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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 commercial 

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

esterification of succinic acid with ethanol to form valuable diethyl succinate. 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. 

 

Brief description on the state of art of the research topic 

Zeolites are inorganic crystalline aluminosilicates with a network of pores that are considered 

valuable for application as catalysts and adsorbents. Natural zeolites possess inherent 

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

capacity and hence not preferred for critical catalytic application where product consistency 

is important. Compared to natural zeolites, synthetic zeolites are favoured as catalysts owing 

to purity of crystalline products and uniformity of particle sizes. Among the zeolites, zeolite 

Y which falls under faujasite class of zeolites has gained importance as 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 high reaction rates and 

enhanced selectivity. This zeolite Y finds important strategic applications in the petroleum 
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refining and petrochemical industry as adsorbents, ion-exchangers and as a catalyst. Zeolite Y 

synthesis using different methods based primarily on strategic control of the hydrothermal 

process conditions have been reported [1]. Also, the synthesis procedures involve the use of 

costly, corrosive and toxic organic templates to direct the formation of a targeted zeolite 

phase. Subsequently, the processes require high calcination temperature to remove them that 

lead to large energy consumption as well as generation of harmful and pollutant volatile 

organic compounds. This increases the production cost of zeolites as well as making the 

process non-eco-friendly. Environmentally friendly synthesis methodologies involve use of 

green starting reagents, usually, non-toxic and inexpensive and moderate process conditions 

such as low temperature hydrothermal synthesis, microwave or ultrasound-assisted synthesis 

[2].  

The use of natural minerals as a sustainable raw material for zeolite synthesis has attracted 

significant interest in recent years due to their lower costs compared to traditional precursors. 

Kaolin, diatomite, attapulgite and montmorrillonite clays of different regions of world are 

reported as a sustainable raw material for chemical silicon and aluminium source for zeolite 

Y synthesis [3]. Kaolin clay predominantly consists of kaolinite (Al2Si2O5(OH)4) which 

possess a 1:1 structurally layered structure comprised of silica (SiO4) tetrahedral sheet and 

alumina (AlO6) octahedral sheet and having the required SiO2/Al2O3 ratio. The conventional 

hydrothermal synthesis requires long-term crystallization with a low product yield via batch 

production in an autoclave with low production efficiency. Thus, facile green synthesis 

methods like ultrasonication [4] for zeolites have been focused on as they increases the 

crystallization rate using mild reaction condition and also enhances the product yield. The 

driving force for sonocrystallization is acoustic cavitation [5] which generates high energy 

that facilitates the formation of radicals responsible for the primary nucleation and crystal 

growth in the crystallization process [6]. 

 

Definition of the problem 

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; aging of reaction 

mixtures at ambient temperature (gel formation) followed by crystallization. The process 
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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 aging 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 affects the crystallization time, as well as the 

size and morphology of crystals, leading to shorter aging stage and faster crystallization rate. 

This results in homogeneous phase and crystalline products with uniform morphologies. 

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. 

   

Objectives and Scope of work 

➢ Synthesis of zeolite Y by using novel material.  

➢ Synthesis of zeolite Y by using novel method.  

➢ Confirmation of formation of zeolite Y by multiple characterization techniques. 

➢ Application of synthesized zeolite Y as a catalyst.  

 

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. 

 

Methodology of research 

Kaolin and Bentonite clay were acid treated and synthesis of zeolite Y was attempted. The 

synthesis of zeolite Y was also tried by sonication method.  The synthesized zeolites Y were 

compared with a standard reference zeolite Y prepared by standard procedure and a 
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commercial zeolite Y obtained from Zeolyst international. The application of synthesized 

zeolite Y was checked as a catalyst in esterification reaction. Fig. 1 shows the experimental 

approach. 

