinetics accelerate [9].

8. Features of sonochemical reactors and devices used for
sonochemical synthesis

There are several types of ultrasonic devices used in the laboratory for sonochemical stud-

ies. The devices used in laboratory-scale studies include biodiesel transesterification,

microfiltration, ultrasonic horn, sacrification, and micronization tools [40–43]. Energy
consumption level, durability, efficiency, usability, and flexibility are among the features

that are required in the devices to be used for sonochemical synthesis reactions. In the

ultrasonic devices, there is a horn in the liquid which provides the formation of the wave

and a probe which enables the propagation/transmission of the formed wave to the envi-

ronment. The probe is mostly made of titanium and has a diameter of 5mm–1.5cm. The

wave generated by the horn is of high intensity near the probe. This high-density branch

can be used effectively in processes requiring highmixing [44–46]. In order to process the
biomass using ultrasonic methods, adjustments such as appropriate power, frequency, and

temperature of the devices to be used should be made. In addition, it should be noted that

the solvent to be used, the processing time, and the device with the appropriate geometric

structure are also so important. The adequate size and proper structure of the device to be

used affects the energy level and distribution to be spent. Thus, it is necessary to achieve

the desired effect without disturbing the structure of the material to be worked on. As can

be understood, the adjustment of these data will affect the efficiency and reliability of the

results. Of course, the experimental optimization and preliminary procedures will be dif-

ferent from study to study. However, appropriate parameter selection and other common

effects such as reactor, wave density, oscillation-emission, wave life, radial oscillation,

micro convection, and shock waves should be applied by the literature. Probe type

reactors and baths are widely used in laboratory studies due to their inhomogeneous

distribution, i.e., heterogeneous acoustic effect and low energy distribution. Fig. 1 shows

an ultrasonic horn reactor with an operating frequency of 20kHz. Fig. 2 shows a

common horn reactor used for sonochemical studies in laboratories, and the operating

frequency is 36kHz [47].
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9. Conclusions

In the ultrasound process, various microbubbles inside of solvent vapor are formed, and

that produces acoustic energy with radial motion through the reaction medium. The size

of microbubbles reaches a stable and transient diameter in the range of 4–300μm. The

microbubbles having a low acoustic intensity and numerous acoustic cycles repetitively

and periodically enhance and shrink. A few microbubbles of sufficient acoustic energy

density may remain unstable within the acoustic cycle formed. When the resonance fre-

quency of the microbubbles reaches a level that exceeds the ultrasonic field value, the

bubbles formed collapse, having some unique physical-chemical effects triggering the

biochemical or thermochemical reactions. High cavitation and acoustic density values

with low thresholds may be effective in obtaining multiple bubbles. However, the effect

Generator

Water in

Jacketed reactor

Reaction mixture

Water out

Horn

Fig. 1 Ultrasonic horn reactor (20kHz) [47].

Generator

Transducer

Reaction mixture

Fig. 2 Ultrasonic longitudinal horn reactor (36kHz) [47].
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of different factors on the difference in the densification processes may be different. In the

event of bubble collapse, the energy release rate and intensity are effective on the waves

generated by the shock wave and micro-convection condensation. For this reason, the

bubble length elongation-shortening, bubble chemical content, bubble collapse time,

and heat capacity must be formed at the density level formed. The degradation of the

lignin-carbohydrate structure in the raw biomass requires a high temperature-pressure

environment, namely, harsh conditions. The selection of the appropriate solvent for

the degradation of the structures in this biomass is one of the issues that should be con-

sidered carefully in biomass conversion. Ultrasonic energy can be an appropriate tool for

overcoming these troublesome problems. Having sufficient knowledge about the fea-

tures and characteristics of sonochemical reactors leads to appropriate design and obtain-

ment of optimum operating parameters which plays a crucial role in process efficiency

based on specific applications. Energy consumption level, durability, efficiency, usability,

and flexibility are among the features that are required in the devices to be used for sono-

chemical synthesis reactions. Choosing the suitable type of transducer with the proper

frequency range and power intensity, several transducers and their positions in the reactor

can be extremely effective in optimizing the cavitation activity, acoustic streaming, and

enhancement of sonochemical reactor efficiency. In the ultrasonic devices, there is a horn

in the liquid which provides the formation of the wave and a probe which enables the

propagation/transmission of the formed wave to the environment.
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Langmuir model, 297
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Phase-transfer catalyzed reactions, 24

Phenol protected functionality, 225, 225s

Phenoxy radicals, 143–144
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X-ray analysis, 290
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Abstract: 
Career success has been visualized as an outcome of multifaceted 
variables that operate both intrinsic and extrinsic domain of 
organizational ecosystem. Emotional intelligence is the state of mind 
how a person behaves rationally and logically in variety of emotional 
setup. The impact of emotional intelligence varies with profile and 
level of jobs. The study shows that the higher EI is highly related to 
greater accomplishment of jobs as we proceed to superior job 
responsibility. In the organizational hierarchy, the mid-level 
professionals are in between and focal layer of both the top-down and 
bottom-up approach. The rapid changes of roles as a mediating agent 
between top management, lower management and at the same time to 
play the role of transforming agent of the instructions from higher-ups 
to the lower ends are the testimony of high emotional intelligence 

behavioural components. 
The paper has attempted to unearth how the emotional intelligence are 
related to the career success particularly for the mid-level executives in 
the north-eastern region. This paper is empirical in nature based on 
primary as well as secondary information. The study result reflects that 
emotional intelligence has significant impact on achieving subjective 
career success among the respondents in the study region. However, 
the intensity of the impact (R2 value) may vary with the changing 
prospective of organizational climate and other temporal factors. 

 
Keywords: Career success, Emotional Intelligence, Mid-level service 
manager, north-eastern region. 
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1. Introduction 
 

Career is a complex term, and different authors define it in 
different ways. In the past, people did not consider complex 
and important as now, and it was considered that when a 
person had a job, it was for a life long term (Bosionoles, 
2004). 

 
Career success has been defined as "the positive psychological 
or work-related outcomes or achievements one accumulates as 
a result of work experiences" (Seibert, Crant and Kraimer, 
1999: 417). Mirvis and Hall (1994, p. 366) define career 
success as “the experience of achieving goals that are 
personally meaningful to the individual, rather than those set 
by parents, peers, an organization, or society”. Dany (2003) 

provides an alternative theory, that people’s definitions of 

career success are fashioned on an on-going basis throughout 
their lives, and subsequently change whenever changes in 
their personal lives have an impact on their priorities. 

 
Career success is a result of a person’s career experiences and 

involves the individual’s evaluation of desirable work-related 
outcomes at any point during these experiences (Arthur et al., 
2005; Gattiker and Larwood, 1990; Hennequin, 2007; Judge 
and Bretz, 1994;Poon, 2004). 

 
Career success is of importance to individuals because of the 
positive outcomes (e.g., promotion, salary level, job 
satisfaction, and career satisfaction) associated with it (Judge, 
Higgins, Thorensen, & Barrick, 1999). It is also important to 
organizations because successful employees have the capacity 
to add value that influences organizational performance 
(Delaney &Huselid, 1996). For this reason, its prediction has 
attracted considerable research interest. 

 
Mirvis and Hall (1994) define career success as “the 

experience of achieving goals that are personally meaningful 
to the individual, rather than those set by parents, peers, an 
organization, or society”. Bozionelos (2008) defined career 
success expectation as the expected future achievements of 
employees in their work lives. 

 
Boudreau, Boswell, and Judge (2001) define career success as 
‘the accomplishment of desirable work-related outcomes at 
any point in a person’s work experiences over  time.’ 

Empirical studies on the assessment of careers based on the 
concept of career success all agree that it is difficult to define 
and measure career success. The reason is that career success 
cannot be objectively determined and cannot be measured 
solely using external criteria such as hierarchical position and 
salary level because several subjective factors also intervene. 
As a result, there is no consensus on what constitutes career 
success. Arthur, Khapova, and Wilderom (2005), in a 

 

comparative study of 80 papers, divide the existing literature 
into three groups: in the first group it is argued that objective 
career success affects subjective career success; the second 
attributes a predominant role to subjective career success over 
objective career success; and a third group of papers holds that 
the subjective and objective aspects of career success are 
interdependent. More recently, Dries (2011) provides a 
detailed review of the concepts of career success, which 
appear in the most relevant research studies on this subject, 
revealing a wide variety of definitions, measurement methods 
and determining variables. 

 
1.1. Objectives of the Study 

 
i. To identify the set of variables that can influence career 

success of professionals belonging to that segment 
using existing literatures. 

 
ii. To study the effect of emotional intelligence on career 

success among the middle level managers in the study 
region. 

 

2. Literature Review 
 

Emotional intelligence can actually be more influential upon 
an individual's success in life (personally and professionally) 
than cognitive intelligence (Stewart, 2008). People with high 
levels of emotional intelligence abilities are more likely than 
who have less emotional intelligence to achieve high levels of 
success in their workplace. Specially, scholars have stated that 
social skills are necessary for executive level leaders; as 
individuals ascend the organizational hierarchy; social 
intelligence becomes a relevant determinant increasingly of 
who will and will not be successful (Carmeli, 2003). 
Emotional intelligence is also an important of personal 
relationships success, family functioning, and success in the 
workplace (Salovey, Mayer & Causo, 2002). It’s found that 

the emotionally intelligence people have enjoyed more career 
success, feel less job insecurity, lead more effectively, are 
more adaptable to stressful events, possess better coping 
strategies and indicate greater sales success than those who 
have low emotional intelligence (Yousuf & Ahmad, 2007). 
Goleman focuses on the importance of emotional intelligence 
in general work success of people and achievement in their 
life. Other researchers since Goleman have claimed that 
emotional intelligence can predict important occupational and 
educational variables (Fisher & Ashkanasy, 2000). The 
importance of emotional intelligence to individual and career 
success can be explained by how important relationships have 
become in evaluating personal and organizational success 
(Robbins, 2005). Emotionally intelligence people are able to 
be effective in pursing the right career that is a career that 
matches the values, goals, and vision of the individual. 
Furthermore, it is believed that individuals who have high 
levels of emotional intelligence will have higher levels of job 
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satisfaction and organizational commitment, that will make 
both the individuals and organizations more successful 
(Stewart, 2008). 

 

3. Research Methodology 
 

The study was undertaken to understand the effect of 
emotional intelligence on career success among the mid-level 
managers from the service sector working in Arunachal 
Pradesh. The study was exploratory in nature with empirical 
arguments. The study was carried out using both primary as 
well as secondary information. For primary information a 
structured questionnaires were used to collect the data from  
the sample population. For secondary information appropriate 
domain literatures, various reports were used. Total sample 
size was 100 mid-level service managers, which have been 
collected from various sectors of service industries as per the 
convenience of the researcher. 

 
The collected data were tabulated in the SPSS version 21 for 
the processing and analyzing of data. Descriptive statistics, 
parametric and non-parametric test were done to achieve the 
objectives of the study. 

 
 

4. Analysis and Interpretation 
 

4.1. Analysis-1 
 
 

Table 1- Other set of variables influencing career success 

`Sl 
. 

No 
    .  

Variables Key Findings Citations 

1 Personalit 
y (5-factor 
personalit 
y trait) 

Positive 
relationship 
between 
conscientiousness 

  and career success.  

Judge et al., 
(1999); 

  Extroversion and its 
facets appear to be 

Rawls and Rawls 
(1968) 

2 Political 
Skill 

positively related to 
extrinsic career 
success. 
The study was to 
investigate the 
relations between 
political skill (the 
overall construct 
and        the       four 
dimensions) and 
five career-related 
outcomes. It was 
found that the 
overall political 
skill variable was a 
powerful predictor, 
but that the 
predictive power of 
this variable was 
primarily  driven by 
the networking 
ability dimension. 

Todd, S. Y. et. al. 
(2001); 

  Study outcome 
shows that stronger 
works councillors' 
political skill, the 
more successful 
they were in their 
career. 

Blickle et al., 
(2010). 

3 Gender Gender has 
influenced on career 
success.        Gender 
moderated   the 
predictive influence 
of international 
experience    on 
compensation, 
ascendancy,  and 
perceived success. 
The findings also 
illustrate that career 
development 
models should be 
situated by (private 
versus  public) 
sector and specify 
systemic gender 
differences in career 
success outcomes. 

Orser & Leck, J. 
(2010). 

4 Self- Our results, based Kammeyer‐ Muell 
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satisfaction were 
found. 

 
 
 

Analysis – 2 
 

Table 2 - Correlations 
 
 
 

Intelligence 
 
 
 
 
 
 

 
 
Analyzing the data set it is found that, there is a positive 
relationship between career success with emotional 
intelligence. However the correlation coefficient ‘r’ is 0.328 

which is somehow lesser than the expected in consonance 
with established theoretical framework. This may be 
interpreted that study area is in the formative stage and 
number of middle level managers and number of firms 
belongs to organized sector are quite less even among the 
northeastern states so impact of emotional intelligence 
towards career success has not been adequately translated. 
However if similar studies can be conducted after 3 –  4 
years it is expected that the value of ‘r’ would be more 

significant. 
 
 

 
In the P.P Plot diagram, it is evidence that there is inherent 
consistency among the dataset. The outlier are not 
significant in the dataset. 

 esteem on a cross-lagged 
regression  design, 
suggest that self- 
esteem increases 
occupational 
prestige   and 
income. 

er, J. D. et. al 
(2008) 

5 Mentoring Mentoring includes 
coaching, support, 
and sponsorship, 
which provide the 
protégés the 
technical  and 
interpersonal skills, 
and visibility 
opportunities that 
enable them to 
succeed     in     their 
careers. 

Whitely, 
Dougherty & 
Dreher, 1991 

6 Human 
capital 

It is suggested that 
person‐ environme 
nt fit   and 
organizational 
support      are 
important 
antecedents     of 
career   success. 
Knowledge     of 
career changes and 
these  antecedents 
help individuals and 
organizations 
manage    career 
success. 

Ballout, H. I. 
(2007) 

7 Networkin 
g 

Networking is 
related to 
concurrent salary 
and that it is related 
to the growth  rate 
of salary over time. 
Networking is also 
related to 
concurrent career 
satisfaction.  As 
satisfaction 
remained stable 
over time,  no 
effects of 
networking on the 
growth    of    career 

Wolff & Moser 
(2009) 

 

 Emotion
al 

Intelligen
ce 

Career 
Success 

Pearson Correlation 
Emotional Sig. (1-tailed) 

1 .328** 
.000 

N 100 100 

Pearson Correlation .328** 1 

Career Success Sig. (1-tailed) .000  

N 100 
**. Correlation is significant at the 0.01 level (1-tailed). 

100 
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order to widen the catchment area for data collection. In that 
case, the outcome of the sampling would be more 
representative and can comprise of mixed set of variations 
representing various sectors or industries. 

 

 
 
 
 

Table 3 - Coefficientsa 
Model Unstandardized 

 
 
 
 
 
 

Standardized 

 
 
 
 
 
 

t Sig. 

Limitations of the study 
The sample size in the present study is 100 mid-level service 
managers from Arunachal Pradesh. The higher the sample 
size shall ensure greater precision of the study outcome. The 
study suffers from the samples belonging to managers from 
manufacturing unit since the state does not have significant 
manufacturing establishment. 

 Coefficients Coefficients  Conclusion 
B Std. Beta 

   Error   
2.348    .393 5.972 .000 

(Constant) 

The present research work has demonstrated that there is 
positive relationship between emotional intelligence and 
career success among the mid-level service managers 
working  in  the  North-Eastern  state  of  Arunachal Pradesh. 
Emotional     intelligence..    The      results     obtained     are 

1 

Emotional 
Intelligenc 
e 

.346 .101 .328 3.443 inconsonance with other previous studies. This shows that 
emotional intelligence is still the driving force that can 
manifest higher career growth even in a small nascent state 
like Arunachal Pradesh. The outcome of the study may be 
helpful for the organizations that they may consider and 

a. Dependent Variable: Career Success 
 

Y = a + bX 
Y = 2.348 + 0.346 X 
Where, 
Y = Career Success 
X = Emotional Intelligence 
a = Constant 
b = Intercept 

 
This shows the present dataset evidences that there is 
positive relationship between career success and emotional 
intelligence of the target respondents. Where, ‘a’ is 2.348 

and the gradient is 0.346. This clearly indicates higher the 
emotional intelligence (Independent variable) that results 
higher career success which proves the assumptions. 

 
Scope for further study 

 
The present study can be extended in various dimensions to 
understand and integrate how emotional intelligence is 
closely related to career success. The study has been 
conceived based on the information collected from mid-level 
managers, which can be experimented with senior level or 
even entry-level officers. The study region was concentrated 
to within the state of Arunachal Pradesh. However, it can be 
extended to neighboring states or entire north-east India in 

influence the importance of emotional intelligence among 
the top management for mentoring the subordinate managers 
for their respective career success. 
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Abstract: The Microelectromechanical (MEMS) diaphragm based comb drive capacitive pressure sensor has two stages, Mechanical (Diaphragm) and 

Capacitive (Comb Drive). The diaphragm displaces in response to apply pressure and the displacement moves the movable comb structure. The two most 

common architectures of comb drive are single side comb structure and double fold comb structure. In this paper, an impressive technique for designing 

and modelling of single side comb structure capacitive pressure sensor is being presented. A mathematical model of the sensor is derived and the model 

simulates the designed structure with the COMSOL Multiphysics Simulator. The Mechanical Sensitivity, Electrostatic sensitivity and Overall Sensitivity 

are studied for the designed structure. A comparative study of the mathematic analytical values and simulated output values are examined and are found 

very much closed to each other. The various parameter like Young’s Modulus, Poisson’s Ratio, Dimensions and Structure of the pressure sensor, number 

of comb fingers and dimension of the comb finger affecting the sensitivity is widely discussed. 

Keywords: coupler, fringing effect, electrostatic sensitivity, mechanical sensitivity. 

1. Introduction  

 

There are various pressure sensors viz. Piezo-resistive Strain Gauge, 

Capacitive, Electromagnetic, Piezo-electric, Strain Gauge, Optical, 

Potentiometric, Resonant, Thermal (Pirani Gauge) and Ionization but few 

of them are applicable for MEMS design. The advantages of MEMS 

technology are: small in size, volume and mass, low power consumption, 

low cost, compatible with silicon technology, low heating effect, 

parallelism etc. The capacitive pressure sensor is an active sensor as it 

requires an external power source to operate. It is one of the common in 

MEMS design. MEMS-based comb drive capacitive pressure sensors are 

miniaturized, consume less power and more efficient. Such sensors have 

wide application in the field of pressure monitoring, safety purpose, 

controlling etc. The capacitive has a wide application in various fields in 

monitoring, LC tank circuit, high pressure sensing, harsh environment, 

biomedical, measuring plantar pressure, measuring bowel state, 

microphone, and ultralow pressure detection [1–10]. Capacitive pressure 

sensor can be developed with silicon micromachining fabrication 

technique [11]. Many researchers use ANSYS and COMSOL finite 

element method multiphysics simulator for simulation [6,12,13]. Some 

researchers have proposed a diaphragm based comb drive pressure sensor 

but their study is the effect of different material properties on the 

sensitivity [14]. In this study, the systematic design approach for comb 

drive is being studied.  

The working principle of comb drive capacitive pressure: the measuring 

pressure is applied at the mechanical sensing structure, common structures 

are diaphragm, bridges or cantilever, and deflect. The deflection is 

coupled with the coupler to translate into linear displacement and 

displaced the comb position resulting in the changes in capacitance. 

 

2. Sensor Design Structure 

In this paper, diaphragm-based comb drives capacitive pressure sensor has 

four main structures i.e. diaphragm structure, mechanical coupler, 

movable comb structure and fixed comb structure as is shown in fig1. The 

diaphragm is the structure where the pressure (stimulus) is applied and 

converts pressure into deflection or displacement.  A square diaphragm 

with dimension is 200µmX200µmX5µm is considered for the design. 

Mechanical coupler is to translate the diaphragm deflection into linear 

displacement and couples to movable comb drive. Since the maximum 

deflection of the square diaphragm is at the centre, mechanical coupler is 

connected at the centre of the diaphragm and at the other end movable 

comb drive. The dimension of the coupler is 6µmX6µmX10µm. A comb 

structure having ten fingers on both side with a gap of 15µm in between 

the two fingers. The dimension of a finger is 200µmX40µmX5µm. The 

length of the finger G1 is 40µm, the gap between the two plates G2 is 

80µm and the gap between the two adjacent fingers of movable and fixed 

comb G3 is 5µm. 
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Fig. 1 Schematic Diagram of Comb Drive. 

3. Mathematical Modelling 

The diaphragm based comb drive capacitive pressure sensor has a 

combination of mechanical and electrostatic. In mechanical modelling, the 

pressure or force is applied at the diaphragm and deflects the diaphragm. 

The generalized equation of square diaphragm deflection W is eqn. 

1[15,16]. Where, D is the flexure rigidity given by eqn.2.  

W(x,y)=(0.0213pa4/D)(1-x2/a2)2(1-y2/a2)2. (1) 

D=Eh3/(12(1-v2)).    (2)

    

Where, 

E: is the Young’s Modulus, 

h: is the thickness of the diaphragm, 

v: is the Poisson’s Ratio, 

a: is the half length of the square diaphragm,  

x,y: is the coordinate of the diaphragm from the centre as an origin.  

The maximum deflection occurs at the centre of the diaphragm i.e. x=a, 

y=a. The maximum deflection is given by eqn.3.  

 

W(x,y)max = W(0,0) = pa4/47D.   (3)

      

Mechanical sensitivity, SM, is given by the ratio of change in deflection to 

change in the applied pressure. It is given by the eqn.4.  

SM = δw/δp.    (4)

     

  

Where,  

δw is the change in deflection with respect to applied change in pressure 

δp. 

The deflection and mechanical sensitivity of the diaphragm depends on 

many parameters such as Young’s modulus, Poisson’s Ratio of the 

materials, length, breadth and thickness of the diaphragm.  

3.1. Electrostatic modeling 

 In electrostatic, the capacitance, C, of a parallel plate capacitor is given 

by eqn. 5 

C =ƐA/g     (5) 

Where, Ɛ is the relative permittivity, A is the area of the plate and g is the 

gap between the plates.  

To calculate the capacitance value of the comb drive, there are 5 (five) 

parallel plate capacitances and fringing capacitance, which connected in 

parallel in a simple comb structure as shown in fig. 2. Parallel plate 

capacitances C3, C4 and C5 are same value and Capacitance C1 and C2 has 

same value since they have same gabs, area and dielectrics.  

