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ABSTRACT 

 

Zeolite Y is crystalline and porous material which possesses essential structural properties 

suitable for application as adsorbents, ion-exchangers, catalysts and components of catalyst. 

Traditional synthesis of zeolite Y uses hydrothermal conditions, organic templates, high 

pressure conditions which are inherently inefficient and generate wastes. In this work two 

novel environmentally friendly synthesis techniques are attempted. First a novel material, 

hitherto not applied, Kaolin clay from Kachchh region of Gujarat is used as indigenous and 

inexpensive source of silica and alumina to synthesize zeolite Y by hydrothermal method. The 

synthesis route comprised of the following steps: sulphuric acid treatment at 110°C (4h) for 

impurity removal followed by calcination at 600°C for 4h, thermal activation of kaolin into 

metakaolin by NaOH fusion at 850°C (8h); aging of reaction mixtures at 50°C (24h); 

crystallization (48h) followed by washing and drying. In the second approach, a novel but 

facile synthesis method by using chemical route using ultrasonic technique is demonstrated. 

In this method, the precursor gel was sonicated with ultrasonic processor (20 kHz, 500 W) for 

90 min and treated hydrothermally without stirring at 100°C for 90 min followed by washing, 

filtration and drying. The formations of synthesized zeolites Y were confirmed by multiple 

characterization techniques. Detailed structural examination indicated a porous structure 

having majority of micropores and remaining mesopores. Comparison with a reference zeolite 

Y prepared by standard method and a commercial zeolite Y procured from Zeolyst 

International was also carried out. The synthesized zeolite Y was applied as a catalyst for 

esterification of succinic acid with ethanol to form valuable esters. The results indicated good 

conversion rate and selectivity at moderate reaction conditions. This work demonstrated an 

effective way of preparing environmentally benign and porous zeolite Y having required 

structural properties suitable for catalytic applications. 

 

  



xii 
 

 

GRAPHICAL ABSTRACT 

 

 

 

  



xiii 
 

 

Acknowledgement 

 

I express my sincere appreciation to those who have contributed to this thesis and supported 

me in one way or the other during this amazing journey. Without them, this research work 

would not have been possible. I express my sincere gratitude to all, and take this opportunity 

to particularly mention few of their names here. 

 

First and foremost, I would like to express my sincere gratitude to my research supervisor Dr. 

Bhavna Soni, Professor and Head, Department of Chemical Engineering, SAL College of 

Engineering, Ahmedabad. Her continuous guidance, motivation, inspiration and care 

throughout my research period were overwhelming. With her wholehearted support and 

continuous encouragement, the work was not only completed successfully within time but 

also with complete satisfaction. Secondly, I would like to express my genuine gratefulness to 

Dr. Rajib Bandyopadhyay, Professor, Department of Chemistry, School of Technology, 

Pandit Deendayal Energy University, Gandhinagar for guiding me throughout my 

experimental work. He obliged by allowing to perform some of the crucial work at his 

laboratory. His valuable technical guidance and moral support always encouraged me to do 

something which is really valuable.    

 

My sincere and deep appreciation also goes to Dr. Ranjan Sengupta, Retd. Professor, The 

Maharaja Sayajirao University of Baroda who was a member of my doctoral progress 

committee (DPC). Being a very senior and respectable faculty member, his continuous 

encouragement helped me a lot towards completion of the research work. He gave his 

valuable suggestions generously and took keen interest in my research work. My sincere and 

deep gratitude also goes to Dr. Jagannath Das, Retd. Vice President, Reliance Industries, 

Vadodara who was my other DPC member for always being supportive and providing 

encouragement. He was always eager to know about the developments and progress in my 

research work. His technical guidance, thoughtful feedback and insightful comments toward 

improving my research work were very helpful. Despite of their busy schedule, both the 



xiv 
 

members always remained present in the DPC meeting and ensured that I could present my 

work freely without any stress.  

 

I am sincerely grateful to Dr. Nilay Bhuptani, Principal of Vishwkarma Government 

Engineering College, Chandkheda, Ahmedabad who gave me this golden opportunity and 

permission for pursuing this Ph.D programme under Gujarat Technological University, 

Ahmedabad and also providing me necessary support to carry out my research work. I also 

thank Dr. N. M. Patel, Professor and Prof. S. B. Thakore, Associate Professor in Chemical 

Engineering for their support in doing the thesis. I also wish to thank all faculty members of 

chemical department of Vishwakarma Government College of Engineering, Chandkheda, 

Ahmedabad for encouraging and helping me throughout. 

 

I would like to specially thank the valuable contribution of Mr. B. K. Patel and Mr. Amit 

Dave of M/s Gujarat Multi gas base Chemicals (P) Ltd., Mehsana, Mr. Jayesh Patel of Your 

Micron LLP, Morbi, Mr. Vinay Dangar and Dr. Reddy of Gunjan Minerals Pvt. Ltd., Bhuj, 

Mr. Aroh Shrivastava of Institute of Plasma Research, Gandhinagar, and Mr. Arun Basrur of 

Süd-Chemie India Pvt. Ltd., Vadodara for providing vital support in completing the research 

work. The unconditional support from their side with the sole purpose of supporting quality 

research work without asking anything in return is really commendable. 

  

I am particularly thankful to my students Dhaval, Binit, Vaibhav, Vatsal, Kuldeep and Punit 

for their untiring effort and hard work towards making this research work successful. Last but 

not the least; I would like to say a heartfelt thanks to my family and friends for their 

unconditional support and love for me. 

 

 
 

Dolly Rajnikant Gandhi 

 

Date: 13/10/2022        Place: Ahmedabad 

  



xv 
 

 

 

 

 

 

 

 

 

Dedicated to my parents 

  



xvi 
 

Table of Content 

# Abstract  ………………………………………………………………….. …….….  XI 

# Graphical Abstract …………………………………………………………….…..  XII 

# Acknowledgement ….………………………………………....................................  XIII 

# List of abbreviation ………………………………………………………………… XVIII 

# List of symbols ……………………………………………………………………… XIX 

# List of figures ……………………………………………………………………… XX 

# List of tables …………………………………………………………………………  XXII 

# List of appendices …………………………………………………………………… XXIII 

1. Introduction ………………………………………………………………………… 1 

 1.1  About zeolite 1 

 1.2 Definition of the problem 4 

 1.3 Objectives and Scope of research work 4 

 1.4 Presentation and layout of the thesis 5 

2 Literature Review     

…………………………………………………………………... 

6 

 2.1 About Zeolites 6 

  2.1.1 Brief history of Zeolites 7 

  2.1.2 Zeolite structure and properties 7 

  2.1.3 Zeolite application 12 

  2.1.4 Zeolite synthesis 14 

  2.1.5 Method for Zeolite synthesis 15 

  2.1.6 Zeolite synthesis raw materials 22 

  2.1.7 Zeolite characterization 23 

 2.2 Zeolite Y structure and properties 28 

  2.2.1 Zeolite Y synthesis 29 

2.2.2 Zeolite Y synthesis from Kaolin 31 

2.2.3 Zeolite Y synthesis from Bentonite 32 

2.2.4 Application of Zeolite Y as catalyst 35 

 2.3 Esterification reaction 35 

  2.3.1 Esterification of succinic acid with ethanol 37 

 2.4 Research gap and challenges 38 

3 Materials and methods  40 

 3.1 Materials used    41 

  3.1.1 Equipments and instruments    41 

3.1.2 Glass wares/plastic wares    41 

3.1.3 Chemicals    41 

 3.2 Experimental 42 

  3.2.1 Synthesis of Reference Zeolite Y (RZeoY) by conventional method 42 

3.2.2 Synthesis of Zeolite Y by using Kachchh clay 44 

  



xvii 
 

   3.2.2.1 Clay treatment of kaolin clay 44 

 3.2.2.2 Clay treatment of Bentonite clay 46 

 3.2.2.3 Synthesis of Zeolite Y from clay 47 

3.2.3 Synthesis of Zeolite Y by using ultrasonication   51 

  3.2.4 Ion exchange by NH4NO3 - Catalyst activation 52 

  3.2.5 Esterification reaction 53 

 3.3 Analytical methodologies 55 

  3.3.1 X-Ray Diffraction 55 

  3.3.2 Infrared Spectroscopy 56 

  3.3.3 Thermal Analysis 56 

  3.3.4 X-ray fluorescence (XRF) 58 

  3.3.5 N2-adsorption-desorption 58 

  3.3.6 Electron Microscopy 59 

4 Result and Discussion   61 

 4.1 Characterization of reference Zeolite Y (RZeoY) 61 

 4.2 Clay Treatment 62 

  4.2.1 Kaolin clay 62 

4.2.2 Bentonite clay 70 

4.2.3 Environment impact assessment 79 

 4.3 Synthesis of Zeolite Y from clay 80 

  4.3.1 Kaolin clay to Zeolite Y (KZeoY) 80 

 4.4 Zeolite Y synthesized by ultrasonic method (UZeoY) 87 

 4.5 Application in esterification reaction 91 

  4.5.1 Ion exchange by NH4NO3 - catalyst activation 91 

4.5.2 Esterification reaction 92 

 4.5.2.1 Kaolin clay 93 

4.5.2.2 Bentonite clay 94 

 4.5.2.3 Zeolite Y from kaolin (KZeoY) 95 

 4.5.2.4 Ultrasonic Zeolite Y (UZeoY) 97 

4.5.3 Kinetic and rate constant study 99 

5 Conclusion and future scope   102 

 5.1 Major conclusions    102 

5.2 Original contribution by the thesis 106 

5.3 Future scope of work   106 

References     108 

Research Publications     127 

Appendix     128 

 A Crystallinity and Lattice parameter calculation 129 

 B Sample Batch calculation 136 

 C Research Publications & Conferences 148 

 

  



xviii 
 

List of Abbreviation 

 

Abbreviation Meaning 

FCC Fluid catalytic cracking 

HC Hydrocarbon cracking 

FAU Faujasite 

RHA Rice husk ash 

BFS Blast furnace slag 

AAS Atomic absorption spectrometry 

XRD X-ray diffraction 

FTIR Fourier transform infrared spectrometry 

SEM Scanning Electron Microscopy 

TGA Thermogravimetric Analysis 

DTG Difference Thermogravimetry 

DTA Differential Thermal Analysis 

DSC Differential scanning calorimetry 

BET Brunauer-Emmett-Teller 

RE Rare earth 

RPM Revolutions per minute 

AR Analytical reagent 

RZeoY Reference zeolite Y 

CZeoY Commercial zeolite Y 

UZeoY Ultrasonic zeolite Y 

KZeoY Zeolite Y from kaolin clay 

MES Monoethyl succinate/MES 

DES Diethyl succinate/DES 

SSA Specific surface area 

SA Succinic acid 

 



xix 
 

List of Symbols 

 

 

Symbol 

 

Unit Meaning 

S m
2 

g
-1

 Specific surface area 

V cm
3
 g

-1 
Pore volume 

d nm Pore diameter 

a Å Lattice parameter 

K s
-1 

Rate constant 

 

  



xx 
 

List of Figures 

 

Figure No. 

 

Title Page no. 

Fig. 2.1 Chemical structure of zeolite 8 

Fig. 2.2 Primary building unit of zeolite structure 8 

Fig. 2.3 Brønsted and Lewis acid sites in zeolites 10 

Fig. 2.4 (a) Reactant selectivity, (b) Product selectivity and (c) Restricted 

Transition-State selectivity 

11 

Fig. 2.5 Synthesis of Zeolite 15 

Fig. 2.6 Characterization techniques applied for the structural and compositional 

analysis of zeolites 

28 

Fig. 2.7 (a) The structure of Zeolite Y   (b) The double ring, sodalite and super 

cage of zeolite Y 
29 

Fig. 3.1 Experimental approach 40 

Fig. 3.2 Schematic diagram of Synthesis of Reference Zeolite Y 43 

Fig. 3.3 Sample of (a) kaolin Clay (b) Bentonite Clay 44 

Fig. 3.4 Flow diagram representing clay treatment 44 

Fig. 3.5 Acid treatment of kaolin clay 45 

Fig. 3.6 Acid treatment of Bentonite clay 47 

Fig. 3.7 Synthesis of Zeolite Y from Kaolin clay (KZeoY) 48 

Fig. 3.8 Experimental steps of synthesis of Zeolite Y from Kaolin clay (KZeoY). 49 

Fig. 3.9 Synthesis of Zeolite Y from Bentonite clay 50 

Fig. 3.10 Experimental steps of synthesis of Zeolite Y from Bentonite clay 51 

Fig. 3.11 Synthesis of Zeolite Y by using ultrasonication 52 

Fig. 3.12 Schematic diagram of ammonium nitrate ion exchange of all synthesized 

Zeolite Y 

53 

Fig. 3.13 Schematic diagram of esterification reaction 54 

Fig. 3.14 Esterification reaction experimental set up 54 

Fig. 3.15 Rigaku Miniflex instrument for XRD pattern 56 

Fig. 3.16 Fourier transform infrared spectroscope (ATR-FTIR, VERTEX 80, 

Bruker Corp., Germany) 

57 

Fig. 3.17 Dispersive XRF spectrometer EDX-7000 (SHIMADZU Corporation, 

Japan) 

58 

Fig. 3.18 Surface area analyzer TriStar II 3020 (Micromeritics Instruments 

Corporation, US) 

59 

Fig. 3.19 Scanning electron microscope (ZEISS Gemini Sigma) 60 

Fig. 4.1 XRD and N2 adsorption-desorption isotherms of RZeoY and CZeoY 61 

Fig. 4.2 SEM images of (a) RZeoY and (b) CZeoY 62 

Fig. 4.3 FTIR analysis of (a) raw kaolin clay (blue) (b) 7M H2SO4 treated kaolin 

clay (pink) (c) 10M H2SO4 treated kaolin clay (red). 

65 

Fig. 4.4 SEM images of (a) raw kaolin clay (b) 7M H2SO4 treated kaolin clay (c) 

10M H2SO4 treated kaolin clay. 

65 

  



xxi 
 

Fig. 4.5 (a) TGA of raw kaolin and H2SO4 treated kaolin clay (b) DTA of raw 

kaolin and H2SO4 treated kaolin clay. 

67 

Fig. 4.6 XRD analysis of (a) raw kaolin clay (blue) (b) 7M H2SO4 treated kaolin 

clay (red) (c) 10M H2SO4 treated kaolin clay (black). 

68 

Fig.4.7 N2 adsorption isotherm of (a) raw kaolin clay (orange) (b) 7M H2SO4 

treated kaolin clay (blue) (c) 10M H2SO4 treated kaolin clay (green). 

69 

Fig. 4.8 FTIR analysis of (a) raw Bentonite clay (blue) (b) bentonite clay treated 

by 5M H2SO4 (black) (c) bentonite clay treated by 10M H2SO4 (red). 

73 

Fig. 4.9 DTA of (a) raw Bentonite clay (black) (b) bentonite clay treated by 5M 

H2SO4 (red) (c) bentonite clay treated by 10M H2SO4 (blue). 

74 

Fig. 4.10 XRD analysis of raw bentonite clay, treated by 5M and 10M H2SO4, M-

Montmorillonite-bentonite, Q-Quartz, G-Gypsum 

76 

Fig. 4.11 SEM micrographs (500×) of (a) raw bentonite clay (b) bentonite clay 

treated by 5M H2SO4 (c) bentonite clay treated by 10M H2SO4. 

77 

Fig. 4.12 SEM micrographs (5000×) of acid treated bentonite clay revealing highly 

porous structure caused due to acid treatment using 5M H2SO4 followed 

by calcination 

77 

Fig. 4.13 Comparison of the XRD patterns of (a) raw kaolin clay (b) synthesized 

zeolite Y (KZeoY) from kaolin clay and reference zeolite Y (RZeoY). 

82 

Fig. 4.14 SEM images of (a) raw kaolin clay (b) KZeoY (c) RZeoY 85 

Fig. 4.15 (a) N2 adsorption-desorption isotherms (b) Pore volume distribution of 

KZeoY and RZeoY 

86 

Fig.4.16 XRD of samples of bentonite base synthesized Y for different 

crystallization time (a) 72 h (b) 84 h and (c) 96 h 

87 

Fig. 4.17 XRD of synthesized UZeoY, RZeoY and CZeoY 88 

Fig. 4.18 SEM images of (a) CZeoY and (b) UZeoY 90 

Fig. 4.19 (a) N2 adsorption-desorption isotherms and (b) Pore volume distribution 

of UZeoY and comparison with references 

91 

Fig. 4.20 Conversion of Succinic acid with time for all Zeolites 95 

Fig. 4.21 Catalytic activity of Y zeolites [(a) RZeoY and (b) KZeoY] with time on 

stream 

97 

Fig. 4.22 Catalytic activity of Y zeolites [(a) RZeoY and (b) UZeoY] with time on 

stream 

99 

Fig. 4.23 Plot of the conversion of succinic acid with time for (a) KZeoY and (b) 

UZeoY 

101 

 

  



xxii 
 

List of Tables 

Table No. 

 

Title Page no. 

Table 2.1 Comparison of the various methods of zeolite synthesis 19 

Table 2.2 Effect of ultrasonication on synthesis/modification of Zeolite Y and other 

zeolites. 

22 

Table 2.3 Analysis of kaolin clay obtained from various regions 30 

Table 2.4 A brief overview of acid treatment of kaolin clay 31 

Table 2.5 Overview of the physico-chemical changes of raw Bentonite clay before 

and after H2SO4 treatment 

34 

Table 2.6 Esterification reactions using zeolite Y as catalyst 36 

Table 4.1 Textural properties of RZeoY and CZeoY 62 

Table 4.2 XRF analysis of raw and H2SO4 (7M and 10M) treated kaolin clay 63 

Table 4.3 Textural properties of raw and acid treated kaolin clay 69 

Table 4.4 XRF analysis of raw Bentonite (RB) clay and after acid treatment using 

5M and 10M H2SO4 

72 

Table 4.5 Textural properties of raw Bentonite clay and after acid treatment using 

5M and 10M H2SO4. 

79 

Table 4.6 Composition of raw kaolin clay and synthesized zeolite Y (KZeoY) with 

respect to reference zeolite Y (RZeoY) 

81 

Table 4.7 Crystallinity calculation of synthesized zeolite Y (KZeoY) 83 

Table 4.8 Lattice parameter calculation 83 

Table 4.9 Textural properties of raw kaolin clay and synthesized zeolite Y 86 

Table 4.10 Lattice parameter of UZeoY 89 

Table 4.11 Crystallinity calculation of UZeoY 89 

Table 4.12 Textural properties of synthesized UZeoY, CZeoY and RZeoY 91 

Table 4.13 Na2O content of zeolites before and after activation by ion exchange 92 

Table 4.14 Esterification of succinic acid with ethanol using H form of synthesized 

zeolites from kaolin clay as catalyst. 

96 

Table 4.15 Comparison of the performance of reported catalysts in the esterification 

of succinic acid with ethanol. 

97 

Table 4.16 Esterification of succinic acid with ethanol using H form of synthesized 

zeolites as catalyst. 

99 

Table 4.17 Rate constant, K for the all the zeolites 101 

 

  



xxiii 
 

List of Appendices 

Appendix No. 

 

Title Page no. 

Appendix A Crystallinity and Lattice parameter calculation  129 

Appendix B Sample Batch calculation 136 

Appendix C Research Publications & Conferences 148 
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CHAPTER - 1 
 

Introduction 
 

 

1.1 About zeolite 

It is more than a century since zeolites were first discovered but the interest in research of 

zeolite materials is still growing. Zeolites have become popular due to its diverse applicability 

in the field of agriculture and animal husbandry, medicine, chemical industry, biotechnology, 

construction industry, petroleum industry, water processing, etc. They have also found space 

in the development of new technologies which contribute to sustainable development. Due to 

their specific properties which are also tunable, high thermal and hydrothermal stability, as 

well as environmental acceptability, zeolites are formidable alternatives to similar materials 

that have their own set of issues and are often economically and environmentally 

unacceptable. Since their discovery the demand for zeolites has grown to the extent that they 

are almost vital and irreplaceable in some applications. Zeolites are used both individually 

and in combination with other micro- and nanoporous materials as catalysts, adsorbents, and 

ion exchangers with high capacity and selectivity. The global zeolites market size is estimated 

to be USD 12.1 billion in 2021 and is projected to reach USD 14.1 billion by 2026, at a 

CAGR of 3.1% between 2021 and 2026 [1]. Some of the leading companies in the zeolites 

market include Albemarle Corporation (US), BASF SE (Germany), Honeywell International 

Inc. (US), Clariant (Switzerland), Huiying Chemical Industry (Xiamen) Co., Ltd. (China), 

Chemiewerk Bad Köstritz GmbH (Germany), NALCO India (India) among others. Out of all, 

the catalyst segment is estimated to account for the largest share of the overall zeolites 

market, in terms of value, in 2020.  

Zeolites are inorganic crystalline aluminosilicates built from TO4 tetrahedra (T = Si and Al) 

with a network of pores that are considered valuable for application as catalysts and 

adsorbents. Though zolites are available in natural form, they suffer from inherent 

disadvantages like presence of impurities, inconsistent pore size and low cation exchange 

capacity. Hence, they are not preferred for critical catalytic application where product 

consistency is important. Compared to natural zeolites, synthetic zeolites are favored as 
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catalysts owing to purity of crystalline products and uniformity of particle sizes [2,3]. 

Synthetic zeolites possess excellent properties like high surface area, porosity in both micro 

and meso form, shape selectivity, high ion- exchange capacity, strong Brønsted acidity and 

high thermal and hydrothermal stability [2,4]. This makes them suitable for numerous 

industrial applications, such as catalysts [5–8], membrane separations [9–12], adsorbents [13–

15], ion exchange etc. Zeolites are the most important inorganic material used in the 

production of oil & gas in the petrochemical and oil refining industries [16]. Demand for 

zeolites as catalysts in fluid catalytic cracking (FCC) and hydrocarbon cracking (HC) 

applications is continuously growing. The principle raw materials used for the synthesis of the 

zeolites are different sources of silica and alumina, which are usually composed of sodium 

silicates, sodium aluminate, aluminium salts or colloidal silica. However, the traditional 

methods for synthesizing zeolites normally engage chemical reagents as starting materials or 

crystallization from a gel or clear solution under hydrothermal conditions. Though the process 

is simple and widely applied, still it suffers from the disadvantages of high cost, waste 

generation and not considered environment friendly. Therefore, many attempts are underway 

for economical synthesis of zeolites and at the same time being environmentally benign i.e. 

green synthesis. Consequently natural aluminosilicate and silicate minerals have been 

explored as silica and/or alumina source because they are cost-effective precursors and can 

lead to reduction of the synthesis costs. Vast natural reserves make them abundantly available 

and help in reducing the generation of hazardous wastes, saving energy, and great potential in 

altering the properties of the resulting zeolites.  Zeolites has been successfully synthesized 

from natural minerals such as kaolinite [17–20], bentonite [21], montmorrilonite [22,23] and 

other precursors. Several industrial solid wastes have also been successfully utilized as a silica 

source which serves dual benefits of waste utilization and an inexpensive raw material. 

Several such industrial waste like fly ash [24,25], rice husk ash [26,27] and blast furnace slag 

[28] etc. have been successfully used for zeolite synthesis. However, uncertainty in their 

supplies and presence of impurities somehow limit their application. Among the zeolites, 

zeolite Y which falls under the faujasite class of zeolites has gained importance as a catalyst. 

Zeolite Y has faujasite (FAU) framework structure, having a complex network of 

interconnected micropores. Due to the porous structure with large void space and 

interconnectivity, large sized molecules can easily access the interior active sites resulting in 
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high reaction rates and enhanced selectivity. These zeolites find important strategic 

applications in the petroleum refining and petrochemical industry. However, the inherent 

costly nature of synthetic zeolite Y raises the need of scouting for cheap raw materials and 

simple process conditions. The most important parameter which affects zeolite synthesis is the 

temperature and pressure applied during the hydrothermal process. Apart from that a host of 

other variables, such as batch composition, reactant sources, Si/Al ratio, alkalinity, inorganic 

cations, ageing, stirring, organic templates, solvents, water content, temperature, and seeding. 

As a result the process conditions employed by various researchers are quite diverse in nature. 

Finding the parameters helpful for obtaining the optimal properties of synthetic zeolite for 

their technological application is of utmost priority in scientific research. 

Kachchh district in Gujarat of India is a mineral rich region having a vast reserve of Lignite, 

Gypsum, Bauxite, Bentonite and other minerals. Among the naturally occurring minerals 

found in Bhuj, Kachchh belt; kaolin clay which predominantly consists of kaolinite 

(Al2Si2O5(OH)4) is industrially important because of its vital properties and being 

inexpensive. Kaolin clay is commercially valued for its whiteness and fine particle size and 

used in raw form in cement industry and post processing as filler in paper, rubber and plastic; 

extender and flattening agent in paints; constituent in ceramics and numerous other 

applications [29]. Presence of silica along with crystalline mesoporous structure makes it 

suitable for use as a base material for preparation of catalyst that can be applied in various 

types of reactions and other potential applications as adsorbents, separation media/hosts for 

bulky molecules for advanced materials applications [2]. The abundant availability and low 

cost of kaolin clay in the Kachchh district of Gujarat makes it potential and untapped raw 

material for synthesis of zeolites. High silica-alumina ratio along with high surface area 

makes the activated kaolin clay suitable for application predominantly as adsorbents 

[13,30,31] and catalysts [32–36]. As a catalyst they are easy to handle, non-corrosive, 

economical, recoverable and reusable without losing catalytic activity [37].  

Application of hydrothermal synthesis technique using natural clay as a sustainable silica-

alumina source has gained tremendous acceptance among researchers due to its several 

advantages like high reactivity of reactants, low energy consumption, low air pollution, easy 

of control and formation of metastable phases among others [38]. Subcritical synthesis 

involves moderate temperature (100–240°C) and pressure conditions adding to ease of 
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synthesis. Also it is a step towards green synthesis that replaces the use of toxic organic 

templates. In order to further improve the yield and efficiency of the process, sonochemical 

based synthesis using ultrasonic irradiation offers a better alternative which particularly helps 

in the crystallization step. It provides faster crystal growth rate simultaneously providing 

better control over the nucleation process that also improves particle size distribution and 

morphology [39]. Also, the sonochemical synthesis is simple, fast, and does not need any 

complicated facilities. Hence, ultrasonic assisted hydrothermal synthesis has been widely 

accepted of late and is considered as a big step further toward green synthesis [40–42] .   

1.2 Definition of the problem 

Since, kaolin clay originates from various sources; their composition varies with geographical 

location and the chemical composition and crystalline phases vary with the geological layer of 

the soil. The protocol for synthesis of zeolite Y from kaolin clay is not standardized. The main 

steps of zeolite Y synthesis from kaolin clay include: initial physico-chemical treatment for 

impurity removal (metal oxides along with some amount of dealumination) which is done by 

acid or alkaline treatment followed by calcination at high temperature; addition of external 

silica and/or dealumination depending on the silica-alumina ratio; activation of kaolin at high 

temperature to get metakaolin; ageing of reaction mixtures at ambient temperature (gel 

formation) followed by crystallization. The process variables like acid concentration, time 

required for activation, ageing, crystallization and temperature required for activation, 

crystallization needs to be determined and adjusted with respect to the clay composition. 

Consequently the SiO2/Al2O3 ratio and the surface properties like pore size, pore volume and 

surface area of the synthesized zeolite can be tuned considerably to provide the required 

properties suitable for catalytic and other applications. 

 

1.3 Objectives and Scope of research work 

Based on the preceding background the objectives and scopes of the present research are 

appended below: 

 Synthesis of zeolite Y by using novel material.  

 Synthesis of zeolite Y by using a novel method.  

 Confirmation of formation of zeolite Y by multiple characterization techniques. 