 

Fig. 1. Experimental approach 

 

A. Experimental 

1.  Zeolite synthesis- Reference (RZeoY) 

The RZeoY was synthesized from feedstock gel which is the main silica alumina source 

following standard procedure as described in literature [7]. 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 aging 

(24h) at room temperature. The feedstock gel having molar ratio 4.30 Na2O : 1Al2O3 : 10SiO2 

: 180H2O was prepared following the similar method as of seed gel described above. Feed gel 

was used immediately without aging. 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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2. Zeolite Y synthesis by using Novel Material  

2.1 Clay treatment 

2.1.1 Acid treatment of kaolin clay: 

The kaolin clay was provided by M/s Gunjan Minerals Pvt. Ltd., Bhuj, Kachchh. The sample 

was procured from Kachchh region mines located at 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. 100g of raw kaolin clay (150μm) was taken in a round bottom flask with a reflux 

condenser and 400ml of concentrated 10M H2SO4 was added. The acid treatment was also 

done with different acid strength. The mixture was slowly heated up to 110oC and maintained 

at that temperature for 4h followed by rapid quenching with ice cold water. The acid treated 

powder was washed with distilled water multiple times to remove unspent acid. The powder 

was separated from solution by filtration using Whatman filter paper. The wet cake was dried 

in a hot air oven at 110oC, followed by calcination at 600oC in a muffle furnace under open 

air condition for 4h. The dry sample was ground using mortar and pestle to powder form. Fig. 

2 shows the methodology in nutshell. 

 

2.1.2 Acid treatment of bentonite clay 

The Bentonite clay was acquired from M/s Gunjan Minerals Pvt. Ltd., Bhuj, Dist: Kachchh, 

Gujarat which was mined from Kachchh region of India. The mines located at Vandh, 

Mandvi (Latitude: 23.09325, Longitude: 69.48685). Similar steps for acid treatment were 

followed as described in previous section. 

 

2.2  Zeolite Y synthesis from kaolin clay (KZeoY) 

Activated kaolin was mixed with aqueous NaOH solution and fused in a muffle furnace at 

800oC 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 

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 24h at 50°C for aging followed by crystallization for 48h 

at 100°C in an oven. On cooling, the solid (containing the NaY zeolite) 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. 
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Fig. 2. Acid treatment of clay 

 

 

Fig. 3. Zeolite Y synthesis from kaolin clay 

 

2.3  Zeolite Y synthesis from bentonite clay 

The synthesis of zeolite Y from treated bentonite clay was tried by varying parameters but 

could not be materialized. It seemed that because of the presence of high percentage of Fe2O3 

and almost complete removal of Al3+ ion due to acid leaching, the Si/Al ratio could not be 

adjusted as desired. Hence, it did not lead to formation of required structure of zeolite Y. 

 

3. Zeolite Y synthesis by using novel method  

3.1  Zeolite synthesis by ultrasonic method 

Zeolite Y is synthesized by Ultra sonication (UZeoY). 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 : 
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1Al2O3 : 10 SiO2 : 180 H2O was prepared following the similar method as of seed gel. Feed 

gel was used immediately without aging. 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 ultrasonic processor (20 kHz, 500 Watts) with 

different time of 90min. Finally the sample was treated hydrothermally without 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. 

 

4. Ion exchange by NH4NO3 

Before applying as catalyst, UZeoY, RZeoY and KZeoY were altered into H form of zeolite 

Y by using ion-exchange method. First the zeolite Y was dissolved in 1N 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. 

 

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. In 

this work, 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. 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. 
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6. Characterization techniques 

The chemical composition of samples was determined using Energy Dispersive XRF 

spectrometer EDX-7000 of SHIMADZU Corporation, Japan. Porosity and surface area 

measurements were done by N2 adsorption/desorption isotherms at −196°C using the 

Micromeritics Instruments Corporation (TriStar II 3020). The samples were first outgassed at 

200°C for 2h, at 5×10−3 mmHg  and then at room temperature for 2h, at 0.75×10−6 mmHg 

before measurement. XRD powder patterns were recorded using a Rigaku Miniflex (Cu-Kα 

nod material) with continuous scanning rate of 2°/min, generator settings of 10 mA and 40kV 

at the Bragg’s angle 2θ range 3–40°. The scanning electron microscope (SEM) images were 

acquired using ZEISS Gemini Sigma 300 microscope.  

