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Abstract 

 A range of nano-structured materials were prepared and utilised in this work as 

catalysts for the production of biofuels and platform chemicals. Titanosilicate (ETS-10), 

Linde type-zeolite A, faujasites (FAU), zeolite MAP and sepiolite, were synthesised or 

modified with potassium containing compounds using ion-exchange or impregnation. In 

addition, several commercially available zeolites, for instance, FAU, mordenite (MOR), beta 

(BEA) and MFI (ZSM-5) as well as Linde type-zeolite L (LTL) were exposed to a variety of 

acid and base treatments accompanied by surfactant templating approach, which led to the 

introduction of intracrystalline mesoporosity. The resulting materials were characterised in 

detail by the variable temperature in situ X-ray diffraction, N2 adsorption-desorption, 

transmission electron microscopy with energy dispersive X-ray analysis, temperature-

programmed desorption (CO2-TPD), solid-state NMR and in situ FTIR spectroscopy using 

adsorption-desorption of different probe molecules in order to evaluate their structure - 

catalytic performance relationship in the conversion of feedstocks via different reactions. A 

wide range of parameters was utilised in order to optimise the reaction conditions. Although a 

high yield of fatty acid methyl esters was achieved in transesterification reactions in the 

presence of K-containing sepiolite, this system showed significant deactivation due to its 

structural degradation and loss of the active component during the reaction and regeneration 

cycles. In contrast, zeolite K-MAP and other K-form materials demonstrated a significant 

improvement in catalytic performance in the methanolysis of bio-oil compared to other 

materials, which can be attributed to its nano-particle morphology and high basicity. The 

strength of basic sites has a greater impact on the activity of the catalyst than their 

accessibility in the transesterification reactions. 
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 The superamolecular templating approach was successfully applied to generate 

catalysts with tunable porosity for the microporous materials with the pores constructed by 

12- (large pores) member ring windows in their pore topologies. It was found that the 

removing of oleic acid from grapeseed oil can be enhanced with acid sites and ideal pore size 

of zeolites. Furfural conversion over hierarchical zeolites was increased compared with the 

parent form. Nevertheless, basic zeolites exhibit high selectivity toward the desired reaction 

products in the aldol condensation reaction. In addition, mesostructured FAU zeolite 

demonstrated significant improvement in catalytic activity for both reactions as a result of 

increasing the accessibility of such molecules to the zeolite acid sites where the reaction takes 

place.This study suggested that the introduction of secondary pores systems in the zeolites 

might be the effective route for improved accessibility of active sites and enhanced catalytic 

activity.  
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Chapter 1  

Introduction  

 

1 Overview 

 The ongoing depletion of fossil-based resource (oil, coal and natural gas) and the 

detrimental accretion of greenhouse gases have driven research focusing on sustainable 

alternatives to current fossil fuels industry in the recent years. 

 Among these renewable resources, biomass including lignocellulosic and triglycerides 

feeds is an inexpensive and sustainable renewable carbon source to upgrade into liquid fuels 

and chemicals via biorefining catalysis processes, in a similar way that crude oil is utilised 

today. Therefore, improved catalyst stability, reusability and high selectivity for the biomass 

conversion products can be considered as crucial prospects for this industry. [1-3]. 

 Biodiesel is a particular type of biofuel, it can be defined according to the American 

Society for Testing And Materials (ASTM ) as “ a fuel comprised of mono-alkyl esters of 

long-chain fatty acids derived from vegetable oils or animals fats, designated B100 ” [4]. 

 Typically, oils and fats have the major components which are called ‘Triglycerides’ 

(TGs); the esters of fatty acids and glycerol; these can be seen in Figure 1.1. At the same 

time, there is a free form of fatty acids (FFA), which have been produced during the 

hydrolysis of TGs, which typically have between 4 and 24 carbon atoms. Common FFA in oil 

and fats are linear molecules such as palmitic acid (16:0), stearic acid (18:0), oleic acid 

(18:1), linoleic acid (18:2), and linolenic acid (18:3) [5,6]. For example, oleic acid (18:1) 

refers to fatty acid, 18 is the number of carbon atoms in the chain and 1 represents the number 

of double bonds in the fatty acid. 
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Figure 1.1 Chemical structures of TGs.
 

 Generally, biodiesel is a mixture of fatty acid methyl ester (FAME) obtained via the 

transesterification reaction of vegetable oils or fats. Biodiesel could be used in pure form 

B100 or it might be mixed with petrodiesel. However, it is impossible to use the B100 as an 

alternative to diesel fuel in a diesel engine without significant modification in this engine 

unless it matches the standards properties of biodiesel: ASTM D 6751-07b and EN 14214-03 

[7]. Therefore, mixtures containing between 5% (B5) and 20% (B20) are employed in 

different countries. 