 Application of synthesized zeolite Y as a catalyst.  
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1.4 Presentation and layout of the thesis 

 

This thesis contains five chapters with appropriate sections, subsections, references, 

appendices and the list of research publications. The first chapter of this thesis deals with the 

introduction and significance of the zeolites in chemical reaction engineering along with its 

advantages and limitations in comparison to conventional catalysts. It also describes the 

definition of problem and objectives of the present research work. The motivation of selecting 

the novel materials and novel path in zeolite synthesis has been explained. In the second 

chapter, an overview of zeolites containing brief history, structure, properties, application and 

characterization techniques are presented. All the methods of zeolite synthesis are discussed 

with a focus on modern methods incorporating microwave and ultrasonic. The various raw 

materials which can be used for zeolite synthesis is also discussed. A detailed literature survey 

has been carried out on zeolite Y synthesis from various clay with a special focus on kaolin 

and bentonite clay. A detailed outline on application of zeolite Y as a catalyst in esterification 

reaction is also presented. The research gap along with the various challenges has been 

identified. The third chapter describes the experimental setup in detail along with the raw 

materials used and process conditions while performing the experiments. The methodologies 

of performing the experiments are explained. The specifications of different chemicals and 

measurement devices used to carry out the present research work are provided. 

Characterization techniques that are used to determine the structural and compositional 

analysis of the synthesized and reference zeolites are elucidated. The fourth chapter discusses 

the experimental results obtained using different types of raw materials and process 

conditions towards synthesizing zeolites. The chapter also tries to give a detailed explanation 

of the possible phenomenon happening inside the zeolite structure that decides its success 

when applied as a catalyst in reaction. Also the effect of various external parameters like acid 

concentration, crystallization time, etc. has been studied in depth. Performance evaluation of 

the synthesized zeolite as a catalyst in esterification reaction was performed. Chapter 5 

summarizes the findings and the major conclusions that have been drawn from this 

investigation. The future scope in this area of research work is also provided along with 

recommendations for further study. 
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CHAPTER - 2 
 

Literature Review 
 
 

2.1 About Zeolites 

Zeolites are crystalline aluminosilicate materials supported by tetrahedral SiO4 and AlO4 

elementary building blocks that give rise to a three-dimensional network. They are found 

naturally (e.g., clinoptilolite, mordenite and garronite), and can also be synthesized from 

various raw materials (e.g., zeolite A, P, X and Y). Currently, there are over two hundred 

types of zeolites available. As natural zeolites possess inherent disadvantages like presence of 

impurities, inconsistent pore size and low cation exchange capacity, they are not preferred for 

critical catalytic application where product consistency is important. Synthetic zeolites offer 

more benefits than natural zeolite [43]. Compared to natural zeolites, synthetic zeolites are 

favored as catalysts owing to high purity of the crystalline products and uniformity in the 

particle size [3]. Out of all the zeolites, zeolite Y which falls under the faujasite class of 

zeolites has gained importance as a catalyst. Zeolite Y has faujasite (FAU) framework 

structure, having an internally connected complex network of micropores. The pores, which 

are formed by 12 Si or Al atoms which are linked through O atoms forming a tetrahedral 

structure. The pores have a moderately large diameter of 7.4 Å forming a porous structure. 10 

sodalite cages surround the inner cavity with a diameter of 12 Å. The unit cell of the zeolite 

has a cubic structure having high thermal stability and good Bronsted acidity [44,45]. Due to 

the porous structure with large void space and interconnectivity, large sized molecules can 

easily access the interior active sites resulting in high reaction rates and enhanced selectivity. 

The catalytic activity depends on the strong network of macropores and mesopores for mass 

transfer from the surface of the crystal to the internal mesopores for subsequent diffusion into 

the micropores where reaction occurs [46,47]. However, to synthesize zeolite Y with proper 

hierarchical structure with required mesoporosity simultaneously maintaining its crystallinity 

is still a challenge [48]. Hence, this hierarchical structure is generated synthetically by various 

forms of acid treatment or a combination of acid and base treatment. Zeolites find important 

strategic applications in the petroleum refining and petrochemical industry [49–52].  
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2.1.1 Brief history of Zeolites 

Zeolites has a long history and the first zeolite mineral was discovered in 1756 [53]. Zeolites 

originated due to chemical reactions within the volcanic magma and were found in the 

cavities inside rocks. Swedish mineralogist Axel F. Cronstedt derived the term “zeolite” from 

two classical Greek words “zeo” meaning “to boil” and “lithos” meaning “a stone” [54]. Over 

the years more fundamental properties of zeolites were established. Damour in 1840 reported 

that zeolites had experienced reversible dehydration without any major change in the 

transparency of the crystal form. In 1858 Eichhorn observed the reversibility of ion exchange 

on zeolite minerals. Taylor and Pauling in 1930 established the crystal structure of the zeolites 

and also provided evidence of the existence of cavities in these structures. After a couple of 

years in 1932 McBa5in coined the term “molecular sieve” to describe the porous solid 

material structure, and the capability of zeolite structure to work as sieves on a molecular 

scale [2]. In 1945 Barrer, who is considered the father of zeolite science in the United 

Kingdom, reported the first classification of zeolite minerals based on the size and the rate of 

molecules absorbed. In the early 1950s, Milton and Breck discovered the commercially 

important synthetic zeolites A, P, X and Y which were synthesized from readily available raw 

materials. At that juncture, only aluminium-rich zeolites could be synthesized. In 1967, 

Wadlinger and his co-workers introduced the silica rich forms of zeolite beta (BEA) [55]. Till 

date over 200 zeolite framework types having a range of physical and chemical properties 

have been synthesized, and 176 of these are listed in the 6th edition of the Atlas of Zeolite 

Framework Types [56]. These zeolites are applied in a wide range of industrial processes as 

adsorbents, ion-exchangers, catalysts and components of catalyst.  

2.1.2 Zeolite structure and properties 

 Zeolites are crystalline, porous polyaluminosilicate. The general crystallographic unit cell 

formula of a zeolite is given as: Mx/m [(AlO2)x (SiO2)y]. z H2O where the non-system metal 

cation is M with charge m, the quantity of water particles is z and x and y are whole numbers 

to such an extent that y/x ≥ 1 [54]. The square sections demonstrate the anionic 

aluminosilicates system. Their structure is made up of polyaluminosilicate that has a three-

dimensional framework of SiO4 and AlO4 tetrahedra connected to one another by sharing 

oxygen elements(Fig. 2.1and 2.2). The structure contains channels or interconnected voids 
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that have microporosity and macroporosity. These channels and voids are occupied by water 

atoms and the cations; and additionally, soluble base or antacid earth metal particles which are 

mobile and adjust the negative charge of the structure [54,57]. All these tetrahedrally 

coordinated atoms are generally called the T-atoms (T=Si, Al, etc.). Common building blocks 

of zeolite structures consist of 3, 4, 5, and 6 membered rings (n-MR). Each n-MR consists of 

n T atoms linked in a ring by O ions and thus actually has 2n atoms; thus a 6-MR has 12 total 

atoms. The structures are arranged such that they form larger rings that represent the 

molecular pores – commonly 8-, 10- and 12-MR [58], although structures with 9-, 14-, 18-, 

and 20-MR pores are known. When a trivalent atom is present in the zeolite framework, a 

negative charge is created in the lattice, which is compensated by cations like sodium, 

potassium, etc. Brönsted acid sites are developed when the cation is exchanged by a proton. 

The proton is attached to the oxygen atom bridging the silicon and aluminium atoms, resulting 

in the acidic hydroxyl group which is the site responsible for the Brönsted acidity of zeolites. 

The acid sites of zeolites, in combination with their well-defined pore architecture, make 

zeolites suitable as a shape selective solid acid catalyst. Therefore, the synthesis of zeolites 

with new structures is one of the main topics in zeolite research. 

         

 Fig. 2.1. Chemical structure of zeolite [59]         Fig. 2.2.  Primary building unit of zeolite  

              structure[60]  

 

Zeolites can be categorized based on their chemical composition [61]. Depending on the 

silica-alumina ratio, zeolites are mainly classified as low silica (1 – 1.5; e.g. sodalite, X, Y), 

intermediate silica (2-5; e.g. mordenite, omega, FAU), high silica (5 and above; e.g. MCM-

22, ZSM-5, EU-1) and pure silica zeolites (silicalites). Similarly, zeolites are also categorized 

based on their pore diameter and ring size. The pore diameter of zeolite is dependent on the 
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number of tetrahedra present in the ring aperture. Depending on the pore openings, zeolites 

are generally classified into small pore (6 or 8-member ring; e.g. MTN, NU-1, Chabazite, 

Erionite, etc.), medium pore (10-member ring; e.g. Ferrierite, ZSM-5, MCM-22, ZSM-11, 

ZSM-50,Stilbite etc.) and large pore (12-member ring; e.g. Cancrinite, Linde X,Y,L, 

Mardenite, Beta etc.). ZSM 5, MCM-22 and mordenite with 10 and 8 rings respectively have 

pore diameters in the range of 3-5Å. Conversely, MCM-22, faujasite X and Y have 12 rings 

with larger pore diameter of 7-8Å. Aluminophosphates (ALPOs) have a significantly 

extended range of pore sizes. ALPOs containing 12 rings have a pore diameter of 10 Å while 

18 ring ALPOs have a pore diameter of 10-15Å. 

Zeolites have some essential properties that make them suitable for several and widespread 

applications. Ion exchange is an important intrinsic property of most zeolites. Zeolites are 

mineral in origin, comprising silicon, aluminium, alkali and alkaline earth elements. Water is 

also an important component in zeolites. The zeolite framework has an intrinsic ability to 

exchange cations, which arises due to isomorphous replacement. In zeolites, always the 

isomorphous replacement is of the tetravalent framework cation (i.e., silicon) by a cation of 

lower charge (normally aluminium). As a result of this substitution a net negative charge 

arises on the framework of the zeolite which has to be neutralized by the presence of cations 

within the pores. These cations may be any of the metals or metal complexes, or alkyl 

ammonium cations. It is the diversity in nature and extent of exchange of different cationic 

species that take place in zeolites which gives rise to the richness of the chemistry. As a result 

the phenomenon has given rise to direct applications, or the phenomenon is used indirectly, as 

a means of "tailoring" zeolite structure and hence properties when these materials are used in 

other applications, such as in catalysis or gas sorption.  

The other important property is acidity. Zeolites have two prime acidities; Lewis sites and 

Bronsted sites as shown in Fig. 2.3. Substances that can donate protons (H+) are called 

Bronsted acids and which can accept electron pairs are called Lewis acids. The catalytic 

activity of the zeolites is dependent on the structure, concentration, strength and accessibility 

of the acid sites and their interaction with the adsorbed molecules [63]. The nature, density, 

and strength of these sites can be modified by various post-synthesis treatments to make them   
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Fig. 2.3. Brønsted and Lewis acid sites in zeolites [62] 

 

more powerful in the field of catalysis [64]. For example, alkylation of toluene with methanol 

over H-ZSM-5 (strong acid sites) in the gas phase is around 50 times faster than that of 

chlorobenzene [63]. Zeolite acidity is linked with the presence of silica and alumina content in 

which lesser alumina gives higher acidity and vice versa. Such kind of acidity dependence is 

observed in desilication and dealumination treatment. For instance, desilication of a zeolitic 

precursor makes the transformation of Bronsted sites into Lewis sites [64]. On the other hand, 

dealumination makes them lesser in acid site density while it increases the strength of acid 

sites and modifies zeolites porosity [65]. Such acid sites play a major role in the field of 

hydrocarbon reactions catalysis making them irreplaceable.  

Another important property of zeolites is shape selectivity which makes them highly popular 

as a catalyst. A catalytic reaction that depends upon the pore structure of the catalyst and on 

the size of the reactant and the product molecules is called shape-selective catalysis. For 

example, catalysis by zeolites is a shape-selective catalysis (Fig. 2.4). If most catalytic sites 

are inside this pore structure and pores are small, the chance of reactant molecules and the 

probability of forming product molecules are determined mostly by molecular dimension and 

shape. Reactant selectivity observed when only one type of reactant molecule could pass 

through the catalyst pores (Fig. 2.4(a)). For example, the transformation of n-alkanes of light 

gasoline into propane and n-butane where the linear n-alkanes can enter the pores of the 

zeolite catalysts and be transformed, whereas the branched alkanes are not able to enter the 

pores and so does not react [66]. Product selectivity (Fig. 2.4(b)) observed when, among all 

the product molecules formed within the pores, only those molecules with the proper 
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dimensions can diffuse out and appear as observed products. For example, in the production 

of para dialkylbenzenes in toluene alkylation by methanol, the formation of bulkier ortho- and 

meta-isomers also occurs inside the pores, but their exit is restricted due to their lower 

diffusion coefficient compared to that of para- isomer. The selective removal of para-isomer 

from the pores allows the bulkier isomers to be isomerized into the less bulky para-isomers 

[67]. In restricted transition-state selectivity, certain reactions are prevented, as the resultant 

transition state requires more space than available. Such a type of reaction required more 

space in the catalyst pores or cavity. For example, in the transalkylation of 1-methyl-2-

ethylbenzene, the formation of 1,2,5-isomer is significantly hindered because of spatial 

limitations on the formation of diarymethane intermediate [68]. Several researchers have also 

proposed various other types of shape selectivity to justify recent research results. However, 

the advantages of shape-selective catalysis are: (a) undesirable impurities can be continuously 

converted to harmless substances and/or smaller compounds that are easily removable, (b) 

selectivity of a particular product can be increased and (c) coke formation can be reduced. 

     

(a)       (b) 

 

(c)  

Fig. 2.4.  (a) Reactant selectivity, (b) Product selectivity and (c) Restricted Transition-State 

selectivity [66] 
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2.1.3 Zeolite application 

 Zeolites have many potential ranges of applications including technical, environmental, 

industrial, commercial, agricultural, cracking and alkylation processes, and biomedical due to 

their porous character and their ion-exchange properties [69]. Naturally occurring zeolites are 

used as materials for the construction and paper industry [70]. They are also used in 

agriculture and other applications. Laboratory synthesized zeolites with defined pore sizes 

have a wide variety of applications in adsorbents, catalysts or molecular sieves and catalysts 

of oil refineries [69,71,72], removing radioactive contaminants [73] and wastewater treatment 

[71]. The structure of zeolite generally consists of a combination of numerous channels, 

cavities and interconnected voids, which are occupied by cations and water molecules. 

Synthetic zeolites are crystalline molecular sieves with pores of molecular dimensions and 

with well-defined structures, which have a high total surface area that makes them suitable for 

a wide range of applications. Industrial applications make use of synthetic zeolites of high 

purity, which have larger cavities than the natural zeolites. These larger cavities enable 

synthetic zeolites to adsorb or hold molecules which the natural zeolites struggle to do. 

Synthetic zeolites are used in a variety of applications as a catalyst in petrochemical cracking, 

ion exchange in water softening and purification, and adsorption in the removal of heavy 

metals [16,45,52,54]. There are numerous uses for zeolites in industry, the most important 

being catalysis, but others include gas separation, selective adsorption and ion exchange. 

Catalysis 

Zeolites are extremely useful as catalysts for several important reactions involving organic 

molecules [74]. The most important are cracking, isomerization and hydrocarbon synthesis. 

Zeolites can promote a diverse range of catalytic reactions including acid-base and metal 

induced reactions. Widespread applications of zeolites as catalyst materials are found in FCC 

and HC [52,75,76]. Apart from that, there are other applications of zeolites in oil refineries, 

such as alkylation, isomerization, dewaxing and reforming [52]. In petrochemical complexes, 

the production of cumene and ethylbenzene, as well as the isomerization of xylenes are key 

examples of zeolite-based catalytic technologies. More recently, methanol-to-hydrocarbons 

(MTH) technology has been commercialized for the production of gasoline, aromatics and 

olefins, including propylene [77]. Zeolites are core to MTH catalysts, while zeolite-based 
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catalysts have also found applications in the treatment of car exhaust gases (i.e., NOx 

removal). Zeolites are also explored for their use in biomass catalysis and in the low 

temperature activation of methane to form oxygenates, such as methanol [78]. The reactions 

can take place within the pores of the zeolite which allows a greater degree of product control.  

The major advantages of zeolites over usual catalysts are due to their acid strength and to their 

adaptability to practically all types of catalysis. Numerous potential applications of zeolites 

have been found in the synthesis of petrochemicals. Zeolite structures can serve as hosts for 

small metal particles as well as acid-base catalyst which help to apply as a support material 

because of their unique features such as large surface area, cage like pore structure and high 

thermal stability. The metal ions can bond with the zeolite crystal lattice as a very small 

particle with the same dimension of the zeolite cage as well as channels. Metals attached with 

zeolite can enhance its activity depending on the type of metal attached. The metal ions are 

normally introduced into zeolite by ion exchange or wet impregnation method followed by 

activation by calcination at high temperature. 

Gas Separation 

Zeolites are often applied as an adsorptive agent and widely used for gas separation [12]. The 

porous structure of zeolites can be used to "sieve" molecules having certain dimensions and 

allow them to enter the pores. The mechanism for adsorption in zeolite system depends on 

factors such as, pore size of the zeolite as well as the physical and chemical makeup of the 

zeolite. This property can be fine-tuned by variation of the structure by changing the size and 

number of cations around the pores [12]. Polymeric membrane technology has received 

extensive attention in the field of gas separation. To improve gas separation performances, 

researchers have focused on improving polymeric membranes selectivity and permeability by 

fabricating mixed matrix membranes. Here, inorganic zeolite materials have been 

incorporated and distributed in the organic polymer matrix to enhance the separation 

performance of the membranes [12]. Huang et al (2009) effectively demonstrated synthesis of 

aluminium zeolite beta using a silica source having high specific surface area by conventional 

hydrothermal route in a very short crystallization period which is used for manufacturing 

composite polysulfone membranes for gas separations [55]. Performance has been 

significantly enhanced compared to the intrinsic properties of the polymer matrix.  
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Ion Exchange 

Most zeolites have a natural ion exchange ability which is one of the most important 

properties of zeolite and make them commercially attractive. Hydrated cations within the 

zeolite pores are bound loosely to the zeolite framework, and can readily exchange with other 

cations when in aqueous media. This property of zeolite is due to the isomorphous 

substitution of the silica ion (Si
4+

) by an aluminium ion (Al
3+

) in the zeolite framework 

resulting in a negative charge [4]. Natural or modified zeolites have been applied in water 

softening (salinity reduction). The mechanisms governing the salt removal process by zeolites 

are mainly ion exchange, adsorption, and salt storage. Factors such as zeolite's geochemical 

properties, pH, co-existing anions, concentration, valency, surface charge, and experimental 

conditions all influence the ion exchange process [71,79,80]. Clinoptilolite, a natural zeolite, 

was investigated as adsorbent for wastewater purification. Due to significant adsorptive 

properties they can be used for the removal of different pollutants such as heavy metals, oil 

and organic contaminants [71]. The presence of non-toxic exchangeable cations in zeolite 

structures such as Na
+
, K

+
, Mg

2+
 and Ca

2+
 makes the zeolites suitable for wastewater 

treatment. 

2.1.4 Zeolite synthesis 

The basic understanding of the chemistry of zeolite structures and their modification to get the 

required structure for a particular application has led to development of different routes of 

preparations. However, the choice of the synthesis method depends on the type of zeolite that 

needs to be synthesized. Each method has some advantages and disadvantages which are 

represented in Table 2.1. Apart from this, many attempts have also been given on the use of 

different sources of raw materials in order to get a suitable zeolite having versatile properties. 

But, the major parameter is the proper content of the alumina and silica in the raw materials. 

The general method for zeolite synthesis is shown in Fig.2.5. Apart from that a host of other 

factors such as the cost of raw material, abundant availability, presence of impurities are also 

important for proper selection of raw materials [43]. Following subsections describe different 

synthetic routes of zeolite from various raw materials. 
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Fig. 2.5. Synthesis of Zeolite [81] 

 

 

2.1.5 Method for Zeolite synthesis 

 

Hydrothermal Method  

 

The hydrothermal method is one of the basic methods of synthesis of zeolite which was 

introduced by Barrer in the year 1948. The synthesis is carried out in the presence of water as a 

solvent as it is an abundantly available and inexpensive source. Apart from that a base 

solution is used as a mineralizer at appropriate temperature and pressure. The reactants are 

usually put inside a Teflon-lined steel autoclave with hydrothermal synthesis pressure (up to 

15 bars). The temperature varies from 90–180°C. Since the temperatures required in this 

method is lower, this method is comparatively effortless and cheaper than other methods 

[43,81]. Some of the advantages which made this method popular include low energy 

consumption, high reactivity, ease of maintenance, formation of metastable phases and unique 

condensed phases. Nucleation and crystallization of the crystals do not necessarily occur in 

solution but can take place at the gels present in the mixtures. This method is employed for 

synthesis of a wide variety of zeolites [18,29,51,81]. 

Synthesis of zeolite through the hydrothermal route is a multiphase reaction-crystallization 

process, usually encompassing at least one liquid phase and both amorphous and crystalline solid 

phases [18]. The major factors which affect the performance of hydrothermal method and the 

quality of the end product are temperature and pressure of the reaction vessel (autoclave), batch 

composition, silica and aluminium ratio of the precursor, reactant materials, overall alkalinity, 

ageing time, template condition, and seeding (Fig. 2.5). Microwave assisted hydrothermal 
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methods can rapidly achieve high temperature and high pressure, thereby shortening the 

processing time significantly and as a result found wide acceptance [82,83]. 

 

Solvothermal Methods  

 
Solvothermal method of zeolite synthesis involves the use of any other solvent apart from water to 

produce the zeolite. There are however other solvents such as alcohols (e.g., methanol, ethanol, 

pentanol), hydrocarbons, ethylene glycol, pyridine, etc. that have been used successfully for 

zeolite synthesis [84]. The solvent used varies in terms of polarity and hydrophilicity. The 

solvothermal method is highly dependent on the temperature and pressure of the autoclave. Apart 

from that other factors like sources of raw material, composition of raw material, silica and 

alumina ratio, ageing time, alkalinity, mixing conditions, seeding time, and type of solvent used. 

However, the solvents may be carefully chosen based on their toxicity and safety. 

Environmentally benign solvents are preferable. Solvothermal methods can be combined with 

modern techniques like microwaves for better performance. Jamil et al (2016) demonstrated that 

the zeolite crystal (ZSM-22) morphology was successfully controlled using a microwave-

assisted solvothermal fabrication method [85].  

 

Ionothermal Methods  

 
Ionothermal method of zeolite synthesis employs ionic compounds as solvent. The ionic nature of 

the solvents has an effect on some particular properties such as low vapor pressures. Hence, the 

ionic liquids simultaneously act both as solvent and potential template in the formation of solids. 

This is especially helpful for separation of products since both solvent and template are the same 

species. In addition, the ionothermal method produces a large size of crystals and the ability to 

create a crystalline phase. It is also easy to control the composition of growing crystals. Wang and 

Yan (2010) synthesized NaY zeolite by a combination of ionothermal and microwave techniques 

with good properties like larger surface area and mesopore volume, better thermal stability, 

higher cracking activity, higher gasoline selectivity, lower coke and gas selectivity [86]. Han 

et al (2021) prepared hierarchical porous triclinic SAPO-34 zeolites using an ionothermal 

method [87]. But the ionic liquids suffer from drawbacks due to high toxicity. Deep eutectic 

solvents which are a class of ionic liquids are used of late due to their low toxicity and 

environmentally friendly nature.  
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Sol-gel method 

It is a physicochemical process that involves the formation of an inorganic colloidal 

suspension (sol), and the gelation of the sol in a continuous liquid phase (gel) to form a three-

dimensional network structure [43]. The sol-gel process involves the transition of a solution 

system from a liquid “sol ”into a solid “gel ”phase. This method provides better control of the 

technique which ulti- mately provides higher porosity and definite particle size. The major 

factors which can influence the performance of this method are: (i) hydrolysis rate, (ii) 

temperature, (iii) heating rate and (iv) pH. For example, Pandiangan et al. (2019 ) prepared 

the porous and multiphasic zeolite A by using sol-gel technique from rice husk silica and 

aluminium metal [26]. Wu et al. (2009) reported a two-step sol–gel route for the synthesis of 

MCM-22 zeolite under static hydrothermal conditions using tetraethyl orthosilicate as a silica 

source [88]. Increase of temperature and pH value for the hydrolysis of tetraethyl orthosilicate 

favours the shortening of crystallization time and decreasing of MCM-22 particle size. 

Moreover, by adjusting the hydrothermal reaction parameters, such as increasing the 

crystallization temperature, increasing the alkalinity of the synthesis gel mixture, and 

decreasing the SiO2/Al2O3 ratio, the crystallization is accelerated substantially [88]. Sol-gel 

process can be combined with other techniques like microwave heating to prepare zeolites. 

Sathupunya et al (2003) utilized a combination of sol-gel and microwave heating using 

alumatrane and silatrane as precursors to prepare Na-A (LTA) zeolite [89]. The major 

advantage of this method is that this method does not require specialized and expensive 

equipment and produces a high quality product with homogeneity due to mixing at the 

molecular level. However, the high cost of precursors becomes a limitation which needs to be 

overcome in the future.  

Modern techniques 

Microwave method 

In the microwave heating method, microwave radiation is applied for the synthesis of zeolites 

and is considered a fast and energy efficient technique [90]. The microwaves are high 

frequency electric fields which generate the heat required for carrying out the reaction [9]. 

The main advantages of using microwaves includes reduction in time, and better quality of 
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zeolite in terms of small particle size and high purity [11]. For example, Sapawe et al. (2013) 

utilized microwave irradiation for synthesis of zeolite NaA and claimed that synthesis time 

was shortened by sixteen times compared with the conventional method [91]. Le et al. (2019) 

demonstrated a fast microwave heating method for the liquid phase synthesis of zeolite Y 

under high temperature conditions [92]. The major factors that affect zeolite synthesis by 

microwave method are molar ratio of SiO2/Al2O3, alkalinity of medium, wavelength 

generated by the magnetron, zeolization time, crystallization time and temperature maintained 

during zeolization and crystallization [82,93]. Microwave-assisted ageing reportedly helped in 

shortening the crystallization time and reduced crystal size of the zeolite products without any 

significant impact on their catalytic activities [94]. For the synthesis of zeolites, microwave 

assisted is applied in combination with other methods such as hydrothermal [82,83], 

solvothermal [85] and ionothermal [86].  

Ultrasonic method 

The ultrasonic waves having frequency between 20 kHz to 2 MHz is solely responsible for the 

development of a new branch named sonochemistry which is widely used in synthetic 

chemistry for the development of new compounds or modifying the chemical reaction process 

[95]. Ultrasound waves have shown to significantly influence the synthesis process of various 

amorphous or crystalline materials and polymerization reactions. Owing to high influences on 

crystallization phenomenon, application of ultrasound has received immense attention in 

zeolite synthesis. The advantages of this method include particularly simple, rapid reaction, 

no requirement of complex facilities, rapid crystal growth rate, uniform particle size 

distribution and morphology and provide control over the nucleation process (Table 2.1) [96]. 

Ultrasound generates microscopic bubbles, which lead to subsequent growth and explosive 

collapse of the bubbles termed as cavitation process [97]. Due to this ultrasonic irradiation 

provides rather unusual reaction conditions (a short duration of extremely high temperatures 

and pressures in liquids) that cannot be realized by other traditional methods [98]. The 

cavitation can also raise the secondary nucleation rates and the crystal purity in the time of 

cooling crystallization [39]. Ultrasound energy method has also generated interest as it offers 

zeolite synthesis with tunable properties. For example, Pal et al. (2013 ) demonstrated the 

synthesis of NaP zeolite nanocrystals at ambient temperature within short crystallization time 
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using ultrasound technique [99]. Herein, sonication energy enables the formation of active 

radicals which lead to rapid crystallization of the zeolite phase. Huang et al (2016) reported 

synthesis of hierarchical structured ZSM-5 zeolites with a long life catalytic activity via the 

ultrasound assisted method [100].  