The overall parallel plate capacitance, Cparallel, of the simple comb drive is 

given by eqn. 6. 

Cparallel = C1 + C2 + C3 + C4 + C5   (6) 

Cparallel =2C1 +3C3    (7) 

 

 

Fig. 2 Various capacitance in comb drive. 

 

Considering, the design structure dimensions, the capacitance C1 and C3 

values will be given by eqn. 8 and eqn. 9 respectively. 

 

C1=Ɛl(δw)/G3  (8)  

    

C3 = Ɛtl/(G1- δw)    (9) 

Where, Ɛ is the relative permittivity, l is the length of the finger, t is the 

thickness of the finger, G3 is the gap between the two finger, G1 is the gap 

between the tips of the  finger and base of the opposite comb and δw is the 

change in displacement of the finger. N3 is the total number of fringing 

area. 
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The total capacitance of the design comb drive can be express by eqn. 10. 

Cparallel = N1C1 + N2C3 .   (10) 

The fringing effect capacitance is given by eqn. 11. 

 Cfringing = N3 Ɛ(G1 – δw)l/ G3   (11) 

   

Ctotal  = Cparllel +Cfringing.    (12) 

The electrostatic sensitivity of the sensor is the sensitivity which is the 

ration of change in capacitance to change in deflection. It is given by eqn. 

13. 

SE =δCtotal/δw     (13) 

The overall sensitivity is the sensitivity which is the ratio of change in 

capacitance to change in applied pressure. It is given by eqn.14.  

STotal = δCtotal/δw = (δw/δp)(δCtotal/δw) = SMSE. (14) 

The overall sensitivity is equal to the product of mechanical sensitivity 

and electrostatic sensitivity.  

4. FEM Simulation 

The proposed 3D meshing model is designed in the COMSOL 

Multiphysics simulator as it illustrated in the fig.3. The device has ten 

fingers in each, movable comb drive and fixed comb drive. The material 

used is gold (Au) from the inbuilt COMSOL material for the fingers and 

diaphragm. The gap between the combs is filled with air as a dielectric. A 

voltage of positive one volt is given in the movable plate and ground on 

the fixed plate. The physics for simulation is Electromechanics (emi) and 

the study is stationary. The meshing is done with Free Tetrahedral and 

number of elements is 1164398. 

 

Fig. 3 Mesh model of comb drive. 

Table 1. Gold (Au) properties. 

Properties Value Unit 

Density 19300 Kgm-3 

Young’s Modulus 70 GPa 

Poisson’s Ratio 0.44 1 

5. Comparisons of Simulated values and analytical values 

Various comparisons are made between the analytical and simulated 

values. The mathematical model equations are realized in MATLAB and 

simulation in COMSOL Multiphysics. The graph between the deflections 

and the applied pressure in Fig. 5 shows linearly varying. The Mechanical 

Sensitivity (SM) of the analytical and simulated are 0.023 µm/KPa and 

0.020 µm/KPa. 

 

Fig. 5 Applied pressure Vs Displacement 

The comparison is made between the analytical and simulated value of 

capacitance for the set of applied pressure in table 2. 

Table 2. Analytical and Simulated value of Capacitance for applied 

pressure. 

Applied Pressure 

(KPa) 

Analytical 

Capacitance (pF) 

Simulated 

Capacitance (pF) 

0 0.073413 0.071560 

1 0.073430 0.071570 

2 0.073447 0.071580 

3 0.073464 0.071590 

 4 0.073481 0.071600 

5 0.073498 0.071610 

The overall Sensitivity (Stotal) of analytical and simulated are 0.000017 

pF/KPa and 0.000010 pF/KPa respectively.  The electrostatic sensitivity 

(SE) of analytical and simulated are 0.000739 pF/µm and 0.000500 pF/µm 

respectively. 
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6. Conclusion 

From this study, the sensitivity of diaphragm-based comb drive capacitive 

pressure sensor depends on the material properties and dimension of the 

diaphragm and the structural design of the comb drive. The capacitance of 

the sensors is increased linearly with an increase in pressure. For this 

particular design, the sensitivity is found to be 0.000017 pF/KPa and 

0.000010 pF/KPa for analytical and simulation respectively.  
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Abstract:  

The main objective of this study is to design a ZnO base beam bridge MEMS piezoelectric pressure sensor. A theoretical mathematical modeling of the 
design is derived for the structure. Factor effecting the output or efficiency is studied base on mechanical and electrostatics step by steps. A simulation is 

conducted on Comsol Multiphysics Simulator for the design for validating the theoretical modeling and a comparative study are made between the 

analytical and simulated result. This study will help to find the optimum design structure for piezoelectric pressure sensor base on bridge beam structure.  

Keywords—Young modulus, Poisson Ratio, deflection,stress, voltage constant 

 

1. Introduction 

There are four common principle use for pressure to energy conversion – 

capacitive, inductive, piezoresistive [1-6] and piezoelectric [7–11]. 

Among these sensor, piezoelectric base MEMS sensor is a passive sensor 

as it doesn’t require any electrical power excitation. Capacitive, inductive 

and piezoresistive MEMS sensor are active sensors as they required 

external power excitation.  

Mechanical beam bridge structure is choosing for the study as it provides 

more stable then the cantilever type.  In cantilever the structure is clamped 

or supported at one end whereas bridge beam structure is provides 

clamped or support at opposite two ends. In mechanical bridge beam 

structure or cantilever structure the maximum stress is occur at the edges 

of clamped area. The stress is directly proportional to charge developed on 

the surface of piezoelectric material. So in thisbeam structures the sensing 

material can be put at both the opposite edge.  

Zinc Oxide (ZnO) is used for this study as it is widely available, low cost 

and most common material used in the research and industrial. ZnO has 

also wide application in the field of semiconductor and photo 

conductivity. It also has a high voltage constant. It 

hasthermochromicsproperties i.e. change in colour when heated from 

white to yellow, and when cooled down the colour back again to white 

colour because of various types of crystal lattice defects [12]. 

 

 

 

 

 

 

2. Illustrations 

 

2.1. Mechanical Modeling 

In this modeling, the applied pressure are converted into mechanical 

properties like deflection and stress. The basic theoretical differential 

equation of the beam was introducedin [13][14]. Let us consider for the 

coordinate system for a bridge beam structure as in Fig. 1.  

 

 

 

 

 

Figure 1: Structure of Bridge. 

The governing mathematical expression of the equation is  

-EIw’’(x) = Fx/2 – Fx2/2L – m0,   

where,E is Young’s Modulus of the beam material, I is the moment of 

inertia of the structure, 𝑤"(𝑥) is the second derivative of the deflection for 

the beam at position x, F is the uniform force applied on the surface,x is 

the position on the beam, L is the length of the beam and 𝑚0 is the 

moment on the clamped.  

Equation (1) is integrated with respect to 𝑥 and can be written as follow 

-EIw’(x) = Fx2/4 – Fx3/6L – m0x..  

Putting the boundary on 𝑤′(𝐿) = 0, the value of 

m0 = FL/12.     

Equation (2) is integrated with respect to x and after putting the value of 

m0 m0 

O 

L 

x 
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𝑚0. The equation can be written as follow 

-EIw(x) = Fx3/12 – Fx4/24L – FLx2
./24,  

Or 

w(x) = Fx2(L-x)2/(24ELI).    

Equation (5) gives the deflection𝑤(𝑥) of the beam at position x. The 

maximum deflection is occur at the centre of the beam i.e. x = (L/2) so, 

the maximum deflection equation is given as follow  

Wmax = FL3/(384EI).    

The moment of inertia for the rectangular beam type given by the 

following equation  

I = bh3/12     

Equation (6) can be written after putting the value of I as follow  

Wmax = FL3/(32Ebh3).    

The stress on the beam is given by the following expression 

𝑇(𝑥) =  −𝐸𝑧𝑤′′(𝑥).   

Where, z is the distance from natural plain i.e. z0of the beam. Natural 

plain is the plain where minimum stress has been occur in the 

geometry,when pressure is applied on the structure. Generally, it is the 

mid plain of the beam for single layer.  

Equation (1) can be written after putting the value of m0 and I on (9),  

T(x) = zF(6x2 – 6xL + L2)/ bh3L.  

For single layer the maximum stress is occur at x = L and x = 0 on the top 

of the surface i.e. for single layer z = h/2.  Equation (10) can be rewritten 

as follow  

Tmax = FL/2bh2.    (11) 

For multiple layers geometry have different layers like silicon layer, 

silicon dioxide, metal electrode and sensing layer etc. In such case the 

value of z is depend on the natural plain i.e. z0.  

Consider a multi-layer composite system as in fig. 2. In [13], the natural 

plain position can be determine by the following equation  

z0 = (E1 t1 (z1+0)+E2 t2 (z2+z1)+…+En tn(zn+z(n-1) ))/(2(E1 

t1+E2 t2+…+En tn)    (12) 

Where, E1, E2 … En are the Young’s modulus of the layers for the layers 

with t1, t2… tn are the thickness of the layers respectively. And the value of 

znis given by the following formula 

𝑧𝑛 =  ∑ 𝑡𝑗
𝑛
𝑗=1 ,    (13) 

where, i = 1, 2, 3, 4, … n. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2:multi-layer composite system. 

2.2 Electroststic Modeling 

 

In [15], the conversion of mechanical stress to electrostatic charge for 

ZnO piezoelectric is given by the following expression 

 

𝑞(𝑥) =  𝑇(𝑥)𝑑31,   (14) 

where, d31 is the strain constant of ZnO, q(x) is the total charge developed 

on the surface.  

For the conversion of mechanical stress to electrostatic voltage is given by 

the following expression 

 

𝑉(𝑥) =  𝑇(𝑥)𝑡𝑔31,  (15) 

 

where, g31 is the voltage constant of ZnO, V(x) is the voltage developed 

between the surfaces and t is the thickness of the piezoelectric. 

3. Design model and simulation 

A model has been design for prediction in the Comsol Multi-Physics 

Simulator. In simulation, the physics used is Electromechanical and the 

study is Stationary. Here, a bridge consisting of Silicon (Si) layer as 

mechanical structure, Silicon-dioxide (SiO2) layers as insulator between 

Si and electrodes, Gold (Au) as electrodes and ZnO layer piezoelectric is 

consider as shown infig. 3. The dimensions of the each layers are 

tabulated in table no. 1 

Table 1: Dimension and Properties used in design. 

Parameters Symbols  Value  Unit  

Dimension of Si (L x B x T)1 300x50x10 µm3 

Dimension of SiO2 (L x B x T)2 300x50x3 µm3 

Parameters Symbols  Value  Unit  

Dimension of Au (L x B x T)3 50x50x1 µm3 

t1 

t2 

tn 

: 
; 
 

z1 

z2 

zn 

O  
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Dimension of ZnO (L x B x T)4 50x50x5 µm3 

Young’s Modulus of Si E1 160 GPa 

Young’s Modulus of 
SiO2 

E2 70 GPa 

Young’s Modulus of Au E3 70 GPa 

Young’s Modulus of 
ZnO 

E4 120 GPa 

Strain Constant of ZnO d31 -5.43 X 10-

12 

m/V 

Voltage Constant of 
ZnO 

g31 -4.85 X 10-2 Vm/N 

Applied Pressure  p0 200 Pa 

Figure 3:Design Structure 

 

Figure 4:Multilayer in sensing area 

4. Simulation Output 

4.1 Deflection and Stress 

In mechanical design, the deflection and the stress is an important 

parameters for study. As the maximum deflection is occurs at mid of the 

bridge but the maximum stress is occur at the edges on the ends of the 

bridge. As from the deflection output as shown in fig. 5 the maximum 

deflection is occur at the centre of the bridge. 

 

 

 

Figure 5: Simulation output showing maximum deflection at the center. 

The analytical deflection value and simulated deflection value with 

different applied pressure is tabulated as in table 2.  

Table 2: Pressure Vs Maximum deflection for analytical and simulated. 

Sl. No. Pressure Vs Maximum Deflection 

Applied Pressure  

[Pa] 

Analytical  

[µm] 

Simulated  

[µm] 

1 0 0 0 

2 20 1.440E-5 1.436E-5 

3 40 2.880E-5 2.871E-5 

4 60 4.320E-5 4.303E-5 

6 80 5.760E-5 5.732E-5 

7 100 7.200E-5 7.147E-5 

8 120 8.641E-5 8.623E-5 

9 140 10.081E-5 10.001E-5 

10 160 11.521E-5 11.483E-5 

11 180 12.962E-5 12.901E-5 

12 200 14.402E-5 14.362E-5 

 

But for the stress, the maximum stress is occur at the edges of the joint as 

shown in fig. 6.  

 

Si 

ZnO 

SiO2 

Au 
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Figure 6: simulation output showing maximum stress at the edges. 

The analytical maximum stress value and simulated stress value are 

tabulated as in table 3. 

Table 3: Pressure vs Maximum Stress for analytical and simulated. 

Sl. No. Pressure Vs Maximum Stress 

Applied Pressure  

[Pa] 

Analytical  

[N/m2] 

Simulated  

[N/m2] 

1 0 0 0 

2 20 2250 2363 

3 40 4500 4778 

4 60 6750 7162 

6 80 9000 9813 

7 100 11250 12099 

8 120 13500 14767 

9 140 15750 16720 

10 160 18000 19593 

11 180 20250 21744 

12 200 22500 24662 

 

In electrostatic design, the potential difference across the upper layer and 

lower layer of the piezoelectric material is studied. The potential voltage 

is developed due to the charge is developed due to the stress induced on 

the sensing material. The developed surface voltage is directly 

proportional to the pressured or force applied on the material. The 

simulation output is showing the potential developed at applied pressure 

as in fig.7. 

 

 

Figure 7: Simulation output is showing the potential developed. 

The analytical potential difference value and simulated potential 

difference value are tabulated as in table 4. 

Table 4: Pressure Vs Potential Differences. 

Sl. No. Pressure Vs Potential Differences 

Applied Pressure  

[Pa] 

Analytical  

[mV] 

Simulated  

[mV] 

1 0 0 0 

2 20 0.0909 .09107 

3 40 0.1819 0.2298 

4 60 0.2728 0.3271 

6 80 0.3637 0.3943 

7 100 0.4547 0.4928 

8 120 0.5456 0.59145 

9 140 0.6366 0.6900 

10 160 0.7275 0.7886 

11 180 0.8184 0.8871 

12 200 0.9094 0.9785 

5. Discussion and Conclusions 

A theoretical modeling approach for design piezoelectric beam bridge 

pressure sensorhas established and validate by using Comsol 

Multiphysics simulator. As the simulated output and analytical output of 
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the very close, this design process can be implemented for designing the 

ZnO piezoelectric beam bridge pressure. This design process can be 

implemented for optimizing of the sensor too. The various factor affecting 

the sensitivity are applied pressure, dimension of the sensor structure, 

Young’smodulus (E), Poison’s ratio (v) and the voltage constant (g31). The 

sensitivity is also affected by the material used in the multilayer structure 

since the Young’s modulus and Poison’s ration has different value for 

different material. The ZnO is used because it has high voltage constant.  

The mechanical sensitivity of the deflection to applied pressure and stress 

to applied pressure are 0.071µm/Pa and 118 N/m2Pa respectively. The 

electrostatic sensitivity or the overall sensitivity of the sensor is 0.00489 

mV/Pa. This designed sensor can be implemented for low pressure sensor 

as the sensitivity is very high. 
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Preface

The 4th International Conference on Research in Intelligent and Computing in
Engineering, popularly known as RICE 2019, was held on August 08–09, 2019 in
Hanoi University of Industry (HaUI), Hanoi, Vietnam.

The Fourth edition of RICE 2019, organized by the Electronic Engineering
Faculty of the HaUI, provides an international forum which brings together the
researchers as well as the industry practitioners, who are actively involved in the
research in fields of intelligent computing, data science, or any other emerging
trends related to the theme covered by this conference. RICE 2019 provided an
opportunity to account state-of-the-art works, to exchange ideas with other
researchers, and to gather knowledge on advancements in informatics and intelli-
gent systems, technologies, and applications.

This conference has technical paper sessions, invited talks, and panels organized
around the relevant theme. RICE 2019 was the event where the author had the
opportunity to meet some leading researchers, to learn about some innovative
research ideas and developments around the world, and to become familiar with
emerging trends in Science and Technology.

RICE 2019 received a huge response in terms of submission of papers across the
countries. RICE 2019 received papers from various countries outside Vietnam such
as India, China, Russia, Australia, New Zealand, and many more. The Organizing
Committee of RICE 2019 constituted a strong international program committee for
reviewing papers. A double-blind review process has been adopted. The decision
system adopted by EasyChair has been employed and 118 papers have been
selected after a thorough double-blind review process. The proceedings of the
conference will be published as one volume in Advances in Intelligent Systems and
Computing, Springer, indexed by ISI Proceedings, EI-Compendex, DBLP,
SCOPUS, Google Scholar, and Springerlink.

We convey our sincere gratitude to the authority of Springer for providing the
opportunity to publish the proceedings of RICE 2019.

To realize this conference in 2019, we really appreciate Hanoi University of
Industry to host the conference and to be continuously supporting the organization
team during the preparation as well as 2 days of the conference. In addition, we

v



would like to give a special thanks to Vintech City, a member of Vingroup, that has
supported the conference as a diamond sponsor. We would also like to thank the
financial support of ASIC Technologies to RICE 2019. Without their support, this
conference would have not been successful as the first time being held in Vietnam.

Our sincere gratitude to all keynote address presenters, invited speakers, session
chairs, and high officials in India and Vietnam for their gracious presence in the
campus on the occasion.

We would like to thank the keynote speaker as Prof. Vijender Kumar Solanki,
CMR Institute of Technology, Hyderabad, TS, India; Dr. Le Hoang Son, VNU,
Hanoi Vietnam; Dr. Kumbesan, Australia; Dr. P K Pttanaik, KIIT Bhubaneswar,
Odisha, India; Dr. Rashmi Agarwal, MRIIS, Haryana, India for giving their
excellent knowledge in the conference.

We would like to thank the reviewers for completing a big reviewing task in a
short span of time.

We would also like submit our sincere thanks to the program committee
members such as Dr. Le Van Thai, Dr. Hoang Manh Kha, Dr. Nguyen Thi Dieu
Linh, Dr. Phan Thi Thu Hang, Dr. Tong Van Luyen—Electronic Engineering
Faculty of the HaUI; Prof. Tran Duc Tan—Phenikaa University, Vietnam; and Dr.
Raghvendra Kumar, GIET University, Gunupur, Odisha, India for their efforts to
make congress success.

Moreover, we would like to thank all the authors who submitted papers to RICE
2019 and made a high-quality technical program possible. Finally, we acknowledge
the support received from the faculty members, scholars of Electronic Engineering
Faculty of the HaUI, officers, staffs, and the authority of Hanoi University of
Industry.

We hope that the articles will be useful for the researchers who are pursuing
research in the field of computer science, information technology, and related areas.
Practicing technologists would also find this volume to be a good source of
reference.

Hyderabad, India Vijender Kumar Solanki
Ha Noi, Vietnam Manh Kha Hoang
Huddersfield, UK Zhonghyu (Joan) Lu
Bhubaneswar, India Prasant Kumar Pattnaik
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Health-Care Paradigm and Classification
in IoT Ecosystem Using Big Data
Analytics: An Analytical Survey

Riya Biswas, Souvik Pal, Bikramjit Sarkar and Arindam Chakrabarty

Abstract The Indian healthcare system is in a dilapidated state. Healthcare is impor-
tant to society because people get ill. Healthcare is defined as the diagnosis, treatment,
prevention andmanagement of disease, illness and preservation of physical andmen-
tal well-being in humans. In our paper we have done healthcare surveys to analyze
the aspects. In this paper some aspects of IoT healthcare and big data analytics are
discussed Big data can be used for better health planning. It’s methodology can be
used for healthcare data analytics which helps in better decision making. IoT is the
fast developing wireless and web technologies sensors are used to predict the disease
supported on IoT are used to develop the healthcare sector. Hence it is assertive that
we do, various classifications in IOT are discussed. Hence it is assertive that we do
initial surveys on the concept of Big Data, on Healthcare aspects and IoT ecosystem
as how we can manage to handle large data files.

Keywords Big data · IoT · Healthcare device · IoT ecosystems

1 Introduction

Cumbrous amount of structured and unstructured data it is used to describe by Big
datawhich is a buzzword. Some characteristics ofBig data [1, 2]. As healthcare sector
is expanding extremely. The volume of produced data is rapidly expanding every year
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due to existence of unique technologies, appliance and transmission [3]. In the current
analysis of smart phones and wearable devices, endless figure of health data folder of
patient from various challenges continue featured by healthcare industry [4]. Mostly
complication arise where system proceed through divergent data sets [5, 6]. Various
aspects of IoT is being discussed in this paper i.e Cancer which is a unchecked
expansion unusual unit in any place in a body. Heart disease which is a dominating
to conditions to that action area that influenced our heart and affect diminish or clog
blood vessels. HIV/AIDS is a germ that mark and alter exempt system. Asthma is
one of the most common chronic diseases that has a intelligent impact on people’s
well-being and in our society. Diabetes is a scheme of metabolic diseases consist of
high blood sugar levels concluded lengthy season. For tracking the disease IoT are
implemented. IOT basically a model for interconnecting sensor which track, sensing,
process and diagnosis [7]. IOT basically composite of physical objects and domain
where enclosed device content across the internet [8, 9]. IoT assist self management
of disease. Over internet areas like health, Logistics, industry, security, agriculture
and environment etc are basically empowered by the IOT appliances [10].

In this paper, we are going to discuss literature survey and classification in the
Sect. 2. Section 3 deals with the analytical survey, table and policy design

1.1 Motivation

Big data is not only data it has turn into a entire subject, which involves different
device, approach and scheme. Big data is transformative attempt in day-day-life.
As in present day there is immense bulk of data, examining these acceptable sets
which encompass of structure and unstructured data of various type and size; big
data analytics grant the user to evaluate the impractical data to generate a faster and
superior judgment. It is establish that big data is calculated to expanding rapidly in
healthcare than in other sectors like manufacturing, financial services or media. Big
Data and Analytics as with the Internet of Things (IoT). The term big data is one
of burning technology. The big data analytics in healthcare covers assimilation and
investigation of huge amount of data of complicated heterogeneous data. since Big
Data can be advantage to consider user data and the prescribed assistance. It will
trying to design program that will allow health care to reach those area where access
to hospital was somewhat limited. IoT refers to the computerized intelligent curb
and direction of connected associated devices over boundless regions via sensors
and other computing capacity.