 Nowadays, approximately 60-80% of the cost of biodiesel depends on the price of 

feedstock which is used in the production of biodiesel [8-10]. It should be noted that 

feedstock is divided into three categories: edible oils, non-edible oils, and waste oils or 

animal fats, the quality of biodiesel is related to the amount of saturated and unsaturated fatty 

acids in the oils. For example, feedstock with a high amount of saturated fatty acids gives 

good characteristics for combustion and oxidation stability. Whereas, poor storage stability 

can be found for highly unsaturated fatty acids [11]. 

 Although the majority of biodiesel is still obtained from edible plant oils, the biofuel 

production market is set to change. One of the problems is highlighted by the ‘food vs. fuel’ 
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debate. The criticism focused on the related danger that probably occurred in the continuous 

use of edible oils for biodiesel production in countries such as USA, Brazil, European nations 

and Asia, these problems vary as global food security, occupied fertilised land for specified 

feedstock and deforestation [1]. The higher molecular mass TGs, which are highly viscous 

molecules with low volatilities, may form deposits in biodiesel engines [12]. All these 

problems call for a new generation of feedstock with high oil content and lower cost of 

cultivation such as non-edible plant oils, waste oils, and algae. The fatty acid profile for some 

oils can be seen in Figure 1.2 below [4]. 

 

 

Figure 1.2 Composition of a fatty acid profile in different oil feedstock adapted from ref. [4]. 
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 Furfural, which is available from renewable sources, deserves attention as a good 

candidate platform for furanic biofuels and chemicals through hydrogenation, oxidation, 

etherification, and aldol condensation. Among these fuels and chemicals: 2, 5-Dimethylfuran, 

2-methylfuran and ethyl levulinate (Figure 1.3). [13-14]. 

 

Figure 1.3 Upgrading furfurals into furanic biofuels and chemicals adapted from ref. [14]. 

2-methylfuran Furfural 

Ethyl levulinate 



5 

 

1.1 Technology for biofuels and chemicals production 

 There are numerous reactions/processes for the production of second-generation 

biofuels and chemicals from biomass or biomass-derived molecules, which is non-edible 

feedstocks, such as, cracking, aromatisation, oligomerisation, and hydroprocessing. However, 

it can be summarised in the common processes as the following: 

 1.1.1 Transesterification reaction (Alcoholysis) 

 Transesterification is the reversible reaction between TGAs in oils or fats with three 

simple linear alcohol molecules in the presence of an acid or base catalyst, using a 

homogenous or heterogeneous catalytic reaction to produce three molecules of monoester and 

glycerol. The reaction is shown in Figure 1.4. 

 

Figure 1.4 Transesterification reaction. 
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1.1.2 Esterification reaction 

 This reaction takes place between the FFA (present in a mixture with TGs) and small 

linear alcohol molecule in the presence of an acid or base catalyst in order to form FAME. 

Using a base catalyst in this reaction is suitable with high reaction temperature, and the 

esterification reaction is appropriate for feedstock containing over ~ 4% of fatty acids, the 

mixture then is converted to biodiesel via transesterification reaction [2]. The reaction is 

shown below in Figure 1.5. 

 

Figure 1.5 Mechanism of esterification reaction adapted from ref. [2].  
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1.1.3 Aldol condensation reaction 

 This reaction is a furan coupling including acid and /or base catalysed condensation of 

furfural with a ketone to produce mono- and/or difuryl components. Basic catalysts exhibit 

high selectivity toward the desired reaction products compared to acidic catalysts. This 

reaction is a promising route to generate molecules with longer carbon chains such as diesel-

range hydrocarbons via hydrodeoxygenation to alkanes (Figure 1.6) [14]. 
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1.2 Designed and optimised solid catalysts for biofuel and green platform chemicals 

production 

1.2.1 Homogeneous catalysis for biofuel synthesis 

 In industry, sodium and potassium hydroxide can be used in the alkali-catalysed 

production of biofuels via transesterification and aldol condensation reactions, due to high 

activity and low economic costs [11,15]. Although the above reaction is economically 

possible, it should meet certain reaction conditions for biodiesel synthesis. Freedman and 

Pryde [16] reported typical reaction conditions for FAME synthesis (Table 1.1). Whereas, 

Canakci and Van Gerpan [17-18] indicated that the amount of FFA in feedstock used in 

transesterification should not exceed 3% since the presence of FFA can increase the amount 

of soap. The soap formation led to rising viscosity of the mixture and difficulties in separation 

of the obtained ester layer from this mixture. 