 

Table 2.1: Comparison of the various methods of zeolite synthesis 

 

Method Type of zeolite  Advantages  Disadvantages Ref. 

Hydrothermal A, Y, beta 

NaX 

ZSM-5 

Simple equipment 

(autoclave), low cost, 

uniform size 

distribution of crystal 

High temperature 

and high pressure 

condition 

[18,19,29,5

5,82,101] 

Solvothermal ZSM-22 Ease of control over 

size, uniform shape 

distribution, crystalline 

product 

Expensive autoclave 

requirement, 

requirement of 

organic solvent, 

disposal issues 

[85] 

Ionothermal NaY 

SAPO-34 

Large crystal size, ease 

of crystal composition 

control 

High operating time, 

generation of toxic 

chemicals, 

environmentally 

harmful 

[86,87] 

Sol-gel Na-A (LTA) 

NaY 

ZSM-5 

MCM-22 

 

Versatile method, low 

energy consumption, 

simple and inexpensive 

equipment 

high cost of 

precursor, 

precipitation of a 

particular oxide 

during sol-formation, 

difficult to avoid 

residual porosity and 

hydroxyl groups 

[26,88,89] 

Microwave Y 

Na-X 

ZSM-5 

ZSM-22 

Faster reaction rate, 

selective heating, 

higher temperature 

Difficulty in heat 

energy control, water 

evaporation 

[82,83,102,

103] 

Ultrasound 

energy 

Y 

ZSM-5 

simple operation, rapid 

and fast reaction, 

simple facility, high 

crystal growth rate, 

uniform particle size, 

uniform morphology of 

crystals, provide control 

over nucleation process 

issues of scale-up, 

energy efficiency is 

questionable 

[94,103–

105] 
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Similarly, Kong et al (2014) observed that ultrasonic-assisted methods may be a favourable 

route to prepare nanosized hierarchical ZSM-5 with shorter induction time for nucleation, 

better surface area, pore size and pore volume [104]. The enhancement of nucleation and 

crystallization rate during the synthesis of zeolite A was observed using ultrasound method 

[106]. The ultrasound method is also employed in combination with conventional methods to 

develop zeolite materials more efficiently. Mu et al. (2017) reported pre-treatment prior to 

hydrothermal crystallization with a sonochemical-assisted method to manufacture SSZ-13 

zeolite that helped in reduceing the overall time for zeolite synthesis [107]. Similarly, 

ultrasonic/microwave synergistic synthesis of zeolite Y is reported which was reported to be a 

good alternative for the synthesis of micro-mesoporous zeolite Y providing numerous 

advantages in the form of large surface area, bulky pore volume, excellent crystallinity and 

less hydrothermal time [103]. Apart from that, the ultrasonic monitoring technique has also 

elicited great interest to contribute to the understanding of the complexity of the zeolite 

formation process. The in situ ultrasonic monitoring technique is an indirect, non-invasive, 

phase insensitive method that is based on investigating the degree of interaction of ultrasonic 

wave transport properties with the zeolitic precursor species as it travels through the synthesis 

mixture [108].  

 

Green synthesis 

It is pertinent to note that though hydrothermal conditions are easier to implement, still the 

process suffers from certain drawbacks. The process has shortcomings as it is perceived to be 

not “clean” enough to be considered a “green” process [109].  The process depends on the use 

of organic templates that are ultimately removed by calcination at high temperature, or 

extraction using an organic solvent [42]. The energy and environmental costs associated with 

the template removal and the emission of greenhouse gases during combustion of the toxic 

organic templates are a cause of concern. Additionally, low concentrations of silicon and 

aluminium species are often required to prepare a clear aqueous solution that is suitable for 

the successful crystallization of zeolite. This leads to a lower yield of zeolite products and 

requires multiple recycling treatments for the excessive residual solution. Green synthesis of 

zeolites take into account the above shortcomings and counter it by adopting any of the 

following methodologies: (a) develop synthetic methods that do not require a template or use 
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a recyclable, inexpensive, or renewable template; (b) synthesis of zeolites that use sustainable 

silicon or aluminium sources; (c) employ methods that are solvent-free; and (d) simplistic 

synthesis methods aimed at improving yield and efficiency , e.g., microwave heating to 

shorten the crystallization time, ultrasonic irradiation for faster crystal growth with better size 

control, solid phase (or quasi-solid phase) synthesis to promote product yield, or continuous-

flow synthesis to achieve high productive efficiency  [41,42,110]. 

Since the principal raw materials used to manufacture zeolites are silica and alumina, different 

types of abundantly available clays minerals like kaolinite, bentonite, montmorillonite, etc. 

provide a sustainable source of the same. Kaolin and bentonite is inexpensive and contain a 

high percentage of silica and alumina.  

Crystallization of zeolites by the conventional static hydrothermal method has a few 

limitations. Slow rate of mixing in conventional methods often leads to an increase in 

supersaturation to an unstable level that causes uncontrollable nucleation. Sometimes agitators 

are usually employed to overcome this issue but agitators only promote the motion of 

macroscopic layers. Mixing inside the layers depends on the slow diffusion of reactant 

molecule which remains unaddressed leading to uncontrollable nucleation and larger crystal 

size. Another problem in conventional methods is the long crystallization time which usually 

takes more than 24 hours. Sonochemical synthesis by ultrasonic irradiation offers a better 

alternative with faster crystal growth rate simultaneously providing better control over the 

nucleation process. It also improves particle size distribution and morphology. Over and 

above, the sonochemical synthesis is simple, fast, and does not need any complicated 

facilities. Hence, ultrasonic assisted hydrothermal synthesis has been widely accepted as a 

firm step toward green synthesis. A brief overview of the effect of ultrasonication on 

synthesis/modification of zeolite Y and other zeolites are presented in Table 2.2.  
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Table 2.2: Effect of ultrasonication on synthesis/modification of Zeolite Y and other zeolites. 

 

 

 

 2.1.6 Zeolite synthesis raw materials 

 

Zeolites can be synthesized from different raw materials which can be either natural or synthetic. 

However, all raw materials are not suitable for synthesizing the zeolite from the economic and 

compositional point of view. Hence, raw materials should have desirable properties. They should 

Source Treatment method Si-Al 

ratio 

Surface 

area 

(m
2
/g) 

Pore 

volume 

(cm
3
/g) 

Pore 

size 

(nm) 

Ref. 

NaY zeolite Alkaline treatment with 

0.5N NaOH followed by 

ultrasound treatment with 

200 W for 60 min in 30°C 

3.95 778.6 0.363 2.50 [105] 

Chemical 

template 

Combination of 

microwave and ultrasound 

Not 

reported 

752 0.4 3.89 [103] 

Zeolite Y ultrasound irradiation (30 

min) and acetylacetone 

extraction 

3.03 552 0.185  [111] 

Zeolite Y 

from from 

Zeolyst 

International 

ultrasonicated at 65°C for 

5 min in an ultrasonic bath 

(U500H,50–60 Hz). 

4.25 681 0.46  [112] 

Zeolite Y 

from  

aluminosilic

ate 

gel 

Ultrasonication (150 W) at 

90°C (±1 °C) using 

circulating oil bath for 3 h 

followed by filtration, 

washing and 

drying overnight at 80 °C. 

Not 

reported 

80.66 0.001 14.79 [113] 

ZSM-5  Ultrasonication at 80°C 

for 1h in an ultrasonic 

bath. 

Not 

reported 

478 0.41 6.36 [104] 

MCM-36 

from MCM-

22 precursor 

Ultrasonic treatment for 

pilloring process in 

an ultrasonic water bath 

for 3h at 50°C 

Not 

reported 

664 0.7 5 [114] 

H-ZSM-5 Ultrasonication at 180°C 

for 1h in an ultrasonic 

bath (50W, 40kHz). 

Not 

reported 

416.58 0.846 14.87 [94] 
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be cheap, abundantly available, inexpensive, and have minimum impurity. Synthetic zeolites 

made from natural or synthetic raw materials having a wide range of chemical properties, pore 

size, and better thermal stability are commercially widely used compared to natural zeolites 

because they are of higher purity and have a more uniform particle size. The preparation of 

synthetic zeolite from silica and alumina chemical sources are expensive, yet cheaper raw 

materials such as clay minerals, natural zeolite, municipal solid waste, coal ashes, industrial slag, 

incineration ashes, etc. which serve as combined sources of silica and alumina are being used as 

starting materials for zeolite synthesis [43,115–117]. Currently a host of ongoing research work is 

focused on the use of clay and other raw materials in zeolite synthesis, which has the advantage of 

being relatively cheaper, readily available and more abundant. Industrial byproducts such as coal 

fly ash, a by-product of thermal power plants, containing Si- and Al-containing compounds is 

reportedly one of the most abundant industrial solid wastes which is used for the zeolite synthesis 

[24,25]. However, presence of unwanted toxic metallic elements which are difficult to remove 

restrict the full application of such materials to synthesize zeolites. Rice husk ash (RHA) contains 

a high percentage of amorphous silica (90%–96%) and also has high calorific value besides being 

low cost and is considered a sustainable raw material for zeolite synthesis [26,27]. Similarly, 

waste perlite is a source of reactive silica, and hence can be used for the synthesis of zeolites 

[117]. Waste glass, which has a high proportion of SiO2, is also proposed as a suitable precursor 

for the zeolite synthesis via a hydrothermal process. Blast furnace slag (BFS) which contains 

CaO, SiO2, Al2O3 and MgO apart from metallic elements such as Fe, Ti and Mn is also a potential 

source of raw materials for zeolite synthesis [28]. 

Zeolite synthesis from clay minerals has been investigated extensively of late due to the large 

availability of raw clay materials, their relatively low cost and favourable chemical characteristics 

[43]. Many recent studies focused in particular on the use of kaolinite, because of its extensive 

availability and the well-known reactivity of thermally treated kaolin clays (metakaolin) with acid 

and alkali solutions [32,38,118–120]. 

 

2.1.7 Zeolite characterization 

Zeolite characterization used to identify the crystalline product by comparing its properties to 

those of known standards (Fig. 2.6). X-Ray diffraction, Scanning electron microscopy, 

thermogravimetric analysis, compositional analysis (X-Ray fluorescence) and the crystal size 

of the synthesized zeolite are methods used to describe a particular type of zeolite. 



24 
 

Atomic absorption spectrometry (AAS) 

Atomic absorption spectrometry (AAS) is applied for the measurement of the concentration of 

an element. This analytical technique involves the absorption of light by free atoms or ions of 

an element at a wavelength specific to that element. In AAS, emission, absorption and 

fluorescence energy is applied into the atom population by thermal, electrical, electromagnetic 

and chemical forms of energy which is converted to light energy by various atomic and 

electronic processes before measurement. It is applied for the detection as well as for the 

quantitative determination of many elements present in samples. The technique is very 

specific and individual elements in each sample can be reliably identified. AAS technique is 

also very sensitive, making it possible to detect minute amounts of an element (upto parts per 

billion) in a sample. 

X-Ray diffraction (XRD)  

X-ray diffraction (XRD) is an essential tool in the identification and characterization of 

zeolites at various stages in their syntheses, modifications, and application as catalysts. XRD 

is commonly used to identify the presence and quantitatively determine the amount of 

crystalline zeolite present. It provides the unit cell parameters of the product. X-ray 

diffractometer is primarily based on the elastic scattering theory. During this activity, the 

sample is subjected to an X-ray beam. The intensity of the emergent rays is recorded as a 

function of the deflection angle 2Ɵ. The diffraction patterns differ depending on the types of 

zeolites and hence the diffraction patterns are unique for each zeolite. The purpose of XRD 

patterns is to determine the unit cell parameters and thus its unit cell volume. Powder XRD 

measurements use Cu-Kα radiation to study the crystal structure of zeolite, crystal size of 

zeolites, approximate extent of heteroatom substitution, and presence of defect in zeolites. 

Phase identification can also be performed by XRD.  

Fourier transform infrared spectrometry (FTIR)  

The FTIR measures vibrations caused by internal stretching of the framework tetrahedra and 

vibrations related to the external linkages between the tetrahedra. The spectrometer has two 

mirrors, a fixed mirror and a moving mirror, a detector and a beam splitter. A radiation from 

the IR source is directed to the beam splitter, which splits the beam into two parts, one to the 
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fixed mirror and the other to the moving. FTIR is operated based on the principle of diffuse 

reflectance. An incident beam emits a spectra of both absorbance and reflectance features. A 

detector records radiations that pass through the sample. Calibrations on the detector enable 

radiation to be read in the form of energy signals. In case of zeolites, FTIR is used to confirm 

the fundamental vibrations of silica-alumina in the zeolite structure. FTIR spectroscopy is 

used to specify the functional units of zeolites and to predict the reaction mechanism in the 

zeolite framework. The FTIR spectrum is also used to indicate the secondary building units 

which are present in the zeolite structure. 

Scanning Electron Microscopy (SEM)  

SEM is a versatile advanced instrument, which is largely employed to observe the surface 

phenomena of the materials. It is used to study the surface of solids and give information 

about their morphology and topology. It has played a major role in the understanding of 

zeolitic materials. The size of zeolites studied with this apparatus is between 20nm and 20μm. 

Information gathered from the SEM picture makes us understand the material morphology 

(shape and size) and topography which indicates the surface features i.e. “how it looks”, 

texture, roughness. In case of zeolite, the SEM analysis of its crystal form helps to determine 

the type of zeolite, crystal form and size, external surface such as relative roughness, presence 

of other zeolite types or any other impurity.  

SEM consists primarily of an electron gun, electron lenses, scan coils and detectors. The 

electron gun generates a beam of electrons from a cathode or filament usually made of 

tungsten. The electrons escape at high voltage from the filament. The final size of the beam is 

controlled by the electron lenses. Scan coils make the beam scan over the sample or target. 

When the electrons hit the target, they collide with electrons in the inner atomic shells. 

Backscattered and secondary electrons that escape from the sample are detected. If there is no 

detection, the image will be black [36]. In some cases, the sputter coating sample preparation 

technique is applied to improve image quality and resolution. Due to their high conductivity, 

coating materials can increase the signal-to-noise ratio during SEM imageing and thus 

producing better quality images. The most common sputter coating material is gold. 
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Thermogravimetric Analysis (TGA/DTA)  

TGA is one of the fundamental methods in thermal analysis which is simply the determination 

of the mass of a sample as a function of temperature. Here, the sample is subjected to a 

controlled temperature program by a suitable technique. The sample is placed into a ceramic 

crucible on a sensitive microbalance. The crucible is surrounded by a computer controlled 

oven. A flowing stream of gas allows the background atmosphere to be controlled. To avoid 

oxidation of the sample, inert gas like nitrogen is applied. The mass of the sample decreases 

by the evolution of a gas or the volatilization of a liquid decomposition product which is 

measured as a function of temperature or time. A typical thermogram is a series of plateaus at 

decreasing mass, as each successive step of decomposition occurs. This measurement 

provides information about physical phenomena, such as phase transitions, absorption and 

desorption; as well as chemical phenomena including chemisorption, thermal decomposition, 

and solid-gas reactions (e.g., oxidation or reduction). In most cases the differential weight loss 

over time (-dm/dt) known as Difference Thermogravimetry (DTG) is also measured 

simultaneously.  

Differential Thermal Analysis (DTA) is a technique where the temperature difference 

between a substance and a thermally inert reference material is measured as a function of the 

temperature. Both the substance and reference material are subjected to a controlled 

temperature program. The sample material and an inert reference are made to undergo 

identical thermal cycles, (i.e., same cooling or heating program) and in the process the 

temperature difference between sample and reference is recorded. This differential 

temperature is then plotted against time, or against temperature (DTA curve, or thermogram). 

The changes in the sample, either exothermic or endothermic, is possible to be detected 

relative to the inert reference. Thus, a DTA curve provides data on the transformations that 

have occurred, such as glass transitions, crystallization, melting and sublimation. The area 

under a DTA peak is the enthalpy change and is not affected by the heat capacity of the 

sample. DTA is one of the oldest and fundamental thermoanalytical methods. The technique 

is similar to differential scanning calorimetry (DSC). 
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Gas adsorption/desorption analysis (BET) 

In this technique an inert gas, mostly nitrogen, is adsorbed on the surface of a solid material. 

The physical adsorption mostly occurs on the outer surface but in case of porous materials, 

also on the internal surface induced by pores. The most widely known is the determination of 

the BET surface area by gas adsorption, popular as BET analysis. Adsorption of nitrogen at a 

temperature of liquid nitrogen, i.e. 77 K, leads to a so-called adsorption isotherm, or BET 

isotherm, which can be measured over porous as well as non-porous materials. The type of 

material can be classified based on standard isotherm types. Non-porous materials will display 

a type II isotherm on which the BET surface area can be determined. Porous materials will 

typically provide a type I or type IV isotherm, depending on the type of pores present. 

Sometimes the use of argon adsorption or carbon dioxide adsorption is preferred in case of 

presence of small micropores. Samples having low surface area are characterized preferably 

by krypton gas adsorption. The principle of monolayer formation of gas molecules on the 

solid surface is used to determine the specific surface area. The BET model employing a 

linearized BET equation is then used to transform the experimental adsorption isotherm into a 

BET plot to determine the monolayer volume. The cross section area of the gas molecule 

together with the monolayer volume is then used to calculate the total specific surface area 

expressed in m
2
/g. The gas adsorption technique is also applied to assess the presence of 

pores, not only in terms of pore volume but also as a pore size distribution. The principle of 

capillary condensation in pores is applied to determine the pore size distribution since the 

capillary condensation in pores is pore size dependent. A higher pressure is needed to induce 

condensation in larger pores. Likewise, smaller pores are filled at lower partial pressure of the 

adsorbing gas. It is necessary to pre-treat the sample at elevated temperature in vacuum or 

flowing gas in order to remove any contaminants before the actual measurement. It is crucial 

to tune the pre-treatment conditions to the materials properties as a too low or too high 

temperature can seriously affect the BET surface area derived from the subsequent BET 

analysis. Figure 2.6 provides a glimpse of the classification of the characterization techniques 

applied for the structural and compositional analysis of zeolites. 
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2.2 Zeolite Y structure and properties 

Zeolite Y has faujasite (FAU) framework structure, having an internally connected complex 

network of micropores. The pores, which are formed by 12 Si or Al atoms, are linked through 

O atoms forming a tetrahedral structure. The pores have a moderately large diameter of 7.4 Å 

forming a porous structure. 10 sodalite cages surround the inner cavity with a diameter of 12 

 

Fig. 2.6. Characterization techniques applied for the structural and compositional analysis of 

zeolites 
 

Å. The unit cell of the zeolite has a cubic structure having high thermal stability and good 

Bronsted acidity [44,45]. Zeolite Y has a similar three-dimensional structure to faujasite, 

where the unit cell is cubic with a very large dimension (a = 24.7 Å), and it contains 192 total 

SiO4 and AlO4 tetrahedra [56]. The structure consists of 24-truncated cub-octahedral units 

“sodalite cages” created by SiO4 and AlO4 tetrahedra, joined by six membered rings “known 

as hexagonal prisms”. The structure can be considered as a diamond structure, with the 

sodalite playing the role of a carbon atom, and the double 6-rings the role of C-C bonds. The 

unit cell contains eight “super-cages” cavities, with free diameters of about 11.8-13 Å, and 
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apertures of 12-membered oxygen rings with free diameters of about 7.4 Å, which 

interconnect these cavities. This is the largest void space of any known stable zeolite and 

amounts to over 50% volume of the crystal. The pore volume equals 0.35 cm
3
/g and the rigid 

framework structure of type Y zeolites amounts to around 1.30 g/cm
3
, giving a topology 

density of 0.48 solid volume/unit cell volume. It is highly acidic with the Si/Al molar ratio of 

2.43, which makes it an ideal cracking catalyst [69]. These attractive characteristics play a 

vital role in widespread application of zeolites.  

            

Fig. 2.7. (a) The structure of Zeolite Y [121], (b) The double ring, sodalite and super cage of 

zeolite Y [122]  
 

2.2.1 Zeolite Y synthesis 

Zeolite Y can be synthesized by using various sources of silica (SiO2) and alumina (Al2O3). 

As the chemical sources are costly and hence increase the cost of final product, hence cheaper 

raw materials sources such as clay minerals, waste material like rice husk, coal ashes, 

industrial slag, incineration ashes, etc. which contain good amount of silica and alumina are 

being used as raw materials for zeolite synthesis. Currently a host of ongoing research work is 

focused on the use of clay in zeolite synthesis, which has the advantage of being relatively 

cheaper, readily available and more abundant. Industrial byproducts such as coal fly ash, a by-

product of thermal power plants, containing silica and alumina containing compounds is 

reportedly one of the most abundant industrial solid wastes which is used for the zeolite Y 

synthesis. However, presence of unwanted toxic metallic elements which are difficult to 

remove restrict the full application of such materials to synthesize zeolites. Rice husk is an 

agricultural waste and is mainly used for energy generation but has been reportedly used as 

(a) (b) 
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raw materials to develop technological products such as high purity silica ash, silicon carbide 

and zeolites [27]. Rice husk contains about 20-30 weight percent silica. RHA, attained by 

burning of rice husk is also an agricultural excess. RHA is generally used as soil ameliorants 

to help break up clay soils and improve soil structure but is also used as a silica source as an 

insulator in the steel industry and as a pozzolan in the cement industry. Silica derived from 

RHA has been used to synthesize zeolite Y [27]. Fly ash from thermal power plants is known 

to cause environmental and health problems but also has been an important silica source and 

has been used to synthesize zeolite Y. As fly ash contains mainly amorphous aluminosilicate 

(glassy phase) and some crystalline minerals (quartz, mullite, hematite, etc.), it can be 

effectively used as a raw material for the synthesis of zeolite Y [24]. Natural silica-rich 

materials including acidic volcanic glasses, such as natural and expanded perlite and pumice 

has been used as a suitable precursor to synthesize zeolite Y [117].  

Zeolite synthesis from clay minerals has been investigated extensively of late due to the large 

availability of raw clay materials, their relatively low cost and favourable chemical 

characteristics. Previous studies focused in particular on the use of kaolinite, because of its 

extensive availability and the excellent reactivity of thermally treated kaolin clays 

(metakaolin) with acid and alkali solutions[38,123,124] . 

 

Table 2.3: Analysis of kaolin clay obtained from various regions. 

Composition Kankara, 

Nigeria 

[118] 

Iraq 

[125] 
Yunnan, 

China 

[126] 

Bongawan, 

Malaysia 

[19] 

Poland 

[127] 
Iran 

[128] 
Bangka, 

Indonesia 

[129] 

SiO2 47.3 58.1 56.9 63.5 52.5 57.6 49.8 

Al2O3 36.8 15.9 31.6 27.9 34.5 30.7 30.5 

Fe2O3 0.71 3.19 0.47 2.61 0.8 0.15 0.69 

TiO2 0.16 - - 0.8 - 0.08 0.29 

Na2O 0.05 0.15 0.46 - 0.0 0.04 0.45 

MgO 0.16 1.22 0.18 1.39 0.1 0.001 1.07 

CaO 0.08 4.11 0.11 - 0.1 0.08 1.49 

K2O 1.01 0.07 1.95 3.45 0.6 0.01 0.59 
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Table 2.4: A brief overview of acid treatment of kaolin clay  

Kaolin Treatment Region Remarks Ref. 

Different 

concentration of 

H2SO4 

WB, India. Al2O3, MgO, CaO, K2O, TiO2 and ZnO contents in the 

acid treated material decreased progressively 

simultaneously increasing the SiO2 content. 

[130] 

6M HCl Treatment  Inner 

Mangolia, 

China 

Converted to metakaolin by calcining kaolinite at 800 ºC 

for 2h. Then leached in 6M HCl solution (solid/liquid 

ratio 1:5, g mL
-1

) with stirring.  

[131] 

3M HCl Treatment Saudi 

Arabia 

Calcination conditions were optimized at 600 ºC and 1 h 

result in 62.94% extraction of alumina.  

[132] 

Different 

concentration of 

H2SO4 

Nileshwar, 

Kerala 

Refluxing the sample with various conc. of H2SO4 in the 

S/L ratio 1:4 for 45 minutes at 600ºC. Enhances its 

surface acidity. The maximum acidity was shown by 3N 

H2SO4 treated sample. 

[32] 

Purification and 

H2SO4 treatment  

Arobieye 

village, 

Ogun state 

Clay was purified by clay split method. The purified clay 

was calcined and converted to metakaolin at 850 ºC for 6 

h. The metakaolin was dealuminated by using conc. 

H2SO4. Due to this all impurities like quartz and oxides 

of metals were removed. 

[133] 

H2SO4 treatment 

catalyst for 

esterification 

Amazon 

kaolins 

Flint 

Kaolin 

Catalysts for the esterification of oleic acid with methanol 

was done. MC9S4 was the sample with the lowest Al 

content and greatest number of acid sites gives highest 

conversion values. 

[134] 

HCl treated 

catalytic pyrolysis 

using clay 

CES, 

NUST , 

Pakistan 

Polymer waste material was subjected to catalytic 

pyrolysis using acid treated kaolin clay. Higher acidity as 

in the case of kaolin clay treated with 5M increased the 

gas yield. 

[135] 

 

2.2.2 Zeolite Y synthesis from Kaolin 

Since, kaolin clay originates from various sources; their composition varies with geographical 

location (Table 2.3). The chemical composition and crystalline phases also vary with the 



32 
 

geological layer of the soil from where they are extracted.  Hence, the protocol for synthesis 

of zeolite Y from kaolin clay is not standardized.  

The main steps of zeolite Y synthesis from kaolin clay include: initial physico-chemical 

treatment for impurity removal (metal oxides along with some amount of dealumination) 

which is done by acid or alkaline treatment followed by calcination at high temperature; 

addition of external silica and/or dealumination depending on the silica-alumina ratio; 

activation of kaolin at high temperature for 4-6 hours to get metakaolin; ageing of reaction 

mixtures at ambient temperature (gel formation) followed by crystallization. Acid activation 

results in leaching of the clays with inorganic acids, causing disaggregation of clay particles, 

elimination of mineral impurities, and dissolution of the external layers, thus altering the 

chemical composition and the structure of the clays[130]. The solubility of the clay minerals 

in acids differs. The solubility of kaolinite in acids varies with the nature and concentration of 

the acid, the acid-to-kaolinite ratio, the temperature, and the duration of treatment [130]. For 

acid activation, HCl and H2SO4 are desirable as it requires moderate process conditions and 

produces better results with respect to structural properties [33,136]. As kaolin clay is more 

soluble in H2SO4, leaching with H2SO4 results in better structural meltdown thus altering the 

clay structure and transforming the chemical composition by removing metal impurities 

[30,130,137]. The reaction between kaolinite and H2SO4 is described by the chemical 

equation [138] Al2O3·2SiO2·2H2O + 3H2SO4 → Al2(SO4)3 +2SiO2 +5H2O. Acid treatment of 

kaolinite by H2SO4 has been reported in literature [119,139]. A brief overview of kaolin clay 

treated with various acids is presented in Table 2.4. The time required for activation, ageing, 

crystallization and temperature required for activation, crystallization varies with respect to 

the clay composition. Consequently the SiO2/Al2O3 ratio and the surface properties like pore 

volume, pore size and surface area of the synthesized zeolite can be tuned considerably.  