 

B. Result and Discussion 

1. Characterization of acid treated clay 

  1.1 Acid treated 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. The Kaolin clay was treated with 10 M H2SO4 which 

increased the Si/Al ratio from 1.3 to 2.4, surface area from 10.322 to 54.193 m2/g and pore 

volume from 0.041 to 0.152 cm3/g. The XRF analysis indicated that the metal oxides in 

treated clay decreased with increasing acid strength; consequently increasing the SiO2 

content. SEM micrographs displayed gradual disaggregation and decrease in the size of clay 

structure with an increase in acid strength. TG-DTA study confirmed the removal of 

structural water. FTIR and X-ray diffraction analysis indicated metal removal creating a large 

degree of structural disorder resulting in reduced crystallinity and leading towards the 

amorphous phase. BET study confirmed the formation of additional mesopores.  

 

  1.2 Acid treated bentonite clay 

The 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 H2SO4 

resulted in increase in SiO2 content from 51% to 71% subsequently increasing the Si/Al ratio 

from 2.25 to 4.04. The FTIR and DTA analyses showed that increase in acid strength 

enhanced dehydroxylation by removal of large amount of structural water accompanied by 

substantial leaching of Al3+ ions from the octahedral and tetrahedral layer leading to 

disintegration of the clay sheet [8]. XRD result confirmed considerable structural 



9 
 

disorderliness with increase in acid concentration resulting in amorphous nature. The N2 

adsorption-desorption study 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. The 5M H2SO4 treated bentonite clay having surface area (305 

m2/g) and pore volume (0.113 cm3/g). This result clearly demonstrated that acid treatment is 

an effective way of preparing porous activated bentonite clay which can be a potential source 

of alumina silica in synthesis of zeolite. 

2. Characterization of reference Zeolite Y (RZeoY) 

The reference zeolite Y (RZeoY) is examined by multiple characterization techniques and 

compared with commercial sample of zeolite Y of Zeolyst international (CZeoY). XRD 

exhibited well-resolved peaks in the high 2θ region of 3-40o; the peak positions are nearly 

identical with CZeoY demonstrating that RZeoY achieved good crystallinity. Lattice 

parameter (Table 3) and Miller indices were matched with standards. Well-dispersed 

morphology & comparable crystallinity was confirmed by scanning electron microscopy. 

BET surface area of 570 m2/g & 0.31 cm3/g 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 sample. 

 

 

 Fig. 4. XRD and N2 adsorption-desorption isotherms of RZeoY and CZeoY 

 

 

3. Characterization of zeolite from Kaolin clay (KZeoY) 

a) Compositional analysis 

The KZeoY is rich in silica (64.99%) and alumina (21.021%) which is considered as main 

elements along with MgO, CaO, K2O, Fe2O3 and MnO which are present in trace form (Table 

1). 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 

RZeoY 

CZeoY 
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SiO2/Al2O3 ratio of KZeoY and RZeoY was determined at 3.09 and 3.03 respectively which 

was between 2.5 to 3, usually required for zeolite Y [3]. 

 

Table 1 Composition of raw kaolin clay and synthesized zeolite Y 

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 

 

b) XRD study 

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. 5). 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 34.6o(390), which 

matched well with standard zeolite Y according to the International Zeolite Association, 

(AIZ, 2017). The small differences observed are attributed to the presence of impurities such 

as Fe2+, Ti2+ and Ca2+ in the parent clay. In KZeoY first peak of 6.18 showed Miller indices 

of 111 which confirmed the face centered cubic (FCC) structure of zeolite Y. The lattices 

constant was calculated (Table 3) from XRD data in both the cases and were 24.65Å and 

24.77Å for KZeoY and RZeoY respectively conforming to the reported values. For the 

KZeoY and RZeoY samples, the crystallinity was 76.34% and 72.35% respectively indicating 

both were at par, when compared with CZeoY.  