 

 

 

 

 

 

 

 

 

 

 

 

 



10 

 

Table 1.1 Typical reaction conditions for biofuel synthesis using homogenous base catalysis 

[17-18].
 

 

 One of the potential problems in this reaction is immiscibility between the oil and 

alcohol phases. This can be overcome by increasing the temperature of reaction or using co-

solvent such as diethyl ether (DEE), acetone and tetrahydrofuran (THF). Although there are 

some limitations associated with these approaches, especially an energy-consuming stage and 

difficulties in the recuperation of the co-solvent, Hsiao et al. [19] concluded that a high 

biodiesel yield can be obtained by adding THF as the co-solvent in the transesterification of 

oil and that co-solvent can be easily recycled. Furthermore, Cravotto et al. [20] found that 

microwave heating can be efficiently utilised for the production of biodiesel with short 

reaction time. 

 The acidic catalyst has been designed for high FFA and water contents in fatty 

materials especially in the waste cooking oils and low-grade oils; it does have benefits to 

Base-Catalysed Biofuel Synthesis 

Feedstocks 

Triglyceride mixtures with low free fatty acid 

contents (<0.5%) e.g., Refined vegetable oils+ 

Anhydrous short chain alcohol 

Alcohol-to-oil molar ratio (recommended) 6:1 

Temperature 60 - 65 °C
 

Pressure 1.4 - 4.1 bar 

Catalyst KOH, NaOH 

Catalyst amount to Oil 0.5 – 2 wt% 

Conversions ≥95% can be expected after 1 hr. reaction 
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decrease the cost of purification [21-22]. Sulphuric acid, hydrochloric acid and other mineral 

acids, which can be considered as an acid catalyst for transesterification, are corrosive 

materials. Also, the reaction rate is slower as compared with transesterification under base-

catalysed conditions and therefore a higher temperature is required [11,21]. 

 Indeed, Mittelbach [11] stated that “for vegetable oils or animal fats with an amount 

of free fatty acids over approx. 3% two strategies are possible. The free fatty acids can either 

be removed by alkaline treatment or can be esterified under acidic conditions prior to the 

alkaline catalysed transesterification reaction”. Zhang et al. [23] reported the reaction 

conditions in the acid-catalysed synthesis of waste cooking oil as listed in Table 1.2. 

Table 1.2 Typical reaction conditions for biofuel synthesis using homogenous acid catalysis
 

[23].
 

Acid-Catalysed Biofuel Synthesis 

Feedstocks 

Triglyceride mixtures with high free fatty acid 

contents (>4%) e.g., waste cooking oil+ 

Methanol 

Alcohol-to-oil molar ratio (recommended) 50:1 

Temperature 80 °C
 

Pressure 4 bar 

Catalyst Sulphuric acid  

Catalyst amount to Oil (molar ratio) 1.3:1 

Conversions 97% is expected after 4 hr. reaction 

 

 There is another reaction that contains acid esterification and alkaline 

transesterification because it can remove the high level of FFA in the feedstock to suitable 

FAME by acid-catalysed (pre-esterification) then the TGs converted to biodiesel using base-
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catalysed. Canakci and Van Gerpen [18, 24] demonstrated the optimum conditions for this 

synthesis through two observations using sulphuric acid as a catalyst and it is shown in Table 

1.3 below. Furthermore, the conversion to biodiesel has been achieved by other researchers 

using a one-step procedure which combines both the pre-esterification and esterfication [24-

25]. 

 This route, proposed for difficult feedstocks, has two main drawbacks. Firstly, it is 

essential to remove water that could influence the formation of soaps, and secondly, it is 

necessary to remove the acid catalyst from the reaction mixture after pre-esterification. 

 Therefore, considerable research has been focused on solving these problems by using 

solid acid catalysts (heterogeneous catalysis), which can remove from the reaction mixture 

[25]. 
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Table 1.3 Typical reaction conditions using Two-step Acid-Base biofuel Synthesis [18, 24]. 