2.2.3 Zeolite Y synthesis from Bentonite 

Bentonite clay is available in abundance in the Kachchh region in Gujarat, India with an 

estimated reserve of 144 million tons [140]. The reserves are rich in both sodium and calcium 

based bentonite. Bentonite clay is industrially valued due to its favourable physico-chemical 

properties such as high plasticity, lubricity, dry bonding strength, shear and compressive 

strength and low permeability and compressibility which makes it extremely suitable for 
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variety of applications such as drilling fluid for mining activities, foundry sand binding, iron 

ore pelletization, waterproofing and sealing agent, etc. However, additional positive textural 

properties like high specific surface area and pore volume, highly organized layered structure, 

excellent cation exchange capacity coupled with chemical and mechanical stability makes 

bentonite clay appropriate for application as catalyst as well as adsorbents in a wide range of 

chemical process industries [141–145]. Being a green, nontoxic and low-cost raw material, 

additional treatment of raw bentonite clay can modify the structure of clay and augment the 

required textural properties making it a valuable material for catalytic and adsorbent 

applications.  

The structural transformation and properties modification can be done by different treatment 

methods like chemical activation, mechano-chemical activation, intercalation, thermo-

chemical activation etc [146]. Other advanced methods like ultrasonic irradiation [147,148] 

and microwave irradiation [149–151] for structural enhancement are also reported in 

literature. Acid treatment of clay creates more acidic sites along with greater surface areas 

compared to the pristine clay which is promising for application as catalyst [152]. Greater 

emphasis on green catalysis makes acid activated bentonite clay a potential candidate for 

environmental friendly applications. Acid activated and ion exchanged bentonite clay based 

designer catalysts are suitable for organic synthesis. Moreover, impregnation of the acidified 

bentonite clay with additives like Lewis or Brønsted acid compounds, pure metals and/or 

metal oxides, inorganic reagents can further improve their properties and applicability. 

Conversely, basicity can also be implied on bentonite clay by compounds like KOH which is 

used for producing biodiesel from fatty oils. Activated clay-supported heteropolyacids are 

used for esterification of acetic acid too [37]. Activation using acid is a proven and reliable 

technique that causes a controlled, peripheral dissolution of the clay generating active sites. 

The layered structure of bentonite has an alumina octahedral sheet in between two silica 

tetrahedral sheets providing an uniform crystalline structure. The space in between the layers 

is occupied with cations like Al
3+

, Na
+
, Ca

2+
, K

+ 
etc which are exchangeable. Usage of 

mineral acids for activation not only provides H
+
 ions which replaces the cations but also 

causes dissolution of impurities present in the structure [153]. Activation of Bentonite clay 

using hydrochloric acid (HCl) [153,154], sulfuric acid (H2SO4) [155,156] and other acids 

[157,158] has been reported. Out of all acids, H2SO4 is preferred mostly as the activation can 
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be performed at mild process conditions and the quality of the end product is better with high 

specific surface area and porosity. The impact of acid treatment on structural properties 

depends on the leaching condition and the nature of parent bentonite. Bentonite clay obtained 

from different geographical regions and the result of their treatment with H2SO4 is presented 

in Table 2.5. It can be observed that compared to parent bentonite, the acid treated bentonite 

shows better textural properties considering large surface area and pore volume with high 

fraction of mesopores. 

 

Table 2.5: Overview of the physico-chemical changes of raw Bentonite clay before and after 

H2SO4 treatment. 

Source Treatment conditions Si-Al ratio Specific 

surface area 

(m
2
/g) 

Specific pore 

volume 

(cm
3
/g) 

Ref. 

before after before after before after 

Hancili, 

Turkey 

Reflux: 3M H2SO4, 

100
o
C, 4h. 

4.00 5.88 52.77 130 0.11 0.27 [156] 

Unye, 

Turkey 

Reflux: 0.4(w/w) H2SO4, 

90
o
C, 3h. 

2.58 8.09 61 304 0.1 0.4 [159] 

Cankiri, 

Turkey 

Reflux: 2M H2SO4, 98
o
C, 

5h. 
3.73 - 75 241 not reported [155] 

Khorasan

, Iran 

Reflux: 6N H2SO4, 80
o
C, 

2h;Calcination: 600
o
C, 

4h. 

4.04 6.09 23 171 not reported [160] 

North 

China 

Reflux: 10 (Wt%) 

H2SO4, 80
o
C, 

4h.;Calcination: 600
o
C, 

4h. 

4.67 5.23 10 46.9 not reported [161] 

 

This structurally enhanced bentonite clay is suitable to be applied as catalysts in esterification 

reaction [145], oxidation reactions [162], photo Fenton reactions [163], pyrolysis [158], 

petroleum refining [164]; as catalyst supports for immobilization of nanoparticles [165], 

TEPA for CO2 capture, Ag/ZnO for water purification [151] and as adsorbent for removal of 

pollutants from wastewater [14,154]. Further treatment of this material can be carried out to 
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develop commercial adsorbents or solid catalysts. Different kinds of solid materials like 

KOH, NaOH, Zr-SBA-15 can be impregnated on the acid treated bentonite clay to form 

heterogeneous catalysts for biodiesel production [141,143,144]. It can be further processed to 

synthesize various type of zeolite like zeolite A [166] and  zeolite Y [167,168].  

2.2.4 Application of Zeolite Y as catalyst 

Zeolite Y is widely used in catalytic cracking due to its specialized properties such as 

structure stability, hydrophobicity, tunable acidities, confinement effects and catalytic activity 

[48]. Zeolite Y possessing three-dimensional pore channels with supercages of 1.2 nm in 

diameter is a leading catalyst in FCC, hydrocracking, and alkylation processes [48]. Catalytic 

cracking of large molecules such as heavy oil and biomass is one of the most interesting 

catalytic processes because of its perspective to provide a sustainable route for industrial 

applications [47]. The ultrastable Y zeolite in fluid cracking catalysts is commonly stabilized 

by ion-exchange with rare earth (RE) cations and the RE-exchange provides hydrothermal 

stability to the zeolite by improving surface area retention and inhibiting dealumination, 

resulting in greater preservation of acid sites [75]. Zeolite Y has been the primary active 

component of FCC catalysts since its first commercial introduction about 50 years ago. This is 

mainly because of the unique combination of a few important properties of zeolite Y: (1) high 

surface area and relatively large pores (~7.4 Å in diameter); (2) strong Brønsted acidity; (3) 

excellent thermal and hydrothermal stability; and (4) low cost. When other zeolites are used 

as active components in FCC catalysts, their catalytic performance (activity and product 

selectivity) cannot compare with that of zeolite Y due to its specialized properties.  

2.3 Esterification reaction 

Esters are essential natural compounds found in living organisms. They are industrially 

important compounds with a wide range of applications. Esterification is the process of 

combining an organic acid (RCOOH) with an alcohol (ROH) to form an ester (RCOOR) and 

water; or a chemical reaction resulting in the formation of at least one ester product in the 

presence of an acid catalyst. Many homogeneous acid and base catalysts were used efficiently 

in esterification reactions earlier. But major shortcomings in the form of separation, 

reusability, corrosion, product purity and environment hazards have been observed. 

Esterification reaction using catalysts in homogeneous conditions is more common but suffers  
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Table 2.6: Esterification reactions using zeolite Y as catalyst 

Type of  

Zeolite 

Reaction 

system 

Con.
#
 

(%) 

Reaction 

condition* 

Remarks Ref. 

H-Y  Acetic acid 

with C3 and C4 

alcohols  

92 0.5;1:1;130;1  The esterification reaction was found 

to follow the Eley-Rideal pathway. 

[169] 

H-Y  Maleic 

anhydride with 

methanol 

60 4.7;1:3;90;4  The activation energy was found to 

be 44.65 kJ/mol. 

[170] 

TPA -H-Y Oleic acids and 

free fatty acids 

with methanol 

92.7 14;1:20;120;

6  

The catalyst is proved to be reusable. 

The activation energy of the 

esterification reaction is 66.3 kJ/mol. 

[171] 

Co-Ni-Pt-

H-FAU 

Oleic acid with 

ethanol 

93 6.35;1:6;70;2  Esterification followed pseudo first-

order kinetics. 

[172] 

Y( Iraqi 

Kaolin) 

Oleic acid with 

ethanol 

85 14;1:6;70;1 

 

85% conversion after 60 min 

reaction time using a 6/1 molar ratio 

of ethanol/oleic acid at 70 °C. 

[125] 

 HY 

(Si/Al=15) 

Phenylacetic 

acid  with 

Ethanol 

69 1;110;17 Effective for the direct esterification 

of phenols with carboxylic acids.  

[173] 

H-Y 

(Si/Al=80) 

oleic acid with 

Methanol 

92 28;1:3;100 ;5 Solid catalyst with Si/Al (H-Y-80) 

ratio showed 92% conversion 

[174] 

 FAU30 Acetic acid 

with methanol 

- 0.1;1:5;100;3 Introduction of mesoporosity further 

enhances esterification activity. 

[175] 

Y(Bangka 

Kaoline)   

Acetic acid  

with benzyl 

alcohol 

94 1.5;1:4;200;8 Conc. of sulfuric acid during 

activation of metakaolin affects the 

synthesis of zeolite Y 

[176] 

Y 

(Decationi

zed ) 

Acetic acid 

with ethanol in 

vapor phase 

79 14;1:2;150; reaction kinetics validated using 

Rideal model and bimolecular 

surface reaction model. 

[177] 

 Y(shale 

rock) 

Oleic acid with 

ethanol 

78 14;1:5;70;1.5 Esterification reaction showed 78% 

conversion after 90 mins 

[178] 

H-Y Salicylic acid 

with phenol 

78 1;1:1.5;160;6 Exhibit excellent selectivity towards 

the formation of phenylsalycilate  

[179] 

 Ce/ 

HUSY 

Soybean oil 

and ethanol 

99 1:30;200;24 biofuel produced showed high ester 

content 

[180] 

Na Y from 

kaolin  

 Oleic acid 

with ethanol 

81 14;1:6;70;2.5 reused NaY zeolite is loses 31% of 

its activity. 

[8] 

USY Oleic acid with 

oleic alcohol 

91 2.4;1:1;150;1

.5 

crystallite size and surface 

composition control both activity and 

selectivity. 

[181] 

PA/NaY Oleic acid with 

ethanol 

79 1.7;1:7105;7 Activation energy 43.4 and 59.7 

kJ/mol for forward & backward 

reaction 

[182] 

*Reaction conditions = amount of catalyst (g): mole ratio of acid to alcohol: reaction temperature °C: 

reaction time (h). ; # Con = Conversion  
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major shortcomings with respect to separation of catalysts, reusability of catalyst, corrosion, 

purity of product and other environmental issues related to disposal. In contrast, the 

heterogeneous catalytic systems provide several advantages in terms of product separation 

and better reusability of catalysts. They also seem to provide more active sites. This makes 

clay based acid catalysts a potential alternative to the homogeneous catalyst in ester forming 

processes opening scope of ample research activity [183]. Table 2.6 provides an overview of 

esterification reactions especially catalyzed using zeolite Y. 

 

2.3.1 Esterification of succinic acid with ethanol 

Succinic acid is a dicarboxylic acid with the chemical formula (CH2)2(COOH)2. It can be 

manufactured both by chemical route and biochemical route. It is a type of organic acid, and 

is applied in many food, chemical, and pharmaceutical industries as a precursor to generate 

many end use chemical products like solvents, dyes, lacquers, perfumes, plasticizer, 

photographic chemicals etc. Succinic acid is also used as an antibiotic and curative agent. 

Esterification of succinic acid results in formation of esters which are commonly used as 

intermediate for producing plasticizer, medicine and a host of fine chemicals. Specifically, 

succinic acid can be esterified using ethanol through a consecutive reaction to yield diethyl 

succinate (DES). Esterification of succinic acid results in formation of esters which are 

commonly used as intermediate for producing plasticizer, medicine and a host of fine 

chemicals. The scheme of reaction when bioplatform molecule succinic acid (SA) (limiting 

reactant) reacts with ethanol (excess reactant) resulting in production of monoethyl and 

diethyl succinate is presented below:  
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Many homogeneous acid and base catalysts were used efficiently in esterification reactions 

earlier. But major shortcomings in the form of separation, reusability, corrosion, product 

purity and environment hazards and disposal have been observed. In contrast, the 

heterogeneous catalytic systems provide several advantages in terms of product separation 

and better reusability of catalysts. They also seem to provide more active sites. This makes 

clay based acid catalysts a potential alternative to the homogeneous catalyst in ester forming 

processes opening scope of ample research activity [183]. A variety of heterogeneous 

catalysts has been developed and applied for esterification of succinic acid e.g., Amberlyst-15 

ion-exchange resin, Nafron NR, starbon-400, ion exchange resin, carbonaceous materials , Al-

MCM-41 and ZSM-5 and numerous others [137].  

 

2.4  Research gap and challenges 

Natural kaolin clay from Kachchh, Gujarat region is used as a sustainable novel raw material 

for zeolite Y synthesis. Since, kaolin clay originates from various sources; their composition 

varies with geographical location and the chemical composition and crystalline phases vary 

with the geological layer of the soil. The protocol for synthesis of zeolite Y from kaolin clay 

is not standardized. The main steps of zeolite Y synthesis from Kachchh kaolin clay include: 

initial physico-chemical treatment for impurity removal (metal oxides along with some 

amount of dealumination) which is done by acid or alkaline treatment followed by calcination 

at high temperature; addition of external silica and/or dealumination depending on the silica-

alumina ratio; activation of kaolin at high temperature to get metakaolin; ageing of reaction 

mixtures at ambient temperature (gel formation) followed by crystallization. The process 

variables like acid concentration, time required for activation, ageing, crystallization and 

temperature required for activation, crystallization needs to be determined and adjusted with 

respect to the clay composition to get the required structural properties. The green method of 

synthesis of zeolite Y is carried out by applying ultrasonication ageing followed by 

conventional heating. This green synthesis procedure along with strategic combination of 

synthesis parameters and the use of sonication help achieve uniform nanosized crystals. The 

acoustic cavitation and high-energy shockwaves affect the crystallization time, as well as the 

size and morphology of crystals, leading to a shorter ageing stage and faster crystallization 

rate. This results in homogeneous phase and crystalline products with uniform morphologies. 
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Consequently the SiO2/Al2O3 ratio and the surface properties like pore size, pore volume and 

surface area of the synthesized zeolites need considerable tuning to provide the required 

properties suitable for catalytic and other applications. 
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CHAPTER - 3 
 

Material and Methods 

 

 

 
Kaolin and Bentonite clay of Kachchh region of Gujarat, India were acid treated and synthesis 

of zeolite Y was attempted. The synthesis of zeolite Y was also carried out by a unique 

method of sonication.  The synthesized zeolites Y were compared with a standard reference 

zeolite Y prepared by standard procedure and a commercial zeolite Y obtained from Zeolyst 

international. The application of synthesized zeolite Y was checked as a catalyst in the 

esterification reaction. Fig. 3.1 shows the experimental approach. 

 
 

Fig.3.1. Experimental approach 
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3.1 Materials used 

 

3.1.1 Equipment and instruments 

 

The following equipments and instruments were used in the present investigation and 

characterization: 

Digital balance (Scale Tec Instruments), Magnetic stirrer, hot air oven, Muffle furnace,  

heating mantle, constant temperature hot plate, mechanical stirrer, Vaccum pump, High 

intensity ultrasonic processor (20KHz 500 Watts) ( Life Care equipments Pvt. Ltd., India), 

Fourier transform infrared spectroscope (ATR-FTIR, VERTEX 80, Bruker Corp., Germany), 

GC-MS (Perkin Elmer Turbo mass), Scanning electron microscope (ZEISS Gemini Sigma 

300), Dispersive XRF spectrometer EDX-7000 (SHIMADZU Corporation, Japan), TA/DTA 

thermal analyser (Perkin Elmer STA-8000), Surface area analyzer TriStar II 3020 

(Micromeritics Instruments Corporation,US),  XRD (Rigaku Miniflex).  

 

3.1.2 Glasswares/plastic wares 

 

Volumetric flask (20 ml to 1 L), measuring cylinder (10 ml to 100 ml), Beaker (50 ml to 1 L), 

conical flask (50 ml to 250 ml), PP bottle, three neck round bottom flask (500 ml to 1 L), 

Crucible,  Dean stark equipment , condenser with standard joints, funnels, thermometer, 

desiccator, burette, pipette,  glass rod, reagent bottles, sampling bottles. 

 

3.1.3 Chemicals  

 

The kaolin clay and bentonite clay were procured from M/s Gunjan Minerals Pvt. Ltd., Bhuj, 

Kachchh. Sodium silicate water glass having the following composition SiO2 21.44%, Na2O 

6.76% (by weight) and sodium aluminate having Al2O3 20.25% and Na2O 19.28% (by 

weight) were used in zeolite synthesis. The commercial sample of Zeolite Y is procured from 

Zeolyst International, Pennsylvania, USA. The DI water was procured from Merck Ltd of 
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conductivity 5-10 µS cm
-1

. All other chemicals used were of AR grade purchased from M/s S. 

D. Fine Chemicals. The chemicals used were H2SO4, Succinic Acid, Ethanol, NaOH, HCl,  

 

3.2 Experimental 

 

3.2.1 Synthesis of Reference Zeolite Y (RZeoY) by conventional method  

The RZeoY was synthesized from feedstock gel which is the main silica alumina source 

following standard procedure as described in literature [184] (Fig. 3.2). Seed gel having 

composition of 10.67 Na2O: 1 Al2O3: 10 SiO2: 180 H2O was prepared. The Na2SiO3 solution 

was added in the solution of NaAlO2, NaOH and H2O drop wise. The mixture was stirred till a 

homogeneous phase was attained and transferred into a capped polypropylene bottle for 

ageing (24h) at room temperature. The feedstock gel having molar ratio 4.30 Na2O : 1Al2O3 : 

10SiO2 : 180H2O was prepared following the similar method of seed gel described above. 

Feed gel was used immediately without ageing. The seed gel was slowly added to feed gel 

with continuous stirring at 1600 rpm using a 2.5 inch diameter, paddle type radial mixer. The 

resulting gel having the following composition 4.7 Na2O : 1Al2O3 : 10SiO2 : 180H2O was 

aged at room temperature for 24h and shifted to Teflon coated autoclave, capped tightly and 

crystallized for 5h at 100°C. The sample was cooled down to room temperature after 

crystallization. The final solid product was recuperated after filtration, meticulously washed 

using warm distilled water and dried at 110°C. 
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Preparation of Seed gel: 

Seed Gel Composition: 1 Al2O3 : 10 SiO2 : 10.67 Na2O : 180 H2O 

 

 

Preparation of Feedstock Gel: 

Overall Gel Composition: l Al2O3 : 10SiO2 : 4.7 Na2O : 180 H2O 

 

 

Fig. 3.2. Schematic diagram of Synthesis of Reference Zeolite Y 
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3.2.2 Synthesis of Zeolite Y by using Kachchh clay  

 

Kaolin and Bentonite clay of Kachchh region of Gujarat, India (Fig. 3.3) were acid treated 

and synthesis of zeolite Y was attempted. 

    

 

Fig. 3.3. Sample of (a) kaolin Clay (b) Bentonite Clay 

 

3.2.2.1 Clay treatment of kaolin clay 

 

The Kaolin Clay was provided by M/s Gunjan Minerals Pvt. Ltd., Bhuj, Kachchh, originally 

mined in Padhar, Bhuj (Latitude: 23.2449984, Longitude: 69.8253968). It is off white in 

colour and comes in hard, lumpy form. Kaolin clay from mines underwent a beneficiation 

process for impurity removal followed by acid treatment as shown in Fig. 3.4. 

 

Fig. 3.4. Flow diagram representing clay treatment. 
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[1] Beneficiation process 

 

The beneficiation process involves physical operations to get required particle size, size 

distribution and other physico-chemical operations to get required properties. Kaolin clay 

contains impurities in the form of coarse silica sand (affects particle size), Fe2O3 (0.2 – 1.2%), 

TiO2 (1 –2.2%) (Imparts colour), mica and carbon (affects the physical and firing properties 

of clay). The raw clay undergoes levigation in blungers having slurry concentration 30-35%. 

The clay slurry outflow from the blunger contains different particles of silica sand and pure 

clay of different sizes (2µm to 2mm). The coarse silica sand is separated by a screw classifier 

where around 80% of impurities get separated. The remaining impurities in the form of fine 

silica sand between -60 mesh to +300 mesh are separated by gravitational method using 

simple channelling followed by hydro cyclones. The purified slurry is allowed to settle (12-

24h) in huge settling tanks. The thick concentrated slurry is sent to the filter press. The wet 

cake is naturally dried and crushed to powder form.  

 

[2] Acid treatment 

 

 

Fig. 3.5. Acid treatment of kaolin clay. 
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In this work, Kaolin clay  from the Kachchh region of Gujarat is treated with acid. Among all 

acids, HCl and H2SO4 are favored for acid activation [33,34,136]. H2SO4 is preferred in case 

of Kaolin clay as it is more soluble in H2SO4 [30,130,185]. Leaching of Kaolin clay with 

H2SO4 causes disaggregation of clay particles, elimination of mineral impurities and 

dissolution of the external layer which alters the chemical composition as well as the clay 

structure [130]. 100g of Kaolin clay (150μm) was taken in a round bottom flask with a reflux 

condenser and 400ml of (7M/10M) concentrated H2SO4 was added. The mixture was slowly 

heated up to 110°C and maintained at that temperature for 4h. The mixture was rapidly 

quenched with ice cold water. The acid treated powder was washed with distilled water 

multiple times to remove unspent acid. The powder was separated from the solution by 

filtration using Whatman filter paper. The wet cake was dried in a hot air oven at 110°C, 

followed by calcination at 600°C in a muffle furnace under open air condition for 4h. The dry 

sample was ground to powder form (Fig. 3.5). 

 

3.2.2.2 Clay treatment of Bentonite clay  

Greater emphasis on green catalysis makes acid activated bentonite clay a potential candidate 

for environmental friendly applications. Acid activated and ion exchanged bentonite clay 

based designer catalysts are suitable for organic synthesis. Activation of Bentonite clay using 

hydrochloric acid (HCl) [153,154], sulfuric acid (H2SO4) [155,156] and other acids [157,158] 

has been reported. Out of all acids, H2SO4 is preferred mostly as the activation can be 

performed by mild process conditions and the quality of the end product is better with high 

specific surface area and porosity. The Bentonite clay was acquired from mines located at 

Kachchh district of Gujarat state. The mines are located at Vandh, Mandvi (Latitude: 

23.09325, Longitude: 69.48685). The raw clay underwent a beneficiation process for impurity 

removal. The sample was received in powder form (200µm) which was light brown in colour. 

A round bottom flask fitted with a reflux condenser was used. Bentonite clay (100g) was 

taken and 400 mL of concentrated H2SO4 (5M/10M) was added slowly under atmospheric 

conditions. The temperature was slowly increased by controlled heating up to 110°C. The 

mixture was then maintained at 110°C for 4h with continuous stirring at 400 rpm. The 

bentonite suspension was quickly cooled using cold water. Next the final suspension was 

filtered using a Whatman filter paper. The solid cake layer over the filter paper was washed 
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several times by distilled water for removal of any unspent acid till the filtrate was neutral. 

Drying of the wet cake was carried out at 110°C using a hot air oven. Subsequently 

calcination was carried out at 600°C for 4h in a muffle furnace. The lumpy dried sample was 

collected and grounded to fine powder using mortar and pestle (Fig. 3.6). 

 

 

 

Fig. 3.6. Acid treatment of Bentonite clay. 

 

3.2.2.3 Synthesis of Zeolite Y from clay 

[1] Synthesis of Zeolite Y (KZeoY) from kaolin clay 

The schematic representation of the synthesis process of zeolite Y from kaolin clay is shown 

in Fig. 3.7. Seed gel having composition of 10.67 Na2O: 1 Al2O3: 10 SiO2: 180 H2O was 

prepared conventionally. The Na2SiO3 solution was added in the solution of NaAlO2, NaOH 

and H2O drop wise. The mixture was stirred till a homogeneous phase was attained and 

transferred into a capped polypropylene bottle for ageing (24h) at room temperature. 

Activated kaolin was mixed with aqueous NaOH solution and fused in a muffle furnace at 

800
o
C for 8h. Solid mixture was cooled down to room temperature and crushed in the form of 

fine powder. Demineralized water was added to fused clay powder and prepared mixture. 

Sodium silicate solution was dispersed drop wise to the mixture, stirred continuously by a 
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turbine mixer till smooth gel formation. Finally seed gel was added slowly with continuous 

stirring until complete dispersion of seed gel was achieved. Final composition was kept at 180 

H2O :1 Al2O3 : 10 SiO2 : 4.62 Na2O . The prepared gel was transferred to a polypropylene 

bottle and sealed for 24 h at 50°C for ageing. The crystallization time is varying from 24h to 

48h at 100°C in an oven. On cooling, the solid (containing the NaY Zeolite) settled at the 

bottom with a hazy supernatant. The ageing and crystallization time are varying and try to get 

the best result.  The final solid product was recuperated by filtration, washed with warm 

demineralized water till pH reached to 9 and then dried at 110°C for 16h (Fig. 3.8). 

 

Fig. 3.7. Synthesis of Zeolite Y from Kaolin clay (KZeoY) 

 

[2] Synthesis of Zeolite Y from bentonite clay 

The synthesis of zeolite Y from treated bentonite clay was tried by varying parameters. The 

synthesis steps are shown in Fig. 3.9. Seed gel having composition of 10.67 Na2O: 1 Al2O3: 

10 SiO2: 180 H2O was prepared conventionally. The Na2SiO3 solution was added in the 

solution of NaAlO2, NaOH and H2O drop wise. The mixture was stirred till a homogeneous 
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Fig. 3.8. Experimental steps of synthesis of Zeolite Y from Kaolin clay (KZeoY). 
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phase was attained and transferred into a capped polypropylene bottle for ageing (24h) at 

room temperature. Activated bentonite clay was mixed with aqueous NaOH solution and 

fused in a muffle furnace at 800
o
C for 6h. Solid mixture was cooled down to room 

temperature and crushed in the form of fine powder. Demineralized water was added to fused 

clay powder and prepared mixture. Sodium silicate solution was dispersed drop wise to the 

mixture, stirred continuously by a turbine mixer till smooth gel formation. The amount of 

NaOH for fusion and Sodium silicate solution are decided based on composition of treated 

bentonite clay. Finally 10% seed gel was added slowly with continuous stirring until complete 

dispersion of seed gel was achieved. Final composition was kept at 180 H2O :1 Al2O3 : 10 

SiO2 : 4.62 Na2O . The prepared gel was transferred to a polypropylene bottle and sealed for 

24h at 50°C for ageing followed by crystallization for 48h at 100°C in an oven. The 

crystallization time is varying and batches were taken. On cooling, the solid settled at the 

bottom with a hazy supernatant. The final solid product was recuperated by filtration, washed 

with warm demineralized water till pH reached to 9 and then dried at 110°C for 16h. The 

ageing time and crystallization time varying and batches were taken (Fig. 3.10). 

 

 

Fig. 3.9. Synthesis of Zeolite Y from Bentonite clay  
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Fig. 3.10. Experimental steps of synthesis of Zeolite Y from Bentonite clay 

 

3.2.3 Synthesis of Zeolite Y by using ultrasonication   

 

Zeolite Y is synthesized by Ultra sonication (UZeoY) as shown in Fig. 3.11. The chemicals 

used for the UZeoY synthesis were Sodium silicate water glass having the following 

composition SiO2 21.44%, Na2O 6.76% (by weight) and sodium aluminate having Al2O3 

20.25% and Na2O 19.28% (by weight). All chemicals used were of AR grade. Seed gel 

having composition of 10.67 Na2O: 1Al2O3: 10 SiO2: 180 H2O was prepared. The feedstock 

gel having molar ratio 4.30 Na2O: 1Al2O3: 10 SiO2: 180 H2O was prepared following the 

similar method as of seed gel. Feed gel was used immediately without ageing. The seed gel 

was slowly added to feed gel with continuous stirring for 20 min at 1600 rpm using a 2.5 inch 

diameter, paddle type radial mixer. The resulting gel had the following composition 4.7 Na2O 

: 1 Al2O3  : 10 SiO2 : 180 H2O. This precursor gel was sonicated with an ultrasonic processor 

(20 kHz, 500 Watts) for 90min. Finally the sample was treated hydrothermally without 
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stirring at 100°C for 90 min. The final solid product was recuperated by filtration, washed 

with warm demineralized water till pH reached to 9 and then dried at 110°C for 16h. The 

synthesized zeolite-Y (UZeoY) was characterized and compared with a RZeoY prepared by 

conventional method. 