2 Classification and Analytical Survey

In this section, we will discuss the IoT-based healthcare paradigm and its classifica-
tion. We have also discussed the analytical survey in this related field.
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Fig. 1 Classification of IoT aspects

Figure 1 describes the different aspects of IoT-based healthcare. Chavan et al.
[9] discussed for creating, acquiring, comparing some technologies like Hadoop,
HDFS, Map Reduce, Pig, Hive, HBase are used here. Khan et al. [11] It describes
proposed data life cycle which utilize the technologies and nomenclature of Big data
management, investigating and scarceness. Nizam et al. [12] discussed that Big data
is a type of dataset which is very massive and complicated that get difficultly to
computing them exploiting traditional data processing applications. Chen et al. [13]
discussed Big data then study about the connected technologies i.e. cloud computing,
Internet Of Things, data centers and Hadoop. Archenaa et al. [14] deliver about
the perception of how we expose newly expose surplus. Prasad et al. [15] author
discussed that diabetes is one of the leading non-communicable disease. This system
will prophesy exploring algorithm in Hadoop/Map Reduce environment. Huzooree
et al. [16] author explains that Diabetes Mellitus (DM) is one of the starring health
hindrance about the world initiating national economical concern. King et al. [17]
author discussed that the asthma is characterized by hyper-responsiveness and can
be avert by convenient benefit of remedial assistant to conduct asthma charge. Alpert
et al. [18] author discussed that the heart failure is an developing public health
complication with huge morbidity and probity. Stewart et al. [19] author describes
the cardiovascular disease is a compelling and constantly-developing complication.
Simon et al. [20] author describes that the HIV-1 pandemic is a complex blend of
distinct contiguous. This paper brings on epidemiology. Bhatti et al. [21] author
describes that the exploration of the human immunodeficiency virus (HIV) as the
original organism of captured immunodeficiency disorder (AIDS). Constatine et al.
[10] the author described that breast cancer is one of the biggest fatal disease ofworld.
This paper proposed machine learning algorithm that for Big data analysis leading of
an map reduce and mahout. Priya et al. [22] author describes that in first phase, min
max normalization algorithm is enforced. Second phase by need of pso character
choice. In fourth phase the efficiency will be determined accepting root men square
value. Nahar et al. [23] initial forecast of liver disease is very crucial to deliver life
and holding appropriate step to curb the disease. Shandilya et al. [24] in the current
age automation medical field has develop into one of the favored affair of researcher
and cancer. This paper generate survey of such current research study that cause
usage of online and offline data for cancer classification. Alharam et al. [25] author
describes. The main aim of this paper is for conserving healthcare industry from
attack of cyber. Kumar et al. [26] author describes that traditional health center based
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approach healthcare is identified with the arrival of large precision sensors and IOT.
Kumbi et al. [27] author describes that the IOT is the leading network infrastructure
of shipment of connectivity, transportation Technology which is proposed healthcare
by the IOT.

3 Analysis of IoT Devices for Healthcare

See Table 1.

4 Policy Design and Constraints in Implementing in India

India seriously needs for reforms in their policy mix particularly in the field of health
sector. The world is preparing them to welcome and grab the opportunity matrix
that is emerging through the incorporation of 4th Industrial revolution. This is the
high time to prepare for optimal participation of Indian firms. The following policy
interventions may be exercised.

(i) The 4th Industrial revolution has brought gigantic opportunities in the field
of IoT, RFID led ecosystem primarily in the domain of health care sector.
The larger enterprises should concentrate in the new business domain as the
potential market opportunities are increasing day by day. The big firms or the
consortiumof large firmsmay invest onR&D in collaborationwith the premier
research organizations of the country. The govt. should encourage this mission
by offering some lucrative package like tax holiday or relief for the firm for
next three years. The firmsmay be incentivized by promoting SEZ or providing
subsidy.

(ii) The IndianMSMEsmust initiate to this call of the hour. Thefirmsmay introduce
their activities in the healthcare domain. As of now, there are various attempts
aremade to develop innovative branch of research augmenting various forms of
technology with the healthcare domain. The branch of biomedical engineering,
nano technology and electronic devices is being frequently used in the modern
health services. The MSMEs can identify a niche market specializing any of
the innovative techno-oriented direction and cutting-edge research which can
be converged in modern medical system.

(iii) The IoT based infrastructure can be conjugated with creating healthcare alarm-
ing devices. The psycho social behavioral pattern of a set of patients may be
studied and the common patterns may be digitally incepted in the IoT led
instruments in the line of censory device like e-nose, RFID censors for detect-
ing aroma or pigments and even the unnatural body movements to detect the
cases that comes under broader domain of ergonomics.
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Table 1 Features and benefits of IoT devices For healthcare

Sl. No. Disease IoT devices Features of IoT
device

Benefits

1 Cancer 1. Electronic-nose
2. Biosensor

1. Smart device,
authentic,
flexibility, quality
control
2. Quick,
authenticate
detection, decent,
observing of
angiogenesis,
cancer metastasis

1. The give off breath
of patients with lung
cancer characteristics
that can be with a
computerized nose
2. Biosensors can
catch whether a tumor
is exist, whether it is
favorable or cancerous

2 Heart disease 1. Smartphone
2. Heart beat sensor

1. Rapid analysis,
flat cost, familiar
2. Low-cost

1. The sensor associate
to a module in the
smart phone over the
audio jack
2. Heart attack
disclosure using Heart
Beat Sensor effort on
Photoplethysmography
(PPG) art.

3 Diabetes 1. Insulin pump
2. Gluco track

1. Flexibility,
predictable,
reducing wide
fluctuations in
blood glucose
2. Pain free,
Reading history
data, user
friendly, easy to
read data

1. It is a small,
automated device that
device that bear insulin
continuously all over
the day
2. A glucose
monitoring home
device sensor is used
to measure the
concentration blood.

4 Liver disease 1. MRI
2. e-nose

1. Images come,
approach organ
morphology,
physiology,
functions contrast
2. Alluring,
ancient and
marginally faucal
aroma of the emit
breath

1. MRI evaluate liver
function, usually
expressed via the
Child-Pugh score
2. e-nose could be a
authentic non-invasive
apparatus for
characterizing CLD

(continued)

(iv) In the era of big data analytics, the predictive analogy in the healthcare sector is
emergent to prevent it mammoth outcome on human civilization. The growing
concerns of environmental pollution have been challenging the very existence
of our civilization. The IoT based ecosystemmay be applied in a less expensive
manner to identify whether the region are crossing the vulnerable and critical
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Table 1 (continued)

Sl. No. Disease IoT devices Features of IoT
device

Benefits

5 HIV 1. Photonic crystal
(PC) biosensors
2. Novel
BioNanoSensor

1. Rapid,
sensitive, 100%
efficiency,
label-free,
2. Inexpensive,
portable, simple,
sense gases

1. Biosensors optical
detection method for
bimolecular, cells, and
viruses
2. BNS device that
employ automation to
identify the existence
of the HIV

6 Asthma 1. Bracelet
2. HET wristband

1. Authentic
measuring and
measure
2. Controlling
volatile organic
compounds,
circulatory
humidity and
temperature

1. It benefit wearers
anticipate a looming
asthma attack
2. It is a wearable
system that could
record framework to
forecast asthma attacks

level of pollutants so that appropriate measures can be prescribed. The device
may also identify the root causes or epicenter of such pollutants so that the
multiple stakeholders can intervene and address the issue.

To implement all such modern techniques, India should progress and con-
tribute in the age of Fourth Industrial Revolution. There are several inherent
constraints for its implementation particularly in Indian context.

1. The achievement in this new era of technology needs holistic, inclusive
and comprehensive growth in the field of technology, its availability, ease
of accessibility, technical knowhow for its use, capacity of investment and
overall dynamics of its adaptability in real life practice.

2. The IoT technology is the platform to facilitate the healthcare support but
the country desperately requires a basic infrastructural facility for health-
care services. The issues of malnutrition, vaccination, basic sanitation and
the most importantly the awareness of people in general etc have been
creating the stumbling block to achieve success in the cause of humanity.

5 Conclusion

In this literature survey, big data and its various concepts are included. The words big
data has been coined to depict this newness. This paper also defines the characteristics
of big data.With the advance of big data, we could answer questions that were beyond
research in the past, extract knowledge and insight from data. it is understood that
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every big data platform has its individual focus. Big data analytics in healthcare
is germinating into a promising field for affording acumen from very large data
sets and enhancing conclusion while compressing amount. Big Data today carry
a lot of promise for the healthcare sector. So, implementing healthcare analytics
with expeditious organization, and evolution of big data will make rapid and exact
diagnosis which will decrease blunder and bring convenient treatment. using. IoT
devices to handle their health requirements. To afford relevant cure to the patient,
symptoms are determined from the excessive number of data. Aspects of IoT have
been presented.

IoT can detect, determine, and accessed by devices like actuators, sensors or other
smart devices. In this paper a review on big data, healthcare, IoT usage in healthcare
has been presented.

References

1. Joshitta S (2016) Applications of big data analytics for diagnosing diabetic mellitus: issues and
challenges. Int J Recent Trends Eng Res 2:454–461

2. Emani CK, Cullot N, Nicolle C (2015) Understandable big data: a survey. In: LE2I UMR6306,
CNRS, ENSAM, Univ. Bourgogne Franche-Comté, F-21000 Dijon, Vol 17, Aug 2015, pp
70–81

3. Honest N, Patel A, Patel CM (2016) A survey of big data analytics. Int J Inf Sci Tech (IJIST)
6(1/2)

4. Pooja M, D Das (2016) Comparative analysis of IoT based healthcare architectures. Int J Appl
Eng Res 11(20):10216–10221. ISSN 0973-4562

5. Gaitanou P, Garoufallou E, Balatsoukas P (2014) The effectiveness of big data in health care:
a systematic review. In: Closs S et al (eds) MTSR 2014, CCIS 478, pp 141–153

6. Thara DK, Premasudha BG, Ram VR, Suma R (729–735) Impact of big data in healthcare:
a survey. In: 2016 2nd international conference on contemporary computing and informatics
(IC3I), Noida, pp 729–735

7. Alelyani S, Ibrahim A (2018) Internet-of-things in telemedicine for diabetes management. In:
2018 15th learning and technology conference (L&T), Jeddah, pp 20–23

8. Azzawi MA, Hassan R, Bakar KAA (2016) A review on Internet of Things (IoT) in healthcare.
Int J Appl Eng Res 11(20):10216–10221. ISSN 0973-4562

9. Chavan V, Phursule RN et al (2014) Survey paper on Big Data. Int J Comput Sci Inf Technol
(IJCSIT) 5(6):7932–7939

10. Constantine R, BatoucheM (2015) Drug discovery for breast cancer based on big data analytics
techniques. In: 2015 5th international conference on information& communication technology
and accessibility (ICTA), Marrakech, pp 1–6

11. Khan N, Yaqoob I, Hashem IAT, Inayat Z, Kamaleldin W, Ali M, Alam M, Shiraz M, Gani1
A (2014) Big data: survey, technologies, opportunities, and challenges. Hindawi Publishing
Corporatione Sci World J 18

12. Nizam T, Hassan SI (2017) Big data: a survey paper on big data innovation and its technology.
Int J Adv Res Comput Sci 8(5):2173–2177

13. Chen M, Mao S, Liu Y (2014) Big data: a survey. Mob Netw Appl 19:171–209
14. Archenaa J, Anita EAM (2015) A survey of big data analytics in healthcare and government.

Procedia Comput Sci 50:408–413
15. Prasad ST, Sangavi S, Deepa A, Sairabanu F, Ragasudha R (2017) Diabetic data analysis in big

data with predictive method. In: 2017 international conference on algorithms, methodology,
models and applications in emerging technologies (ICAMMAET), Chennai, pp 1–4



268 R. Biswas et al.

16. HuzooreeG,KhedoKK, JoonasN (2017)Glucose prediction data analytics for diabetic patients
monitoring. In: 2017 1st international conference on next generation computing applications
(NextComp), Mauritius, pp 188–195

17. King TE Jr (1999) A new look at the pathophysiology of asthma. J Natl Med Assoc 91(8
Suppl):9S–15S

18. Norman R. Alpert • David M. Warshaw”, Human Heart Failure: Dilated Versus Familial
Hypertrophic Cardiomyopathy” 2003

19. Stewart J, Manmathan G, Wilkinson P (2017) Primary prevention of cardiovascular disease: a
review of contemporary guidance and literature

20. SimonVet al (2006)HIV/AIDS epidemiology, pathogenesis, prevention, and treatment. Lancet
(London, England) 368:9534

21. Bhatti AB et al (2016) Current scenario of HIV/AIDS, treatment options, and major challenges
with compliance to antiretroviral therapy. Cureus 8(3):e515

22. Banu Priya M, Laura Juliet P, Tamilselvi PR (2018) Performance analysis of liver disease
prediction using machine learning algorithms 05(01)

23. Nahar N, Ara F (2018) Liver disease prediction by using different decision tree techniques. Int
J Data Min Knowl Manag Process (IJDKP) 8(2)

24. Shandilya S, Chandankhede C (2017) Survey on recent cancer classification systems for cancer
diagnosis. In: 2017 International conference on wireless communications, signal processing
and networking (WiSPNET), Chennai, pp 2590–2594

25. AlharamAK,El-madanyW(2017)Complexity of cyber security architecture for IoThealthcare
industry: a comparative study. In: The proceedings of 2017 5th international conference on
future internet of things and cloud workshops

26. KumarN (2017) IoT architecture and systemdesign for healthcare systems. In: The proceedings
of 2017 international conference on smart technology for smart nation

27. Kumbi A, Naik P, Katti KC, Kotin K (2017) A survey paper on internet of things based
healthcare system

























































 



https://in.sagepub.com/en-in/sas/social-sector-development-in-north-east-india/book276594 Page 1

Social Sector Development in North-East India
Edited by:

Ashok Pankaj - Professor and former Director at the Council for Social
Development, New Delhi
Atul Sarma - Chairman of the OKD Institute for Social Change and
Development, Guwahati
Antora Borah - Research Associate at the Council for Social Development,
New Delhi

December 2020 | SAGE India

Format Published Date ISBN Price

Hardback 12/01/2020 9789353885328 ₹1,595.00

Social Sector Development in North-east India is the first comprehensive book that makes a strong
case for people-centric social sector development of North-east India. This book argues that human capital
formation through social sector development should be the strategic goal of development of this region, as
the prospect for service sector development is much higher compared to that of the primary and
secondary sectors. This needs a course correction in the erstwhile approaches of development, which has
been driven by political and strategic considerations such as national security and the territorial integrity
of India. This book advances an argument for a shift in approach of development policy from top-down,
infrastructure-focused to bottom-up, people-centric and social sector development-focused. It also
critiques the mainstream understanding of North-east India that treats it as a geographical entity and a
monolithic socio-cultural society, ignoring its rich ethnic diversities, cultural pluralities and regional
variations.

Table Of Contents: 

 

Preface

 

SECTION I Introduction

https://in.sagepub.com/en-in/sas/author/ashok-pankaj-1
https://in.sagepub.com/en-in/sas/author/atul-sarma-1
https://in.sagepub.com/en-in/sas/author/antora-borah


https://in.sagepub.com/en-in/sas/social-sector-development-in-north-east-india/book276594 Page 2

Ashok Pankaj, Atul Sarma and Antora Borah

Social Sector Development in North-east India

 

SECTION II Contexts

Chandan Kumar Sharma

Contextualizing Social Development in North-east India

Bimal Kumar Kar and Suli Yohana Ayemi

Demographic Changes in North-east India: Inter-temporal Variations in Population Growth and Composition

 

SECTION III Education

Saket Kushwaha, Sushanta Kumar Nayak and Jumi Kalita

Status of School Education in North-east India

Nirmali Goswami

Contextualizing Educational Attainment in Assam: Reflecting on ‘Gender Gap

Jayashree Doley

Education, Modernity and Tribal Identities: Narratives of Schooling from Mishing Youths of Assam

 

SECTION IV Health

Sushanta Kumar Nayak and Geling Modi

Accessibility to Health Services in North-east India

Surajit Deb

Child Malnutrition in North-east India

 

SECTION V Poverty, Unemployment and Food Security



https://in.sagepub.com/en-in/sas/social-sector-development-in-north-east-india/book276594 Page 3

Joydeep Baruah

Poverty in North-east India: An Overview

Kalyan Das

Unemployment and Outmigration for Work from North-east India: How Does It Ensure Well-being?

Rajshree Bedamatta and Mahsina Rahman

Public Food Distribution System in Riverine Villages of Assam—A Cross-section Analysis

 

SECTION VI Governance

Bhupen Sarmah and Joseph K. Lalfakzuala

Nation State and North-east India: From Exclusion to Autonomy

Vanlalchhawna

Fiscal Decentralization and Development: A Study of Autonomous District Councils in Mizoram

Thongkholal Haokip

Making a Case for the Formation of Regional Councils within Sixth Schedule Area

 

SECTION VII Challenges

Patricia Mukhim

Unique Challenges to Social Sector Development in North-east India: An Insider’s Perspective

 

Index

About the author(s): 



https://in.sagepub.com/en-in/sas/social-sector-development-in-north-east-india/book276594 Page 1

Social Sector Development in North-East India
Edited by:

Ashok Pankaj - Professor and former Director at the Council for Social
Development, New Delhi
Atul Sarma - Chairman of the OKD Institute for Social Change and
Development, Guwahati
Antora Borah - Research Associate at the Council for Social Development,
New Delhi

December 2020 | SAGE India

Format Published Date ISBN Price

Hardback 12/01/2020 9789353885328 ₹1,595.00

Social Sector Development in North-east India is the first comprehensive book that makes a strong
case for people-centric social sector development of North-east India. This book argues that human capital
formation through social sector development should be the strategic goal of development of this region, as
the prospect for service sector development is much higher compared to that of the primary and
secondary sectors. This needs a course correction in the erstwhile approaches of development, which has
been driven by political and strategic considerations such as national security and the territorial integrity
of India. This book advances an argument for a shift in approach of development policy from top-down,
infrastructure-focused to bottom-up, people-centric and social sector development-focused. It also
critiques the mainstream understanding of North-east India that treats it as a geographical entity and a
monolithic socio-cultural society, ignoring its rich ethnic diversities, cultural pluralities and regional
variations.

Table Of Contents: 

 

Preface

 

SECTION I Introduction

https://in.sagepub.com/en-in/sas/author/ashok-pankaj-1
https://in.sagepub.com/en-in/sas/author/atul-sarma-1
https://in.sagepub.com/en-in/sas/author/antora-borah


https://in.sagepub.com/en-in/sas/social-sector-development-in-north-east-india/book276594 Page 2

Ashok Pankaj, Atul Sarma and Antora Borah

Social Sector Development in North-east India

 

SECTION II Contexts

Chandan Kumar Sharma

Contextualizing Social Development in North-east India

Bimal Kumar Kar and Suli Yohana Ayemi

Demographic Changes in North-east India: Inter-temporal Variations in Population Growth and Composition

 

SECTION III Education

Saket Kushwaha, Sushanta Kumar Nayak and Jumi Kalita

Status of School Education in North-east India

Nirmali Goswami

Contextualizing Educational Attainment in Assam: Reflecting on ‘Gender Gap

Jayashree Doley

Education, Modernity and Tribal Identities: Narratives of Schooling from Mishing Youths of Assam

 

SECTION IV Health

Sushanta Kumar Nayak and Geling Modi

Accessibility to Health Services in North-east India

Surajit Deb

Child Malnutrition in North-east India

 

SECTION V Poverty, Unemployment and Food Security



https://in.sagepub.com/en-in/sas/social-sector-development-in-north-east-india/book276594 Page 3

Joydeep Baruah

Poverty in North-east India: An Overview

Kalyan Das

Unemployment and Outmigration for Work from North-east India: How Does It Ensure Well-being?

Rajshree Bedamatta and Mahsina Rahman

Public Food Distribution System in Riverine Villages of Assam—A Cross-section Analysis

 

SECTION VI Governance

Bhupen Sarmah and Joseph K. Lalfakzuala

Nation State and North-east India: From Exclusion to Autonomy

Vanlalchhawna

Fiscal Decentralization and Development: A Study of Autonomous District Councils in Mizoram

Thongkholal Haokip

Making a Case for the Formation of Regional Councils within Sixth Schedule Area

 

SECTION VII Challenges

Patricia Mukhim

Unique Challenges to Social Sector Development in North-east India: An Insider’s Perspective

 

Index

About the author(s): 











Flowering Plant Diversity in the Alpine 
Regions of Eastern Himalaya

DIPANKAR BORAH*, A. P. DAS, SUMPAM TANGJANG, and  
TONLONG WANGPAN

Department of Botany, Rajiv Gandhi University, Rono Hills,  
Doimukh 791 112, Arunachal Pradesh, India,  
*E-mail: dipankarborah085@gmail.com

CHAPTER 8

ABSTRACT

The Himalayas form a graceful and vast abode of floristic and faunal 
elements and also represent diverse human cultures spreading through 
its length and breadth. Eastern Himalayas, a biodiversity hotspot is not 
only a home to the world’s highest mountains but is also amongst the 
highest diversity rich areas of the world. The easternmost part of the 
Indian Himalayas harbors many special vegetation types, depending upon 
altitudinal and climatological stratification. Arunachal Pradesh is one of 
the richest states in the region in terms of biodiversity, owing to its unique 
geographical position and altitudinal gradients. The article ventures 
preliminary account of flowering plant diversity of Nagula wetland 
complex of Arunachal Pradesh, which has more than 100 alpine freshwater 
lakes fed by melting snow. The altitude ranges from 3,500–4,500 meters 
above mean sea level. The study recorded a total of 106 species, falling 
under 68 genera and 32 families. Asteraceae is the most dominant family 
followed by Orobanchaceae, Gentianaceae, etc. If the area’s natural 
vegetation is conserved without any disturbance that will maintain not 
only the pristine beauty but also the rich and original biological elements 
of the area. A high proportion of angiosperms of this area can be adopted 
for ornamental gardens, and some others can be tested for their medicinal 
properties.