 

 

Fig. 5. XRD of KZeoY and RZeoY 

RZeoY 
 

KZeoY 
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c)  SEM analysis 

The SEM images of the raw kaolin, KZeoY and RZeoY are presented in Fig. 6. The SEM 

micrograph of raw kaolin clay (Fig. 6a) 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. 6b) 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 

[9]. The growth of the crystal increases with crystallization time and 48h is optimal for the 

synthesis of zeolite Y from kaolin clay. 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 [10]. 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. Boundaries of individual crystals were 

clearly visible. Overall the SEM study was in agreement with the mineralogical composition 

of the synthesized zeolite. 

 

 

Fig. 6. SEM images of (a) raw kaolin clay (b) KZeoY (c) RZeoY. 

 

d)  N2 adsorption-desorption study 

Table 2 compares the textural properties of raw kaolin and zeolite Y obtained from the two 

routes based on N2 adsorption-desorption study. 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 

(a) (b) (c) 
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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 m2/g) was 

found to be lower than RZeoY (571 m2/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 

more percentage of mesopores in KZeoY. The VBJH was slightly higher in RZeoY, but 

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. 

7a 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/Pº< 0.01) was a result of the filling of the micropores in zeolite [11] which is 

less in KZeoY compared to RZeoY.  KZeoY exhibited uptake at high relative pressure (0.85 

< P/Pº < 1.0), which showed presence of more mesopores compared to RZeoY. Fig. 7b 

displayed that the pore diameter up to 50nm 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. 7. (a) N2 adsorption-desorption isotherms and (b) Pore volume distribution of KZeoY and 

RZeoY. 

 

Table 2 Textural properties of raw kaolin clay and KZeoY 

 

Material Surface Area (m2/g) Pore volume (cm3/g) 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 

(a) (b) 
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4. Characterization of zeolite synthesized by ultrasonic method (UZeoY) 

a) XRD study and  Compositional analysis 

The XRD pattern exhibited well-resolved peaks in the high 2θ region of 3-40o (Fig. 8). The 

peak positions are nearly identical with RZeoY and CZeoY 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 aging methods promoted 

the formation of zeolite Y by enhancing the rate of nucleation and shortening the 

crystallization time during the crystallization process. The lattices constant was calculated 

from XRD data in both the cases (Table 3) 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. 8. XRD of synthesized UZeoY, RZeoY and CZeoY 

 

Table 3  Lattice parameter of all zeolite Y  

Type of zeolite a in Å 

CZeoY 24.68 

RZeoY 24.77 

KZeoY 24.65 

UZeoY 24.67 

 

 

b) SEM study 

UZeoY 

RZeoY 

CZeoY 
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The SEM images of figure 9 shows the crystals of zeolite obtained during the ultrasound 

treatment and CZeoY. The UZeoY particles exhibited close nanocrystal aggregates having 

uniform particle size distribution with slight reduction in size compare to CZeoY. The 

physical phenomenon involved in sonication is acoustic cavitation that generated 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 [12]. This well-dispersed morphology & 

with the highest crystallinity, minimize the diffusion length of reactant molecules into the 

pores and correspondingly the products out of zeolites.  

 

    

Fig. 9. SEM images of (a) CZeoY and (b) UZeoY. 

 

c) N2 adsorption-desorption study 

The UZeoY textural properties were measured from nitrogen isotherms (at 77 K) and are 

listed in Table 4. The zeolites obtained in this work presented 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 is 1.75 nm which is minimum 

pore size and VMicro is 0.298 cm3/g is 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. 10a) 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 shows higher N2 adsorption capacity than 

the RZeoY obtained by conventional hydrothermal method because of its higher crystallinity. 

Moreover, the very small hysteresis loops in isotherm curve for the porous monocrystalline 

UZeoY at relative high pressure suggest some mesoporous presence compared to RZeoY. 