 

Two-step Acid-Base biofuel Synthesis: acid catalysed pre-esterification 

Feedstocks 

Triglyceride mixtures with high free fatty acid 

contents (>4%) e.g., yellow and brown grease+ 

Methanol 

First esterification step (20%FFA) 

Alcohol-to-oil molar ratio (recommended) 20:1 

Temperature 60 - 70 °C
 

Pressure 1.4-4.0 bar 

Catalyst Sulphuric acid  

Catalyst amount to Oil 5-10 wt% 

Reaction time 1 hr. 

second esterification step (40%FFA) 

Alcohol-to-oil molar ratio (recommended) 40:1 

Temperature 60 - 70 °C
 

Pressure 1.4-4.0 bar 

Catalyst Sulphuric acid  

Catalyst amount to Oil 5-10 wt.% 

Reaction time 1 hr. 

Esterification Reduce FFA levels to <1%  
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1.2.2 Heterogeneous catalysis for biofuel synthesis 

 The production of biofuel can be made more economically viable by recovering the 

used catalyst after the reaction is completed and by eliminating further separation processes. 

Broadly speaking, liquid catalysts (in homogeneous systems) cannot be reused and the 

reaction products require purification, which results in an additional cost for the production of 

yields. In this regard, solid catalysts may be a viable alternative potentially offering low-cost, 

high stability and the ease of separation. 

 Indeed, when a solid catalyst was used, the reaction rate correlated with the molar 

ratio of reactants and reaction temperature. Moreover, in order to understand the kinetics of 

this type of reaction, the amount and strength of the active sites for heterogeneous catalysts 

should be determined [1]. Lee et al. [3] indicated that “a catalyst with hydrophobic surface is 

important to improve the adsorption of feedstock and to prevent the deactivation of catalytic 

sites by the strong adsorption of polar by-products such as water and glycerol”. They also 

noted that the transesterification reaction conditions such as catalyst loading, microwave 

heating, and ultrasonication can enhance the conversion yield of product.  Other researchers 

concluded that although the catalyst activity is crucial in methyl ester production, the reaction 

conditions should take into account the sort of feedstock in order to obtain a high yield of 

biofuel [26]. 

 Regarding the metals activity in transesterification, Suppes et al. [27] examined the 

catalytic activity of nickel and palladium in contact with stainless steel and cast iron. They 

concluded the transesterification reaction activity can be associated with the metallic surface 

of the reactor vessel. 

 It has been reported that the titanates promoted the Lewis acid mechanism through the 

nucleophile attack of reactants during transesterification reaction. Thus, this complex has the 
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ability to activate the reaction [28]. Similarly, titanium complexes have shown relative 

activity in transesterification reaction but there is no evidence of using the above complex on 

the industrial scale [29]. However, the exploiting of the metallic complexes as heterogeneous 

catalysts in the production of FAME can be associated with some difficulties in their removal 

processes. Thus it is necessary to optimise the reaction conditions in order to achieve high 

yield. 

 The basic behavior of some solid catalysts is linked to the active site on the surface of 

the catalysts. These types of catalysts have the best potential for the production of biofuel, 

and although the reaction is carried out at a slow rate it is much easier to recover the active 

catalyst from products by a relatively low-cost separation procedure. For instance, a basic salt 

of zirconia was utilised by Saha and co-workers as an effective basic catalyst for high 

selectivity of C9 aldol product without significant loss in catalytic performance [30]. 

 The biggest challenges for utilising alkaline catalysts in transesterification reaction are 

the preserving of catalyst integrity and catalyst resistance towards the water as well as the 

feedstock with high contents of FFA [31]. 

 Due to high amounts of FFA in non-edible and waste cooking oils leading to an 

increase in the soap formation and diminishing the FAME yields, there have been a few 

attempts to raise the biodiesel yield at high FFA contents in oils using alkaline catalysts or to 

catalyse both esterification and transesterification reactions simultaneously. 

 Perin et al. [32] have examined the activity of the supported catalyst of alumina, 

which is prepared as (Al2O3/ 50% KOH) in the alcoholysis of castor oil. Under a molar ratio 

of methanol to castor oil at 6:1, 10 wt% of the catalyst at 60°C using conventional heating for 

1 hr. or microwave heating for 5 min., 95% of FAME was obtained. The results showed the 

activity of the catalyst is decreased after 2 cycles. Vyas et al. [33] utilised a similar solid base 
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catalyst for transesterification of Jatropha curcas oil, 84% yield was obtained using 6 wt% of 

( Al2O3 / 35% KNO3), 70°C and 12:1 alcohol to oil ratio at 6 hrs. After four cycles the FAME 

percentage yield decline to 60%. Huaping et al. [34] adopted "superbase" in their work, by 

treating CaO with ammonium carbonate, for transesterification of Jatropha curcas oil. They 

achieved a 93% yield of biofuel for the following reaction conditions: 1.5 wt% of catalyst, 70 

°C
 
and molar ratio 9:1 methanol to oil at 150 min. 