 

 

Fig. 3.11. Synthesis of Zeolite Y by using ultrasonication  

 

3.2.4 Ion exchange by NH4NO3 - Catalyst activation 

 

Before applying as catalyst, UZeoY, RZeoY and KZeoY were altered into H form of zeolite 

Y by using ion-exchange method as represented in Fig. 3.12. First the zeolite Y was dissolved 

in 1M solution of NH4NO3 at a ratio of 1:10 (w/v) and continuously stirred for 8h at 80°C. 

After first ion-exchange, zeolite Y was recovered by filtration using Whatman filter paper and 

the ion-exchange process was repeated second time. The recovered product was subsequently 

washed with hot water and dried for 8h at 100°C. The calcination of resulted powder was 

carried out at 500°C for 5h and allowed to cool naturally. This H form of zeolite Y was used 

as a catalyst further. 
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a: zeolite:liq =1:10 by vol, 80
o
C, 8h stirring, Repeated twice 

Fig. 3.12. Schematic diagram of ammonium nitrate ion exchange of all synthesized Zeolite Y  

 

3.2.5 Esterification reaction 

 

Esterification of succinic acid (SA) results in formation of esters which are commonly used as 

intermediate for producing plasticizer, medicine and a host of fine chemicals. Esterification 

reaction using catalysts in homogeneous conditions is more common but suffers major 

shortcomings with respect to separation of catalysts, reusability of catalyst, corrosion, purity 

of product and other environmental issues related to disposal. In contrast, the heterogeneous 

catalytic systems provide several advantages in terms of product separation and better 

reusability of catalysts. They also seem to provide more active sites. The molar ratio, 

temperature and amount of catalyst for KZeoY are varying and in this work, final reaction 

condition was succinic acid and ethanol (1:3 molar ratio) were reacted in a stirred batch 

reactor equipped with a condenser with additional Dean–Stark apparatus and guard tube (Fig. 

3.13). The Dean–Stark apparatus was attached to the round bottom flask to separate out the 

water generated during the reaction. The esterification reaction was carried out at 72°C for 

12h using 1g catalyst. After reaction, the catalyst was recovered by filtration and reused after 

washing two times with deionized water at 70°C and dried for 6h at 110°C. The same 

procedure was repeated for recovery and reuse in each cycle. The esterification using recycled 

catalyst was carried out under the same reaction conditions. A figure of the experimental set 

up is shown below (Fig. 3.14). 
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Fig.3.13. Schematic diagram of esterification reaction 

 

 
Fig.3.14. Esterification reaction experimental set up 
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3.3  Analytical methodologies 

The physicochemical properties of all samples of clays and zeolites are studied by various 

characterization techniques such as XRF, DTA, XRD, FTIR, N2 adsorption-desorption and 

SEM etc.  

 

3.3.1 X-Ray Diffraction 

 

 Preliminary source to identify zeolites is XRD analysis. It mentions diffraction patterns with 

crystalline, amorphous or both phases which further identify by comparison with those in the 

IZA (http://www.iza-structure.org/databases/). This thesis provides XRD patterns of both as-

made and calcined zeolites. In some XRD pattern comparison of as-made and modified 

zeolite is discussed. 

 XRD is one of the most widely used techniques for characterization of materials. It is an 

important tool for determining the structure of materials that are distinguished by long-range 

order. X-rays are extremely intrusive electromagnetic radiation which is electrically neutral. 

Their wavelength is in the range of 0.04 to 1000 Å. X-rays with only shorter wavelengths 

(from few Å to 0.1 Å) are used for diffraction applications because these are comparable to 

the size of the atoms. Hence, the X-rays are ideally suited for deducing the structural 

arrangement of atoms in a variety of materials. 

 The diffraction method involves interaction of the incident monochromatic X-rays (like Cu 

Kα) with the atoms of a periodic lattice. The X-rays are scattered by atoms constructively as 

per Bragg’s law. This law relates the wavelength (λ) of electromagnetic radiation to the lattice 

spacing and the diffraction angle in a crystalline material.  

nλ = 2 d sinθ; n = 1, 2, 3… 

Where, n is an integer called order of the reflection, λ is wavelength of the X-rays, d is the 

distance between two lattice planes and θ is the angle between the incoming X-rays and the 

normal to the reflecting lattice plane. The lattice spacing (d) can be obtained from Bragg’s 

equation, which is characteristic of a particular material. Width of the diffraction peaks 

indicates the dimension of the reflecting planes.  
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The XRD patterns of all the zeolites reported in this thesis were recorded using a Rigaku 

Miniflex (Cu-Kα nod material) (Fig. 3.15) with continuous scanning rate of 2
o
/min, generator 

settings of 10 mA and 40 kV at the Bragg's angle 2θ range 3–40
o
. 

 

 

 

Fig. 3.15. Rigaku Miniflex instrument for XRD pattern 

 

 3.3.2 Infrared Spectroscopy 

 

 Fourier transform infrared (FTIR) spectroscopy is widely used in the characterization of 

material due to its capacity to provide information without destroying the matrix. On the other 

hand, the use of special cells allows tracking the changes occurring in the IR bands of basic 

probes, adsorbed on the catalyst acid sites, due to changes in the nature and distribution of 

these sites. FT-IR spectroscopy is also used to probe the structure of clays [186]. In this work  

FTIR spectra were recorded on a Bruker (Alpha) infrared spectrophotometer (Fig. 3.16) with 

resolution of 4 cm
−1

, in the range of 400 – 4000 cm
−1

. 

 

3.3.3 Thermal Analysis 

 

 Thermal stability of zeolites is one of the important features that makes clay applicable as 

selective sorbents and potential catalysts. All kinds of organic, inorganic, petroleum,  
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Fig. 3.16.  Fourier transform infrared spectroscope (ATR-FTIR, VERTEX 80, Bruker Corp., 

Germany) 

 

pharmaceutical and polymer materials have been analyzed by Thermogravimetric (TGA) 

analysis Thermogravimetric analysis uses heat to force reactions and physical changes in 

materials. TGA provides quantitative measurement of mass change in materials associated 

with transition and thermal degradation. TGA records change in mass from dehydration, 

decomposition, and oxidation of a sample with time and temperature. Characteristic 

thermogravimetric curves are given for specific materials and chemical compounds due to 

unique sequences from physicochemical reactions occurring over specific temperature ranges 

and heating rates. 

 In the instrumental set-up, N2 inert gas and O2 oxidative gas was used. Their flow rates 

provide the suitable environment for either thermal decomposition, or oxidative 

decomposition, or a thermal-oxidative combination. A sample of 10 mg weight was heated in 

a silica crucible at a constant heating rate of 10°C/min operating in a stream of N2 atmosphere 

by using a platinum crucible with a pierced lid at a flow rate of 20 mL/min from 35°C to 

700°C. This analysis provides the presence of endotherms and exotherms during heating, 

cooling. A simultaneous Thermo gravimetric Analyzer/ Differential Thermal Analyzer 

(Perkin Elmer STA-8000 instrument) was used in this work.  
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3.3.4 X-ray fluorescence (XRF) 

 

XRF analyses of the samples were done on SHIMADZU Corporation, Japan make Energy 

Dispersive X-ray Fluorescence Spectrometer-EDX-7000 (Fig. 3.17). The sample is irradiated 

with X-rays from an X-ray tube; the atoms in the sample generate unique X-rays that are 

emitted from the sample. This "fluorescent X-ray" has a unique wavelength and energy that is 

characteristic of each element that generates them. Consequently, qualitative analysis was 

performed by investigating the wavelengths of the X-rays.  

 

Fig. 3.17. Dispersive XRF spectrometer EDX-7000 (SHIMADZU Corporation, Japan) 

 

3.3.5 N2-adsorption-desorption 

 

 High surface area and ordered pore structure of zeolites result in their unique adsorption 

properties. Zeolites are characterized by large surface area because of its highly porous nature. 

As a result of high surface area zeolites can adsorb large quantities of adsorbate depending on 

adsorbate size, aperture size, temperature and surface acidity of zeolites. 

 The most accepted technique for measuring surface area of materials is the one that is based 

on the theory developed by Brunauer, Emmett and Teller in 1938 by taking into account the 

multilayer adsorption of adsorbate molecules on the adsorbent surface. Its assumptions are; (i) 

there is no intermolecular interaction, (ii) adsorption energy remains constant from zero 

coverage to full coverage for the primary layer of the adsorbate and each successive layers 
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above, (iii) a new layer can be initiated before the completion of the one under formation and 

(iv) enthalpy of adsorption is same for any other layer except the first one. Porosity and 

Surface area measurements were done by N2 adsorption/desorption isotherms at −196°C using 

the Micromeritics Instruments Corporation (TriStar II 3020) (Fig. 3.18). The samples were 

first outgassed at 200°C for 3h, at 5×10
−3

 mmHg  and then at room temperature for 2h, at 

0.75×10
−6

 mmHg before measurement. The isotherms were analyzed in a conventional 

manner in the relative pressure range P/P0 = 0.0005 to 1.0. The total pore volume of the 

samples was calculated at P/P0 = 0.9. The BJH method was used to determine the pore size 

distribution from the adsorption/desorption branches of the isotherms. 

 

 

Fig. 3.18. Surface area analyzer TriStar II 3020 (Micromeritics Instruments Corporation, US) 

 

3.3.6 Electron Microscopy 

 

 The electron microscopy has many variants. In this section, we deal only with scanning 

electron microscopy. The former is very useful for the examination of physical features of the 

sample, like size and shape of crystals in the samples of clays and zeolites.  
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Scanning Electron Microscopy (SEM) 

 

SEM is a type of electron microscopy technique that generates images of a sample by 

scanning it with a focused high-energy beam of electrons in a raster scan pattern. It is a simple 

technique to investigate the morphological characteristics of the samples [187]. A probe of 

electrons (5-50 eV) scans over a sample surface and the yield of either secondary or back-

scattered electrons is detected as a function of the position of the primary beam. The 

interaction between the incident electrons with the atoms in the sample produces different 

types of signals, which carry detailed information about the sample surface topography and 

the composition of the sample. A major advantage of SEM is that bulk samples can also be 

directly studied by this technique. In this work the morphology and elemental composition of 

samples were evaluated using field emission scanning electron microscopy using ZEISS 

Gemini Sigma 300 microscope (Fig. 3.19). The vacuum dried samples were sputter coated 

with Gold using Argon gas at 10mA for 80s before loading in the microscope.   

 

 

Fig. 3.19. Scanning electron microscope (ZEISS Gemini Sigma) 
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CHAPTER - 4 
 

Result and Discussion 
 

4. Result and discussion 

 

4.1 Characterization of reference Zeolite Y (RZeoY) 

 

The reference zeolite Y is synthesized in the laboratory by hydrothermal method using 

standard chemicals. The reference zeolite Y (RZeoY) is examined by multiple 

characterization techniques and compared with a commercial sample of zeolite Y of Zeolyst 

international (CZeoY). XRD exhibited well-resolved peaks in the high 2θ region of 3-40
o
; the 

peak positions are nearly identical with CZeoY demonstrating that RZeoY achieved good 

crystallinity. Lattice parameters and Miller indices were matched with standards. Well-

dispersed morphology & comparable crystallinity was confirmed by scanning electron 

microscopy. BET surface area of 571 m
2
g

-1
 and 0.31 cm

3
g

-1
 pore volume were comparable 

with CZeoY. Pore size and BJH pore volume was more than CZeoY. The N2 adsorption-

desorption isotherms show representative hysteresis loops of type I, which is attributed to a 

characteristic of introduction of some mesopores structure in the sample. 

 

 

 Fig. 4.1 XRD and N2 adsorption-desorption isotherms of RZeoY and CZeoY 

  

RZeoY 

CZeoY 
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Table 4.1 : Textural properties of RZeoY and CZeoY 

 

Material Surface Area  

(m
2 

g
-1

) 
Pore volume 

(cm
3
 g

-1
) 

Pore size  

(nm) 

SBET SBJH SEXT SMicro VBJH VMicro dBJH dAvg 

CZeoY 693.47 58.00 54.37 639.10 0.081 0.265 5.6 1.98 

RZeoY 571.15 42.32 40.29 530.85 0.087 0.220 8.1 2.11 

 

 

  

Fig. 4.2 SEM images of (a) RZeoY and (b) CZeoY. 

 

4.2 Clay Treatment 

 

4.2.1 Kaolin clay 

The kaolin clay has alternate layers of silicon- oxygen tetrahedral layer joined to alumina 

octahedral layer constituting a two-layer crystal structure. These Si-O and Al-O structures are 

inactive and it is difficult to synthesize zeolites directly, and therefore kaolin must be pre-

activated to change this inert structure [20]. The kaolin clay leached with H2SO4 to achieve 

the required silica-alumina ratio for zeolite and to remove impurities. The physico-chemical 

characteristics of acid leached kaolin clay were studied by XRF, XRD, FTIR, TG- DTA, SEM 

and N2 adsorption techniques.  
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I. XRF analysis: 

XRF analysis was undertaken to determine the chemical composition of the kaolin clay and 

the ensuing chemical changes that occurred due to acid treatment. The results are presented in 

Table 2. The kaolin clay contained alumina (Al2O3) and silica (SiO2) in major proportions 

(together ~95%) whereas other oxides namely magnesium oxide (MgO), calcium oxide 

(CaO), potassium oxide (K2O), zinc oxide (ZnO) and titanium oxide (TiO2) were present in 

trace amounts. The reaction between kaolin and H2SO4 as described by Makó et al is as 

follows [138]: 

Al2O3·2SiO2·2H2O + 3H2SO4→ Al2(SO4)3 + 2SiO2 + 5H2O   - - - - - -  (1) 

During the acid treatment considerable change in the composition of the kaolin clay was 

observed. With increase in acid strength the Al2O3, MgO, CaO and K2O contents in the clay 

decreased resulting in an increase in SiO2 content from 54% to 68%. Simultaneously, the 

silica-alumina ratio also increased from 1.3 to 2.4.This is nearly the same with the 

requirement for zeolite synthesis. It is clearly observed that treatment with 10M H2SO4 

resulted in more reduction in metal impurities compared to 7M H2SO4. The decrease in the 

alumina content in the acid treated clay can be attributed to the leaching of the Al
3+

 ions from 

the octahedral layer due to hydrolysis under acidic conditions [130]. The dissolution of Al2O3 

is primarily controlled by the diffusion of H2SO4 from the surface to the interior of the solid 

particles [30]. 

 

Table 4.2: XRF analysis of raw and H2SO4 (7M and 10M) treated kaolin clay 

Material Chemical component (wt%) Silica-

Alumina 

ratio SiO2 Al2O3 MgO CaO K2O TiO2 Fe2O3 Na2O MnO 

Raw kaolin 53.786 41.194 0.094 0.367 0.274 3.032 0.690 0.138 0.016 1.3 

7M kaolin 58.136 38.858 0.022 0.012 0.194 2.058 0.308 0.035 0.007 1.5 

10M kaolin 67.985 28.613 0.011 0.017 0.197 2.408 0.292 0.044 0.007 2.4 
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II. FTIR analysis 

 

The FTIR spectrum of the raw and acid treated kaolin clay is shown in Fig. 4.3. The FTIR 

spectrum of raw kaolin clay clearly matched with kaolin from other regions within India 

[119,188]. The adsorption bands at 3687 and 3683 cm
-1

 are attributed to the stretching 

vibrations of -OH groups coordinated to the Al
3+

 ions reflecting the crystalline order of 

kaolin. The intensity decreased gradually with increasing concentration of acid treatment. For 

kaolin treated with 10M H2SO4, the structural hydroxyl vibration band was found to be 

particularly weak indicating loss of structural hydroxyl groups resulting in dehydroxylation 

and successive leaching of Al
3+

 ions from the octahedral layer. The weak twin peaks at 2900 

cm
-1

 region is due to C-H stretching mode which revealed the presence of organic matter 

[189]. The weak peaks around 1600 cm
-1

 is due to the bending vibration mode of physisorbed 

water on the surface of free silica caused by leaching [190]. The amount of physisorbed water 

increased with acid concentration due to formation of water (reaction 1). The band at 1115 

cm
-1

 showed a characteristic band of kaolin indicating apical Si-O [190], which is almost 

absent in 10M H2SO4 treated kaolin. The high intense band around 1033 and 1007 cm
-1

 are 

typical of kaolin and can be attributed to Si-O stretching vibrations which decreased gradually 

with increasing acid concentration. The weak band at 937 cm
-1

 is caused due to the vibration 

of inner -OH groups (Al-OH vibrations) [188]. The high intense peak at 914 cm
-1

 was due to 

vibrations of inner hydroxyl groups [130]. The peak clearly reduced with increase in acid 

strength. At 10M H2SO4, the peak reduced to quite an extent indicating rapid dealumination. 

The IR peaks at 789 and 752 cm
-1

 can be assigned to Si-O-Si vibrations of the clay sheet, the 

intensity of which also decreased with acid strength. The spectral region between 800 and 750 

cm
-1

 is very sensitive against crystallinity and the purity of kaolin material. The two peaks at 

789 and 752 cm
-1

 are characteristics of pure kaolin and indicate presence of free silica and/or 

quartz admixtures which are always present in natural clay [136].  The peaks at 688 cm
-1

 is 

assigned to Si-O stretching and bending vibrations [188], the intensity of which decreased 

when treated with 10M H2SO4. It also specifies the presence of quartz particles of small size 

which are responsible for providing mechanical strength required for ceramic applications 

[189]. The FTIR result conformed to the XRF study which indicated considerable degradation 

of the kaolin clay sheet as a result of H2SO4 treatment.  
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Fig. 4.3 FTIR analysis of (a) raw kaolin clay (blue) (b) 7M H2SO4 treated kaolin clay (pink) 

(c) 10M H2SO4 treated kaolin clay (red). 

 

III.   SEM study 

SEM images of kaolin before and after acid treatment showed the transformed morphological 

features (Fig. 4.4). The SEM micrograph of kaolin clay revealed the presence of large 

particles that appeared to have been formed by agglomeration of flaky particles. Acid 

treatment led to complete disaggregation and reduction in size of clay structure. The SEM 

images of kaolin after treatment with 7M H2SO4 (Fig. 4.4b) showed disaggregated small sized 

particles and also indicated initiation of cluster formation. Micrographs of kaolin after 

treatment with 10M H2SO4 (Fig. 4.4c) clearly revealed formation of clusters consisting of 

well-bonded agglomerated particles. 

 

Fig. 4.4 SEM images of (a) raw kaolin clay (b) 7M H2SO4 treated kaolin clay (c) 10M H2SO4 

treated kaolin clay. 
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IV. TG-DTA study 

The thermo gravimetric analysis of raw kaolin clay and post treatment with 7M and 10M 

H2SO4 is shown in Fig. 4.5a.  The initial minor weight loss below 100
o
C was due to loss of 

physisorbed water present in small quantities, which are loosely bound water molecules and 

can be easily removed. Treatment with H2SO4 increased the amount of physisorbed water 

which increased with acid concentration. This might be due to increase in the amount of 

amorphous silica because of acid treatment which led to increased surface area resulting in 

higher water adsorption. Also the formation of water molecules during the reaction between 

kaolin and H2SO4, might have resulted in increased physisorbed water. The major weight loss 

(16%) occurred between 400-600
o
C due to loss of structural hydroxyl groups that are strongly 

bonded. Treatment with H2SO4 led to removal of the octahedral Al
3+

 ions along with 

simultaneous removal of structural hydroxyl groups [130]. It was also observed that the 

removal of structural hydroxyl groups increased with acid concentration. High removal of 

structural water was achieved using 10M H2SO4, indicated by the flatter TGA profile.  

The differential thermal analysis profiles of clay before and after acid treatment were also 

checked for confirmation (Fig. 4.5b). The DTA curve of raw kaolin clay showed two 

endothermic peaks. The endothermic peak at 46
o
C was due to physisorbed water and the large 

peak at 520
o
C was caused by liberation of water owing to dehydroxylation of coordinated and 

structural water molecules [130]. The increase in the amount of physisorbed water was due to 

acid treatment. The quantity of physisorbed water increased with acid concentration as 

indicated by the peaks at 46
o
C. However, the acid treatment decreased the structural water 

content which decreased with increased acid concentration. Almost complete removal of 

structural water could be achieved using 10M H2SO4. Absence of any major endothermic 

peak at 520
o
C for 10M H2SO4 also confirmed the same.      
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(a)                                                                         (b) 

Fig. 4.5 (a) TGA of raw kaolin and H2SO4 treated kaolin clay (b) DTA of raw kaolin and 

H2SO4 treated kaolin clay. 

V. XRD study 

The structural changes that occurred in the clay material due to acid treatment were studied 

using X-ray diffraction technique. Fig. 4.6 shows the XRD profiles of the raw and acid treated 

kaolin clay. The raw kaolin clay showed well-defined reflections at 2Ɵ value of 12
◦
 and 25

◦
 

(corresponding to the d values of 7.1 Å, these peaks correspond to the reflections from [001]), 

which are typical characteristic peaks of kaolin. Raw kaolin clay pattern was matched with 

JCPDS card 00-014-0164 of standard kaolin and confirmed. However, the peaks 

corresponding to the 2Ɵ value 34–36
◦
, 38–42

◦
, 45–50

◦
, and 54–63

◦
 may vary to some extent 

for kaolin of different origin [130]. The high intense peaks confirmed the crystalline behavior 

of the raw kaolin clay. Upon acid treatment the peak intensity was found to decrease 

progressively. This was due to the structural disorder owing to the acid treatment, which 

affected the crystalline character of the clay. At low acid strength (7M), the reflections of the 

original kaolin phase became narrower, which may be related to the increase in crystallite size 

and/or the decrease in the mean lattice strain. The kaolin clay treated with 10M H2SO4 did not 

show small peaks in diffractograms. This indicated removal of most of the metals creating a 

large degree of structural disorderliness in these samples. Since leaching is quite severe at this 

acidic strength, the layered structure of clay material disintegrated and reduced the 

crystallinity leading towards amorphous structure. 
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Fig. 4.6 XRD analysis of (a) raw kaolin clay (blue) (b) 7M H2SO4 treated kaolin clay (red) (c) 

10M H2SO4 treated kaolin clay (black). 

 

VI. Nitrogen adsorption-desorption study 

The N2 adsorption–desorption isotherms of the raw kaolin clay and post H2SO4 treatment are 

presented in Fig. 4.7. The IUPAC classification of adsorption isotherms imply six types of 

isotherm: microporous (type I), nonporous or macroporous (types II, III, and VI), and 

mesoporous (types IV and V) [2]. The isotherms of samples in the present work can be 

classified as type IV signifying typical mesoporous structures. There is also a correlation 

between the shape of the hysteresis loop and the texture of a mesoporous material. The 

isotherms also indicate that though the majority of pores are mesoporous in nature, some 

micro pores and macro pores are also present. 

 

Raw kaolin clay with 80 - 95 wt% of kaolinite generally have specific surface area (SSA) 

between 9 and 45 m
2
g

-1
 [191], depending on its nature. In general, porous materials (SSA> 

100 m
2
/g) can be considered as catalyst support [192]. The pore volume and SSA of the raw 

and acid treated kaolin clay is summarized in Table 3. The raw kaolin clay was majorly a 

mesoporous material having low SSA of 10.322 m
2 

g
-1

 and average pore size of 10.286 nm. 

Table 3 shows that both the pore volume and SSA increased with increasing acid strength. 

Treatment with 10M H2SO4 caused 5.25 times increase in SSA and 3.7 times increase in pore 

volume compared to raw kaolin clay. XRF analysis pointed out that the weight percentage of 
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Al2O3 decreased from 41.2 to 28.6 after acid treatment. The acid treatment might have caused 

partial leaching out of Al
3+

 ions from the octahedral sheet as well as dissolution of other metal 

oxides/removal of impurities, which resulted in the formation of additional mesopores in acid 

activated kaolin clay and is the most probable reason for the observed increase in the SSA and 

specific pore volume. No major change was observed in the average pore diameter which 

indicated that the leaching process was smooth. The altered mesopores and new mesopores 

were more or less of the same size.  

 

 

Fig. 4.7 N2 adsorption isotherm of (a) raw kaolin clay (orange) (b) 7M H2SO4 treated kaolin 

clay (blue) (c) 10M H2SO4 treated kaolin clay (green). 

 

Table 4.3: Textural properties of raw and acid treated kaolin clay 

Material Surface Area 

(m
2 

g
-1

) 

Pore volume 

(cm
3
 g

-1
) 

Pore size 

(nm) 

SBET SBJH SEXT SMicro VBJH VMicro dBJH dAvg 

Raw kaolin 10.322 11.27 6.91 3.41 0.0413 0.00012 14.8 10.286 

7M kaolin 23.567 24.14 16.49 7.09 0.086 0.00039 15.1 11.13 

10M kaolin 54.19 49.74 39.72 14.47 0.153 0.00056 13.2 9.4 
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Finally, the 10M H2SO4 acid activated kaolin clay, which is used further for zeolite Y 

synthesis showed reduction in Al2O3 content from 41% to 21% (XRF analysis). As a result, 

the silica–alumina ratio increased from 1.3 to 2.4 which was favorable for the synthesis of 

zeolite. The dissolution of Al2O3 is primarily controlled by the diffusion of H2SO4 from the 

surface to the interior of the solid particles [30]. The BET surface area of acid treated kaolin 

increased from 10.322 to 54.193 m
2
g

-1
 and pore volume from 0.041 to 0.152 cm

3
g

-1
 compared 

to raw kaolin. The acid treatment caused partial leaching out of Al
3+

 ions from the octahedral 

sheet due to hydrolysis as well as dissolution of other metal oxides/removal of impurities, 

which resulted in the formation of additional mesopores and is the most probable reason for 

the observed increase in the specific surface area and specific pore volume [152]. The 

calcination of acid treated clay at 600ºC led to dehydroxylation which was responsible for 

partially disorderliness of  structure with a smaller shrinkage of the dimensions of the sample 

and the rise in porosity which was further confirmed by the Nitrogen adsorption–desorption 

study [193]. The commercial cost of the acquired kaolin clay after the mining and 

beneficiation process is $75/t. The acid treatment involves usage of 4L of 10M H2SO4 

solution per kg of beneficiated clay. The cost of H2SO4 required for treatment is $360/t. The 

processing cost including heating (steam), washing (DM water), drying (hot air), calcination 

(electrical furnace) is calculated at $170/t. Thus the overall cost of activated clay can be 

approximated at $600/t which is low. This inexpensive base material can be further processed 

to produce high grade, low-cost catalysts which can be very useful for large-scale applications 

in petroleum and other industries. Also being natural and eco-friendly, it can be highly 

compatible with naturally engineered technologies. 

 

4.2.2 Bentonite clay 

The bentonite clay possesses the Si–O or Al–O octahedral and tetrahedral sheets, which 

creates a charge imbalance in the 2:1 layer and might be a potential raw material to synthesize 

zeolites [168]. The Si–O and Al–O structures in bentonite are inactive. This means that it is 

difficult to directly synthesize zeolites and the bentonite must be pre-activated to change this 

inert structure [168]. The bentonite clay leached with H2SO4 to achieve the required silica-

alumina ratio for zeolite and to remove impurities. The physico-chemical characteristics of 
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acid leached bentonite clay were studied by XRF, XRD, FTIR, TG- DTA, SEM and N2 

adsorption techniques.  