This result is visible in Fig. 10b of pore distribution by BJH model. The material 

mesoporosity results from filling of intercrystalline voids shaped in the nanocrystals packing 

due to their morphology [13]. 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. 

(a) (b) 
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Table 4 Textural properties of synthesized UZeoY, CZeoY and RZeoY 

 

   

Fig. 10.  (a) N2 adsorption-desorption isotherms and (b) Pore volume distribution of UZeoY and 

comparison with references 

 

5. Application of all synthesized zeolite Y as catalyst 

XRF characterization after ion-exchange process and calcination (Table 5) indicated that Na-

cations from both zeolites (KZeoY and UZeoY) were detached and replaced with NH4
+ 

which subsequently became H+ after calcination [14]. This also indicated formation of active 

acid sights required for reaction.  

 

Table 5  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 

 

The catalytic applicability of H form of RZeoY, KZeoY and UZeoY were explored for 

esterification reaction. A bioplatform molecule succinic acid (limiting reactant) was reacted 

with ethanol (excess reactant) for producing monoethyl and diethyl succinate. The scheme of 

reaction is presented below in figure 11. The mechanism of esterification reaction is the 

protonation of succinic acid (1,4-butanedioic acid), followed by nucleophilic attack of 

alcoholic groups to yield respective monoesters. It is a reversible reaction and hence 

thermodynamically limited but assuming that the reaction is irreversible, first order and  
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 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 
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UZeoY 751 34.88 34.55 716.95 0.032 0.297 3.7 1.75 
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isothermal [15]. To overcome the equilibrium limitation and to increase the yield, ethanol 

was supplied in excess amounts. The carboxylic group present in the monoester gets further 

esterified following the same mechanism that resulted in the formation of diester. The 

optimised condition is decided after considering the influence of molar ratio of the reactants, 

catalyst concentration, temperature and reaction time. 

 

 

Fig. 11.  Reaction of succinic acid with ethanol 

 

The conversion of succinic acid was 72% and 76% with KZeoY and RZeoY respectively 

(Table 6). No significant difference was observed in conversion of succinic acid 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 

showed 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 molecules act 

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 [16]. This result confirmed that the initial active sites were 

used in conversion of succinic acid and consequently the reaction progressed (Fig. 12). More 

hydrophobic esters were produced due to presence of hydrophobic environment in active 

catalyst pore which encouraged partition of succinic acid molecules [17]. 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 60% with usage of KZeoY. Fig. 12 showed the consecutive 

decrease in the concentration of monoester with increase in diester concentration with time.  

The yield of the diester is also compared with other catalysts as reported in literature. It is 

observed that significantly higher yield of diester is obtained for high acid to alcohol ratio 

[17]. Similarly more reaction time and higher amount of catalyst also resulted in higher 

diester yield [15,18]. The performance of present synthesized KZeoY catalyst is also at par 

by obtaining reasonably good yield of diester at moderate reaction condition. Furthermore, 
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the catalyst could be easily recovered from the aqueous reaction mixture by filtration and 

subsequently regenerated and reused.  

 

Table  6  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 

KZeoY 72 40 60 

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: 72oC 

 

 

 

SA: Succinic acid; MES: Monoester; DES: Diester 

Fig. 12. Catalytic activity of Y zeolites [(a) KZeoY and (b) UZeoY] with time on stream 

 

The highest conversion 82% of succinic acid was achieved with UZeoY (Table 6). This was 

even more than CZeoY. The UZeoY presented high BET surface, attributed to nanocrystals 

with a uniform morphology which are dispersive among each other; thus, leading more cell 

crystals and more pore mouths exposed and 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 crystallites present in the material. The SEM image proved well-

dispersed morphology & 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. Apart from that the 

reactant and product molecule size also play a key role [16]. This result confirmed that the 

initial active sites were used in conversion of succinic acid and consequently the reaction 

(a) (b) 
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progressed (Fig. 12). More hydrophobic esters were produced due to presence of hydrophobic 

environment in active catalyst pore which encouraged partition of succinic acid molecules 

[17]. 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. 12 

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 present synthesized UZeoY catalyst is worthy by 

obtaining very high yield of diester at moderate reaction condition. Furthermore, the catalyst 

could be easily recovered from the aqueous reaction mixture by filtration and subsequently 

regenerated and reused. 