Status of Medicinal Plants in Context
of Arunachal Pradesh 4
Tonlong Wangpan and Sumpam Tangjang

Abstract
The ethnomedicinal use of plants is one of the most successful criteria used by the
pharmaceutical industry in finding new therapeutic agents for the various fields of
biomedicine. There are more than one-tenth of plant species used in drugs and
health products, with more than 50,000 species being used worldwide. Arunachal
Pradesh alone has recorded more than 500 species of medicinal plants used by
traditional herbal practitioners. These knowledge are generally passed down
orally. About 70% of the herbalists are from old generation, which shows that
this wisdom in the young generation is degrading fast due to rapid modernization.
Unfortunately, medicinal plant resources are being harvested haphazardly in
increasing volumes from its native habitat. Recently, various sets of
recommendations relating to the conservation of medicinal plants have been
developed, such as providing both in situ and ex situ conservation. Also, the
policymaker of the state has come up with several plans with an idea of conser-
vation of these plants, such as Herbal Garden, State CAMPA, Demonstration
plot, Demonstration plot cum Nursery and MPCA (Medicinal Plants Conserva-
tion Area). The plants used in traditional medicines are potential source of
therapeutics aids and have significant role in rural healthcare system all over
the world. There is a vast scope for Arunachal Pradesh to emerge as a major
player in the global herbal product-based medicine, owing to its rich biological
resources. Therefore, it requires urgent systematic investigation using biotechno-
logical tools to authenticate and develop new novel drugs from the rich
bio-resources of the region.
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4.1 Introduction

The ethnomedicine is a complex multidisciplinary system constituting the use of
plants, spirituality and the natural environment which has been the source of healing
for ages. Research interest and activities in the area of ethnomedicine have increased
tremendously in the last decade. Since the inception of the discipline, scientific
research in ethnomedicine has made important contribution to the understanding of
traditional subsistence, medical knowledge and practice. However, it is interesting to
note that the ethnomedicinal use of plants is one of the most successful criteria used
by the pharmaceutical industry in finding new therapeutic agents for the various
fields of biomedicine. Today about 80% of the world’s population rely predomi-
nantly on traditional medicinal plants and plant extracts for healthcare. According to
data released by the World Health Organization (WHO 2002), ethnomedicine has
maintained its popularity in all regions of the developing world, and its usefulness is
rapidly expanding in the industrialized countries. The systematic study of medicinal
and aromatic plant has been gaining its importance and momentum after the UN
Convention on Biological Diversity (1992) wherein due importance has been given
for systematic botanical and ethnomedicobotanical researches which include sys-
tematic documentation, conservation and sustainable utilization at global level.

WHO Geneva draft guideline on traditional medicine strategy (2004) revealed
that 80% of global population depend on herbal medicine, mostly of botanical
origin. The declaration further serves as directives to the member nations for
systematic research, collection and harvesting of aromatic and medicinal plant
resources. Medicinal plants have played an essential role in the development of
present healthcare systems. Since many decades, man has relied on traditional
medicinal plants for curing and preventing ailments, including the elevation of
both physical and spiritual well-being. The use of herbal medicines to treat disease
is almost universal among the many tribal societies, and the integrity and healing
properties of these herbs were explored and witnessed by several people as well as
many researches since ages. Likewise, herbal drugs were basis of Indian and Chinese
medicine for millennia. Being considered as one of the 17 mega biodiversity
countries of the world, India is rich in its biological resources. It has rich vegetation
of more than 50,000 plant species of which about 20,000 plants have medicinal
values. However, the traditional practitioners may be using more than the official
statistics in preparation of herbal formulation. According to the report of WHO
(World Health Organization), 80% of world population still depends on traditional
medicines owing to its efficiency, safety, cost-effectiveness and easy accessibility. In
this region, most herbal practitioners formulate and dispense their own recipes which
seek attention of researchers for proper documentation and scientific intervention.
North-eastern part of India, with richest reservoir of diversity of plants, is one of the
biodiversity hotspots. Also, this region is known for diversified culture of inhabiting
ethnic tribal communities.

The state of Arunachal Pradesh with total geographical area of 83,743km2 lies in
between latitude 26! 300 N and 29! 300 N and longitude 91! 300 E and 97! 300 E. The
entire East Himalayan region including Arunachal Himalaya has been rated as one of
the top 12th global biodiversity hotspots. Due to its unique topography, the forest of
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Arunachal Pradesh is a hub centre of medicinal and aromatic plants, and the state
comprises of all the characteristic vegetation type of the country. The state is also
known for its rich and veritable cultural heritage wherein 26 major tribe and
110 subtribe living in close association with nature. The indigenous medicinal
knowledge of Arunachal Pradesh has been found to be very rich and diverse
among the tribes (Tag and Das 2006). The tribal population of this region possess
treasured traditional knowledge since the time immemorial. This knowledge is
completely based on their needs, instinct, observation, trials, errors and long-term
personal experiences. Further, the traditional knowledge have always been devel-
oped, enhanced and passed on from one generation to the next, playing a vital role in
the lives of these rural folks. In recent decade, plant-based medicine has gained its
popularity worldwide because of their better cultural acceptability, compatibility and
lesser side effect in comparison to its allopathic counterpart. The therapeutic activity
of these herbs has made a significant contribution in the advancement of several local
herbal therapies, but such folk traditional system is waning fast with the impact of
modernity. Also, the increasing pressure from un-systemic harvesting, expansion of
agricultural land, urbanization and other anthropogenic activities have further
exploited the traditional herbal therapies.

4.2 Literature on Status of Medicinal Plants Research
in Arunachal Pradesh

Arunachal Pradesh is known for its rich of medicinal plant heritage in nature. Such
vast diversity at species level in medicinal plants sector confers scopes for priorities
research in the state. Jain (1987) initiated some ethnobotanical research in Arunachal
Himalaya. Subsequent documentation work on medicinal and ethnobotanical line
was carried out in state by Hajra et al. (1996), wherein they mentioned 76 medicinal
plants used by the Monpa tribe of the state. Tag et al. (2008) and Das (1986) reported
ethnobotanical heritage of the Adi tribe of East Siang District wherein he also
reported some significant medicinal species used by the tribes. The unexplored
traditional knowledge relating to the diverse use of medicinal plant need to be
documented with methodological rigour. Murtem (2000) reported some 25 species
of wild edible plants of Nyishi tribe from Subansiri and Papum Pare District. Tag and
Das (2004) documented 28 species of ethnobotanical plant used by Hill Miri
(Nyishi) tribe of middle Subansiri which includes medicinal plants used in curing
various ailments. Kala (2005) reported ethnomedicinal botany of the Apatani of
Subansiri District wherein he mentioned 158 species of medicinal plant distributed
across 73 families and 124 genera. Das and Tag (2005) reported 45 species of
ethnomedicinal used by the Khamti tribe of Lohit District. They have reported five
antimalarial plants four species in bone fracture, three species in anaemia and two
species in snakebite, cancer, reproductive health and rabies and one plant each in
tuberculosis, diabetes and jaundice, and the rest are used for curing different
ailments. Hussain and Hore (2008) have mentioned 64 species of medicinal and
aromatics plant distributed over 45 genera and 36 families that were collected from
6 districts of Arunachal Pradesh. Sarmah et al. (2008) reported 63 medicinal plant
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used by the Chakma community residing in the northwestern periphery of
Namdapha National Park in curing various diseases. Kar and Borthakur (2008)
dealt with 35 plant species use against dysentery, diarrhoea and cholera from
erstwhile undivided Kameng District of Arunachal Pradesh wherein they
emphasized on conservation of indigenous plant wealth through commercial culti-
vation and also for developing new and more efficacious remedies. Tag et al. (2009)
highlighted diversity and distribution of ethnomedicinal plant used by the Adi tribe
in East Siang District of Arunachal Pradesh, wherein they mentioned 41 species of
ethnomedicinal plants belonging to 39 genera clubbed within 28 families that are
mostly used in human and animal healthcare system among the rural Adi folk of East
Siang District. Sen et al. (2009) reported 37 plant species belonging to 29 families
used by Khamptis of Arunachal Pradesh used in traditional healthcare practices. Cut
and wound, pain and inflammation caused by the insects and accidental injuries are
one of the common ailments faced by the tribes of tropical and subtropical Arunachal
Himalaya. In this line, Namsa et al. (2009) reported 34 species of anti-inflammatory
plants used by the Khamti tribe of Lohit District. Tag et al. (2009) evaluated anti-
inflammatory potential of Chloranthus species used by the Khamti tribe through
mouse model experiment. Goswami et al. (2009) reported 10 medicinal plant used
by Tagin tribe for curing dysentery, while Srivastava (2009) investigated medicinal
plants of Adi tribe and reported 108 species of plant used in their day-to-day life.
Kato and Gopi (2009) reported 12 species of insect that is used as edible food, but
there is no proper documentation of plant species that is used for medicinal purpose
in Galo tribe. Kagyung et al. (2010) mentioned 44 plant species belonging to
31 families used in treatment of various gastrointestinal diseases from Arunachal
Himalaya. Doley et al. (2010) reported 15 species of lesser known ethnomedicinal
plant used by the Nyishi community of Papum Pare District, while Shrivastava et al.
(2010) appraised various uses of 106 plant species used among the Apatani tribe as
food and ethnomedicine and for handicraft, hunting and cultural purposes. Panda
and Srivastava (2010) reported new ethnomedicinal uses of seven species of
Ericaceae by the people of Aka tribe of Jamiri, Nepalese of Dedza village and
Bomdila and Dirang Monpas or Drangangpa of Bomdila in West Kameng District.
Tangjang et al. (2011) reported 74 medicinal plants species from Tirap, Lower
Dibang Valley and Papum Pare District of Arunachal Pradesh, Eastern Himalayan
region. Khongsai et al. (2011) presented their cross-cultural ethnobotanical report on
Apatani, Monpa, Sinpho, Nyishi, Tangsa, Padam and Idu tribe of Arunachal
Pradesh, but they could quantify the data in quantitative ethnobotanical approach.

4.3 Diversity and Utility of Medicinal Plants in Arunachal
Pradesh

More than one-tenth of plant species are used in drugs and health products, with
more than 50,000 species being used (Chen et al. 2016). China and India have the
highest numbers of medicinal plants used, with 11,146 and 7500 species, respec-
tively (Rafieian-Kopaei 2013). Arunachal Pradesh alone has recorded 5000 species
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of angiosperms, of which more than 500 species of medicinal plants are reported
from the state (Murtem 2000; Haridasan et al. 2003). Table 4.1 contains some of the
important medicinal plants commonly used by the tribal community of this region.

4.4 Practitioners Eminence Knowledge

Traditional knowledge of the remedies is passed down orally, without any written
records. About 70% of the herbalists are from old generation, strongly bonded with
their traditional knowledge. The traditional wisdom in the young generation of most
of the tribes is degrading fast due to the wind of modernization. Younger generations
are least concerned about their ancestral wisdom. Herbal practitioners among the
tribe being mostly marginal farmers, having very little income from their agriculture
produce earn their sustenance partly from selling their herbal preparations. They
collect the plants used in herbal preparation mostly collected from the forest.
However, some expert practitioners have their own herbal garden. Thus, for such
practitioners, the degree of dependence on the forest resources becomes partial.

4.5 Conservation Strategies and Sustainable Management
of Medicinal Plants

The local communities are chiefly dependent on the traditional healthcare system,
while the medicinal plants required in traditional therapy are mostly confined in the
core of forest area. Unfortunately, medicinal plant resources are being harvested
haphazardly in increasing volumes from its native habitat, which forced the
policymaker to come up with an idea of conservation of these plants. Recently,
conservation efforts have been initiated by State Medicinal Plants Board on conser-
vation of endangered and endemic medicinal plants (Fig. 4.1). There are several
ongoing projects on such plants including Coptis teeta, Taxus baccata and Paris
polyphylla in several locations, while several projects were already completed such
as Herbal Garden, State CAMPA, Demonstration plot, Demonstration plot cum
Nursery and MPCA (Medicinal Plants Conservation Area). So, the in situ conserva-
tion approach of these plants in their local habitat is the need of an hour, before it is
too late in our endeavour, with the help of local communities. Also, encouraging the
local communities ex situ conservation of these medicinal plants would help them in
deriving their livelihood, raising their living standard. Therefore, it is apparent that
medicinal plants proffer with the low-cost investment and high-value income gener-
ation involving local communities in conserving medicinal plants would be a noble
initiative of recent developments in researches.

Various sets of recommendations relating to the conservation of medicinal plants
have been developed, such as providing both in situ and ex situ conservation.
Natural reserves and wild nurseries are typical examples to retain the medical
efficacy of plants in situ (or in their natural habitats), while botanic gardens and
seed banks are important paradigms for ex situ conservation.
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Table 4.1 Common medicinal plants of Arunachal Pradesh used in preparation of herbal formu-
lation of traditional medicines

Sl.
no. Botanical name Family Utility
1. Abroma augusta (L.)

L.f.
Rubiaceae Stomach ache, dysentery and vomiting

2. Achyranthes aspera L. Amarnanthaceae Malaria
3. Achyranthes bidentata

Blume
Amaranthaceae Plant is diuretic and astringent

4. Aconitum ferox Wall. Ranunculaceae Underground roots and tubers are used
in arrow poisoning by local hunters

5. Acorus calamus L. Araceae Rhizome is used in respiratory disorders
6. Adiantum capillus-

veneris Linn.
Adiantaceae Plant is used in cough

7. Aegle marmelos
Correa

Rutaceae Fruit is used in diarrhoea and dysentery

8. Ageratum conyzoides Asteraceae Blood flow, dysentery and diarrhoea,
wound healer, veterinary, fish poison

9. Ajuga integrifolia
Buch.-Ham.

Lamiaceae Malaria

10. Alangium alpinum
(C.B. Clarke) W.W.
Sm. & Cave

Cornaceae Used in abdomen of child to deworming

11. Allium hookeri Linn. Liliaceae Skin diseases, veterinary, bone fracture
12. Allium sativum Linn. Liliaceae Bone fracture and malaria
13. Alnus nepalensis Betulaceae Disinfectant, diuretic, reduce swelling,

prevent excessive sweating, also used for
carpentry

14. Aloe barbadensis Liliaceae Burns and cut, applied in face for
smoother skin, anti-inflammatory,
dermatitis

15. Aloe vera (L.) Burm.f. Xanthorrhoeaceae Acid reflux
16. Alpinia nigra Zingiberaceae Analgesic, appetizer, antifungal,

jaundice, gastric ulcer, diuretic,
expectorant, anti- inflammatory

17. Alstonia scholaris (L.)
R. Br.

Apocynaceae Snakebite, skin diseases, malaria and
inflammation

18. Amaranthus spinosus
L.

Amaranthaceae Stomach ache, constipation

19. Amomum
subulatum Roxb.

Zingiberaceae Fruit is used in cough and stomachic
disorders

20. Andrographis
paniculata (Burm.
f.) Nees.

Acanthaceae Malaria

21. Anthocephalus
chinensis (Lam.)
A. Rich. Ex. Wall.

Rubiaceae Plant is used as tonic in dysentery and
spleen disorders

22. Argyreia nervosa Convolvulaceae Malaria

(continued)
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Table 4.1 (continued)

Sl.
no. Botanical name Family Utility
23. Argyreia nervosa

(Blume.) Boj.
Convolvulaceae Rheumatism and as tonic, wounds and

malaria
24. Arisaema

consanguineum
Araceae Locally used for arrow poisoning for

hunting
25. Artemisia nilagirica Asteraceae In headache and stomach pain, used as

vegetable, to get relief from asthma
26. Artemisia indica

Willd.
Asteraceae Malaria

27. Artemisia nilagirica
(Clarke) Pamp.

Asteraceae Wounds, cuts, scabies and
inflammations

28. Artemisia vulgaris L. Asteraceae Root is used as tonic; plant is used as
anthelmintic

29. Arundina graminifolia
(D.Don) Hochr.

Orchidaceae Intestinal biliary colic, abdominal pain

30. Asplenium phyllitidis Aspleniaceae Antioxidant, antimicrobial, locally used
for decoration in local festival

31. Azadirachta indica
A. Juss

Meliaceae Stomach disorder, diarrhoea and malaria

32. Baliospermum
calycinum

Euphorbiaceae Purgative, stimulant, antidote in
snakebite, asthma, jaundice, gastric
problem, gout and rheumatism,
toothache

33. Bambusa tulda Poaceae Bamboo shoots are consumed as integral
part of diet

34. Bauhinia purpuea L. Caesalpiniaceae Stem bark is used in throat disorder,
worm infestation

35. Bauhinia variegata Fabaceae Asthma, ulcer, digestive problem,
antioxidant, locally also used as spies

36. Begonia josephii
A. DC.

Begoniaceae Dysentery

37. Berberis aristata DC Berberidaceae Root bark is used in diabetes, jaundice
and leucoderma

38. Bidens pilosa Linn. Asteraceae Wounds and skin inflammations
39. Blumea adamsii J.-P.

Lebrun & Stork
Compositae Constipation

40. Bombax ceiba L. Bombaxaceae Root and stem bark are aphrodisiac,
stimulant

41. Brassica
campestris Linn.

Brassicaceae Oil from seed along with ginger,
turmeric, garlic used in various ailments

42. Brassica rapa L. Brassicaceae Bladder inflammation
43. Bryophyllum adelae

(Hamet) A.Berger
Crassulaceae Dysentery

44. Bryophyllum
calycinum Salisb.

Crassulaceae Leaf juice is used in kidney stone and
urinary disorders

45. Buddleja
asiatica Lour.

Scrophulariaceae Diarrhoea, beverages fermentation

(continued)
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Table 4.1 (continued)

Sl.
no. Botanical name Family Utility
46. Calamus inermis Arecaceae Malaria
47. Callicarpa arborea Verbenaceae Insect repellent, skin diseases, scorpion

sting, also used in toothache
48. Callicarpa

macrophylla Vahl
Verbenaceae Fruit is used in blood dysentery and skin

diseases
49. Calotropis gigantea

(L.) R.Br. ex Ait
Asclepiadaceae Flowers are used in cough; root as

Rasayana
50. Campylandra

aurantiaca Wall
Liliaceae Indigestion

51. Cannabis sativa L. Cannabinaceae Plant leaf is used in digestion and
dysentery

52. Cannabis sativa Cannabaceae Stomach disorder, hypnotic, sedative,
anti- inflammatory, analgesic, nausea,
vomiting, hallucinogenic

53. Carica papaya L. Caricaceae Malaria and gastric
54. Cassia alata L. Caesalpiniaceae Leaf is used in ring worm; leaf decoction

is used in bronchitis and asthma
55. Cassia fistula Linn. Caesalpiniaceae Leaves and seeds are laxative. Leaf juice

is used in skin diseases
56. Cassia tora Linn. Caesalpiniaceae Leaf paste and oil are used in skin

diseases
57. Centella asiatica (L.)

Urban
Apiaceae Plant is used in arthritis, diabetes, blood

disorders and brain tonic
58. Cephalanthus

occidentalis L.
Caesalpiniacae Plant is digestive and used in skin

diseases, fever and cough
59. Chenopodium album Chenopodiaceae Locally used in preparing local wine and

also eat as a vegetable
60. Chromolaena

odoratum
Asteraceae Wound healing, relieve pain, anti-

gonorrheal, diuretic, skin disease
61. Chrysanthemum

indicum
Compositae Chest pain, prostate cancer, antidiabetic,

stomach ache, fever, dysentery, cold,
swelling

62. Cinnamomum
camphora Nees
Eberm.

Lauraceae Leaf is useful in diarrhoea and skin
diseases

63. Cinnamomum tamala
Nees Eberm.

Lauraceae Leaf is used in cough, digestion and
diabetes

64. Cissampelos pareira
L.

Menispermaceae Root is bitter, diuretic and useful in fever
and dysentery

65. Citrus indica Tanaka. Rutaceae Face pimples removal
66. Citrus limon L. (Linn.)

Burm.
Rutaceae Dysentery, dehydration and stomachic

trouble and liver problem
67. Citrus maxima

(Burm.) Merrill.
Rutaceae Fruit is digestive and cardiotonic
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Table 4.1 (continued)

Sl.
no. Botanical name Family Utility
68. Citrus medica Rutaceae Treatment of scurvy, intestinal ailments,

antidote, anticancer, weak eyesight,
vomiting, skin diseases, haemorrhoids

69. Citrus reticulata
Blanco

Rutaceae Fruit juice is used in rheumatism, fever,
blood disorder and digestion

70. Citrus sinensis (L.)
Osbeck

Rutaceae Kidney stone problem

71. Clerodendrum
colebrookianum Walp.

Verbenaceae High blood pressure, stomach disorder,
headache

72. Clerodendrum
glandulosum Lin dl.

Lamiaceae Malaria

73. Clerodendrum
serratum (Linn.)
Moon

Verbenaceae Root is useful in malaria

74. Colocasia esculenta Araceae Fever and cough, petiole juice is used as
styptic and stimulant

75. Coptis teeta Wall. Ranunculaceae Malaria, fever, jaundice, stomach ache,
liver diseases, hypertension and diabetes

76. Costus speciosus
(Keon.) Sm.

Zingberaceae Rhizome is used as worm repellent and
blood purifier

77. Crassocephalum
crepidioides

Asteraceae Antimalarial, analgesic, epileptic,
wound bleeding, headache

78. Crotolaria juncea L. Fabaceae Seeds, leaves are used in insanity, fever
with catarrhal

79. Curcuma caesia Roxb. Zingibaraceae Rituals and pimple removal
80. Curcuma longa L. Zingiberaceae Stomach ache
81. Cyclosorus parasiticus Thelypteridaceae Gout and rheumatism, anthelmintic,

antifungal and antibacterial
82. Datura stramonium L. Solanaceae Leaves are used as narcotic, sedative and

diuretic
83. Debregeasia longifolia Urticaceae Antitumours, rheumatism; juice is

applied to the areas of the skin affected
by scabies

84. Dendrocalamus
strictus Nees.

Poaceae Wound or cut

85. Dillenia indica Linn. Dilleniaceae Fruit is used to improve appetite, heart
fever, cough and mouth disease

86. Dioscorea alata Linn. Dioscoreaceae Gastritis
87. Dioscorea bulbifera L. Dioscoreaceae Root is aphrodisiac and tonic
88. Dioscorea floribunda Dioscoreaceae Intestine diverticulosis, gall bladder

pain, for increasing, energy, rheumatoid
arthritis

89. Dioscorea pentaphylla
L.

Dioscoreaceae Root is aphrodisiac and tonic

90. Drymaria cordata (L.)
Willd. ex Schult.

Caryophyllaceae Vomiting

(continued)
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Table 4.1 (continued)

Sl.
no. Botanical name Family Utility
91. Drymaria diandra

Blume
Caryophyllaceae Plant juice is laxative and ant febrile

92. Elaeocarpus
floribundus Blume

Elaeocarpaceae Bark and leaf infusion is used as mouth
wash for inflamed gums. Fruit is rich
source of vitamin C and digestive

93. Eleusine coracana Poaceae Cough, cold, congestion, antimicrobial,
anti- inflammatory, food preservative

94. Elaeocarpus
floribundus

Elaeocarpaceae Fruits have medicinal properties

95. Embelia ribes Burm. f. Myrsinaceae Fruit and root used in worm infestation,
liver disorders and as tonic

96. Emblica officinalis Euphorbiaceae Liver tonic, antidiabetic, asthma, peptic
ulcer, analgesic, heart problems,
jaundice

97. Erigeron bonariensis Asteraceae Vapour of leaves is inhaled in sinus
problem

98. Eryngium foetidum L. Apiaceae Dysentery
99. Erythrina stricta roxb. Fabaceae Scorpion sting, gout, anti-inflammatory,

anxiolytic property
100. Euphorbia ligularis

roxb.
Euphorbiaceae Bone fracture, arrow poisoning,

antiarthritis, purgative, asthma,
expectorant

101. Fagopyrum
esculentum Moench

Polygonaceae Stomach ache

102. Ficus cordata
(Thunb.)

Moraceae Dysentery

103. Ficus glomerata Roxb. Moraceae Diabetes and common fodder
104. Garcinia

pedunculata Roxb.
Clusiaceae Leaves used in dysentery and cough

105. Gerbera piloselloides Compositae Treat cold, fever, acute conjunctivitis,
rheumatic pain

106. Gmelina arborea Lamiaceae Purify blood, stomach trouble, leprosy,
diuretic, anaemia, snakebite and
scorpion sting, ulcers

107. Gnaphalium affine Asteraceae Treatment of common cold,
antimicrobial

108. Gonostegia hirta
(Blume ex Hassk.)
Miq.

Urticaceae Gastric problem, constipation

109. Gymnocladus
assamicus Kanjilal.

Fabaceae Detergent (soap), religious and
veterinary

110. Gynocardia odorata
R.Br.

Flocourtiaceae Fruit is used in tooth ailment

111. Gynura crepidioides
(BTH.) Moore.

Asteraceae Vegetables and stomach disorder

112. Hedychium gracile Zingiberaceae Mosquito repellent, antifungal, also used
as spies
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Table 4.1 (continued)

Sl.
no. Botanical name Family Utility
113. Hedychium aureum

C.B. Clarke &
H. Mann ex Baker

Zingiberaceae Liver problem

114. Hedychium coccineum Zingiberaceae Cure asthma and indigestion,
antimicrobial, also used for local
ornamental purposes

115. Hedyotis
scandens Roxb.

Rubiaceae Gastritis, beverages fermentation

116. Hibiscus
fragrans Roxb.

Malvaceae Paste of leaves/flowers used in hair fall/
dandruff problem

117. Houttuynia cordata
Thunb.

Saururaceae Stomach ache, diarrhoea and deworming

118. Hydrocotyle
sibthorpioides (Lam.)

Apiaceae Dysentery

119. Laggera pterodonta Asteraceae Anthelmintic, treatment in inflammation
and swelling

120. Leucas aspera Spreng. Lamiaceae Cuts and wounds, earache, inflammation
121. Lindera neesiana

(Wallich ex
Nees) Kurz.