 

I. XRF analysis 

XRF analysis was carried out to confirm the changes in the chemical composition of the 

bentonite clay due to acid treatment as described in Section 2.3. The results are presented in 

Table 4. The raw bentonite sample predominantly contained silica (SiO2), alumina (Al2O3) 

and iron oxide (Fe2O3). In addition, some impurities in the form of magnesium oxide (MgO), 

calcium oxide (CaO), potassium oxide (K2O), manganese oxide (MnO), sodium oxide (Na2O) 

and titanium oxide (TiO2) were present in low proportions. The overall composition matched 

with bentonite from other regions [194]. Significant changes in the composition of the raw 

clay were observed after the acid treatment. The acid treatment initially leached metal ions 

from the internal clay mineral network due to which the Al2O3, MgO, CaO, K2O, Fe2O3, MnO 

and Na2O contents in the clay decreased significantly. The reaction between bentonite and 

H2SO4 can be described by the following reaction: Al2O3•2SiO2•2H2O + 3H2SO4 →  

Al2(SO4)3 + 2SiO2 + 5H2O [146]. With increase in acid concentration, Al2O3 along with other 

metal oxides except TiO2 seemed to dissolve from the octahedral layer consequently 

increasing the SiO2 content from 51% to 92%. Hence, a large increase in the silica-alumina 

ratio from 2.256 to 24.11 was noted. Greater reduction in metal impurities could be observed 

by treatment with 10M H2SO4 compared to 5M H2SO4. The Na2O and CaO contents 

decreased sharply when treated with 5M H2SO4 whereas the leaching of Al2O3, Fe2O3, MgO 

was more in case of 10M H2SO4. Similar phenomenon was also observed in case of treatment 

with other acids like HCl [153]. The acid treatment led to a steady increase in SiO2 

composition because of the removal of the octahedral cations and tetrahedral Al
3+

 from the 

internal clay mineral network. The opening of the edges of the crystal structure resulted in 

dissolution of most of the exchangeable cations with maximum effect on the Fe
2+

 and Mg
2+

 

ions and detachment from the octahedral sheet [159,195]. 
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Table 4.4: XRF analysis of raw Bentonite (RB) clay and after acid treatment using 5M 

and 10M H2SO4 

 

II. FTIR analysis 

The FTIR spectra of both raw bentonite and acid activated bentonite were compared as shown 

in Fig. 4.8. The structural modification of bentonite caused by acid treatment was clearly 

revealed by the FTIR spectra. The 3000-3700 cm
-1

 region represented the OH and water 

vibrations. The adsorption bands at 3690 cm
−1

 and 3618 cm
−1

 are attributed to the stretching 

vibrations of OH groups coordinated to Si-OH and Al-OH groups of the tetrahedral and 

octahedral sheets. This indicated the crystalline order of bentonite which became more diffuse 

with increase in acid strength [155,194]. For bentonite clay treated with 10M H2SO4, loss of 

structural hydroxyl groups or in other words dehydroxylation was observed due to weakening 

of the structural hydroxyl vibration band followed by extensive leaching of Al
+
 ions from the 

tetrahedral and octahedral layer. It also indicated the development of free OH sites on the acid 

activated bentonite. The peaks near 1631 cm
−1

 were associated with bending vibration mode 

of physisorbed water. Due to the acid activation, the octahedral cations (mostly Al
3+

 and 

Mg
2+

) percolated from the bentonite structure causing further damage to the octahedral layer 

which was demonstrated by the reduction in the intensity of bending bands at around 1635 

cm
−1

 which is a typical feature of Al-Al-OH present in octahedral sheet. The bands of the 

spectrum with high intensity were mostly observed in the low-frequency zone. The high 

intense band around 1003 cm
−1

 and small peak at 1115 cm
−1

 are typical of bentonite which 

can be linked to Si-O stretching vibrations providing a confirmation of silicate structure. The 

most noteworthy change was the significant decrease in the intensity of this band which might 

Material Chemical component (wt %) Silica-

Alumina 

ratio SiO2 Al2O3 MgO CaO K2O TiO2 Fe2O3 Na2O MnO 

Raw Bentonite  51.379 22.771 2.302 2.106 0.173 1.581 17.464 1.577 0.182 2.256 

5M Bentonite  70.624 17.328 0.938 0.458 0.143 2.204 6.906 0.092 0.014 4.075 

10M Bentonite 91.868 3.810 0.205 0.170 0.089 2.307 1.203 0.085 0.012 24.11 
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be because of development of three-dimensional structural configuration of amorphous silica, 

resulting in exposure of additional adsorption sites [154]. The peaks around 912 cm
−1

 were 

associated with the bending vibration of Al-Al-OH for all the samples. At 10M H2SO4, this 

peak reduced significantly indicating rapid dealumination. The decrease in intensity of the 

band related to OH-bending vibrations signified the dissolution of the octahedral sheets owing 

to acid treatment of the bentonite clay [153]. The IR peaks at 782 cm
-1

 may be attributed to 

the Si-O-Si vibrations of the layered clay structure. The intensity of these peaks increased 

with the strength of acid used for clay treatment indicating increased presence of silica. The 

spectrum between 800 and 750 cm
-1

 showed high sensitiveness towards crystallinity and 

purity of the bentonite clay sample. The twin peaks nearby 782 cm
-1

 are typical features of 

pure bentonite that indicated the existence of free silica and sometimes quartz particles, a 

common occurrence in natural bentonite and other types of clay samples. The peak at 689 cm
-

1
 can be attributed to Si-O stretching as well as bending vibrations. The intensity of this peak 

decreased with increase in acid concentration. It further confirmed the presence of fine quartz 

particles. The FTIR result was in agreement to the XRF and XRD results which suggested 

substantial structural damage of the bentonite clay sheet due to acid treatment. 

 

Fig. 4.8 FTIR analysis of (a) raw Bentonite clay (blue) (b) bentonite clay treated by 5M 

H2SO4 (black) (c) bentonite clay treated by 10M H2SO4 (red). 

 

III. DTA study 

The DTA curves of the raw bentonite and after acid treatment are shown in Fig. 4.9.  The 

DTA curve of the raw sample is distinctive of bentonite with profound similarity with 
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bentonite of other regions. The two main losses at around 100
o
C and 520

o
C are endothermic. 

This is certainly a result of decrease in physisorbed water as well as chemisorbed water [196]. 

The endothermic reactions represent desorption of internal and external water (dehydration), 

loss of structural water from the crystal network (dehydroxylation) and ultimately destruction 

of the smectite structure. Treatment of the bentonite clay with acid resulted in elimination of 

the octahedral ions (mostly Al
3+

 and Mg
2+

) besides the structural hydroxyl groups. It is to be 

noted that organics on decomposition also contributed to exothermic weight loss. The area 

covered by the endothermic and exothermic peaks reduced gradually with an increase in the 

acid concentration from 5M to 10M [197]. In 5M H2SO4 treated bentonite clay, the 

dehydroxylation peak was observed near 500
o
C. Usage of 10M H2SO4 resulted in almost 

entire elimination of the structural water which was confirmed by the very small endothermic 

peak at 480
o
C. The dehydroxylation temperature was observed to be inversely related to acid 

concentration. The decrease might be due to the elimination of the hydroxyl units from the 

fractured edges due to the structural destruction of bentonite [159]. The acid treatment 

resulted in important structural changes with decrease in interlayer distance owing to the loss 

of both -OH groups as well as water present between layers [198]. 

 

Fig. 4.9 DTA of (a) raw Bentonite clay (black) (b) bentonite clay treated by 5M H2SO4 (red) 

(c) bentonite clay treated by 10M H2SO4 (blue). 

IV. XRD study 

The intention behind the X-ray diffraction technique study was to further confirm the 

structural changes in bentonite clay owing to H2SO4 treatment. The XRD profiles of the raw 
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bentonite and after acid treatment are shown in Fig. 4.10. The highly intense peaks in the 

XRD profile confirm the crystalline behavior of the raw clay sample. The presence of many 

diffraction peaks corresponding to 00-013-0135, the principal crystalline phase matched with 

Smectite, more precisely with Ca-montmorillonite and some matched with 00-029-1498 (Na- 

montmorillonite). The patterns showed the planes (001), confirming the presence of mainly 

bentonite in the sample. Some of the peaks did not match which showed the presence of 

impurities like kaolinite, quartz and gypsum [198].  

The XRD patterns of raw bentonite clay samples revealed basal reflections at angles 12.25˚, 

19.95˚, 29.3˚, 34.99˚ and 61.73˚ which are associated to the presence of the smectite whereas, 

other peaks were of impurities such as quartz, gypsum and kaolinite [194]. H2SO4 activated 

samples exhibited more alterations up to 40Å of 2Ɵ due to structure breakdown and presence 

of amorphous silica. A reduction in peak intensity was observed after acid activation of 

bentonite by 5M H2SO4. The decrease in peak intensity along with increase in broadness of 

peak at 12.25Å and 19.95Å in XRD pattern of 5M H2SO4 clearly indicated that the acid 

activation affected the crystal structure of the bentonite which ultimately led to 

decomposition, which again confirmed the appearance of an amorphous phase [197]. 

Treatment with 10M H2SO4 caused severe leaching owing to the high concentration which led 

to disintegration of layered structure. Meanwhile, the d060 peak at 1.50 Å, which is 

characteristic of dioctahedral smectites, reached a maximum in 5M H2SO4 but reduced in case 

of 10M H2SO4. The intensities of the d020-110 and d130-200 reflections of bentonite at 4.45 and 

2.56Å decreased continuously with increasing strength of acid. The peak at 25.27(2θ), having 

distance of 3.51Å, became noticeably visible in the spectrum of 5M H2SO4 which attained 

maximum intensity in the XRD pattern of 10M H2SO4 following dissolution of the octahedral 

cations. The peak at 12.25Å almost disappeared from the 10M XRD pattern and other peaks 

reduced and further broadened significantly. This indicated further structural destruction of 

bentonite as acid treatment caused leaching of metal from octahedral sheet and then from 

tetrahedral sheet and attributed to more X-Ray amorphous matter, which could be further 

confirmed by FTIR and XRF study [159]. The downfall of the smectite structure can be 

attributed to dehydroxylation along with development of fresh Si–OH and Al–OH bonds 

which are weak in nature. Also, new peaks could be observed and the intensities of reflections 



76 
 

corresponding to the impurities increased alongside demonstrating significant loss of smectite 

structure [199].  

 

Fig. 4.10 XRD analysis of raw bentonite clay, treated by 5M and 10M H2SO4, M-

Montmorillonite-bentonite, Q-Quartz, G-Gypsum 

V. SEM study 

The morphological features of bentonite clay before and after H2SO4 treatment are presented 

in the form of SEM micrographs at 500× magnification (Fig. 4.11). Raw bentonite samples 

displayed the existence of large particles and presence of lumps which might have formed by 

agglomeration of flaky particles. It further indicated that the well aggregated large flocs are 

moderately dispersive to dispersive which are apparently separate and dispersed from one 

another as shown in Fig. 4.11a. Bentonite treated with 5M H2SO4 displayed partial 

disaggregation and reduction in particle size (Fig. 4.11b). After acid treatment bigger clay 

particles were reduced to smaller irregular particles with rough surfaces displaying damaged 

crystalline structure which was also reported elsewhere [200]. Treatment with 10M H2SO4 

(Fig 4.11c) led to complete disaggregation of the clay particles with total absence of lumps 

and drastic reduction in particle size. The 5M H2SO4 treatment resulted in formation of a 

highly porous structure which was clearly visible in Fig. 4.12. The visible increase in pores 

may be attributed to the acid leaching of octahedral metal ions resulting in opening of the 

smaller pores. Additionally there may be creation of some relatively larger new pores during 

acid treatment. This led to an overall increase in the pore volume and surface area which was 

further confirmed by N2 adsorption-desorption study.   
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Fig. 4.11 SEM micrographs (500×) of (a) raw bentonite clay (b) bentonite clay treated by 5M 

H2SO4 (c) bentonite clay treated by 10M H2SO4. 

 

 
 

Fig. 4.12 SEM micrographs (5000×) of acid treated bentonite clay revealing highly porous 

structure caused due to acid treatment using 5M H2SO4 followed by calcination. 

 

VI. Nitrogen adsorption-desorption study 

The physical properties like surface area, pore volume and pore size of the acid activated clay 

play an important role when applied as catalyst and adsorbent. The specific surface area and 

pore volume of the raw and acid treated bentonite (5M and 10M) were obtained using N2 

adsorption-desorption isotherms (Table 5). The SBET of raw untreated bentonite was found to 

be 86.63 m
2
g

-1
 which was in line with bentonite clay of Indian origin (50 - 100 m

2
/g) [15]. 

Acid treatment with 5M H2SO4 increased the SBET to 305.56 m
2
g

-1
 which was a 253% 

increase. A similar trend was observed in SBJH, but the micropore area, SµP decreased 44%. 

This increase in SBET was due to removal of impurities; substitution of cations like K
+
, Na

+
, 

and Ca
+
 with H

+
 ions; leaching of metal ions like A1

3+
, Fe

3+
 and Mg

2+
 from the octahedral 
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and tetrahedral sheets; as a result of which the edges of the plates were opened and exposed 

[201]. It also reflected the presence of empty octahedral and tetrahedral sites remaining from 

the metal ions which were leached by acid treatment [195]. As a result the surface area 

increased which correspondingly confirmed the generation of porosity during the activation 

which was also revealed by the SEM images. In addition, the 5M H2SO4 treated bentonite 

showed 380% increase in VBJH from 0.0235 to 0.1135 cm
3
g

-1
 but at the same time 46% 

decrease in VµP was observed. Treatment of bentonite with 5M H2SO4 caused a large increase 

in pore volume in the range of macropores and mesopores and consequently increased the 

average pore diameter. This also suggested that considerable structural change and 

decomposition occurred in this clay sample. This decreased the micropore volume, due to 

leaching of octahedral metal ions on the surface of small sized pores. A combination of all 

these factors was probably responsible for the increase in pore volume. However, treatment 

with 10M H2SO4 led to decreased SBET and SBJH compared to 5M H2SO4 treated bentonite, 

which can be attributed to the collapse of pores due to high acid strength. The empty spaces 

caused due to leaching grew larger resulting in few micropores being converted into 

mesopores. High acid strength resulted in local decomposition of the crystal structure leading 

to disappearance of some of the mesopores which might have caused the reduction in specific 

surface area and pore volume. Partial destruction of smectite structure due to high acid 

strength might have led to generation of non-bonding free silica which dispersed at the 

surface resulting in closed pores [197]. VBJH of 10M H2SO4 treated bentonite clay was also 

less than 5M H2SO4 treated bentonite whereas VµP was found to be high. However, formation 

of new micropores did not contribute to the total pore volume much. Similar phenomenon was 

also observed in case of Bentonite clay treated with other acids like HCl from other regions 

[146,155,194]. 

Finally, Bentonite clay obtained from Kachchh, Gujarat, India was structurally modified by 

treating with H2SO4 of different concentration followed by calcination. Detailed 

characterization of the raw and acid treated bentonite clay was carried out. XRF analysis 

showed that acid treatment caused substantial removal of metal and other oxides. The metal 

oxide content of clay decreased with acid strength. Treatment with 5M H2SO4 resulted in an 

increase in SiO2 content from 51% to 71% subsequently increasing the Si/Al ratio from 2.25 

to 4.04, which was favorable for the synthesis of zeolite. FTIR and DTA analyses showed that 
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Table 4.5: Textural properties of raw Bentonite clay and after acid treatment using 5M and 

10M H2SO4. 

Material Specific Surface Area 

(m
2 

g
-1

) 

Specific Pore volume 

 (cm
3
 g

-1
) 

SBET SBJH SµP VBJH VµP 

Raw Bentonite  86.63 42.61 38.20 0.024 0.013 

5M Bentonite  305.56 207.61 21.26 0.113 0.007 

10M Bentonite 286.41 186.94 30.05 0.102 0.012 

 

increase in acid strength enhanced dehydroxylation by removal of large amounts of structural 

water accompanied by substantial leaching of Al
3+

 ions from the octahedral and tetrahedral 

layer leading to disintegration of the clay sheet. XRD results confirmed considerable 

structural disorderliness with increase in acid concentration resulting in amorphous nature. 

The N2 adsorption-desorption study shown,  the 5M H2SO4 treated bentonite clay having 

surface area (305 m
2
/g) and pore volume (0.113 cm

3
g

-1
) and SEM micrographs revealed a 

highly porous structure caused by acid treatment leading to escalation in pore volume and 

surface area with high fraction of macropores and mesopores. This result clearly demonstrated 

that acid treatment is an economical and effective way of preparing low cost (~ $400/t) porous 

activated bentonite clay which can be a potential source of alumina silica in synthesis of 

zeolite and solid acid/proton source for numerous organic reactions. The 5M H2SO4 treated 

bentonite clay was considered further for zeolite Y synthesis.  

 

4.2.3 Environment impact assessment 

The only waste generated during treatment of clay is the diluted H2SO4 containing metal 

oxides, especially alumina. The acidic effluent should be neutralized and adequately treated 

before disposal into water bodies. An alternative way can be the recovery of precious 

metal/metal oxides like alumina/TiO2 from the acid before disposal which can recover some 

cost of treatment [132,202]. The acid can be re-concentrated and recycled back using a 

suitable process [203]. Nevertheless, further study is required to determine the effect of 
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gradual accumulation of metal oxides in the recycled acid and its suitability for clay treatment 

and other uses. 

 

4.3 Synthesis of Zeolite Y from clay 

 

4.3.1 Kaolin clay to Zeolite Y (KZeoY) 

 

I. XRF analysis: 

 

Chemical composition of raw kaolin, KZeoY and RZeoY are shown in Table 6. For raw 

kaolin Silica (SiO2) and alumina (Al2O3) contributed main proportion (~95%) of the oxides 

along with traces of other oxides namely MgO, CaO, K2O, ZnO and TiO2. The SiO2/Al2O3 

ratio was 1.3 which is generally observed between 1–1.5 for kaolin clay of Indian origin 

[204]. 

The KZeoY is rich in silica (66.53%) and alumina (21.52%) which is considered as main 

elements along with MgO, CaO, K2O, Fe2O3 and MnO which are present in trace form. The 

content of Al2O3 is >90% higher in raw kaolin compared to KZeoY which shows significant 

leaching of Al2O3 during acid treatment thus increasing the SiO2/Al2O3 ratio in KZeoY. The 

content of other oxides decreased (MgO, CaO, K2O, MnO, Fe2O3) slightly. TiO2, a valuable 

metal oxide remains almost the same. Presence of Na2O in KZeoY was high at 10.21% 

compared to raw kaolin (0.138%) due to the introduction of NaOH into the activated kaolin 

for maintaining high alkaline conditions essential for zeolite Y synthesis. The percentage of 

Na2O was around 12.64% in RZeoY. The SiO2/Al2O3 ratio of KZeoY and RZeoY was 

determined at 3.09 and 3.03 respectively which was greater than 3, usually required for zeolite 

Y [125,133]. 
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Table 4.6: Composition of raw kaolin clay and synthesized zeolite Y (KZeoY) with respect to 

reference zeolite Y (RZeoY) 

Material Chemical component (wt %) Silica-

Alumina 

ratio 
SiO2 Al2O3 MgO CaO K2O TiO2 Fe2O3 Na2O MnO 

Raw kaolin 53.786 41.194 0.094 0.367 0.274 3.032 0.690 0.138 0.016 1.3 

KZeoY 64.99 21.021 0.009 0.020 0.213 2.777 0.451 10.21 0.009 3.09 

RZeoY 65.387 21.556 0.037 0.076 0.074 0.019 0.136 12.64 0.006 3.03 

 

II. XRD study 

X-ray diffraction technique was applied to compare the structure of raw kaolin clay with 

zeolite Y (Fig. 4.13). The raw kaolin clay XRD pattern (Fig. 4.13a) showed well-defined 

reflections at around Bragg’s angle (2Ɵ) of 12° and 25° which are distinctive characteristic 

peaks of kaolin. The sample pattern of raw kaolin was confirmed with standard kaolin 

(JCPDS card 00-014-0164). The minor peaks at 34–36° and 38–42° (2Ɵ) may vary depending 

on the origin of kaolin. The sharp and intense peaks confirmed the crystalline behavior of the 

raw kaolin clay sample.  

In case of KZeoY, the characteristic peak intensities were observed at 2Ɵ value of 6.2°(1032), 

10.1°(340), 11.9°(389), 15.6°(1345), 18.6°(622), 20.3°(988), 23.6°(1965), 26.9°(1526), 

31.3°(2855) and 34.6°(486) (Fig. 4.13b). Similarly, the characteristic peak intensities for the 

RZeoY were observed at 2Ɵ value of 6.2°(1760), 10.1°(394), 11.9°(311), 15.6°(1219), 

18.6°(585), 20.3°(1037), 23.6°(1794), 26.9°(1343), 31.3°(2025) and 34.6
o
(390). According to 

the International Zeolite Association, (AIZ, 2017), a zeolite Y is expressed by the presence of 

the crystalline phases at 2Ө 6.18°, 10.08°, 15.58° and 18.58°. All these peaks were observed 

in KZeoY at 2Ө 6.2°, 10.1°, 11.9°, 15.6°, 18.6°, 20.3°, 23.6°, 26.9° , 31.3° and 34.6
o 

which 

matched well with standard zeolite Y. The small differences observed are attributed to the 

presence of impurities such as Fe
2+

, Ti
2+

 and Ca
2+

 in the parent clay. The first XRD peak in 

the diffraction pattern was due to diffraction from planes with the lowest Miller indices. In 
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KZeoY first peak of 6.18 showed Miller indices of 111 which confirmed the face centered 

cubic (FCC) structure of zeolite Y.  

 

 (a) 
 

 (b) 
      

Fig. 4.13 Comparison of the XRD patterns of (a) raw kaolin clay (b) synthesized zeolite Y 

(KZeoY) from kaolin clay and reference zeolite Y (RZeoY). 

  

Raw Kaolin 

RZeoY 
 

KZeoY 
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Table 4.7: Crystallinity calculation of synthesized zeolite Y (KZeoY) 

Common peak CZeoY  RZeoY KZeoY 

6.18 1535 1760 1032 

10.14 914 394 540 

11.88 993 311 389 

15.62 2075 1219 1375 

18.6 1117 585 622 

20.3 1548 1037 988 

22.8 573 280 278 

23.7 2610 1794 1965 

25.8 382 257 360 

30.8 907 859 898 

31.3 1888 2025 2855 

 Total 14542 11521 10102 

   100.00 78.34 76.34 

 

Table 4.8: Lattice parameter calculation 

Type of Zeolite a (Å) 

CZeoY 24.68 

RZeoY  24.77 

KZeoY 24.65 

 

For further confirmation hkl values for peaks of XRD were calculated that were 111, 220, 

311, 222, 331, 511, 440 and 531. Same lowest Miller index was also observed for RZeoY. 

The other hkl values of RZeoY were also matched with standards [205]. The lattice constant 

was calculated from XRD data in both the cases and were 24.65Å and 24.77Å for KZeoY and 

RZeoY respectively conforming to the reported values [121]. Furthermore, the characteristic 

peak intensity of a mineral not only show the extent of crystallinity but also indicates the 

concentration of the crystalline content [206]. For the KZeoY and RZeoY samples, the 

crystallinity (estimated using ratio of the sum of the characteristic XRD peaks intensity) was 
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76.34% and 72.35% respectively indicating both were at par, when compared with respect to 

commercial zeolite Y sample obtained from Zeolyst international. 

III.  SEM analysis 

The SEM images of the raw kaolin, KZeoY and RZeoY are presented in Fig. 4.14. The SEM 

micrograph of raw kaolin clay (Fig. 4.14a) indicated the existence of particles of large size 

which might have formed by accumulation of flaky particles. The images demonstrated that 

the agglomerated flaky particles of kaolin were transformed into well-defined crystal 

structure. The SEM image of KZeoY (Fig. 4.14b) showed well-developed crystals of varied 

structure and size along with some kaolin debris. The crystallinity of KZeoY was due to an 

increased percentage of Na2O caused by addition of NaOH to activated kaolin during fusion 

[118]. The growth of the crystal increases with crystallization time and 48h is optimal for the 

synthesis of zeolite Y from kaolin clay [207]. The fully grown crystals of zeolite Y having an 

average particle size of 272 nm were visible which were dispersed uniformly on activated 

kaolin substrate. The kaoline substrate could be identified by its unique hexagonal prism 

structure, typical of kaolinite. The crystal sizes of zeolite Y depend on activated kaolin 

particles, as the nucleation starts on the surfaces of kaolin and crystals grow from nutrients 

provided by activated kaolin [51]. However, the crystals of KZeoY were smaller and in some 

cases not as well-developed as those of RZeoY. This might be due to defects that were caused 

by impurities present in activated kaolin [208]. The irregular crystals of various sizes formed 

were typical of the hydrothermal route. In case of RZeoY (Fig. 4.14c), equally dispersed 

agglomerated zeolite crystals were observed amid more uniformity in crystal structure 

(average particle size 289 nm). Boundaries of individual crystals were clearly visible. Overall 

the SEM study was in agreement with the mineralogical composition of the synthesized 

zeolite, which was further supported by BET and XRD investigation of the zeolite products. 
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Fig. 4.14 SEM images of (a) raw kaolin clay (b) KZeoY (c) RZeoY. 

 

IV. N2 adsorption-desorption study 

Pore size distribution is an important characteristic for porous materials. The surface area and 

particle size indicates the effectiveness of the synthesized zeolite in application point of view 

as larger surface area leads to higher cracking efficiency in the petroleum industry. Raw 

kaolin with 80 - 95 weight percent of kaolinite generally has Brunauer–Emmett–Teller (BET) 

surface area between 9 and 45 m
2
g

-1
 [191]. It also depends on the nature of clay, element 

compositions (SiO2/Al2O3 ratio) and presence of other metal oxides. Table 9 compares the 

textural properties of raw kaolin and zeolite Y obtained from the two routes based on N2 

adsorption-desorption study. Analysis of the raw kaolin clay revealed a low SBET of 10.32 

m
2
g

-1
 and dAvg of 10.29 nm. The t-plot analysis showed very less VMicro and SMicro confirming 

that the raw kaolin was primarily a mesoporous material. The SBET of KZeoY increased 

manifold compared to raw kaolin. However the Barret–Joyner–Halenda (BJH) surface area 

increased only about three times compared to SMicro which increased manifold. Similarly the 

VBJH doubled whereas t-plot analysis revealed manifold increase in VMicro. All these analyses 

pointed towards generation of a lot of micropores resulting in formation of crystalline Zeolite 

Y having predominantly micropores and less mesopores. This was further confirmed by 

reduction in both dBJH and dAvg. The N2 adsorption-desorption study of RZeoY confirmed the 

formation of highly microporous crystalline Zeolite Y. The SBET of KZeoY (320 m
2
/g) was 

found to be lower than RZeoY (571 m
2
/g) suggesting that the former has lower adsorption 

capacity and lower specific surface area than the latter. The SMicro constituted more than 87% 

and 93% of the SBET available for KZeoY and RZeoY respectively, indicating presence of a 

larger percentage of mesopores in KZeoY. The VBJH was slightly higher in RZeoY, but 
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RZeoY displayed 62% more VMicro compared to KZeoY which also corroborated with the fact 

that RZeoY had more micropores. The presence of more micropores in RZeoY was also 

confirmed by the fact that the average pore diameter of RZeoY was lower than KZeoY. Fig. 