A plot of −ln(1−conversion) versus reaction time for reactions carried out at 72°C is shown  

in Fig. 13 for both zeolites (KZeoY and UZeoY) . This plot shows a near linear character 

over both the zeolites. This suggests a first-order dependence of the rate of the reaction on 

succinic acid concentration [19]. The initial assumption of irreversible first order reaction is 

matched with result. The rate constants calculated from the slopes of plots in Fig. 13 are 

given in Table 4. The rate constants for RZeoY and CZeoY is also calculated and given in 

Table 4. 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 on 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 with the highest crystallinity of UZeoY. 

 

 

Fig. 13. Plot of the conversion with time for (a) KZeoY and (b) UZeoY 

 

       

  

(a) (b) 
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     Table 7  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 

 

Achievement with respect to objectives  

➢ The kaolin clay of Kachchh region of Gujarat of India is successfully used as a precursor 

(acted as an alternate natural source of silica-alumina) for synthesis of zeolite Y (KZeoY). 

➢ Multiple characterizations confirmed the formation of zeolite Y with SiO2/Al2O3 ratio of 

3.09, specific surface area 320 m2/g, pore volume 0.22 cm3/g and average pore diameter 

2.89 nm. The XRD & SEM micrographs are matched with standards. The crystallinity was 

76% having lattice parameter 24.65 Å. The KZeoY is compared with reference zeolite Y 

(RZeoY) and was found at par. 

➢ Indicated an efficient way of preparing porous zeolite Y from natural source having high 

SiO2/Al2O3 ratio and required active sites with potential multiple applications. 

➢ Novel ultrasonic technique is used to synthesize zeolite Y (UZeoY).  

➢ Detailed characterization confirmed formation of UZeoY with 98.01% crystallinity, 24.67 Å 

lattice parameter, BET surface area 751 m2/g, pore volume 0.33 cm3/g and average pore 

diameter 1.8 nm.  

➢ Detailed structural comparison of both the synthesized zeolites (KZeoY and UZeoY) with a 

standard reference zeolite Y prepared by standard procedure (RZeoY) and a commercial 

zeolite Y obtained from Zeolyst international (CZeoY).  

➢ The synthesized zeolites (KZeoY and UZeoY) was applied as a heterogeneous catalyst in 

esterification reaction. KZeoY resulted in 72 % conversion whereas UZeoY showed 82 % 

conversion of succinic acid into esters. Both the reaction showed first order behaviour with 

rate constant of 0.39×10-4 s-1 and 0.52×10-4 s-1 respectively.  

 

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 potential and untapped raw material for synthesis of zeolites. The alternate 

novel green way of synthesis of zeolite was attempted by using ultrasonication effect. This 
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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 sample 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 inexpensive and simple way of preparation of 

environmentally benign catalyst, which has a good potential for application in various 

chemical industry. 

 

Future scope of work 

Kachchh Kaolin clay indicated to be a good raw material to synthesize zeolite Y. The 

synthesized zeolite Y possessed good structural properties. The process conditions can be 

further fine-tuned or changed to produce better quality of zeolite Y with improved surface 

area and pore volume. The same method with required modifications can be used for 

synthesis of other types of zeolites. Other types of clay like Montmorillonite, Ball etc. which 

is abundantly available in the Kachchh region can be checked for their suitability as a raw 

material for zeolite 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. Understanding the 

reaction mechanism with elaborated kinetic study can improve the yield of diethyl succinate. 

The same zeolite Y can be used as a catalyst in other reactions. Also the performance of the 

zeolite Y in other application such as adsorbent, absorbent may be explored. 
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