Lauraceae Anthelmintic, diarrhoea, scabies,
vegetable oils

122. Litsea cubeba
(Lour) Pers.

Lauraceae Condiments, eczema, heart disease and
stomach disorder

123. Litsea polyantha Lauraceae Antidepressant, bruises, anti-infertility,
cytotoxic, antifungal, insecticide,
antiseptic

124. Macaranga
denticulata

Euphorbiaceae Skin damage, antibacterial, fungal
infection, wound healing, stomach pain

125. Mentha arvensis Lamiaceae Stomach disorder, influenza, appetizer,
gall bladder problems

126. Mikania scandens Asteraceae Blood clotting, insect bites and sting,
antifungal, gastric ulcer, locally used as
ornamental plant

127. Mimosa pudica Mimosaceae Antidepressant, anticonvulsant,
antifertility, sinus, dysentery, tumour,
insomnia, antidote in snake poison

128. Momordica
charantia Linn.

Cucurbitaceae Anthelmintic, diabetes

129. Moringa oleifera Moringaceae In liver disorder, water purification, etc.
130. Mucuna pruriens Fabaceae Parkinson’s disease, antiepileptic,

antidote in snakebite, in the treatment of
itching

131. Murraya paniculata Rutaceae Analgesic, antidiarrhoea, anti-
inflammatory

132. Musa acuminate Musaceae In anaemia, diarrhoea, constipation,
ulcer, for menstrual cramps

133. Musa balbisiana Musaceae Blood dysentery, diarrhoea

(continued)
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Table 4.1 (continued)

Sl.
no. Botanical name Family Utility
134. Musa sapientum L. Musaceae Dysentery, urinary problems
135. Musa sapientum Musaceae Boiled unripe fruits are given during

dysentery, diabetes, anaemia
136. Mussaenda glabra

Vahl
Rubiaceae Constipation

137. Mussaenda roxburghii Rubiaceae Detoxify mushroom poison, antipyretic,
diuretic, treat blemishes on tongue, acute
gastroenteritis

138. Mycetia longifolia Rubiaceae Pain relief, ulcer, wound healing,
inflammation, antinociceptive

139. Ocimum
sanctum Linn.

Lamiaceae Stomach disorder, inflammations,
wounds, cuts

140. Ocimum tenuiflorum
L.

Lamiaceae Gastric problem and malaria

141. Opuntia monacantha
(Willd.) Haw.

Cactaceae Dysentery

142. Oroxylum indicum Bignonaceae Cancer, antimalarial, jaundice, anti-
arthritic, diarrhoea, fever, ulcer, anti-
inflammatory

143. Oroxylum indicum
(L.) Kurz.

Bignoniaceae Malaria and jaundice

144. Oxalis corniculata Oxalidaceae Dyspepsia, bowel disorder, anaemia,
scurvy, cure opacity of cornea

145. Oxalis corniculata L. Oxalidaceae Dysentery
146. Oxalis debilis Kunth Oxalidaceae Gastric problem
147. Oxyspora paniculata Melastomataceae Treatment of various liver disorder,

stomachic, antidote against snake
poisoning

148. Paederia foetida L. Rubiaceae Stomach ache, gastric, indigestion
149. Perilla ocymoides Lamiaceae Locally used as spices or as a curry, in

treatment of asthma, also used for
nausea, sunstroke, reduce muscle spasms

150. Persicaria barbata
(L.) H.Hara

Polygonaceae Constipation

151. Phlogacanthus
curviflorn

Acanthaceae Boiled leaf juice are used to cure cough
and fever

152. Phlogacanthus
thyrsiflorus

Acanthaceae Expectorant, asthma, stomach problems,
fever

153. Phrynium capitatum Marantaceae Antidiabetic, analgesic, anti-
hyperglycaemic, locally used as
wrapping and packaging materials

154. Physalis minima Solanaceae Gastric trouble, laxative, diuretic,
anticancer, in hypertension, anti-
inflammatory
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Table 4.1 (continued)

Sl.
no. Botanical name Family Utility
155. Piper betel Piperaceae Leaf after rubbing with mustard oil and

warming over burning charcoal is
applied to belly during stomach ache of
children

156. Piper longum L. Piperaceae Malaria
157. Piper pedicellatum

C. CD.
Piperaceae Stomach ache, dysentery

158. Plantago erosa Plantaginaceae Constipation, improves digestion,
astringent, demulcent, diuretic,
expectorant, anti-inflammatory

159. Plantago major Linn. Plantaginaceae Wounds, inflammations, veterinary
160. Polygonum

hydropiper Linn.
Polygonaceae Fish poison

161. Pouzolzia bennettiana
Wight.

Urticaceae Stomach disorder

162. Pouzolzia hirta Blume
ex Hassk.

Urticaceae Acidity, gastric, appetizer

163. Pouzolzia viminea Urticaceae Bleeding, sore
164. Psidium acranthum

Urb.
Myrtaceae Diarrhoea

165. Psidium guajava Linn. Myrtaceae Diarrhoea, cough
166. Punica

granatum Linn.
Punicaceae Stomach ache and diarrhoea

167. Rauvolfia serpentine Apocynaceae Antihypertensive, sedative, hypnotic,
liver ailments, constipation, epilepsy,
schizophrenia

168. Rhododendron
arboreum Smith.
Gurans

Ericaceae Dysentery, diarrhoea, throat clearance
when fish bones get stuck in the gullet

169. Ricinus communis L. Euphorbiaceae Abdominal pain
170. Rotheca serratum (L.)

Steane & Mabb.
Verbenaceae Constipation

171. Rubia manjith Roxb. Rubiaceae Used to cure headache, cough, cold,
locally used as a textile dye

172. Rubus acanthophyllos
Focke

Rosaceae Liver problem

173. Saccharum
officinarum Linn.

Poaceae Jaundice and malaria

174. Sapium baccatum Euphorbiaceae Analgesic, antimicrobial, skin irritant,
locally used as fish poison

175. Saurauia armata
Kurz. Syn.

Saurauiaceae Leaves applied on the wounds

176. Schima wallichii (DC.)
Korth.

Theaceae Seeds used in stomach trouble
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Table 4.1 (continued)

Sl.
no. Botanical name Family Utility
177. Scoparia dulcis Plantaginaceae Jaundice, diabetes, antioxidant, diuretic,

analgesic, anti-inflammatory
178. Senna tora (L.) Roxb. Leguminosae Liver problem
179. Sida rhombifolia (L.)

Raf.
Malvaceae Gastric problem

180. Solanum abancayense
Ochoa

Solanaceae Constipation

181. Solanum indicum Solanaceae Ringworm, gout, asthma, diuretic,
stimulant, expectorant, toothache

182. Solanum
indicum Linn.

Solanaceae Anthelmintic, beverages fermentation

183. Solanum khasianum Solanaceae Root decoction is used to treat malaria,
antifertility property, anti-inflammatory

184. Solanum kurzii Solanaceae Appetizer, toothache, roughage, berry is
given to patient of stone problem

185. Solanum nigrum L. Solanaceae Diarrhoea
186. Solanum spirale Roxb. Solanaceae Stomach ache and indigestion
187. Solanum torvum Sw. Solanaceae Stomach ache, spleen problem and

anthelmintic
188. Solanum

xanthocarpum Burm.
f.

Solanaceae Dental problem

189. Spilanthes
oleracea Murr.

Asteraceae Stop bleeding, skin infections and
gastritis, fish poison

190. Spilanthes paniculata
Wall.

Asteraceae Toothache

191. Spilanthes acmella Asteraceae Antimalarial, antipyretic, analgesic,
flowers are chewed during toothache

192. Spondias radlkoferi
Donn. Sm

Anacardiaceae Dysentery

193. Stellaria media
(Linn.) Vill.

Caryophyllaceae Paste of crushed plant used to stop
bleeding

194. Stephania japonica
Miers.

Menispermaceae Stem used in dysentery, leaves in
malarial fever

195. Sterculia hamiltonii
(Kuntze) Adelb. Syn.

Sterculiaceae Ayurvedic preparations have medicinal
uses

196. Stevia suaveolens Lag. Compositae Stomach ache
197. Swertia chirayita Gentianaceae Plant decoction is taken in fever, anti-

hepatitis B
198. Syzgium cumini Myrtaceae Astringent, carminative, antidiabetic,

stomach disorder, diarrhoea and
dysentery

199. Tacca integrifolia Dioscoreaceae Skin disease, leprosy, wound healing,
stomach pain, dysentery
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In situ conservation of whole communities allows us to protect indigenous plants
and maintain natural communities, along with their intricate network of
relationships. It also increases the amount of diversity that can be conserved and

Table 4.1 (continued)

Sl.
no. Botanical name Family Utility
200. Terminalia bellerica

Roxb.
Combretaceae Cold, cough, fever

201. Terminalia
chebula Retz.

Combretaceae Malaria

202. Terminalia
myriocarpa

Combretaceae Bark extract is given in chest pain and as
cardiac stimulant

203. Thalictrum foliolosum
DC.

Ranunculaceae Decoction of root used in fever and eye
diseases

204. Thunbergia
grandiflora (Roxb. ex
Rottl.) Roxb.

Acanthaceae Gastric problem

205. Tinospora cordifolia
Miers.

Menispermaceae Stem used in stomach trouble, dysentery
and skin diseases

206. Zanthoxylum rhetsa
DC

Rutaceae Jaundice, wart

207. Zanthoxylum armatum Rutaceae Seed and bark are used as tonic during
fever and cholera, stomach disorder

208. Zanthoxylum
hamiltonianum Wall.

Rutaceae Malaria

209. Zanthoxylum nitidum
(Roxb.) DC.

Rutaceae Gastric problem

210. Zanthoxylum
oxyphyllum Edgew.

Rutaceae Stomach ache

211. Zingiber
officinale Rosc.

Zingiberaceae Cough and stomach ache

212. Zingiber zerumbet
(L) Smith

Zingiberacea Stomach ache, vomiting, diarrhoea,
cough

Fig. 4.1 Methodological
systems involved in the
conservation of medicinal
plant
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strengthens the link between resource conservation and sustainable use. However,
the successful in situ conservation depends on rules, regulations and potential
compliance of medicinal plants within growth habitats. Some of the best examples
of in situ conservations are natural reserves and wild nurseries. Natural reserves are
protected areas of important wild resources created to preserve and restore biodiver-
sity. On the other hand, a wild nursery is established for species-oriented cultivating
and domesticating of endangered medicinal plants in a protected area, natural habitat
or a place that is only a short distance from where the plants naturally grow.

Ex situ conservation is not always sharply separated from in situ conservation, but
it is an effective complement to it, especially for those overexploited and endangered
medicinal plants with slow growth, low abundance, and high susceptibility to
replanting diseases. It aims to cultivate and naturalize threatened species to ensure
their continued survival and sometimes to produce large quantities of planting
material used in the creation of drugs, and it is often an immediate action taken to
sustain medicinal plant. Some of the good examples of ex situ conservation includes
botanic gardens and seed bank. Botany garden maintains the ecosystems to enhance
the survival of rare and endangered plant species. It involves a wide variety of plant
species grown together under common conditions and often contain taxonomically
and ecologically diverse flora. On the other hand, seed banks offer a better way of
storing the genetic diversity of many medicinal plants ex situ than through botanic
gardens and are recommended to help preserve the biological and genetic diversity
of wild plant species.

Apart from in situ and ex situ, cultivation of medicinal plants will provide the
opportunity to use new techniques to solve problems encountered in the production,
such as toxic components, pesticide contamination, identification error, etc. It can
improve the yields of active compounds and ensures the stability of production.

4.6 Conclusion

The plants used in traditional medicines are potential source of therapeutics aids and
have significant role in rural healthcare system all over the world. There is a vast
scope for Arunachal Pradesh to emerge as a major player in the global herbal
product-based medicine, owing to its rich biological resources. The medicinal plants
sector provides employment and income opportunities for a large number of indige-
nous folk in this region. The rich traditional knowledge spawning in this region
should be given priority for better utilization of the available resources. However,
there is a need of detail study of the medicinal plants used by the community with
possible phytochemical investigation. Such investigation may further highlight the
true value of these plant species so that they can be managed and conserved for the
benefit of the local community in particular and for the welfare of mankind in
general. Therefore, it requires urgent systematic investigation using biotechnological
tools to authenticate and develop new novel drugs from the rich bio-resources of the
region. Scientific approach for their exploration, utilization, conservation and value
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addition may be the key points for entrepreneurship development by exploiting the
indigenous knowledge on medicines.
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Impact of Noise Levels on SVM-GMM
Based Speaker Recognition System

Renu Singh, Utpal Bhattacharjee, Arvind Kumar Singh,
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Abstract Speaker recognition is one of themost popular voice biometric techniques
used for security reasons in many areas like the banking system, online-shopping,
database access, etc. The Speaker recognition system (SRS)works verywell in noise-
free environments as compared to noisy environments. In this study, the impact of
noise levels has been studied by the application of support vector machine-Gaussian
mixturemodel (SVM-GMM) based speaker recognition system. It has been observed
that the recognition accuracy improves beyond SNR equals 10 dB with the use of
the proposed hybrid system.

Keywords Speaker recognition system · Support vector machine-Gaussian
mixture model ·Mel-frequency cepstral coefficients · Signal-to-noise ratio

1 Introduction

Speaker recognition is the procedure of recognizing the voice of a speaker by utilizing
explicit information encompassed in voice samples [1, 2]. The methodology can be
used to verify the claimed identity of people for accessing the systems and enabling
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access control over various services by recognizing the voice. The various applica-
tions of the speaker recognition system are voice dialing, phone banking, phone shop-
ping, database access, information and reservation facilities, voicemail, data security
control, and remote access of PCs. The other significant use of this technology of
speaker recognition is its utilization for criminological purposes [3].

Speaker recognition can be characterized into a number of classes, for example,
open and closed set, speaker identification and speaker verification, text-dependent,
and text-independent [4]. The recognition of a speaker using a machine comprises
the extraction of features, modeling of speaker, and its testing [5]. The estimation
of the specific features of the speaker from the speech signal is done using feature
extraction. Thereafter, the speaker model is trained with the use of these features.
Finally, in the stage of testing, recognition of the speaker is performed by matching
with the pattern. The objective of the present work is to investigate the effectiveness
of the speaker recognition system accuracy in different noise levels.

2 Speech Parameterization

The inspiration behind the speech parameterization for speaker recognition is to find
the phonetic-discriminative attributes of voice signals while neglecting the untrust-
worthy parts. The best parametric illustration of acoustic waves can be obtained
to create a superior performance of a recognition system. The proficiency of this
stage influences the activity of the consequent phases. The importance of cepstral
features particularly the mel-cepstral for speaker recognition has been studied by
many researches [6, 7]. In spite of several limitations, in practical applications using
the cepstral features due to high sensitivity in the channel and background noises [8].
Mel-frequency cepstral coefficients are the widely used feature both in speech and
speaker recognition systems. Figure 1 represents the block diagramofMel-frequency
cepstral coefficients feature extraction process [9, 10].

Pre-
emphasize 

Frame
Blocking & 
Windowing 

|DFT| 

DCT Logarithm Filterbank 

Input Speech 

MFCCs 

Fig. 1 MFCC feature extraction process



Impact of Noise Levels on SVM-GMM … 101

3 Database and Experimental Setup

In this work, the NIST 2003 SRE dataset of clean speech has been used. The voice
samples are mixed with various kinds of noises ranging from 0 to 20 dB with an
interval of 5 dB signal-to-noise ratio. The AURORA databases are used in preparing
the sound noises. The different types of additive noises such as airport, car, exhi-
bition, restaurant, street, and train are added to the clean database of NIST 2003.
The following parameters viz. hamming window of length 20 ms, the frame rate
of 1600 Hz with 0.97 pre-emphasis factors are considered for analyzing the speech
signals. Apart from this for the computation ofMFCC features 22 channel filter bank
and cepstral features of 14-dimension with cepstral coefficients ranging from c1 to
c13are used in this analysis. In order to achieve the final feature dimension of 39, the
derivatives of the first- and second-order are added with the base features.

4 Hybrid Speaker Modeling

In this work support vectormachine cumGaussianmixturemodel has been used. The
structure of SVM and GMM-UBM framework was performed in three phases, i.e.,
training the data usingSupportVectorMachine (SVM) classifier, building aUniversal
BackgroundModel (UBM) as well as the speaker models. A gender-dependent 1024
component GMM-UBM has been offline trained for the used dataset considering
expectation-maximization algorithm with 100 iterations.

5 Results and Discussion

The performance of a speaker recognition system is degraded in the presence of noisy
conditions due to the acoustic mismatch between trained and testing conditions. The
influence of noise levels at different noisy environments on SVM-GMM hybrid
speaker recognition system is calculated using equal error rate (EER), detection cost
function (DCF), and recognition accuracy. The estimation of theEERvalue of an SRS
system depends on the computation of log-likelihood ratio (LLR) scores. Generally,
a large number of testing samples are required for the evaluation of false reject rate
(FRR) and false alarm rate (FAR), so that the EER can be determined. The DCF
is determined as a weighted sum of the two error probabilities and the recognition
accuracy as [11]:

DCF = CmissPmissPtarget + Cfalse alarmPfalse alarm
(
1− Ptarget

)

Recognition accuracy(%) = 100− EER
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The percentage EER values of SVM-GMM and GMM based speaker recognition
systems in clean conditions are shown in Table 1. Table 2 represents the individual
and average EER value of SVM-GMM based speaker recognition system at 0, 5, 10,
15, and 20 dB signal-to-noise ratios in various noisy environments viz. airport, car,
exhibition, restaurant, street, street, and train noises, respectively. From the results, it
has been observed that the impact of noise levels is varying for noisy environments.
From the table, it is seen that at 0 dB noise level, the percentage equal error rate (%
EER) is observed to be lowest for the street which equals 19.88, whereas the highest
% EER has been obtained for exhibition noise and equals 26.80. It can also be seen
that the percentage of EER is maximum at 5 dB for all the noises considered, and
it decreases with an increase in SNR in the range of 10–20 dB. The values of DCF
calculated falls in the range of 0.18–0.45.

The recognition accuracy percentage of SVM-GMM based speaker recognition
systems at different noise levels and at different noisy environments are calculated
and presented in Table 3. The recognition accuracy increases with an increase in
SNR in the range of 5–20 dB considered in the study. The comparison of recognition
accuracy of SVM-GMM based speaker systems of noisy environments with clean
environments is shown in Table 4. The recognition accuracy percentage is seen to
be closer for airport and restaurant when compared to a clean environment at 20 dB
SNR.