4.15a showed the N2 adsorption-desorption isotherms of KZeoY and RZeoY at 77 K. Both the 

isotherms belonged to type-I based on IUPAC classification. The sharp surge at low relative 

pressures (P/P
0
< 0.01) was a result of the filling of the micropores in zeolite [209] which is 

less in KZeoY compared to RZeoY.  KZeoY exhibited uptake at high relative pressure (0.85 

< / 0
< 1.0), which showed presence of more mesopores compared to RZeoY. Fig. 4.15b 

displayed that the pore diameter up to 50 nm had high density of cumulative volume for 

KZeoY whereas in case of RZeoY maximum density was visible up to 7nm indicating more 

mesoporosity in KZeoY.  

     

 

Fig. 4.15 (a) N2 adsorption-desorption isotherms (b) Pore volume distribution of KZeoY and 

RZeoY 

 

Table 4.9: Textural properties of raw kaolin clay and synthesized zeolite Y 

 

  

Material Surface Area 

(m
2 

g
-1

) 

Pore volume 

(cm
3
 g

-1
) 

Pore size 

(nm) 

SBET SBJH SEXT SMicro VBJH VMicro dBJH dAvg 

Raw kaolin 10.32 11.27 6.91 3.41 0.0413 0.00012 14.8 10.29 

KZeoY 320 33.52 39.05 281.05 0.0801 0.13618 9.56 2.89 

RZeoY 571 42.32 40.29 530.85  0.0869 0.22038 8.1 2.11 
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4.3.2 Bentonite clay to Zeolite Y (BZeoY) 

 

The synthesis of zeolite Y from 5M treated bentonite clay was tried by varying parameters. 

The chemical composition of the overall gel was kept as 180 H2O :1 Al2O3 : 10 SiO2 : 4.62 

Na2O for all batches. The XRD pattern of the initial experiments showed total amorphousity 

and Y formation was not initiated even after 48 hrs. The XRD images of 72, 84 and 96 h are 

shown in Fig. 4.16. The first peak was not even initiated in any samples. Other peaks are not 

coordinated. This may be due to the high percentage of Fe2O3 in the treated sample. The XRF 

analysis of 10M treated bentonite clay showed that the percentage of Fe2O3 reduced to 1% but 

at the same time high removal of Al
3+

 was also observed and Si/Al ratio was increased up to 

24. In this case the need of both chemicals is increased to match the final composition and the 

purpose of green sustainable resources is not served. It seemed that because of the presence of 

a high percentage of Fe2O3 and almost complete removal of Al
3+

 ion due to acid leaching, the 

Si/Al ratio could not be adjusted as required. Hence, it did not lead to formation of the 

required structure of zeolite Y. In future, further experimentation can be carried out and this 

work can be taken up employing some new idea and synthesis of zeolite Y can be attempted. 

 

 

 

Fig. 4.16 XRD of samples of bentonite base synthesized Y for different crystallization time 

(a) 72 h (b) 84 h and (c) 96 h 
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4.4 Zeolite Y synthesized by ultrasonic method (UZeoY) 

 

I. XRD study and  Compositional analysis 

The XRD pattern exhibited well-resolved peaks in the high 2θ region of 3-40
o
 (Fig. 4.17). The 

peak positions of RZeoY and CZeoY are nearly identical and correspond to pure well 

crystallized zeolite Y structure. UZeoY displayed high crystallinity compared to the 

conventional heating method in a shorter time. Ultrasonic assisted ageing methods promoted 

the formation of zeolite Y by enhancing the rate of nucleation and shortening the 

crystallization time during the crystallization process. The lattice constant was calculated 

from XRD data in both the cases (Table 11) and were 24.67Å and 24.68Å for UZeoY and 

CZeoY respectively conforming to the reported values. For the UZeoY sample, the 

crystallinity was 98.63% indicating that the sample is at par, when compared with CZeoY. 

The UZeoY was rich in silica (62.80%) and alumina (21.71%) along with trace amounts of 

MgO, CaO, K2O, Fe2O3 and MnO. Presence of Na2O in UZeoY was high at 15.21% 

compared to other samples. The SiO2/Al2O3 ratio of UZeoY and RZeoY was determined at 

2.9 and 3.09 respectively and are between 2.5 and 3.0 which correspond to zeolite Y. 

 

 

 

 

Fig. 4.17 XRD of synthesized UZeoY, RZeoY and CZeoY 

 

UZeoY 

RZeoY 

CZeoY 



89 
 

Table 4.10:  Lattice parameter of UZeoY 

 

Type of zeolite a (Å) 

CZeoY 24.68 

RZeoY 24.77 

UZeoY 24.67 

 

Table 4.11 : Crystallinity calculation of UZeoY 

Common peak CZeoY  UZeoY 

6.11 1535 3137 

10.14 914 708 

11.88 993 513 

15.62 2075 1677 

18.6 1117 750 

20.3 1548 1297 

22.8 573 392 

23.7 2610 2817 

25.8 382 296 

 Total 11747 11587 

  100.00 98.63 

 

II. SEM study 

The SEM images of Fig.4.18b show the crystals of zeolite obtained during the ultrasound 

treatment and compared with CZeoY (Fig.4.18a). The UZeoY particles exhibited close 

nanocrystal aggregates having uniform particle size distribution with slight reduction in size 

compared to CZeoY. The physical phenomenon involved in sonication is acoustic cavitation 

that generates high energy shock waves, resulting in high nucleation rates. Also, the fast 

bubble collapse produced a rapid rate of temperature decrease which prevented the 

organization and agglomeration of the particles, resulting in crystal formation of small size 

[210]. This well-dispersed morphology along with the highest crystallinity minimized the 

diffusion length of reactant molecules into the pores and correspondingly the products out of 

zeolites.  
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Fig. 4.18 SEM images of (a) CZeoY and (b) UZeoY. 

 

III. N2 adsorption-desorption study 

The UZeoY textural properties were measured from nitrogen isotherms (at 77 K) and are 

listed in Table 12. The zeolites obtained in this work presented the highest BET surface area 

among all the synthesized zeolite Y. The BET surface area and pore volume were both at par 

with CZeoY and more than RZeoY. In case of UZeoY, davg was 1.75 nm which was minimum 

pore size and VMicro was 0.298 cm
3
g

-1
 was maximum pore volume among all samples. These 

results are in correspondence with higher crystallinity and smaller crystal size. The N2 

adsorption – desorption isotherms of UZeoY obtained in this study (Fig. 4.19a) present a 

hysteresis loops of Type I profile. The isotherms of UZeoY showed an initial adsorption step 

at very low relative pressure (P/P°=0.02), indicating the complete filling of the micropores. 

The UZeoY sample synthesized using sonication showed higher N2 adsorption capacity than 

the RZeoY obtained by conventional hydrothermal method because of its higher crystallinity. 

Moreover, the very small hysteresis loops in the isotherm curve for the porous 

monocrystalline UZeoY at relatively high pressure suggest presence of some mesoporosity 

compared to RZeoY. This result is visible in Fig. 4.19b of pore distribution by BJH model. 

The material mesoporosity resulted from the filling of inter-crystalline voids shaped in the 

nanocrystals packing due to their morphology [40]. The hysteresis loop at relative pressure 

between 0.45 and 0.85 is associated with slit shaped pores, while the hysteresis loop at high 

relative pressure (P/ P°=0.85–1.00) corresponds to more spherical voids. 

  

(b) (a) 
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Table 4.12:  Textural properties of synthesized UZeoY, CZeoY and RZeoY 

 

     

(a)       (b) 
 

Fig. 4.19  (a) N2 adsorption-desorption isotherms and (b) Pore volume distribution of 

UZeoY and comparison with references 

 

4.5 Application in esterification reaction 

4.5.1 Ion exchange by NH4NO3 - catalyst activation 

XRF characterization after ion-exchange process and calcination (Table 4.13) indicated that 

Na-cations from both zeolites (RZeoY, KZeoY and UZeoY) were detached and replaced with 

NH4
+
 which subsequently became H

+
 after calcination [211]. This also indicated formation of 

active acid sights required for reaction. The results indicated that Na-cations from framework 

at zeolites were removed and exchanged with NH4
+
 and then become H

+
 after calcination 

[212]. To prevent disintegration of the structure by acid attack, sodium is first ion-exchanged 

with the NH4
+
. Then the acidic form is generated by thermal decomposition of NH4

+ 
to H

+
 and 

NH3 [213]. Ammonium ions are decomposed by heating to H
+
 and outgoing NH3 gases 

consequently forming HY modification [214]. The catalytic property of zeolites is a result of 

the combination of the intrinsic properties found in zeolite liable for its overall behavior. The 

Material Surface Area  

(m
2 

g
-1

) 

Pore volume  

(cm
3
 g

-1
) 

Pore size  

(nm) 

 SBET SBJH SEXT SMicro VBJH VMicro dBJH dAvg 

CZeoY 693.47 58.00 54.37 639.10 0.081 0.265 5.6 1.98 

RZeoY 571 42.32 40.29 530.85 0.087 0.220 8.1 2.11 

UZeoY 751 34.88 34.55 716.95 0.032 0.297 3.7 1.75 
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creation of active sites as discussed and shown in Fig. 2.3 [62] which result from the 

exchange of cations with ammonium hydroxide followed by calcination which is regarded as 

one of the most important step in zeolite catalyst production. These sites are referred to as the 

bridging hydroxyl which is formed at each oxygen bridge site near the clustering of the Si-O-

Al where the cation that neutralizes the negative charge is represented by protons. The 

presence of acid sites is the main reason behind zeolites being used as catalyst in industries. 

This is as a result of the formation the hydroxyl group inside the pore structure of the zeolite 

that has high electrostatic field attracting organic reactant molecules resulting in a 

rearrangement of bonds. Some of the reactions that take place in the formation of acid sites 

are represented using equations 1 and 2 respectively. These reactions are mostly associated 

with zeolite having low silica like zeolite X and zeolite Y [4]. 

 

NaZ(s) + NH
+

4(aq)                NH4Z(s) + Na
+ 

        ………       (2) 

 

NH4Z(s)          NH3 + HZ            …...…..       (3) 

 

Table 4.13:  Na2O content of zeolites before and after activation by ion exchange.  

 

Material Na2O content (% weight) 

Synthesized Activated by ion exchange 

KZeoY 10.21 3.425 

RZeoY 12.64 3.868 

UZeoY 15.087 3.001 

 

4.5.2 Esterification reaction 

The performance of zeolites and clay as a catalyst was explored for esterification of succinic 

acid (SA) with ethanol. The mechanism of esterification is the protonation of SA, followed by 

nucleophilic attack of alcoholic groups to yield respective monoesters [5,137]. Owing to the 

carboxylic group present in monoesters, it gets further esterified by the same mechanism 

leading to formation of diesters, both occurring consecutively. It is a reversible reaction and 

hence thermodynamically limited [215]. In order to overcome the equilibrium limitation and 

to increase the yield, ethanol was supplied in excess amount. During the entire reaction 
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process, the ethanol being excess reactant, its concentration was more throughout. Therefore 

ethanol occupied more active sites in the catalyst compared to SA at any time. The carboxylic 

group present in the monoester gets further esterified following the same mechanism that 

resulted in the formation of diester, which occurred consecutively as shown below.  

 

 

 

4.5.2.1 Kaolin clay 

The conversion of SA and yield of ester is reported in Table 4.14. In case of raw kaolin clay, 

conversion of SA was 27% and led to formation of mainly monoester (monoethyl succinate) 

remaining being diester (diethyl succinate). This showed that most of the available active sites 

were used for the formation of monoesters initially. The 7M H2SO4 treated kaolin which has 

more active sites due to formation of additional mesopores (because of acid leaching) showed 

a marginal increase (32%) in conversion of SA. The ethanol quantity being more at any time 

during reaction, occupied the excess available active sites due to competitive adsorption 

which consequently converted the monoester to diester. Usage of 10M H2SO4 treated kaolin 

further increased the conversion of SA to 56%. More Al
3+

 ion exholved from the structure of 

kaolin by 7M and 10M acid activation boosted the Bronsted acidity for esterification of 

dicarboxylic acid to diester [5,34]. The decrease in the yield of monoester and increase in the 

yield of diester was observed simultaneously. This clearly demonstrated that with increase in 

active surface area of kaolin clay the product yield shifted from monoester to diester. The 

reusability study of the 10M H2SO4 treated kaolin catalyst in the esterification reaction was 

performed for three consecutive cycles under the same reaction conditions. The conversion of 

SA after each cycle was 55.29%, 54.12% and 52.69% respectively. The results showed a 

stable performance with minor decrease in the catalytic activity compared to the fresh 

- - - - - --  (4) 
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catalyst, which established that the 10M H2SO4 treated kaolin catalyst can be regenerated and 

reused easily without losing its catalytic activity displaying good stability. Similar observation 

has also been reported in literature for catalysts prepared from kaolin clay of other regions 

[216–218]. This structurally modified clay can be used for synthesis of zeolite which can 

further increase the conversion of SA consequently enhancing the yield [137]. 

. 

4.5.2.2 Bentonite clay 

The conversion of SA and yield of both the esters in percentage is shown in Table 4. When 

raw bentonite was used as a base case, the conversion of SA was 25%. As reported, the 

esterification reaction proceeds first by protonation of SA and then by nucleophilic attack of 

ethanol to produce monoester [5,137]. Consecutive reaction occurs, which results in an 

increase in ethanol conversion. Owing to the carboxylic group present in MES, it gets further 

esterified by the same mechanism leading to formation of DES, both occurring consecutively. 

DES formation is a consecutive reaction and can be confirmed from the fact that there is a 

simultaneous decrease in percentage yield of MES along with increase in percentage yield of 

DES. H2SO4 activation of bentonite affected catalytic activity by a combination of various 

factors like substitution of interlayer cations with H
+
 ions; selective leaching of metal ions 

like A1
3+

, Fe
3+

 and Mg
2+

 from the broken octahedral and tetrahedral sheets resulting in more 

acid sites; and a reduction in the size of clay platelets [161,219]. When 5M H2SO4 treated 

bentonite was used as a catalyst the conversion of SA increased to 62%. More Al
3+

, Fe
3+

 ions 

were exholved from the structure of bentonite by 5M H2SO4 which boosted the required 

Bronsted acidity [5,137]. It has been established that esterification of dicarboxylic acid to 

diester requires strong Bronsted acidity [5]. In the case of 10M H2SO4 treated bentonite, 55% 

SA was converted into esters. Conversion of SA is reduced due to lower surface area 

compared to 5M H2SO4 treated bentonite. Also Al
3+

 and Fe
3+

 content decreased with increase 

in concentration of H2SO4. The catalytic activity increased when the clay was treated up to a 

certain optimum strength of acid, while higher acid strength resulted in decreased activity. 

This conformed to literature findings that when the bentonite clay samples are treated with 

acids of low strength then higher Bronsted acidity and corresponding catalytic activity are 

obtained [155,159,220]. Thus treatment with higher acid strength may not be beneficial. 
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4.5.2.3 Zeolite Y from kaolin (KZeoY) 

The catalytic applicability of the H form of RZeoY and KZeoY were also explored for 

esterification reactions. The conversion of SA for raw kaolin clay was 28% (Table 4.14) 

which led to formation of largely monoester (monoethyl succinate) with a small amount of 

diester (diethyl succinate). Bulk of the accessible active sites seemed to be initially utilized for  

 

 

Fig. 4.20 Conversion of Succinic acid with time for all Zeolites 

 

the production of monoesters. The conversion of succinic acid (SA) was 72% and 76% with 

KZeoY and RZeoY respectively. No significant difference was observed in conversion of SA 

between both zeolites even though the difference in SBET existed. BET study showed that both 

KZeoY and RZeoY had comparable SBJH and VBJH even though SBET was less for KZeoY. 

KZeoY is showing more mesoporosity with high value of dBJH and dAvg than RZeoY, which 

increased molecular diffusion rates; overall pore accessibility, enhanced transport 

characteristics and reduced transportation lag of molecules. Wide-pore zeolites increased the 

catalyst effectiveness by attaining higher intra crystalline diffusivity but each individual 

molecule acts differently as per their role. The reactants enter while products leave the same 

pore resulting in slow transport and restricted accessibility. Apart from that the reactant and 

product molecule size also play a key role [221]. This result confirmed that the initial active 

sites were used in conversion of SA and consequently the reaction progressed (Fig. 4.21). 

More hydrophobic esters were produced due to presence of hydrophobic environment in 
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active catalyst pore which encouraged partition of succinic acid molecules [222]. The ethanol 

being an excess reactant occupied the majority of the surplus active sites owing to competitive 

adsorption. This resulted in the conversion of the monoester to a more valuable diester. The 

final yield of diester increased to 60% with usage of KZeoY. Fig. 4.21 showed the 

consecutive decrease in the concentration of monoester with increase in diester concentration 

with time. The yield of the diester is furthermore compared with other catalysts as reported in 

literature (Table 4.15). It is observed that significantly higher yield of diester is obtained for 

high acid to alcohol ratio [222]. Similarly more reaction time and higher amount of catalyst 

also resulted in higher diester yield [215,223]. The performance of present synthesized 

KZeoY catalyst is also at par by obtaining reasonably good yield of diester at moderate 

reaction conditions. Furthermore, the catalyst could be easily recovered from the aqueous 

reaction mixture by filtration and subsequently regenerated and reused. In case of RZeoY 

more active sites were available and hence mono ester could react with excess ethanol 

resulting in more quantitative conversion of diester. 

 

Table 4.14:  Esterification of succinic acid with ethanol using H form of synthesized zeolites 

from kaolin clay as catalyst. 

 

Catalyst (H form 

of Zeolites) 

% Conversion of 

Succinic acid 

Yield of Esters 

Monoester Diester 

Raw Kaolin 27 76 24 

KZeoY 72 40 60 

RZeoY 76 20 80 

 

Reaction Condition: mole ratio of succinic acid to ethanol: 1:3, 

amount of catalyst: 1g, reaction time: 12h, reaction temperature: 72
o
C 
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SA: Succinic acid; MES: Monoester; DES: Diester 

 

Fig. 4.21 Catalytic activity of Y zeolites [(a) RZeoY and (b) KZeoY] with time on stream 

 

Table 4.15: Comparison of the performance of reported catalysts in the esterification of 

succinic acid with ethanol. 

 

* Esterification of Succinic acid with Butanol 

 

** Reaction conditions: mole ratio (acid to alcohol); reaction 

temperature (°C); amount of catalyst (g) : reaction time (h) 

 

 

4.5.2.4  Ultrasonic Zeolite Y (UZeoY) 

The highest conversion of 82% of succinic acid was achieved with UZeoY (Table 4.16). This 

was even more than CZeoY. The UZeoY presented high BET surface, attributed to 

Catalyst Reaction 

conditions** 

% yield of 

diester 

References 

 

Amberlyst XN-1010 1:4; 80; 20; 192 89 [215] 

 

TPA-MCM-41 1:3; 80; 0.1; 8 

 

68* [5] 

 

Amberlyst-15 1:10; 90; 2; 12 

 

70 [223] 

DARCO®-HSO3 1:30; 80; 0.1; 24 

 

90 [222] 

Starbon®-400-HSO3 1:30; 80;  0.1; 8 95 [222] 

 

Mn+-montmorillonite 1:3; 50; 0.5; 8 

 

64 [224] 

 

Al-MCM-41 1:3; 120; 0.1; 12 43 [225] 

 

(a) (b) 
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nanocrystals with a uniform morphology which are dispersive among each other; thus, leading 

to more cell crystals and more exposed pore mouths, resulting in an external and BET surface 

area increase.The increase in the external surface area is consistent with a reduction in particle 

size due to the number of crystals per crystallite present in the material. The SEM image 

showed well-dispersed morphology & with the highest crystallinity with smaller crystal size. 

This minimizes the diffusion length of reactant molecules into the pores and correspondingly 

the products out of zeolites. It leads to increased molecular diffusion rates; overall pore 

accessibility, enhanced transport characteristics and reduced transportation lag of molecules. 

Apart from that the reactant and product molecule size also play a key role [221]. This result 

confirmed that the initial active sites were used in conversion of SA and consequently the 

reaction progressed (Fig.4.22). More hydrophobic esters were produced due to presence of 

hydrophobic environment in active catalyst pore which encouraged partition of succinic acid 

molecules [222]. The ethanol being an excess reactant occupied the majority of the surplus 

active sites owing to competitive adsorption. This resulted in the conversion of the monoester 

to more valuable diester. The final yield of diester increased to 96% with usage of UZeoY. 

Fig. 4.22 showed the consecutive decrease in the concentration of monoester with increase in 

diester concentration with time. The yield of the diester is furthermore compared with other 

catalysts as reported in literature. The performance of UZeoY as a catalyst is very 

encouraging as it could obtain a very high yield of diester at moderate reaction conditions. 

Furthermore, the catalyst could be easily recovered from the aqueous reaction mixture by 

filtration and subsequently regenerated and reused. 
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Table  4.16  Esterification of succinic acid with ethanol using H form of synthesized zeolites 

as catalyst. 

Catalyst (H form 

of zeolites) 

% Conversion of 

Succinic acid 

Yield of Esters 

Monoester Diester 

CZeoY 79 12 88 

RZeoY 76 20 80 

UZeoY 82 4 96 
 

Reaction condition: mole ratio of succinic acid to ethanol: 1:3, amount of 

catalyst: 1g, reaction time: 12h, reaction temperature: 72
o
C 

 

 

 

SA: Succinic acid; MES: Monoester; DES: Diester 

Fig. 4.22 Catalytic activity of Y zeolites [(a) RZeoY and (b) UZeoY] with time on stream 

 

4.5.3 Kinetic and rate constant study 

Esterification of succinic acid takes place in presence of ethanol with the help of all zeolite 

catalyst. Eq. (5) represents rate expression.   

 

−d [ SA ]/  dt = k ∗[ S A ] 
n
 ∗[ EtOH ] 

m
 ……… (5) 

 

Where, [SA] = Succinic acid concentration, [EtOH] = Ethanol concentration, k = reaction rate 

constant  

(a) (b) 
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Theoretically, one mole of succinic acid reacts with one mole of ethanol. In the kinetic study, 

due to excess ethanol concentration, the reaction rate is not affected by the ethanol 

concentration. 

The rate expression presented in Eq. (5) is pseudo-order for the ethanol concentration. It is 

expressed as 

−d [SA]/ dt = k ∗[ SA ]
n
  …………..(6) 

 

The above rate expression with separation of variables gives  

 

−d [SA] /[SA]
n
 = k ∗dt ……………..(7) 

 

Eq. (7) on integration yield 

 

( [SA] 
−n +1

 −[ SA0] 
−n +1

)/ 1 −n = k ∗t  

 

[SA] = [SA0] ∗( 1 −XA )  

 

[SA0] 
−n +1

 (( 1 −XA ) 
−n +1

 −1 ) /1 −n = k ∗t 

 

First-order kinetics  

1-XA = e 
–k*t

 …………….. (8) 

 

The linearized form −ln(1 −XA) = k ∗t 

Where, XA = fractional conversion of SA,k = rate constant, min 
−1

 

 

The expression for first-order kinetics as shown in eq. (8) was used to fit the experimental 

data. Fig. 4.23 presents the plot of –ln (1-Xa) versus t for KZeoY and UZeoY, considering the 

first-order kinetics. The assumed reaction order is best fitted with the experimental data if the 

R
2
 value is greater than 0.9. All cases used for the determination of the order of the reaction 

are straight lines passing almost through the origin. The linear fit expression gives the value 

of the rate constant. It reveals that for succinic acid esterification, the reaction rate varies 
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linearly with the concentration of succinic acid. The linear fit expression for first-order 

kinetics in Fig. 4.23 is summarized in Table 4.17. A plot of −ln(1−conversion) versus reaction 

time for reactions carried out at 72°C is shown in Fig. 4.23 for both zeolites (KZeoY and 

UZeoY) . This plot shows a near linear character for both the zeolites. This suggests a first-

order dependence of the rate of the reaction on succinic acid concentration [226]. The initial 

assumption of irreversible first order reaction thus matched with result. The rate constants for 

RZeoY and CZeoY is also calculated and given in Table 4.17. The value of rate constant is 

different in both cases. The rate constants are 0.52×10
-4

 s
-1

 and 0.39×10
-4

 s
-1

 for UZeoY and 

KZeoY respectively. Even though the mechanism of the reaction for the two zeolites may be 

the same, the differences in their activity can be attributed to their difference in surface area, 

active site distribution, well-dispersed morphology and the highest crystallinity of UZeoY. 

 

     Table 4.17:  Rate constant, K for the all the zeolites 

 

Zeolite Rate constant, K value in s
-1

 

UZeoY 0.52×10
-4

 

KZeoY 0.39×10
-4

 

CZeoY 0.47×10
-4

 

RZeoY 0.45×10
-4

 

 

 

       

Fig. 4.23. Plot of the conversion of succinic acid with time for (a) KZeoY and (b) UZeoY 

  

(a) (b) 
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CHAPTER - 5 
 

Conclusions and future scope 
 

There is a growing interest in finding alternate promising avenues for the synthesis of zeolite 

Y to supplement, if not substitute, the existing conventional hydrothermal processes using 

organic chemical sources. Also a lot of in-depth research is undergoing to explore the real 

potential of this technology in the current zeolite Y market for catalytic and other 

applications. In this final chapter of the dissertation, major conclusions are drawn, based on 

the extensive research work carried out and some lights have been shed on the scope and 

directions of future research work. 

5.1. Major Conclusion  

 

Zeolite Y is successfully synthesized by using a novel material and also by a novel technique. 

Kachchh kaolin clay proves to be a sustainable environmental friendly precursor for synthesis 

of zeolite Y. This clay can be used as an alternate indigenous and inexpensive source of silica 

and alumina. The abundant availability and low cost of kaolin clay in the Kachchh district of 

Gujarat makes it a potential and untapped raw material for synthesis of zeolites. The alternate 

novel green way of synthesis of zeolite was attempted by using ultrasonication. This synthesis 

method demonstrated a very simple, fast, efficient and ecologically responsive route to obtain 

zeolite Y. The detailed characterization of all the synthesized zeolites and comparison with 

international standard samples indicated proper formation of zeolite Y with required structural 

properties. The synthesized zeolite Y was applied as a catalyst in esterification of succinic 

acid with ethanol which showed good conversion and selectivity generating very good yield 

of diethyl succinate at moderate reaction conditions. Overall the synthesized zeolites proved 

to be an inexpensive and simple way of preparation of environmentally benign catalysts, 

which has a good potential for application in various chemical industries. 

The major findings are as follows: 

 A zeolite Y (RZeoY) was synthesized in the laboratory by standard hydrothermal 

method as prescribed in literature using standard chemicals for reference purpose. The 

RZeoY was compared with a commercial zeolite Y from Zeolyst international 



103 
 

(CZeoY). Both RZeoY and CZeoY were characterized using standard methods and 

used as a reference benchmark. 

 The kaolin clay from the Kachchh region of Gujarat, India was used as an ecological 

novel raw material for zeolite Y synthesis due to their lower costs and abundant 

availability compared to traditional precursors.  

 The kaolin clay was leached with H2SO4 to remove impurities and attain the required 

silica-alumina ratio for zeolite synthesis. Acid leaching revealed reduction in Al2O3 

content from 41% to 21%, and increase in silica–alumina ratio from 1.3 to 2.4 which 

were favorable for the synthesis of zeolite. Detailed examination revealed that the 

BET surface area increased from 10.322 to 54.193 m
2
g

-1
 and pore volume from 0.041 

to 0.152 cm
3
g

-1
 showed that the leached clay itself has the potential to be used as a 

catalyst. When applied as a catalyst in esterification it showed the formation of diester. 

These proved inert structures of Si-O and Al-O are now active and ready for 

zeolitation. This method demonstrated a low cost (~ $0.6/kg) and efficient way of 

preparing porous kaolin clay having required active sites and high silica-alumina ratio. 