Detection tradeoff function (DET) plots are attained considering the probabilities
between “miss” and “false alarm” on a normal-deviate scale for all trials. Figures 2,
3, 4, 5, 6, and 7 show the DET plots between clean vs. noise at various noise levels.
Figure 2 reveals that the pattern of DET plot is similar for all noise levels. Figure 3

Table 1 EER value of GMM and SVM-GMMbased speaker recognition system in clean condition

Baseline system Condition EER (%) DCF Recognition accuracy (%)

GMM [12] Clean 7.02 0.05 92.98

SVM-GMM Clean 4.12 0.04 95.87

Table 2 EER (%) value of SVM-GMM based speaker recognition system at different noise levels
and different noisy environments

Noise types 0 dB 5 dB 10 dB 15 dB 20 dB

EER DCF EER DCF EER DCF EER DCF EER DCF

Airport 20.62 0.24 22.68 0.27 17.52 0.18 14.43 0.15 9.27 0.09

Car 19.59 0.23 23.71 0.29 23.71 0.29 18.55 0.19 11.34 0.11

Exhibition 26.80 0.31 22.68 0.27 21.64 0.23 17.52 0.45 10.30 0.40

Restaurant 19.59 0.23 25.77 0.33 22.68 0.23 17.52 0.18 9.27 0.40

Street 19.58 0.22 23.71 0.29 19.58 0.29 19.58 0.29 11.34 0.40

Train 25.77 0.33 25.77 0.33 25.77 0.33 20.61 0.24 12.37 0.12

Average 21.99 0.26 24.05 0.30 21.82 0.27 18.04 0.25 10.65 0.25



Impact of Noise Levels on SVM-GMM … 103

Table 3 Recognition accuracy (%) of SVM-GMM based speaker recognition system at different
noise levels and environments

Noise types 0 dB 5 dB 10 dB 15 dB 20 dB

Airport 79.38 77.32 82.48 85.57 90.73

Car 80.41 76.29 76.29 81.45 88.66

Exhibition 73.20 77.32 77.23 82.48 89.70

Restaurant 80.41 74.23 74.23 82.48 90.73

Street 80.42 76.29 76.29 80.48 88.66

Train 74.23 74.23 74.23 79.39 87.63

Average 78.00 75.94 76.79 81.97 89.35

Table 4 Recognition accuracy (%) difference of SVM-GMM based speaker recognition system
between clean versus noisy environments at different noise levels

Noise types 0 dB 5 dB 10 dB 15 dB 20 dB

Airport 16.49 18.55 13.39 10.30 5.14

Car 15.46 19.58 19.58 14.42 7.21

Exhibition 22.67 18.55 18.55 13.39 6.17

Restaurant 15.46 21.64 21.64 13.39 5.14

Street 15.45 19.58 19.58 15.39 7.21

Train 21.64 21.64 21.64 16.48 8.24

Average 17.86 19.92 19.06 13.89 6.52

Fig. 2 DET plot clean
versus airport noise
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Fig. 3 DET plot of clean
versus car noise

Fig. 4 DET plot clean
versus street noise

represents the DET plot of clean versus car noise. In the above figure no separate
visible curve line for 5 and 10 dB is noticed.
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Fig. 5 DET plot of clean
versus train noise

Fig. 6 DET plot clean
versus exhibition noise

6 Conclusion

In the present work, an experiment has been performed using NIST 2003 and
AURORA database for the impact of noise levels for SVM-GMM based speaker
recognition system for various noisy environments. The recognition accuracy of
SVM-GMM baseline system is seen to be increased to that of GMM based system
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Fig. 7 DET plot of clean
versus restaurant noise

for clean environment. From the results, it is also seen that recognition accuracy
increases with an increase in SNR in the range of 5 dB to 20 dB for various noisy
environments.
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1. Introduction- Voice biometric is one of the most prominent source of authentication in many areas like banking, 
online shopping, ATM transaction, access control, database security and applicable in many areas where it used for 
security purpose. Voice biometric system verifies the identity of a claimed person based on the extracted features of 
speech by comparing it with the stored voice templates. The performance of speaker recognition systems degrades 
in presence of noise [1 - 2]. Feature compensation (normalization) techniques are widely and effectively used for 
speaker recognition task such as speaker verification and speaker identification. Normalization process reduces the 
effect of noise and alleviates linear and non-linear channel effects. Robustness issue of the system can be improved 
by applying the normalization techniques [3].  

To improve the performance of speaker recognition system various normalization techniques have been 
proposed which compensate the effects of environmental mismatch [4 – 9]. Robustness issue of speaker verification 
system has been improved by applying normalization techniques. Chougule and Chavan [4] have used CMN 
technique to minimize the influence of convolution noise in Hindi language based speech database. Barras and 
Gouvam [5] have presented some experimental analysis on text independent cellular data with the help of CMS, T-
norm, Z-norm normalization techniques. Al-Kaltakchi et. al [6] have studied the speaker identification system which 
uses PNCCs and MFCC for feature extraction and CMVN as well as FW for the normalization of the system on 
acoustic model. Grozdic et. al [7] used various normalization techniques such as CVN, CMN, CMVN, CGN in their 
analysis of whisperd speech recognition system. Hardt and Fellbaum [8] used the spectral subtraction technique for 
analyzing telephonic based text dependent speaker verification system using different noises. Upadhyay and Jaiswal 
[9] have carried out the enhancement of single channel speech in stationary environments with the help of Wienner 
filtering normalization technique. 

In this study, various normalization techniques have been considered for different noisy conditions. For the 
analysis NIST 2003 SRE and Aurora 2 data has been used for the calculation of performance parameters. 
  
2. Normalization techniques 

Normalization techniques are implemented to lower the noise impact, speech signal distortion and channel 
distortion. In paper, we discuss some normalization strategies, which are as follows: 
 
2.1 Cepstral mean normalization (CMN) 
 
CMN is the one of the simplest feature normalization technique to execute and it gives numbers of the advantages 
compared to advanced algorithms. To obtain normalized vector   ̂  CMN subtracts the mean feature vector    from 
each vector     [10]. 

   
 
 ∑               (1) 

 
 ̂              (2) 

 
2.2 Cepstral variance normalization (CVN) 
 
Cepstral variance normalization (CVN) is a supplement technique of cepstral mean normalization which estimates 
variance  , of each cepstral dimension and normalizes it to unity [7]. 
 

            
  

     
√ 
 ∑ (      ) 

   
     (3) 

 
where n & t represents the nth cepstral dimension and the index of cepstral samples in the window respectively. 
 
2.3 Cepstral mean subtraction (CMS) 
 
Cepstral mean subtraction is one of the most extensively used normalization methods [11]. Reynolds [12] has 
reported an utterance X=*  +  i,   - feature with a feature frame *  +  the mean vector (m) of all the frames for 
the given utterance, is considered as: 
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m =    ∑    
          (4) 

 
The normalized feature  ̂  with CMS is expressed by  

 
 ̂             (5) 

 
2.4 Cepstral mean and variance normalization (CMVN) 
 
Cepstral mean and variance normalization normalize both mean and variance algorithm. 
 

     
 ∑       

             (6) 
 

   
     
  

     
 
After normalization, the mean of the cepstral sequence is zero, and it has a variance of one [13].  
 
2.5 Wiener-filtering 
 
The wiener filtering is wavelet-based used to suppress additive noise based on the concept of wiener gains which 
can be calculated given as, 

    
 (  ) 

 (  )   (  )                 (7) 
 
where,  (  )  and  (  )  represents the speech power and noise power respectively [14]. 
 
2.6 Spectral subtraction (SS) 
 
Boll in 1979 introduced spectral subtraction technique of speech enhancement which is used to reduce the additive 
noise [15-16]. 

 ( )   ( )   ( )                 (8) 
 

 ( ) represents noisy signal,  ( ) is the speech signal and  ( ) is the noise. 
 In frequency domain it can be represents as follow:  

 
 (  )   (  )   (  )                (9) 

 
where,  (  )  (  )  (  ) is fourier transforms of  ( )  ( )  ( ), respectively. 
 
3. Baseline System based on GMM-UBM  
 
Fig.1 shows the basic structure of ASR system, which consists following phases: pre-processing, front-end 
processing/feature extraction, training of model and testing/recognition. 
 

 

Fig. 1 Basic framework structure of ASR system [17] 
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3.1 Pre-processing 
 
In pre-processing process speech data has been prepared. Pre-processing includes various tasks like sampling, pre-
emphasis, framing (segmenting the speech into frames) and windowing. 
 
3.2 Front end processing / feature extraction 
 
 Mel frequency cepstral coefficients, Bark scale filter bank cepstrum coefficients, Linear prediction cepstral 
coefficients and Perceptual linear prediction cepstral coefficients are the most common used acoustic vectors for 
speaker verification. All the features based on the spectral information are derived from a short time- windowed 
segment of speech. MFCC features are derived from the FFT power spectrum whereas LPCC and PLPC use an all-
pole model to represent the smoothed spectrum. The proposed normalization technique used Mel-Frequency 
Cepstral Coefficients (MFCC) feature extraction for further processing [18].  

3.3 Training of speaker model 
 
GMM-UBM methodology has been considered as a speaker model for testing the speaker verification system; Fig. 2 
shows the GMM-UBM based framework of speaker verification system. Firstly, speech features are extracted using 
mel-frequency cepstral coefficients after that a gender dependent universal background model is generated which 
based on Expectation Maximization (EM) algorithm.  
 

 
 

 
Fig. 2 GMM-UBM framework for speaker verification [19] 

 
 
The computation of log-likelihood ratio   ( ) has been done by scoring the test feature vectors against the claimant 
model and the universal background model by the expression given below: 
 

 ( )      (       )      (      ̅̅ ̅̅ ̅̅ ) 
 
The claimant speaker is accepted if the value of  ( )    or otherwise rejected. The substantial concern in speaker 
verification is to obtain a decision threshold    for the decision making [20]. 
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4. Experiments and results 
 
In the present work, system performances are analysed in various types of additive noise background such as airport 
noise, babble noise, car noise and train noise at 0, 5, and 10 dB signal-to-noise ratio (SNR). 
 
4.1 Database 
 
NIST -2003 –SRE database is used for the system development. The database consists of conversational speech of 
149 male speakers. Aurora 2 database has been used for artificially simulating noisy environments at different SNR 
level. 
 
4.2 Performance evaluation 
 
In the present study, equal error rate (EER) has been used to quantify the performance of the system. Detection 
Error Trade-off (DET) curve is obtained by plotting the „miss probability‟ (when a true identity is rejected) false 
alarm‟ (when an imposter‟s claim is accepted). The EER is the operating point in the DET curve where both the 
miss rates  (     ) and false (   )  rates become equal, whereas DCF is the base estimation of a weighted cost 
function which is given by                    . 
 
4.3 Results and discussions 
 
Figures 3 - 5 represent the DET plots of mismatched conditions. The various normalization techniques which have 
been used in the paper are discussed in the section 2.  Each set of curve in a subfigure deviate to a particular type of 
normalization methods in different noisy environments (airport noise, babble noise, car noise and street noise) at 0 
dB, 5 dB and 10 dB SNRs respectively. The DET curve is consistently shifted towards origin with an increase in 
signal-to-noise ratio inferring performance improvement with reducing the strength of noise.. The performance 
summary of the normalization techniques is shown in Table 1. The order of precedence in terms of EER value for 
the system performance accuracy are mismatched, CMN, CVN, CMS, CMVN, Wiener filter and SS. MinDCF 
follows the same pattern  with the exception of the way that they don't show a consistently pattern over the different 
techniques . The main exemption to this order is found in all noise types except babble noise at at 0 dB and 5 dB 
signal-to-noise ratios. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

         

3 (a) 3 (b) 
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Fig. 3 DET plots of normalization techniques for (a) airport noise (b) babble noise (c) car noise (d) street noise 

at 0dB SNR 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                     

                                              

3 (c) 3 (d) 

4 (a) 4 (b) 
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Fig. 4 DET plots of normalization techniques for (a) airport noise (b) babble noise (c) car noise (d) street noise 
at 5 dB SNR 
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Fig. 5 DET plots of normalization techniques for (a) airport noise (b) babble noise (c) car noise (d) street        

noise at 10 dB SNR 
     

 
      

Table 1 Performance of normalization techniques in different environments 
 

 
 
 

SNR(dB) Techniques Airport Babble Car Street 
  EER (%) MinDCF EER (%) MinDCF EER (%) MinDCF EER (%) MinDCF 
 
 
 

0 

Mismatch 23.243 0.4204 28.4685 0.5393 25.5856 0.4683 26.3063 0.4853 
CMN 20.180 0.3733 26.8468 0.5015 24.1441 0.4384 25.5856 0.4709 
CVN 19.099 0.3481 23.9640 0.4330 22.7027 0.4238 23.0631 0.4114 
CMS 23.243 0.4204 27.0270 0.5128 24.8649 0.4552 26.3063 0.4114 

CMVN 19.819 0.3698 28.4685 0.5393 25.5856 0.4683 26.3063 0.4853 
WF 21.081 0.3986 27.7477 0.5250 25.0450 0.4590 25.9459 0.4793 
SS 20.721 0.3896 27.3874 0.5190 24.3243 0.4469 26.3063 0.4853 

 
 
 

5 

Mismatch 24.324 0.4430 27.0270 0.5123 26.4865 0.4899 26.6667 0.4943 
CMN 19.819 0.3607 25.7658 0.4709 23.2432 0.4186 24.3243 0.4420 
CVN 17.838 0.3265 21.2613 0.4022 20.3604 0.3751 20.1802 0.3776 
CMS 21.261 0.3986 26.3063 0.4967 23.4234 0.4240 26.3063 0.4114 

CMVN 19.279 0.3553 19.0991 0.3481 24.5045 0.4469 26.3063 0.4114 
WF 20.180 0.3776 26.3063 0.4962 21.9820 0.4112 23.9640 0.4354 
SS 20.540 0.3842 27.3874 0.5190 24.5045 0.4469 26.3063 0.4853 

 
 

10 

Mismatch 19.279 0.3553 24.3243 0.4424 20.1802 0.3733 22.1622 0.4145 
CMN 14.054 0.2131 20.9009 0.3981 19.8198 0.3688 21.9820 0.4054 
CVN 13.874 0.2093 17.2973 0.3166 14.2342 0.2196 16.7568 0.2943 
CMS 17.477 0.3177 22.8829 0.4132 15.3153 0.2738 20.7207 0.3902 

CMVN 13.874 0.2111 21.9820 0.3759 16.3964 0.2896 21.0811 0.3946 
WF 16.577 0.3008 21.8018 0.3664 14.9550 0.2562 19.8198 0.3632 
SS 14.414 0.2209 23.6036 0.4295 16.9369 0.2997 20.9009 0.3928 

 

                                          

5 (c) 5 (d) 
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Table 2 Performance summary of normalization techniques in different environments  
 
 

Techniques EER (%) 
Mismatch 

CMN 
24.504 
22.222 

CVN 19.219 
CMS 23.511 

CMVN 21.891 
WF 22.312 
SS 22.778 

 
The worst case scenario shown by mismatched condition for all types of noisy environment with an average value of 
EER equals 24.504% over all the noises considered for various SNRs. The MinDCF values varied in the range of 
0.2111-0.4853 (Table 1). CMN normalization method shows decrement of 2.282% EER over the mismatch 
condition. However CVN performs far better than other utilized techniques with an improvement of 5.285% EER for 
airport, babble, car and street background environments shown in Table 2 with respected to mismatched condition. 
CMS shows minor improvement of 0.993% decrement of EER over the mismatch condition. Other used methods 
such as CMVN, Wiener filter and SS shows 2.613, 2.192 and 1.726% respectively decrement in EER with respect to 
mismatch condition. Wiener filter is seen moderately better than CMN, CMVN and SS normalization methods. 
Compared to other methods CVN show the highest 7.928% drop in EER in case of babble noise at 5 dB SNR, while 
reduction of 7.027% in EER for babble noise at 10dB SNR has been noticed. 
 The comparative improvement of normalization methods performance is visible. The average value for 
EER of 22.222% for CMN, 19.219% for CVN, 23.511% for CMS, 21.891% for CMVN, 22.312% for wiener filter 
and 22.778% for SS across all noisy environments is acheived. 
 
5. Conclusions 
 
Normalization techniques have been used to compensate the effects of environmental mismatch. In this study 
behavior of normalization techniques viz. cepstral mean normalization, cepstral variance normalization, cepstral 
mean subtraction, cepstral mean and variance normalization, wiener filter and spectral subtraction have been studied 
under different noisy environments such as  airport noise, babble noise, car noise and street noise at  0,5 and 10 dB 
signal-to-noise ratio. On the basis of experimental results it has been concluded that the cepstral variance 
normalization (CVN) method is comparatively better as compared to other used normalization methods which have 
been used in this paper and it reveals 5.285% of EER improvement over mismatch condition across all noisy 
environments and all SNRs whereas other used methods show improvement of 2.282% for CMN, 0.993% for CMS, 
2.613% for CMVN, 2.192% for wiener filter and 1.726% for SS respectively over mismatch condition across all 
SNRs with respect to mismatch condition. 
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Performance of Speaker Recognition
System Using Kernel Functions
Approach for Different Noise Levels

Renu Singh, Arvind Kumar Singh, and Utpal Bhattacharjee

Abstract Speaker recognition is one of the most popular voices biometric tech-
nique used for security reason in many areas like banking system, online-shopping,
database access etc. The recognition performance of speaker recognition system is
very satisfactory in noise-free environments, whereas the improved performance in
case of low level signal-to-noise ratio (SNR) is the need in the present days. Hence,
in this study speaker recognition performance has been evaluated at different signal-
to-noise ratios using SVM-based various kernel functions approach and principal
component analysis (PCA). The proposed scheme has been applied on NIST 2003
and AURORA dataset and found that the recognition accuracy and running time
improves at low level SNRs using kernel functions.

Keywords Speaker recognition system · SVM · Principle component analysis
(PCA) · Signal-to-noise ratio

1 Introduction

Speaker recognition is a method of recognizing a speaker’s voice by utilizing explicit
information comprised in speech waves [1, 2].This methodology can be used to
substantiate the characteristics claimed by the personwhowants to access the systems
i.e. enabling the access control of different serviceswith the help of voice. The various
applications of speaker recognition system are voice dialing, phone banking, shop-
pingover phone, database access services, reservation services, services onvoicemail
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and controlling security aspects for secret data and remote access of PCs. Another
significant use of speaker recognition technology is its utilization for criminolog-
ical purposes [3]. Generally, the speaker recognition by a machine comprises feature
extraction, speakermodeling or training and testing [4]. The estimation of the speaker
specific features from the speech signal is done using feature extraction. Thereafter,
the speaker model is trained with the use of these features. Finally, in the stage of
testing, recognition of speaker is performed by matching with the pattern.

Support vectormachine (SVM) is one of the highly used classification technique in
analyzing the performance of speaker recognition [5–7]. The support vector machine
provides a natural solution for binary class problems. It is one of the popular learning
techniques for solving regression and classification problems. SVMhas been applied
in various areas viz. face, text, 3D object, speech, speaker recognition systems. SVM
uses different kernel functions such as linear, nonlinear, polynomial, radial basis,
sigmoid, Gaussian, cubic and quadratic etc. Astuti and Adiwijaya have carried out
SVM with principal component analysis (PCA) for the classification of microarray
data [8]. Bassma have used SVM for the improvement of vehicle localization in urban
canyons [9]. Zhao et al. [10] have used nonlinear kernel nuisance attribute projec-
tion for speaker verification using NIST SRE data. Kernel PCA feature extraction
along with support vector machine classification are effectively used for through-
wall human being detection [11]. Das et al. have used linear polynomial and radial
basis function kernels for the analysis of gene data set [12].

The focus of this work is to investigate the accuracy of the speaker recognition
system in different noise levels using different kernel functions viz. linear, quadratic,
cubic and Gaussian.

2 Speech Data Classification

The various steps in this analysis consist of pre-processing/feature extraction, classi-
fication and performance evaluation as shown in Fig. 1. In the feature extraction step,
principal component analysis (PCA) has been used for dimension reduction which
uses mapping function. The different processes which are used in this extraction are
data centering, covariance matrix calculation, Eigen value and Eigen vector calcu-
lation. In classification, SVM helps in modeling the complex data set and separate
different classes and maximize the margin. SVM uses a nonlinear mapping approach
for converting the original data to a high dimension and helps in linear separation
of data creating a hyperplane (decision boundary). The performance evaluation is
executed in the final step.

In this work, two different types of experiments are performed. Initially the exper-
iment is performed to analyze the effectiveness of number of components considered
in PCA. The various experiments are carried out on NIST 2003 SRE clean data set to
visualize the effect on the accuracy of various Kernel functions. The second exper-
iment in the proposed method is performed to visualize the recognition accuracies
as well as running time. The experiments are conducted on noisy data namely: 0, 5,
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Fig. 1 Performance evaluation steps

10, 15 and 20 dB signal-to-noise ratio. The total numbers of 12 scenarios of experi-
ment were considered for each data set, as shown in Table 1. The general classifier
characteristics for Kernel function operation has been given in Table 2.

Table 1 Experiment
scenarios [8]

Scenario Dimension reduction SVM Kernels

1. None Linear

2. None Quadratic

3. None Cubic

4. None Fine Gaussian

5. None Medium Gaussian

6. None Coarse Gaussian

7. PCA Linear

8. PCA Quadratic

9. PCA Cubic

10. PCA Fine Gaussian

11. PCA Medium Gaussian

12. PCA Coarse Gaussian

Table 2 General classifier
characteristics

Kernel function Linear, quadratic, cubic, Gaussian

Kernel scale Automatic

Box constraint level 1

Multiclass method One-vs-One

Standardize data True



516 R. Singh et al.

3 Kernel Functions and Expressions

The various kernel functions used in the SVM classifier are linear, quadratic, cubic
and Gaussian functions. The expressions of these kernel functions are expressed as
follows [9];

Linear function:

k
(
xi , x j

) = xTi x j + c (1)

Quadratic function:

k
(
xi , x j

) = 1 −
∥∥xi − x j

∥∥n

∥∥xi − x j

∥∥n + c
(2)

Cubic function:

k
(
xi , x j

) = (
xTi x j + 1

)n
(3)

Gaussian function:

k
(
xi , x j

) = exp

(

−
∥
∥xi − x j

∥
∥n

2σ 2

)

(4)

where xi and x j are input space vectors, n is order of the kernel and c is a constant.

4 Results and Analysis

The effect of kernel function approach for the clean speech data and noisy data
at different SNR has been studied in this paper. For the effective analysis, various
scenarios with and without PCA are considered for clean speech data which can be
seen in Table 3. It is clearly seen that accuracy percentage of scenario using PCA is
found to be improved except linear case, whereas there are no changes in accuracy
percentages for fine and coarse Gaussians. The comparison of accuracy for with and

Table 3 Accuracy (%) of SVM Kernel function in various scenarios

Case Linear Quadratic Cubic Fine Gaussian Medium
Gaussian

Coarse
Gaussian

Without PCA 95 85 85 85 85 100

With PCA 90 90 90 85 100 100
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without PCA are done at number of components after PCA equals 1 and variance
kept after PCA equals 95%.

Here, total 9 numbers of experimental scenarios are considered for the calculation
of the accuracies of 6 SVM Kernel functions. The various scenarios for different
variance thresholds which are 36.5, 48.44, 66, 80.14, 90.34, 95.08, 97.52, 98.85
and 100% are considered as per Astuti and Adiwijaya [9]. To check the Kernel
functions accuracy the first scenario chooses a minimum number of components and
the corresponding value of the variance≥36.5%, and so on. The results are calculated
for 6 numbers of SVMs. The accuracies for various numbers of components and
variance for different scenarios are presented in Table 4.

The experimental results for noisy speech data using various scenarios and SNRs
are shown in Table 5. The accuracies with PCA are found to be increased for linear,

Table 4 Accuracyfor PCA parameters for clean speech data

Components after PCA 1 2 4 8 16 25 34 39 39

Variance kept after PCA(%) 36.5 48.44 66 80.14 90.34 95.08 97.52 98.85 100

Accuracy (%)

Linear 75 80 85 90 75 75 95 75 75

Quadratic 75 85 90 85 80 90 90 85 90

Cubic 70 85 90 90 80 95 85 85 90

Fine Gaussian 65 80 85 75 75 75 85 75 75

Medium Gaussian 75 80 95 90 75 75 75 75 75

Coarse Gaussian 75 75 75 75 75 75 75 75 75

Average 72.5 80.8 86.6 84.2 76.66 80.83 84.16 78.33 80

Table 5 Accuracyfor proposed methods for noisy speech data

Scenario Accuracy (%)

0 dB 5 dB 10 dB 15 dB 20 dB

1. 60 70 75 85 95

2. 65 70 85 90 90

3. 60 70 85 90 90

4. 60 65 60 85 85

5. 65 65 65 85 85

6. 60 65 60 85 95

7. 70 75 75 85 90

8. 75 75 80 85 85

9. 70 85 80 90 85

10. 60 65 60 85 85

11. 65 65 60 85 95

12. 60 65 60 85 95
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Table 6 Training time for proposed methods

Scenario 0 dB 5 dB 10 dB 15 dB 20 dB

1. 0.5883 1.0826 1.0440 1.1933 1.1467

2. 0.5903 1.0258 1.0317 1.2308 1.0862

3. 0.6298 1.0316 1.0216 1.0771 1.0594

4. 0.7259 1.0421 1.1473 1.0756 1.0530

5. 0.5891 1.0299 1.0804 1.1434 1.0081

6. 0.6342 1.1789 1.0507 1.0156 1.1173

7. 0.5663 0.5293 0.5312 0.5538 0.6021

8. 0.5876 0.5774 0.6192 0.7662 0.6056

9. 0.5881 0.5767 0.5321 0.5983 0.5410

10. 0.5815 0.5412 0.6226 0.7907 0.6189

11. 0.5887 0.5477 0.5414 0.6390 0.5456

12. 0.6125 0.5477 0.5508 0.5913 0.5497

quadratic and cubic Kernels at 0 and 5 dB SNRs. However, it remains same for all
the Gaussian Kernels. It is also seen that the accuracies do not improve for higher
SNRs in the range of 10–20 dB. The running times for all the scenarios for different
SNRs are depicted in Table 6. It is seen that PCA greatly reduces the running time
for all the SNRs considered.

5 Conclusion

In the present work, experiments have been performed using NIST 2003 and
AURORA database for the analysis of Kernel functions at various scenarios for
different SNRs. The accuracy and running time of SVM using Kernel approach and
PCA are found to be improved for low level SNRs. The quadratic Kernel function
is found to be better at 0 dB, whereas Cubic Kernel function is found to be better at
5 dB SNR.
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An Analysis of Phase-Based Speech
Features for Tonal Speech Recognition

Jyoti Mannala, Bomken Kamdak, and Utpal Bhattacharjee

Abstract Automatic speech recognition (ASR) technologies and systems have made
remarkable progress in the last decade. Now-a-days ASR based systems have been
successfully integrated in many commercial applications and they are giving highly
satisfactory results. However, speech recognition technologies as well as the systems
are still highly dependent on the language family for which it is developed and opti-
mized. The language dependency is a major hurdle in the development of universal
speech recognition system that can operate at any language conditions. The language
dependencies basically come from the parameterization of the speech signal itself.
Tonal languages are different category of language where the pitch information distin-
guishes one morpheme from the others. However, most of the feature extraction tech-
niques for ASR are optimized for English language where tone related information
is completely suppressed. In this paper we have investigated short-time phase-based
Modified Group Delay (MGD) features for parameterization of the speech signal for
recognition of the tonal vowels. The tonal vowels comprises of two categories of
vowels—vowels without any lexical tone and vowels with lexical tone. Therefore, a
feature vector which can recognize the tonal vowels can be considered as a speech
parameterization technique for both tonal as well as non-tonal language recognizer.
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1 Introduction

Natural languages are broadly classified into two categories—tonal and non-tonal
based on their dependency on lexical tone. In tonal language, the lexical tone plays
an important role in distinguishing the syllables otherwise similar whereas in non-
tonal language the lexical tone has no significant role in distinguishing the syllables.
English, Hindi, Assamese are the example of non-tonal language whereas Chinese,
Japanese, language of South East Asia, Sweden, Norway and Sub-Sahara Africa
are tonal languages [1]. Modern speech recognition research has a half century
long legacy. The technology and the systems developed speech recognition have
already registered significant progress and many systems are already commercial-
ized. However, those systems are optimized with non-tonal languages, particularly
for English language. As a result, when these systems are used for tonal speech
recognition their performance degrades considerably. Since the large sections of the
world population are speaker of tonal language, for the global acceptability of the
speech recognition technology and system, it must be efficient in recognizing in tonal
as well as non-tonal language.

One of the major reasons for the system developed for non-tonal language fail
to deliver consistent performance in tonal language is due to the non-consideration
of the lexical tone related information. Lexical tones are produced as a result of
excursion of the fundamental frequency and these informations are discarded in
non-tonal speech recognition system as a measure of performance optimization and
due to robustness issues as it contains very little useful information for non-tonal
speech recognition system.

In the recent years many attempts have been made for developing tonal speech
recognition system [2–4]. Such systems are developed considering the fact that a
tonal syllable has two components—phonetic and tone. The phonetic component
gives information about the base phonetic unit which is similar with non-tonal speech
and a tonal unit which gives information about the tone associated with that phonetic
unit. As a result, the tonal speech recognition system relies on two sets of features—
Spectral features like MFCC for base phonetic unit recognition and prosodic features
for associated lexical tone recognition. The scores obtained from both are combined
together to arrive at a decision on underlying syllabic unit. However, the prosodic
features are highly sensitive to ambient conditions. As a result, the tonal speech
recognition systems based on prosodic features are highly susceptible to ambient
conditions.

The speech recognition system relies on short-term spectral property of the speech
signal in order to exploit the short-term stationary property of the speech signal.
To extract the short-term property, Short Term Fourier Transform (STFT) is used.
STFT returns the short-term magnitude and phase spectral of the speech signal.
However, in most of the cases magnitude spectra is retain to extract spectral features
like Mel Frequency Cepstral Coefficient (MFCC) and phase spectral is completely
discarded due to the practical difficulty in phase wrapping [5, 6]. However, the
recent research has established the importance of phase spectra in speech processing
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applications like speech recognition, speaker recognition, emotion recognition and
speech enhancement [7].

In this paper we have analyzed the tonal phoneme discrimination capability of
phase-based features. The performances of phase-based features have been evaluated
for tonal phoneme discrimination.

2 Feature Vector for the Representation of Tonal Phonemes

The Fourier transform of a discrete time speech signal x(n) is given by.

X(ω) = |X(ω)|e jφ(ω) (1)

where |X(ω)| is the magnitude spectra and φ(ω) is the phase spectra of the speech
signal. There are number of speech processing difficulties in using the phase spectra
directly in Automatic Speech Recognition (ASR). Two most critical problems are—
firstly a phase spectrum is highly sensitive to the exact positioning of the short-time
analysis window. It has been observed that for a small shift in analysis window, the
phase spectrum changes dramatically [8]. Secondly, the phase spectrum values are
only computable within the range ±π , called principal phase spectrum. The value
changes abruptly due to the wrapping effect beyond this range. However, for better
representation of the phase spectra for automatic speech recognition, the spectra must
be unwrapped. The major problem with this unwrapping is that any multiple of 2π is
added to the phase spectra without changing the value of X(ω). Recent studies have
shown that phase spectrum can be used for speech applications and gives promising
results [9, 10]. Among the phase based features extraction techniques, Group Delay
Function (GDF) and All-pole Group Delay Function (APGD) are widely used. In
the present study we have used a modified version of GDF called Modified Group
Delay (MGD) function for extracting the phase based features due to their promising
performance in speech recognition [11].

The Group Delay Function is derived by taking the negative derivation of the
Fourier phase spectrum φ(ω), written as [12, 13]:

τ(ω) = −d(φ(ω))

d(ω)

= X R(ω)YR(ω) + X I (ω)YI (ω)

|X(ω)|2 (2)

the angular frequency ω is limited to (0,2 π ), Y (ω) is the magnitude of the Fourier
transform of the time-weighted version of the speech signal given by y(n) = nx(n).
The subscript R and I denotes the real and imaginary parts of the signals. The features
derived from GDF often leads to an erroneous representation near the point of discon-
tinuity. It is due to the denominator |X(ω)|2 which tends to 0 near the point of
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discontinuities. Therefore, the group delay function is modified, which is given as
[14]

τ(ω) = τp(ω)∣∣τp(ω)
∣∣ ∣∣τp(ω)

∣∣α (3)

where

τp(ω) = X R(ω)YR(ω) + X I (ω)YI (ω)

|S(ω)|2γ
(4)

where S(ω) is the cepstrally smoothed form of |X(ω)|. α and γ controls the range
dynamics of the modified group delay function. Here,

P(ω) = X R(ω)YR(ω) + X I (ω)YI (ω) (5)

is called the product spectra of the speech signal which includes both magnitude
and phase information [15].

3 Speech Database

In the present study, we have created a speech database of Apatani Language of
Arunachal Pradesh of North East India to analyze the performance of phase-based
features for tonal speech recognition in mismatched environmental conditions. The
Apatani language belongs to the Tani group of language. Tani languages constitute a
distinct subgroup within Tibeto-Burman group of languages [16]. The Tani languages
are found basically in the contiguous areas of Arunachal Pradesh. A small number
of Tani speakers are found in the contiguous area of Tibet and only the speakers
of Missing language are found in Assam [17]. The Apatani language has 06(six)
vowels and 17 (seventeen) consonants [18]. To record the database, 24 phonetically
rich isolated tonal words have been selected. The words are spoken by 20 different
speakers (13 males and 7 females). The recording has been done in a controlled
acoustical environment at 16 kHz sampling frequency and 16 bit mono format. A
headphone microphone has been used for recoding the database. The words are
selected in such a way that each tonal instance of the vowel has at least 5 instances
among the words. Since the tone associated with the vowel is sufficient to identify
the tone associated with the entire syllable [3, 19], therefore, in the present study
we have evaluated the phone discrimination capability and robustness issue of the
phase-based features with reference to their tonal vowel discrimination capability.
Each tonal instance of a vowel has been considered as different tonal vowel. For
example, the vowel [a:] have three associated tones—rising, falling and level. Thus
vowel [a:] gives raise to the tonal vowels ([a:] rising), ([a:] falling) and

(([a :] level). Considering the tonal instances as a separate vowel, we get sixteen
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Table 1 Apatani vowels and
their tonal instances

Vowel Tonal instances

Rising Level Falling

I

*

A:

E

O

� - -

tonal vowels in Apatani language. The vowels and their tonal instances are given
in Table 1. Since the vowel [�] has only one tone, it is not taken into consideration
while evaluating the performance of the feature vectors.

All the experiments are carried out using this database. The vowels are segmented
from the isolated words for all its tonal instances. The segmentation has been done
using PRAAT software which is followed by subjective verification.

4 Experiment and Results

To evaluate the performance of the features for tonal phoneme discrimination capa-
bility, both statistical methods and Hidden Markov Model based recognizer have
been used.

Euclidean distances between the feature values extracted from each pair of tonal
phoneme have been computed. The Euclidean distance gives an indication of the
linear separation among the tonal vowels with reference to phase-based features.
Higher the value of Euclidean distance indicates better discrimination capability for
the feature vector.

Fisher’s Discrimination ration (F-ratio) [20] has been used as a quantitative
measure for the tonal phoneme discrimination capability of the phonemes. F-ratio is
defined as:

F = Variance of the tonal phoneme mean

Average intra − phoneme variance
for all phonemes

The above ratio can be computed as:
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F =
1
P

∑
i∈P

√
(μi − μ)2

1
P

∑
i∈P

(
1
T

∑
β∈T

√(∣∣∣x (i)
β − μβ,i

∣∣∣2
)) (7)

where μ is the average mean for all the tonal phonemes, μi is the average mean for
the base phoneme i , μβ,i is the average mean for phoneme i for tone β, x (i)

β indicates
an instance of the phoneme i for tone β. Higher the value of F-ratio indicates that
the feature is capable of discriminating among the tonal phonemes.

To evaluate the performance of the phase-based feature set in recognizing the tonal
phonemes, a Left-to-Right Hidden Markov Model (LRHMM) has been used. The
LRHMM is suitable for speech recognition due to its capability to model the time
varying property of the speech signal. The number of HMM states is determined
experimentally. In the present model, 6 (six) states have been used. Each state is
represented by a single Gaussian distribution function given by [21].

P
(
x |μ, σ 2

) = 1√
2πσ 2

exp

(−(x − μ)2

2σ 2

)
(8)

where x is the observation vector, μ is the Gaussian mean vector and σ 2 is the
variance. The forward–backward algorithm has been used for training the HMM
model. Clean speech signals have been used for training the models.

To extract the short-time MGD features the speech signal is first pre-emphasized
with emphasizing factor 0.97 and then framed by a Hamming windows of 30 ms
duration and 10 ms frame rate. The phase-based MGD features are extracted from
the windowed speech signal using the method described in the Sect. 2.

In the first set of experiments we have evaluated the phoneme discrimination
capability of the MGD features in the context of tonal vowel recognition. The feature
values are computed from each instance of the tonal vowels. For each tonal vowel, the
average value for each dimension of the feature vector has been computed ignoring
the outliers. The Euclidean distances have been computed between each tonal vowel
with all the other tonal vowels and their average has been taken. Table 2 gives the
average Euclidean distances of each tonal vowel from all the other tonal vowels.
Table 3 presents the average Euclidean distances among different categories of tonal
vowels.

From the above experiments it has been observed that phase-based MGD features
are suitable in discriminating the tonal vowels. They possess discrimination ability
even when the base phoneme of the tonal vowels is same and distinction among them
is due to underlying tone only or vice versa.

To assess the suitability of the MGD features for tonal vowel recognition, we
have computed the F-ratio values for the features. Higher the value of F-ratio among
different groups indicates better discrimination ability of the feature with respect to
that grouping factor. In the present study we have evaluated the computed F-ratio
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Table 2 Average euclidean distances of each tonal vowel from all the other vowels

Tonal Vowel Average
euclidean
distance from
the other tonal
vowels

Tonal vowel Average
euclidean
distance from
the other tonal
vowels

Tonal Vowel Average
euclidean
distance from
the other tonal
vowels

0.7513 0.9267 1.2091

0.7292 1.4317 1.1002

0.5993 1.9577 1.6260

0.9437 2.7468 1.3167

1.0653 1.1449 2.0015

Table 3 Average Euclidean distance among different categories of tonal vowels

Average Euclidean distance among the vowels with same base phoneme but different
tone

1.1496

Average Euclidean distance among the vowels with different base phoneme but same
tone

0.9698

Average distance from the vowels with different base phoneme and tone 1.3589

value with grouping factors—same base-phoneme, same tone and different base
phoneme and tone. The F-ratio values are listed in Table 4.

From the above experiments, it has been established that short-time phase based
feature MGD has the capability to identify the tonal vowels even when they are
distinct from each other only by tone or only by base-phoneme. This observation
assets the fact that short-time phase based MGD feature is a better alternative than
the combination of MFCC and Prosodic based features for tonal vowel recognition
which have been evaluated in our earlier works [22].

In the next set of experiments, we have evaluated the performance of MGD feature
for their tonal vowel recognition in terms of recognition accuracy of the HMM based
recognizer. The model has been trained using clean speech database. 60% of the tonal

Table 4 F-ratio values under different grouping factors

Average Euclidean distance among the vowels with same base phoneme but different
tone

3.5463

Average Euclidean distance among the vowels with different base phoneme but same
tone

3.8222

Average distance from the vowels with different base phoneme and tone 4.6514
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Table 5 Evaluation metric for the HMM based recognizer

Correctly recognized the tonal vowel 89.23%

Incorrectly recognized as a tonal vowel with same base phoneme but different tone 6.46%

Incorrectly recognized as a tonal vowel with same tone but different base phoneme 2.91%

Incorrectly recognized as a tonal vowel with different tone and different base phoneme 1.40%

instances of each vowel have been used for training and the remaining 40% for testing
the system. The performance of the MGD features have been evaluated in terms of
recognition accuracy, which is the percentage of times the recognizer has been able
to recognize the tonal vowel correctly. The error cases have been further in-depth
investigated to get an insight into the confusion created at modeling level. Table 5
presents an analysis of the performance of HMM based tonal vowel recognition.

From the experiments it has been observed that the short-term phase based MGD
feature vector is efficient in representing both tone variation as well as base-phoneme
variation in case of tonal vowels. Only in the case of 6.46% cases the recognizer has
been unable to recognize the tone variation of the same base-phone whereas in 2.91%
cases tone takes more dominants over base-phone for tonal vowel recognition. This
facts reassures the suitability of MGD feature for tonal vowel recognition in particular
and language recognition in general.

5 Conclusion

It this paper we have investigated the performance of MGD features for their tonal
vowels discrimination capability. It has been observed that phase-based MGD feature
extracted from different tonal vowels is statistically separate from each other in the
feature space even when they are different from each other only by tone or base-
phone. This fact has been established by statistical measures Euclidean distance and
F-ratio test. The performances of the features have been evaluated with a HMM based
recognizer in terms of recognition accuracy. In 89.23% cases, the tonal vowels are
recognized correctly by the HMM based recognizer trained and tested with MGD
features. In the present investigation, it has been observed that MGD features are
equally efficient in representing vowels with lexical tone (rising and falling) and
vowels without any lexical tone (level tone). This observation appeals more in-depth
investigation of the MGD feature for using it as a parameterization technique for
language independent ASR system.

Acknowledgements This work is supported by UGC major project grant MRP-MAJOR-COM-
2013-40580.



An Analysis of Phase-Based Speech Features for Tonal … 635

References

1. U. Bhattacharjee, Recognition of the tonal words of bodo language. Int. J. Recent Technol.
Eng. 1, (2013)

2. H.M. Wang, J.L. Shen, Y.J. Yang, C.Y. Tseng, S.L. Lee, Complete Chinese dictation system
research and development. in Proceedings ICASSP-94, vol. 1. (1994), pp. 59–61

3. C.J. Chen, H. Li, L. Shen, G.K. Fu, Recognize tone languages using pitch information on
the main vowel of each syllable, acoustics, speech, and signal processing. in Proceedings
(ICASSP’01), 2001 IEEE International Conference on, vol. 1. (IEEE, 2001)

4. C.J. Chen, R.A. Gopinath, M.D. Monkowski, M.A. Picheny, K. Shen, in New Methods in
Continuous Mandarin Speech Recognition, 5th European Conference on Speech Communica-
tion and Technology, vol. 3. (1997), pp. 1543–1546

5. P. Mowlaee, R. Saeidi, Y. Stylianou, Phase importance in speech processing applications. in
Fifteenth Annual Conference of the International Speech Communication Association (2014)

6. B. Yegnanarayana, J. Sreekanth, A. Rangarajan, Waveform estimation using group delay
processing. IEEE Trans. Acoust. Speech Signal Process. 33(4), 832–836 (1985)

7. J. Deng, X. Xu, Z. Zhang, S. Frühholz, B. Schuller, Exploitation of phase-based features for
whispered speech emotion recognition. IEEE Access 4, 4299–4309 (2016)

8. L.D. Alsteris, K.K. Paliwal, Short-time phase spectrum in speech processing: a review and
some experimental results. Digital Signal Process 17.3, 578–616 (2007)

9. R.M. Hegde, H.A. Murthy, V.R.R. Gadde, Signi_cance of the modi_ed group delay feature in
speech recognition. IEEE Trans. Audio Speech Lang. Process. 15(1), 190–202 (2007)

10. I. Hernáez, I. Saratxaga, J. Sanchez, E. Navas, I. Luengo, Use of the harmonic phase in
speakerrecognition. in Twelfth Annual Conference of the International Speech Communication
Association (2011)

11. B. Bozkurt, L. Couvreur, On the use of phase information for speech recognition. in 2005 13th
European Signal Processing Conference 2005 Sep 4. (IEEE, 2005), pp. 1–4

12. H. Banno, J. Lu, S. Nakamura, K. Shikano, H. Kawahara, Efficient representation of short-
time phase based on group delay. in Proceedings of the 1998 IEEE International Conference
on Acoustics, Speech and Signal Processing, ICASSP’98 (1998)

13. H.A. Murthy, B. Yegnanarayana, Speech processing using group delay functions. Signal
Process. 22(3), 259–267 (1991)

14. H. Murthy, V. Gadde, The modi_ed group delay function and its application to phoneme
recognition, in Proceedings ICASSP (Hong Kong, 2003), pp. 68–71

15. D. Zhu, K.K. Paliwal, Product of power spectrum and group delay function for speech
recognition. in Proceedings ICASSP 04 (2004), pp. 125–128

16. M.W. Post, T. Kanno, Apatani phonology and lexicon, with a special focus on tone. Himalayan
Linguist. 12(1), 17–75 (2013)

17. J.T. Sun, Tani languages, in The Sino-Tibetan Languages. ed. by G. Thurgood, R. LaPolla
(Routledge, London and New York, 2003), pp. 456–466

18. P.T. Abraham, Apatani-English-Hindi Dictionary (Central Institute of Indian Language,
Mysore, India, 1987).

19. U. Bhattachajee, J. Mannala, An experimental analysis of speech features for tone speech
recognition. Int. J. Innov. Technol. Exploring Eng. 9(2), 4355–4360 (2019)