This activated kaolin clay proved to be a base material for zeolite Y synthesis. 

 Similarly, bentonite clay from the same region was also attempted as a source of silica. 

Acid leaching with 5M H2SO4 increased the Si/Al ratio up to 4.04 with an increase in 

surface area and pore volume revealing a highly porous structure. This also revealed 

an economical and effective way of preparing low cost (~ $0.4/Kg) porous activated 

bentonite clay. When applied as a catalyst in esterification it showed the formation of 

diester.  However, when used as a potential raw material for zeolite Y synthesis, the 

results were not as expected.  

 The activated kaolin clay was used as a precursor (acted as an alternate natural source 

of silica-alumina) for synthesis of zeolite Y (KZeoY). Detailed characterizations and 

matching with reference (RZeoY) and commercial (CZeoY) sample confirmed the 

formation of zeolite Y having SiO2/Al2O3 ratio of 3.09, specific surface area 320 m
2
g

-

1
, pore volume 0.22 cm

3
g

-1
 and average pore diameter 2.89 nm. The crystallinity was 

76% having lattice parameter 24.65 Å. 

 An alternative green method was applied for synthesis of zeolite Y (UZeoY) which 

was performed in two stages that included ageing step applying ultrasound 
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pretreatment combined with hydrothermal treatment. Detailed characterizations and 

matching with RZeoY and CZeoY sample confirmed the formation of zeolite Y with 

98.01% crystallinity, 24.67 Å lattice parameter, BET surface area 751 m
2
g

-1
, pore 

volume 0.33 cm
3
g

-1
 and average pore diameter of 1.8 nm. The ultrasonication 

influences the UZeoY properties. Average crystal size, particle size distribution 

decreased and the textural properties changed slightly. This fact is attributed to the 

contribution of the sonication process energy that induces the formation of a greater 

number of nuclei favoring the crystallization stage. The synthesis method was a very 

simple, fast, efficient and environmentally friendly route to obtain zeolite Y. 

 Treatment of the zeolite Y with ammonium nitrate revealed that Na-cations from 

KZeoY were detached and replaced with NH4
+
 which subsequently became H

+
 after 

calcination and confirmed the formation of active acid sights required for reaction.  

 The H form of all synthesized zeolites was applied as a catalyst in the esterification 

reaction of succinic acid with ethanol. The reaction was carried out at 72
o
C. The acid 

to alcohol ratio was 1: 3, reaction time was 12 h and the amount of catalyst was kept 1 

g for all experiments. The same reaction was carried out with raw kaolin clay also.  

 The conversion of succinic acid by using raw kaolin clay is only 28% but the same 

kaolin clay base zeolite (KZeoY) gave 72% conversion, which is even at par with 76% 

result of reference Zeolite Y (RZeoY). No significant difference was observed in 

conversion between both zeolites even though the difference in SBET existed. BET 

study showed that both KZeoY and RZeoY had comparable SBJH and VBJH even though 

SBET was less for KZeoY. KZeoY is showing more mesoporosity with high value of 

dBJH and dAvg than RZeoY, which increased molecular diffusion rates; overall pore 

accessibility, enhanced transport characteristics and reduced transportation lag of 

molecules. Wide-pore zeolites increased the catalyst effectiveness by attaining higher 

intra crystalline diffusivity. 

 The ethanol being an excess reactant occupied the majority of the surplus active sites 

owing to competitive adsorption. This resulted in the conversion of the monoester to a 

more valuable diester. The final yield of diester increased to 60% with usage of 

KZeoY. The consecutive decrease in the concentration of monoester with increase in 

diester concentration with time is noted. A plot of −ln(1−conversion) versus reaction 
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time for reactions carried out at 72°C for KZeoY. This plot shows near linear straight 

line characteristics and passing through origin. This suggests a first-order dependence 

of the rate of the reaction on succinic acid concentration and rate constant of 0.39×10
-4

 

s
-1

.  

 The performance of synthesized KZeoY catalyst is also at par by obtaining reasonably 

good yield of diester at moderate reaction conditions. Furthermore, the solid catalyst 

could be easily recovered from the aqueous reaction mixture by filtration and 

subsequently regenerated and reused. 

 The H form of ultrasonicated Zeolite UZeoY was applied as a catalyst in esterification 

reaction of succinic acid. The reaction conditions are kept same as discussed in 

KZeoY. The UZeoY showed highest 82 % conversion compared to 79% for 

commercial CZeoY respectively.  

 The UZeoY presented a high BET surface, leading more cell crystals and more pore 

mouths exposed and resulting in an external and BET surface area increase. This is 

consistent with a reduction in particle size with the highest crystallinity with smaller 

crystal size; minimize the diffusion length of reactant molecules into the pores and 

correspondingly the products out of zeolites. This increased molecular diffusion rates; 

overall pore accessibility, enhanced transport characteristics and reduced 

transportation lag of molecules. 

 The ethanol being an excess reactant occupied the majority of the surplus active sites 

owing to competitive adsorption. This resulted in the conversion of the monoester to a 

more valuable diester. The final yield of diester increased to 96% with usage of 

UZeoY. The consecutive decrease in the concentration of monoester with increase in 

diester concentration with time is noted. A plot of −ln(1−conversion) versus reaction 

time for reactions carried out at 72°C for UZeoY. This plot shows near linear straight 

line characteristics and passing through origin. This suggests a first-order dependence 

of the rate of the reaction on succinic acid concentration and rate constant of 0.52×10
-4

 

s
-1

.  

 The RZeoY and CZeoY catalysts are also showing the same first order behavior with 

rate constant 0.45×10
-4 

s
-1

and 0.47×10
-4

 s
-1

 respectively. 
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 The performance of present synthesized UZeoY catalyst is worthy by obtaining a very 

high yield of diester at moderate reaction conditions. Furthermore, the catalyst could 

be easily recovered from the aqueous reaction mixture by filtration and subsequently 

regenerated and reused. 

 

5.2 Original contribution by the thesis 

 

The research work provides a feasible method to prepare zeolite Y using kaolin clay of 

Kachchh region of Gujarat, India as an indigenous and inexpensive source of silica and 

alumina by hydrothermal method. Another environmentally benign synthesis method is 

demonstrated by using chemical route but using ultrasonic technique. All the samples were 

characterized and formation of zeolite Y was confirmed. The research work also provides a 

comprehensive structural analysis of synthesized zeolite Y accompanied by comparison with 

commercial samples. The synthesized zeolite Y was applied as a catalyst and an effective way 

of production of valuable diethyl succinate was demonstrated by esterification of succinic 

acid with ethanol. This research work provides valuable insights to an effective way of 

synthesizing environmentally benign porous zeolite Y having high surface area and pore 

volume that is useful for catalytic applications. 

 

5.3 Future scope of work 

 

Kachchh Kaolin clay proves to be a good raw material for the synthesis of zeolite Y which 

can be subsequently used as a catalyst for esterification reaction. The synthesized zeolite Y 

possessed good structural properties. However, for the commercialization and full-scale 

implementation of the zeolite Y further research work needs to be carried out to make the 

overall process more energy efficient and economical. The focus of the future research should 

be on further improvement of the zeolite properties by incorporating green synthesis 

techniques and exploring other potential applications.  

Kachchh kaolin clay which is inexpensive, abundantly available and a good source of silica 

indicated to be an excellent raw material to synthesize zeolite Y. The synthesized zeolite Y 

possessed the required porosity and other required structural properties. The bentonite clay of 
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the Kachchh region is also tested for zeolite Y synthesis. The result was not as per the 

requirement. In future, advanced experimentation can be carried out and this work can be 

taken up employing some new idea and synthesis of zeolite Y can be attempted.  Other types 

of clay like Montmorillonite, Ball etc. which are abundantly available in the Kachchh region 

can be checked for their suitability as a raw material for zeolite synthesis. The process 

conditions for the synthesis like temperature and time of reaction can be further fine-tuned or 

changed to produce better quality of zeolite Y with improved surface area and pore volume. 

Other mineral acids apart from sulfuric acid can be checked for their effectiveness in 

removing metal impurities. Kaolin as the source of silica can be tried for the synthesis of other 

types of zeolites using the same hydrothermal method. Required and necessary modifications 

in the process conditions can be attempted for the synthesis of other types of zeolites. Scale up 

of the manufacturing process to a pilot plant scale and then to the commercial scale may be 

attempted after doing due efficacy and economy check. 

Application of ultrasound proved to be very advantageous in terms of simplicity, rapid 

reaction, no requirement of any complex facilities, high crystal growth rate, good product 

quality in terms of particle size distribution and morphology. The process is also a step 

towards green synthesis. The ultrasonication effect can be varied and optimized as per the 

demand of quality of zeolite. The combination of Kachchh kaolin and ultrasonication can be 

tried for the synthesis of zeolite Y for complete green synthesis.  

The prepared zeolite Y was used for esterification of succinic acid to produce diethyl 

succinate. Understanding of the esterification reaction mechanism with elaborated kinetic 

study is required to improve the yield of diethyl succinate. The same zeolite Y can be used as 

a catalyst in other reactions also mainly in the petroleum industry. Also the performance of 

the zeolite Y as adsorbent, catalyst support and similar application may be explored.  
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Crystallinity calculation 

 

Method:  

 The 2 θ versus intensity plot from a diffractometer is generated for all samples. 

 To calculate the crystallinity, need intensity data of main peaks. (as tabulated below) 

 Sample Name: UZeoY 

 Intensity value 

Sample name CZeoY UZeoY 

Common peak 

6.11 1535 3137 

10.14 914 708 

11.88 993 513 

15.62 2075 1677 

18.6 1117 750 

20.3 1548 1297 

22.8 573 392 

23.7 2610 2817 

25.8 382 296 

 

                 =    
                                                               

                                                                       
 

                     =     
                                        

                                        
 

                        =     
     

     
    =          =  98.63% 

The crystallinity of the synthesized zeolite Y were evaluated by using above formula. The 

XRD pattern of commercial zeolite Y sample obtained from Zeolyst international as a 

reference, the crystallinity of UZeoY was evaluated 98.63%. 
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Lattice parameter calculation 

Method:  

 Recorded diffraction pattern over as wide a range of 2θ as possible. 

 Calculated the value of sin
2
θ for each diffraction line. 

Bragg’s Law 

    Sind2  

       
2  22 sin4d     

       

 

 Obtain interplanar spacing, dhkl, from the plane spacing equation 

 

           

 

 Substitute plane-spacing equation into Bragg’slaw 

 

       

 For any single diffraction pattern             Thus; 

       

 Hence 

 

 The method is based upon of Bragg’s law and the plane-spacing equations. 

 For any two different reflections/planes,θ1 and θ2 

      
2sin   

2sin  
  

  
 
    

 
    

 
 

  
 
    

 
    

   
  
  
     

Both the numerator and denominator are integers that scale with h k l  

 Obtain h
2 

+ k
2
 + l

2
 for a given reflection by dividing the sin

2
θ values for each 

reflection with that for the first (i.e., minimum) one. 
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2
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hkl Cubic
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 Multiply by the appropriate number to obtain an integer (usually 1, 2 or 3). 

 Subsequent integers represent the quadratic form of the Miller indices. 

 Take  =1.54Å  

 For all samples follow the given procedures and finally calculated lattice parameter.  

 Identify the peaks. 

 Determine sin
2
θ.  

 Calculate the ratio sin
2
θ/sin

2
θmin and multiply by the appropriate integers. 

 Select the result from (3) that yields h
2
+k

2
+l

2
 as an integer. 

 Compare results with the sequences of h
2
+k

2
+l

2
 values to identify the 

Bravais lattice. 

 Calculate lattice parameters. 
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 Sample Name: UZeoY 

  

Peak 2Ɵ Ɵ 
 RA

D 
sinƟ sin

2
Ɵ 

sin
2
Ɵ/

sin
2
Ɵ

min 

1*sin
2
Ɵ/

sin
2
Ɵmi

n 

2*sin
2
Ɵ/si

n
2
Ɵmin 

3*sin
2

Ɵ/sin
2

Ɵmin 

h
2
+ 

k
2
+l

2
 

hkl 
λ

2
*h

2
+ 

k
2
+l

2
 

(λ
2
*h

2
+ 

k
2
+l

2
)/s

in
2
Ɵ 

((λ
2
*h

2
+ 

k
2
+l

2
)/si

n
2
Ɵ)/4 

a= avg 

lattice 

param

eter 

1 6.2 3.1 0.05 0.05 0.00 0.99 0.99 1.99 2.98 3 111 7.11 2432.81 608.20 24.66 

2 10.09 5.045 0.09 0.09 0.01 2.63 2.63 5.26 7.88 8 220 18.97 2453.45 613.36 24.77 

3 11.83 5.915 0.10 0.10 0.01 3.61 3.61 7.22 10.83 11 311 26.09 2456.48 614.12 24.78 

4 12.43 6.215 0.11 0.11 0.01 3.98 3.98 7.96 11.95 12 222 28.46 2428.23 607.06 24.64 

5 15.6 7.8 0.14 0.14 0.02 6.26 6.26 12.52 18.78 19 331 45.06 2446.45 611.61 24.73 

6 18.59 9.295 0.16 0.16 0.03 8.86 8.86 17.73 26.59 27 511 64.03 2454.51 613.63 24.77 

7 20.24 10.12 0.18 0.18 0.03 10.49 10.49 20.98 31.47 32 440 75.89 2458.08 614.52 24.79 

8 21.62 10.81 0.19 0.19 0.04 11.95 11.95 23.90 35.86 35 531 83.01 2359.73 589.93 24.29 

9 23.5 11.75 0.21 0.20 0.04 14.09 14.09 28.18 42.27 43 533 101.98 2459.10 614.78 24.79 

10 26.9 13.45 0.23 0.23 0.05 18.38 18.38 36.77 55.15 55 642 130.44 2411.00 602.75 24.55 

                              246.77 

                             Average 24.68 
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 Sample Name: KZeoY 

 

 

  

Peak 2Ɵ Ɵ RAD sinƟ sin
2
Ɵ 

sin
2
Ɵ/

sin
2
Ɵ

min 

1*sin
2

Ɵ/sin
2

Ɵmin 

2*sin
2
Ɵ

/sin
2
Ɵm

in 

3*sin
2
Ɵ/

sin
2
Ɵmi

n 

h
2
+ 

k
2
+l

2
 

hkl 
λ

2
*h

2
+ 

k
2
+l

2
 

(λ
2
*h

2
+ 

k
2
+l

2
)/si

n
2
Ɵ 

((λ
2
*h

2
+ 

k
2
+l

2
)/si

n
2
Ɵ)/4 

a= avg 

lattice 

param

eter 

1 6.22 3.11 0.05 0.05 0.00 1.00 1.00 2.00 3.00 3 111 7.11 2417.21 604.30 24.58 

2 10.14 5.07 0.09 0.09 0.01 2.65 2.65 5.31 7.96 8 220 18.97 2429.38 607.34 24.64 

3 11.88 5.94 0.10 0.10 0.01 3.64 3.64 7.28 10.92 11 311 26.09 2435.92 608.98 24.68 

4 12.43 6.215 0.11 0.11 0.01 3.98 3.98 7.96 11.95 12 222 28.46 2428.23 607.06 24.64 

5 15.62 7.81 0.14 0.14 0.02 6.27 6.27 12.55 18.82 19 331 45.06 2440.22 610.06 24.70 

6 18.64 9.32 0.16 0.16 0.03 8.91 8.91 17.82 26.74 27 511 64.03 2441.48 610.37 24.71 

7 20.31 10.16 0.18 0.18 0.03 10.56 10.56 21.13 31.69 32 440 75.89 2441.34 610.34 24.70 

8 21.3 10.65 0.19 0.18 0.03 11.61 11.61 23.21 34.82 35 531 83.01 2430.32 607.58 24.65 

9 23.6 11.8 0.21 0.20 0.04 14.21 14.21 28.42 42.63 43 533 101.98 2438.60 609.65 24.69 

10 24.92 12.46 0.22 0.22 0.05 15.82 15.82 31.64 47.45 47 444 111.47 2394.45 598.61 24.47 

                              246.46 

                            Average  24.65 
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 Sample Name: RZeoY 

Peak 2Ɵ Ɵ 
RA

D 
sinƟ 

sin
2

Ɵ 

sin
2
Ɵ

/sin
2

Ɵmin 

1*sin
2

Ɵ/sin
2

Ɵmin 

2*sin
2

Ɵ/sin
2

Ɵmin 

3*sin
2
Ɵ/

sin
2
Ɵmi

n 

h
2
+ 

k
2
+

l
2
 

hkl 
λ

2
*h

2
+ 

k
2
+l

2
 

(λ
2
*h

2
+ 

k
2
+l

2
)/sin

2
Ɵ 

((λ
2
*h

2
+ 

k
2
+l

2
)/sin

2
Ɵ)/4 

a= avg 

lattice 

parame

ter 

1 6.15 3.08 0.05  0.05  0.00  1.00 1.00 2.00 3.00 3 111  7.11  2472.49 618.12  24.86 

2 10.09 5.05 0.09  0.09  0.01  2.69 2.69 5.37 8.06 8 220 18.97 2453.45 613.36 24.77 

3 11.9 5.95 0.10  0.10  0.01 3.73 3.73 7.47 11.20 11 311 26.09 2427.77 606.94 24.64 

4 15.58 7.79 0.14  0.14  0.02 6.38 6.38 12.77 19.15 19 331 45.06 2452.69 613.17 24.76 

5 18.62 9.31 0.16  0.16  0.03 9.09 9.09 18.19 27.28 27 511 64.03 2446.68 611.67 24.73 

6 20.28 10.14 0.18  0.18  0.03 10.77  10.77 21.54 32.31 32 440 75.89 2448.50 612.12 24.74 

7 22.71 11.36 0.20  0.20  0.04 13.47  13.47 26.94 40.41 40 620 94.86 2447.18 611.79 24.73 

8 23.57 11.79 0.21 0.20  0.04 14.49  14.49 28.99 43.48 43 533 101.98 2444.72 611.18 24.72 

9 25.69 12.85 0.22 0.22  0.05 17.17  17.17 34.35 51.52 51 551 120.95 2447.24 611.81 24.73 

10 31.3 15.65 0.27 0.27  0.07 25.29  25.29 50.57 75.86 76 822 180.24 2476.85 619.21 24.88 

               

247.535 

              

 Average 24.75 
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APPENDIX–B 

Sample batch 

calculation 
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Sample batch calculation 

Zeolite Y Synthesis: 

 

 

 Chemicals:  

 Sodium silicate synthesis process:- 

- Sodium silicate glass also known water glass is received from manufacturer. 

- Water glass is taken in large container and heated at 60 – 70
o
C. 

- No extra water is added in this process. 

SiO2 = 21.44 %  Na2O = 6.76 % 

 Sodium aluminate synthesis process:- 

- Sodium aluminate is directly received from manufacturer. 

- Bauxite is added (in very less amount) to increase alumina content. 

Al2O3 = 17.60 %  Na2O = 15.80 % 

 DM Water 

 Sodium Hydroxide 99% pure  

 Kaolinite clay 10 M H2SO4 treated XRF result:- 

SiO2 Al2O3 Na2O TiO2 Fe2O3 K2O CaO MnO MgO 

67.985 28.613 0.044 2.408 0.292 0.197 0.017 0.007 0.011 

 

Zeolite Y 

Reference 
(RZeoY) 

Ultrasonication 
(UZeoY) 

Kaolin clay  
(KZeoY) 
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1) Synthesis of reference zeolite Y (RZeoY) and zeolite by Ultrasonication (UZeoY):- 

Batch Composition 

Seed Gel: 10.67 Na2O : 1 Al2O3 : 10 SiO2 : 180 H2O 

Overall Gel: 4.70 Na2O : 1 Al2O3 : 10 SiO2 : 180 H2O 

Source materials: 

1) DM Water 

2) Sodium silicate solution (Na2O 6.76%, SiO2 21.44%) 

3) Sodium aluminate solution (Al2O3 17.60%, Na2O 15.80%) 

4) Sodium Hydroxide 98% pure  

Batch preparation 

Preparation of Seed gel 

Seed Gel: 10.67 Na2O : 1 Al2O3 : 10 SiO2 : 180 H2O 

1) Sodium silicate (Na2SiO3) solution (Na2O 6.76%, SiO2 21.44%) 

2) Sodium aluminate(Na2Al2O4) solution (Al2O3 17.60%, Na2O 15.80%) 

 

Reactant Mol. Wt. Molar 

composition 

Molar composition × 

Mol. Wt. 

Al2O3 101.96 1 101.96 

SiO2 60.08 10 600.8 

Na2O 61.97 10.67 661.2199 

H2O 18.02 180 3243.6 

  Total 4607.5799 

 

For Al2O3 :  

   
          

         
 =          

 

Amount of  Na2Al2O4:  

   
          

     
 =            
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For SiO2 :  

   
         

         
 =           

 

Amount of  Na2SiO3:  

   
           

     
 =            

 

For Na2O :  

   
            

         
 =           

 

Amount of Na2O with Na2SiO3:  

   
             

   
 =         

Amount of Na2O with Na2Al2O4:  

   
             

   
 =          

Total  Na2O :  

                           

 

Amount of   Na2O to be added:  

                              

 

For NaOH : 

  1 Na2O = 2 NaOH 

  
               

     
 =          

For H2O : 

  
          

         
 =           
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Amount of chemicals to be added in seed gel:  

 

Name of chemicals Amount in g 

Na2SiO3 60.81809 

Na2Al2O4 12.5727 

NaOH 10.6533 

H2O 70.3971 

Total  154.4419 

Procedure:   

 Add 70.3971 g water , 10.6533 g sodium hydroxide , 12.5727 g sodium aluminate and  

stir in 250 mL plastic bottle until dissolved. 

 Add drop wise 60.8181 g sodium silicate solution in above mixture and  stir 

moderately for at least 1 hr. Cap the bottle and keep the solution for aging  at room 

temperature for 1 day. 

Preparation of Overall Gel 

Overall Gel: 4.70 Na2O : 1 Al2O3 : 10 SiO2 : 180 H2O 

1) Sodium silicate (Na2SiO3) solution (Na2O 6.76%, SiO2 21.44%) 

2) Sodium aluminate(Na2Al2O4) solution (Al2O3 17.60%, Na2O 15.80%) 

 

Reactant Mol. Wt. Molar 

composition 

Molar composition × 

Mol. Wt. 

Al2O3 101.96 1 101.96 

SiO2 60.08 10 600.8 

Na2O 61.97 4.70 291.259 

H2O 18.02 180 3243.6 

  Total 4273.619 

 

 

 

For Al2O3 :  

   
          

        
 =          
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Amount of  Na2Al2O4:  

   
          

     
 =            

For SiO2 :  

   
         

        
 =           

Amount of  Na2SiO3:  

   
          

     
 =           

For Na2O :  

   
           

        
 =          

Amount of Na2O with Na2SiO3:  

 

   
            

   
 =          

 

Amount of Na2O with Na2Al2O4:  

 

   
             

   
 =          

Total  Na2O :  

                             

 

Amount of   Na2O to be added:  

                             

 

 

 

For NaOH : 

  1 Na2O = 2 NaOH 

  
               

     
 =         
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For H2O : 

  

  
          

        
 =           

 

Amount of chemicals to be added in overall gel:  

 

Name of chemicals Amount in g 

Na2SiO3 66.1278 

Na2Al2O4 13.6711 

NaOH 0.3135 

H2O 76.5429 

Total  156.6553 

 

Procedure:   

 Add 76.5429g water , 0.3135g sodium hydroxide , 13.6711g sodium aluminate and  

stir in 250 mL plastic bottle until dissolved. 

 Add drop wise 66.1278g sodium silicate solution in above mixture and  stir 

moderately for at least 20 min. 

 

2) Synthesis of zeolite from Kaolin clay(KZeoY):- 

 

Batch Composition 

Seed Gel: 10.67 Na2O : 1 Al2O3 : 10 SiO2 : 180 H2O 

Overall Gel: 4.70 Na2O : 1 Al2O3 : 10 SiO2 : 180 H2O 

Batch preparation 

 

Preparation of Seed gel 

 

Seed Gel: 10.67 Na2O : 1 Al2O3 : 10 SiO2 : 180 H2O 

1) Sodium silicate (Na2SiO3) solution (Na2O 6.76%, SiO2 21.44%) 

2) Sodium aluminate(Na2Al2O4) solution (Al2O3 17.60%, Na2O 15.80%) 
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Reactant Mol. Wt. Molar 

composition 

Molar composition × 

Mol. Wt. 

Al2O3 101.96 1 101.96 

SiO2 60.08 10 600.8 

Na2O 61.97 10.67 661.2199 

H2O 18.02 180 3243.6 

  Total 4607.5799 

 

 

For Al2O3 :  

   
          

         
 =          

Amount of  Na2Al2O4:  

   
          

     
 =            

For SiO2 :  

   
         

         
 =           

Amount of  Na2SiO3:  

   
           

     
 =            

 

For Na2O :  

   
            

         
 =           

 

Amount of Na2O with Na2SiO3:  

 

   
             

   
 =         
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Amount of Na2O with Na2Al2O4:  

 

   
             

   
 =          

 

Total Na2O :  

                           

 

Amount of   Na2O to be added:  

                              

For NaOH: 

  1 Na2O = 2 NaOH 

  
               

     
 =          

For H2O: 

  
          

         
 =           

 

Amount of chemicals to be added in seed gel:  

 

Name of chemicals Amount in g 

Na2SiO3 60.81809 

Na2Al2O4 12.5727 

NaOH 10.6533 

H2O 70.3971 

Total  154.4419 

 

 

 

Procedure:   

 Add 70.3971 g water , 10.6533 g sodium hydroxide , 12.5727 g sodium aluminate and  

stir in 250 mL plastic bottle until dissolved. 



145 
 

 Add drop wise 60.8181 g sodium silicate solution in above mixture and  stir 

moderately for at least 1 hr. Cap the bottle and keep the solution for aging  at room 

temperature for 1 day. 

 

 

Preparation of Overall Gel 

Overall Gel: 4.70 Na2O : 1 Al2O3 : 10 SiO2 : 180 H2O 

Reactant Mol. Wt. Molar 

composition 

Molar composition × 

Mol. Wt. 

Al2O3 101.96 1 101.96 

SiO2 60.08 10 600.8 

Na2O 61.97 4.70 291.259 

H2O 18.02 180 3243.6 

  Total 4273.619 

 

For Al2O3 :   

   
          

        
 =          

 

Amount of modified kaolin clay:  

   
          

     
 =         

 

For SiO2 :  

   
         

        
 =           

 

 

Amount of  SiO2 from modified kaolin clay: 

 

   
          

   
 =        
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Remaining amount of SiO2 : 

                            

 

Amount of  Na2SiO3:  

   
          

     
 =           

 

For Na2O :  

   
           

        
 =          

 

Amount of Na2O with Na2SiO3:  

   
            

   
 =          

 

Amount of Na2O with modified kaolin clay:  

   
          

   
 =             

 

Total  Na2O :  

                               

 

Amount of   Na2O to be added:  

                             

For NaOH : 

  1 Na2O = 2 NaOH 

  
               

     
 =         

For H2O : 

  
          

        
 =           
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Amount of chemicals to be added in overall gel:  

 

Name of chemicals Amount in g 

Na2SiO3 39.4487 

Modified Kaolin clay 8.41 

NaOH 5.4252 

H2O 76.5429 

Total  128.6044 

 

 

Procedure:   

 Add 8.41g of modified Kaolin clay with 5.4252g sodium hydroxide and fused and 

crushed in powder form. 76.5429g of water is added to powder. 

 Dispersed drop wise 39.4487g sodium silicate solution in above mixture and stir 

moderately for at least 20 min. 
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