20. H. Patro, G.S. Raja, S. Dandapat, Statistical feature evaluation for classification of stressed
speech. Int. J. Speech Technol. 10(2–3), 143–152 (2007)

21. L. Rabiner et al, HMM clustering for connected word recognition. in International Conference
on Acoustics, Speech, and Signal Processing (IEEE, 1989)

22. U. Bhattachajee, J. Mannala, Feature level solution to noise robust speech recognition in the
context of tonal languages. Int. J. Eng. Adv. Technol. 9(2), 3864–3870 (2019)






















	3.4.6_ Dr Dharmeshwari_Psycology_2019-20
	3.4.6_ SK Chaudhuri_1_Anthropology_2019-20
	3.4.6_ SK Nayak_L Nyochi_M Lama_Economics_2019-20
	3.4.6_A Chakrabarty & K Taso_Management_2019-20
	3.4.6_A Chakrabarty et al_Management_2019-20
	3.4.6_A Chakrabarty, T Norbu & M. Mall_Management_2019-20
	3.4.6_A Mitra_Economics_2019-20
	3.4.6_A. Chakrabarty & M. Tagiya_1_Management_2019-20
	3.4.6_A. Chakrabarty & M. Tagiya_Management_2019-20
	3.4.6_A. Chakrabarty & T. Norbu__Management_2019-20
	3.4.6_A. Chakrabarty & U. S. Das_1_Management_2019-20
	3.4.6_A. Chakrabarty & U. S. Das_Management_2019-20
	3.4.6_A. Chakrabarty, M. Tagiya & S. Sinha_1_Management_2019-20
	3.4.6_A. Chakrabarty, M. Tagiya & S. Sinha_Management_2019-20
	3.4.6_AK Das_Economics_2019-20
	3.4.6_DB Gurung_Economics_2019-20
	3.4.6_DN Das_1_Zoology_2019-20
	3.4.6_DN Das_Zoology_2019-20 
	3.4.6_Dr kakali_Psycology_2019-20
	3.4.6_J Bini_Hindi_2019-20
	3.4.6_J Rahul_ECE_2019-20
	3.4.6_L Saikia Book_Chemistry_2019-20
	Front Cover
	Green Sustainable Process for Chemical and Environmental Engineering and Science: Sonochemical Organic Synthesis
	Copyright
	Contents
	Contributors
	Chapter 1: Ultrasound-assisted organic synthesis
	1. Introduction
	2. Extrinsic variables affecting ultrasound irradiation
	2.1. Influence of solvent
	2.2. Influence of power
	2.3. Influence of frequency
	2.4. Influence of duty cycle
	2.5. Influence of temperature

	3. Origins of the chemical effects in sonochemistry
	4. Reactor design and configuration
	4.1. Ultrasonic cleaning bath
	4.2. ``Cup-horn´´ sonicator
	4.3. Direct immersion ultrasonic horn

	5. Classification of US-assisted organic synthesis
	5.1. Homogeneous
	5.1.1. Aqueous
	5.1.2. Nonaqueous

	5.2. Heterogeneous
	5.2.1. Metal-organic frameworks
	5.2.2. Phase-transfer catalysis
	5.2.3. Heterogeneous catalysis

	5.3. Enzymatic catalysis

	6. Kinetics of sonochemical reactions
	6.1. Phase-transfer catalyzed reactions
	6.2. Homogeneously or heterogeneously catalyzed reactions
	6.3. Enzyme catalyzed reactions

	7. Industrial applications of US-assisted organic reactions
	7.1. Heterocyclic compounds
	7.1.1. Synthesis of pyrazoline derivatives
	7.1.2. Synthesis of 2-imidazolines
	7.1.3. Synthesis of vitamins

	7.2. Condensation reactions
	7.2.1. Synthesis of β-hydroxyl ketones
	7.2.2. Synthesis of ketoximes
	7.2.3. Synthesis of 4-oxo-2-thioxohexahydropyrimidines

	7.3. Substitution reactions
	7.3.1. Reaction of carboxylic acids to Merrifield resin
	7.3.2. Synthesis of functionalized arylacetylenes

	7.4. Reduction reactions
	7.4.1. Synthesis of fluorinated alkanes and cycloalkanes
	7.4.2. Hydrogenation of ketones

	7.5. Addition reactions
	7.5.1. Synthesis of mandelic acid

	7.6. Photochemical reactions
	7.6.1. Synthesis and photochemistry of 1-iodocyclohexene

	7.7. Protection/deprotection
	7.7.1. Protection of alcohols

	7.8. Coupling reactions
	7.8.1. Synthesis of propargylamines
	7.8.2. Synthesis of Z and E stilbenes

	7.9. Oxidation reactions
	7.9.1. Oxidation of alkylarenes to the corresponding acids

	7.10. Polymerization reactions
	7.10.1. Synthesis siloxane monomers

	7.11. Alkylation and acylation reactions
	7.11.1. Synthesis of N-alkoxyphthalimides


	8. Conclusion and future aspects
	References

	Chapter 2: Sonochemical protocol for catalyst-free organic synthesis
	1. Introduction
	2. Acoustic cavitation
	3. Equipment requirement for sonochemical reactions in laboratory
	3.1. The ultrasonic cleaning bathtub
	3.2. Ultrasonic horn system

	4. Application of ultrasound in catalyst-free organic synthesis
	4.1. Catalyst-free sonochemical synthesis of heterocyclic organic scaffolds
	4.1.1. Synthesis of pyrazole-based heterocycles
	4.1.2. Synthesis of quinoline-based heterocycles
	4.1.3. Synthesis of pyrimidine-based heterocycles
	4.1.4. Synthesis of spiro-based heterocycles
	4.1.5. Synthesis of bioactive organic compounds bearing nitrile functionality
	4.1.6. Synthesis of rhodanines
	4.1.7. Synthesis of 4H-3,1-benzoxazin-4-ones
	4.1.8. Synthesis of quinazolines-based heterocycles
	4.1.9. Synthesis of pyrido[2,3-c] coumarins
	4.1.10. Synthesis of octahydroxanthenes
	4.1.11. Synthesis of pseudopeptides containing rhodanine
	4.1.12. Synthesis of derivatives of quinoxaline
	4.1.13. Synthesis of 2H-indazolo[2,1-b]phthalazine-triones
	4.1.14. Synthesis of 1-(2-fluorophenyl)-1,4-dihydropyridines

	4.2. Applications of ultrasound in catalyst-free synthesis of molecules other than heterocycles
	4.2.1. Synthesis of α-amino phosphonates
	4.2.2. Synthesis of ferrocenyl containing carbonyl compounds
	4.2.3. Synthesis of propanamides
	4.2.4. Synthesis of dithiocarbamates
	4.2.5. Synthesis of thiourea
	4.2.6. Synthesis of ketene imines
	4.2.7. Synthesis of series of formamidines
	4.2.8. Synthesis of N-benzyl-N-(4-chlorophenyl)cyanamide
	4.2.9. Synthesis of α-sulfamidophosphonate


	5. Conclusion
	References

	Chapter 3: Sonochemical protocol for stereoselective organic synthesis
	1. Introduction
	2. Stereoselective organic synthesis under ultrasonication
	3. Conclusion
	References

	Chapter 4: Sonochemical protocol for alkylation reactions
	1. Introduction
	2. Alkylation reaction
	3. Alkylation reaction under sonication
	3.1. C-Alkylation reaction
	3.2. O-Alkylation reaction
	3.3. N-Alkylation reaction
	3.4. S-Alkylation reaction

	4. Conclusions
	References

	Chapter 5: Sonochemical protocol for solvent-free organic synthesis
	1. Introduction
	1.1. Ultrasound classification and its applications
	1.2. Sonochemistry and its merits
	1.3. Origin of the sonochemical effect
	1.4. Sonochemical device
	1.5. Ultrasound-assisted solvent-free organic synthesis
	1.6. Aim and scope of this review

	2. Ultrasound-promoted catalyst-free organic synthesis under solvent-free conditions
	2.1. Synthesis of N,N-dialkyl- and N,N-diaryl-1,4-diazabutadienes
	2.2. Diastereoselective sequential one-pot double aza-Michael preparation of pyrrolidines
	2.3. Three-component one-pot prepartion of α-sulfamidophosphonate derivatives
	2.4. One-pot creation of α-aminophosphonate frameworks
	2.5. Preparation of N,N-diarylfunctionalized formamidines
	2.6. Synthesis of substituted pyrazolone derivatives
	2.7. Development of 1,4-dihydropyridine scaffolds
	2.8. Preparation of 8-aryl-7,8-dihydro-[1,3]-dioxolo[4,5-g]quinolin-6 (5H)-ones
	2.9. t-Butoxycarbonyl-mediated protection of aromatic and aliphatic amine derivatives
	2.10. N-Formylation of aromatic amine derivatives
	2.11. Protecting alcohol moieties through formation of silyl ethers

	3. Ultrasound-assisted catalytic organic synthesis under solvent-free conditions
	3.1. Amino grafted zeolite-catalyzed synthesis of trans-chalcones
	3.2. Acid-clay-catalyzed synthesis of synthesis of trans-chalcones
	3.3. Zirconyl chloride-catalyzed preparation of 3,4-dihydro-2(1H)-quinolinones
	3.4. Sodium bisulfite-catalyzed preparation of pyrano[2,3-c]pyrazole derivatives
	3.5. Dendrimer-PWAn nanoparticles-catalyzed synthesis of multi-substituted imidazoles
	3.6. Nano SiO2-catalyzed synthesis of 3,3-(methylene)bis(coumarins)
	3.7. MgFe2O4 nano-catalyzed synthesis of coumarins
	3.8. Poly(4-vinylpyridinium) perchlorate-catalyzed synthesis of coumarins
	3.9. P2O5-SiO2-catalyzed formation of 1-substituted 1H-1,2,3,4-tetrazoles
	3.10. o-Phthalimide-N-sulfonic acid-catalyzed formation of alkenyl-2,2-butylidene-1,3-dioxane-4,6-dione derivatives
	3.11. p-Toluenesulfonic acid (PTSA)-catalyzed preparation of β-indolylketones
	3.12. Gallium(III) triflate-catalyzed [4+2+1] formation of 3,4-difunctionalized-1,5-benzodiazepines
	3.13. Magnesium oxide-catalyzed synthesis of α-oxycarbanilinophosphonates
	3.14. Antimony(III) chloride-catalyzed synthesis of dihydropyrimidinones
	3.15. Potassium thiocyanate/iodine-catalyzed formation of (Z)-β-iodo vinylthiocyanate derivatives
	3.16. Monopotassium phosphate-catalyzed preparation of α-hydroxyphosphonate derivatives
	3.17. Sodium hexanesulfonate-catalyzed formation of α-aminophosphonates
	3.18. Sulfur/morpholine-catalyzed synthesis of 2-aminothiophenes

	4. Conclusion
	References

	Chapter 6: Sonochemical protocol for biocatalysis
	1. Introduction
	1.1. Biocatalysis
	1.2. Ultrasonication

	2. Sono-biomechanics of enzymatic reactions
	2.1. Biomechanics of enzymes in ultrasound
	2.2. Cavitational bubble dynamics

	3. Ultrasound-assisted enzyme-catalyzed reactions
	3.1. Free enzyme catalysis
	3.2. Immobilized enzyme catalysis
	3.3. Whole-cell biocatalysis

	4. Factors affecting ultrasound-assisted enzyme-catalyzed reactions
	4.1. Influence of frequency
	4.2. Influence of intensity/power
	4.3. Influence of pH and temperature
	4.4. Influence of duty cycle

	5. Effect of reactors on enzyme-catalyzed reactions in sonication
	5.1. Ultrasonic horn
	5.2. Ultrasonic bath
	5.3. Ultrasound-assisted packed bed reactor (PBR)
	5.4. Scale-up

	6. Kinetics and thermodynamics of sono-enzymatic synthesis
	6.1. Effect of ultrasound on kinetics parameters
	6.2. Effect of ultrasound on thermodynamic parameters

	7. An ideal sonochemical protocol for biocatalysis
	7.1. Selection of reactor vessel
	7.2. The medium
	7.3. Mapping
	7.4. Bath type
	7.5. Placement of reactor
	7.6. Enzyme form
	7.7. Temperature control
	7.8. Monitoring enzyme activity concerning time

	8. Conclusion and future prospects
	References

	Chapter 7: Sonochemical protocol for coupling reactions
	1. Introduction and background
	2. Sonochemical coupling reactions
	2.1. Sonochemical protocol in CC coupling reactions
	2.1.1. Reductive coupling to carbonyl (>CO) functionality under ultrasonic irradiation
	2.1.2. Sonochemical CC coupling in the presence of Li species
	2.1.3. Sonochemical CC coupling in the presence of Pd species
	Sonochemical Heck coupling
	Sonochemical Suzuki coupling
	Sonochemical Sonogashira coupling
	Sonochemical Stille coupling

	2.1.4. Sonochemical CC coupling in the presence of metal species other than Pd

	2.2. Sonochemical protocol in CN coupling reactions
	2.3. Sonochemical protocol in CSn coupling reactions

	3. Concluding remark
	References

	Chapter 8: Sonochemical protocol for protection and deprotection of functional groups in organic synthesis
	1. Introduction
	2. Different energy source for chemical reaction
	3. Mechanisms for the generation of energy in sonication
	4. Brief discussion on protection and deprotection of functional groups
	4.1. Protecting groups for hydroxy
	4.2. Protecting groups for aldehydes and ketones
	4.3. Protecting groups carboxylic acids/amines

	5. Ultrasound-promoted protection and deprotection of hydroxy group (OH) in carbohydrates
	5.1. Acetylation and ketal protection
	5.2. Deprotection of acetate, trityl, and benzylidene functionalities
	5.3. Migration of functional groups
	5.4. Ultrasound-assisted selective deprotection of terminal acetonides
	5.5. Sugar O-tosyl groups deprotection from purine nucleosides

	6. Ultrasound-promoted protection and deprotection of hydroxy group (OH) in noncarbohydrates
	6.1. Ultrasound mediated catalyst-free protection of alcohols
	6.2. O-Silylation of homoallyloxyalcohols
	6.3. Deprotection of silyl ether
	6.4. Acetylation
	6.5. PMB/MOM protection
	6.6. Deprotection of DMT (dimethoxytrityl)
	6.7. Cleavage of phenol protected functionality

	7. Deprotection of carbonyl protecting groups
	7.1. Removal of acetals and ketals
	7.2. Deprotection of aldehyde by deoximation of oximes
	7.3. Rapid oxidative cleavage of oximes
	7.4. Silica sulfuric acid-catalyzed deprotection of oximes
	7.5. Chemoselective 1,1-diacetate protection
	7.6. Deprotection of 1,1-diacetates

	8. Protection and deprotection of amine group
	8.1. Ultrasound and heterogeneous catalyst promoted acylation of amines
	8.2. N-Boc protection of amines
	8.3. N-Fmoc protection of amines
	8.4. Ultrasound-assisted amine protection as β-enamino esters
	8.5. N-Acylation of sulfonamides
	8.6. Deprotection of substituted phenyl sulfonyl carbamates
	8.7. Deprotection of propargyloxycarbonyl (POC) [65, 66]

	9. Carboxylic acid group protection/deprotection
	9.1. Esterification of COOH in amino acids
	9.2. Ester hydrolysis in the presence of sonication

	10. Summary
	References

	Chapter 9: Sonochemical protocols for Grignard reactions
	1. Introduction
	2. Grignard sonochemistry
	2.1. Ultrasound-assisted preparation of Grignard reagents
	2.2. Reactions of Grignard reagents under ultrasound irradiation
	2.2.1. Reaction of Grignard reagents with aldehydes
	2.2.2. Reaction of Grignard reagents with ketones
	2.2.3. Reaction of Grignard reagents with acetals
	2.2.4. Reaction of Grignard reagents with esters


	3. Concluding remarks
	References

	Chapter 10: Sonochemical approach for the synthesis of organo-modified layered double hydroxides and their applications
	1. Introduction
	2. A summary on the ultrasonic approach
	2.1. Transducers configuration
	2.2. Mechanism

	3. Synthesis of organo-modified/LDHs and their nanocomposites with prospect applications
	3.1. Carbon derivative/LDH structures
	3.2. Drug/LDH structures
	3.3. Polymer/LDH structures
	3.4. Other organics/LDH structures

	4. Comparison of ultrasonication with other techniques
	5. Some disadvantages of sonochemistry
	6. Other applications of ultrasound
	7. Conclusions
	References

	Chapter 11: Sonochemical protocol for the organo-synthesis of TiO2 and its hybrids: Properties and applications
	1. Introduction
	2. Effect of ultrasonic power in the organic synthesis of TiO2 and their applications
	3. Effect of ultrasonic power in the organo-modification of TiO2 and their applications
	3.1. Silane coupling agents
	3.2. Dicarboxylic acid
	3.3. Polymers
	3.4. Other modifiers

	4. Sonochemical synthesis of polymeric hybrids based on TiO2 and their applications
	4.1. Remediation industry
	4.2. Packaging industry
	4.3. Other NCs and their applications

	5. Preparation of carbon nanomaterials/TiO2 hybrids using ultrasonication
	5.1. Graphene or graphene oxide/TiO2 hybrids
	5.2. Carbon nanotubes (CNTs)/TiO2 hybrids

	6. Conclusions and future prospects
	References

	Chapter 12: Sonochemical protocol of polymer synthesis
	1. Emulsion polymerization
	1.1. Ultrasound-assisted mini-emulsion polymerization system
	1.2. Ultrasonic initiation of aliphatic alcohols polymerization
	1.3. Liquid carbon dioxide systems
	1.4. Indirect ultrasound-assisted emulsion polymerization
	1.5. Ultrasound-assisted emulsion polymerization to produce hydrogel polymer
	1.6. Ultrasound-assisted emulsion copolymerization of butyl acrylate/vinyl acetate
	1.7. Ultrasound-assisted graft copolymerization of acrylic acid/poly(vinylidene fluoride)
	1.8. Ultrasonic-assisted emulsion polymerization of polyaniline/nanostructure TiO2 nanocomposites
	1.9. Ultrasound-assisted emulsion polymerization ZnO/poly(butyl methacrylate) nanocomposites
	1.10. Ultrasound-assisted emulsion polymerization of the poly (styrene-co-methyl methacrylate)/montmorillonite nanocomposite
	1.11. Ultrasound-assisted mini-emulsion production of polypyrrole-ZnO (PPy/ZnO)

	2. Bulk and suspension polymerization
	2.1. Ultrasound-assisted bulk polymerization of styrene
	2.2. Ultrasound-assisted bulk polymerization to fabrication of hydrogel macromolecules
	2.3. Ultrasound-assisted suspension polymerization of styrene
	2.4. Ultrasound-assisted suspension polymerization of 2-hydroxyethylmethacrylate/ethylene glycol dimethacrylate copolymer

	3. Solution polymerization
	3.1. Ultrasound-assisted polymerization of acrylic hydrogels
	3.2. Ultrasound-assisted copolymerization of polyacrylamide/nano-fibrillated cellulose and acrylic acid/poly (vinylidene  ...
	3.3. Ultrasound-assisted polymerization of poly (N-isopropylacrylamide-co-2-hydroxyethyl methacrylate)

	4. Phase-transfer catalysis polymerization
	4.1. Ultrasound-assisted polymerization of butyl acrylate using crown ethers as PTC
	4.2. Ultrasonic-assisted free radical polymerization of ethyl methacrylate using PTC
	4.3. Ultrasound-assisted radical polymerization of acrylonitrile using PTC
	4.4. Ultrasound-assisted radical polymerization of acrylonitrile using PTC

	5. Reversible addition-fragmentation chain transfer
	5.1. Ultrasound-assisted graft modification of silica gel by RAFT polymerization
	5.2. Ultrasound-assisted RAFT polymerization-induced self-assembly (Sono-RAFT-PISA)
	5.3. Ultrasound-assisted Sono-RAFT polymerization in organic solvents

	6. Atom transfer radical polymerization
	6.1. Ultrasound-assisted polymerization of acrylate by (ATRP) method
	6.2. Ultrasound-assisted polymerization of acrylate by (ATRP) method

	7. Ring-opening polymerization
	8. Conclusion
	References

	Chapter 13: Sonochemical methods and their leading properties for chemical synthesis
	1. Introduction
	2. Ultrasound operation and bubble formation
	3. Effectiveness and parameters of the sonochemical process
	4. Intensives and frequencies of sonochemical irritations
	5. Duration of stirring
	6. Heterogeneous and homogenous features of reactions under ultrasonic conditions
	7. Conversion of biomass to biofuels under ultrasonic conditions
	8. Features of sonochemical reactors and devices used for sonochemical synthesis
	9. Conclusions
	References

	Index
	Back Cover

	3.4.6_M Sora_CSE_2019-20
	3.4.6_M Tagiya, S Sinha & A. Chakrabarty_Management_2019-20
	3.4.6_MS Meetei_1_ECE_2019-20
	3.4.6_MS Meetei_ECE_2019-20
	3.4.6_Nipen Saikia_1_Mathematics_2019-20
	3.4.6_Nipen Saikia_Mathematics_2019-20
	3.4.6_P Kalita_Physics_2019-20
	3.4.6_PB Baurauh_Economics_2019-20
	3.4.6_PK Barik_Education_2019-20
	3.4.6_Prof. Simon John & L. Lomdak_AITS_2019-20
	3.4.6_Prof. Simon John & W. Mongchan_AITS_2019-20
	3.4.6_Prof. T. Mibang_AITS_2019-20
	3.4.6_R. Biswas, S. Pal, B. Sarkar & A. Chakrabarty_Management_2019-20
	3.4.6_RR Prasad_Hindi_2019-20
	3.4.6_S Prasad_Physical Education_2019-20
	3.4.6_SK Chaudhuri_Anthropology_2019-20
	3.4.6_SK Nayak_1_Economics_2019-20
	3.4.6_SK Nayak_Economics_2019-20
	3.4.6_SK Nayak_Education_2019-20
	3.4.6_T. Wangpan & S. Tangjang_Botany_2019-20
	3.4.6_T. Wangpan et al._Botany_2019-20
	3.4.6_U Bhattacharjee_1_CSE_2019-20
	3.4.6_U Bhattacharjee_2_CSE_2019-20
	3.4.6_U Bhattacharjee_3_CSE_2019-20
	3.4.6_U Bhattacharjee_CSE_2019-20
	3.4.6_V Upadhyaya_Economics_2019-20
	3.4.6_W Mongchan_AITS_2019-20
	3.4.6_ZA Modi__AITS_2019-20