 According to Babu et al. [35], the conversion could reach 97% with 5 wt % of FFA 

contents in some feedstocks at reaction condition 3:1 weight ratio of a strong alkaline catalyst 

Mg/La, 70°C and 53:1 methanol to oil molar ratio after 6hrs. Whereas, oils with 10 % water 

content gave ~100% conversion to biodiesel after 120 min. under the same conditions. Yacob 

et al. [36] concluded that mesoporous γ-alumina exhibited relative activity in 

transesterification reaction, if it is supported with 50% of NaOH, 81.2 % of FAME was 

achieved by utilizing 5 wt % of this catalyst in transesterification of rice bran oil at 67°C, 1:9 

oil to methanol ratio and the reaction time of 3 hrs. 

 There are five groups of solid base catalysts that can be classified as the following: 

1. Single component metal oxides : 

 In general, there are three types of these catalysts including alkali, alkaline-earth and 

transition metal oxides. It has been affirmed that the basicity of metal oxides is associated 

with metal ion (Lewis acid) and oxide ion (Brønsted base). Alkaline metal (Group II) oxides 

have good solubility in alcohol if compared with alkaline earth metal (Group I) oxides and the 

degree of basicity rising as MgO < CaO < SrO < BaO [37, 38]. An early study by Gryglewicz 

et al. [39] has been carried out to investigate the higher activity among different types of 

metal oxides, hydroxides, and alkoxides in methanolysis of Rapeseed oil. The findings 

showed that NaOH has a higher basic strength and gave a higher yield of FAME than Ba 
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(OH)2 and Ca(CH3O) 2. At the same time, there is no reactivity when CaO, MgO and 

Ca(OH)2 are used in this reaction. Ba(OH) 2 has the highest solubility in methanol and shows 

the best conversion of TGs to biodiesel. The study also concluded that a relationship between 

the relative sensitivity of alkali earth metal oxides and atmospheric CO2 contact, this might 

lead to the formation of carbonate and poisoning of the metal oxide. 

 The application of MgO, CaO, BaO and SrO catalysts for biodiesel production have 

been reviewed in the literature [1]. Despite its low basicity, MgO shows good results in 

biodiesel production. One interesting study on transesterification of oil using MgO with 

others transition metal oxides such as La2O3 ,CeO2, and ZnO. The results demonstrated a high 

ester conversion of 83% when using MgO as compared to other catalysts like CeO2 and ZnO. 

The highest ester conversion of 97% was observed for La2O3 catalyst [40]. 

 A similar study was related with structural morphology and surface area of MgO, this 

study was carried out using 3 wt% of nano-MgO, 250°C and at 12 min. the FAME yield 

achieved 99% in methanolysis of soybean oil [41]. 

 Gude and Martinez-Guerra [42] used 0.75 wt % of barium oxide in the 

transesterification of waste cooking oil under simultaneous microwave and ultrasound 

irradiation at 6:1 methanol to oil ratio, 70°C and for 120 min. reaching 93.5% product yield. 

Transesterification of virgin and used cooking oils under microwave heating and reaction 

conditions: using 1.85 wt % of SrO as heterogeneous base catalyst, 6:1 molar ratio and it is 

shown that for fresh oil the conversion reached 99% after 40 seconds as well as 93% for 

waste cooking oil after 360 seconds [43]. 

 Calcium oxide was used as a catalyst for the production of biodiesel by Kawashima et 

al. [44] and by other authors. It has shown a significant link between accelerating the rate of 

methanolysis for Rapeseed oil and the role of CaO-glycerine complex, this complex has been 

responsible to increase the transesterification reaction rate dramatically. Kouzu et al. [45] 
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found that the conversion of CaO to (Ca[O(OH)2C3H5]2) was an important intermediate step 

in this reaction. 

 The natural and waste resource has become an essential precursor element in the 

production of CaO catalyst, which can be utilized in the transesterification of oil. Suryaputra 

et al. [46] used 3 wt% of CaO which derived from waste capiz shells to catalyse the palm oil 

with yield 92.83% of biodiesel under the following parameters 8:1 methanol to oil molar 

ratio,60°C at 6hrs. Correia et al. [47] demonstrated that 94 % of produced biodiesel can be 

collected from the methanolysis of sunflower oil by catalysed under 3 wt% CaO which 

derived from crab and eggshells with 9:1 methanol to oil molar ratio and 60°C at 3 hrs.  

 Authors such as Rezaei et al. [48] confirmed that there is a strong possibility that re-

calcination procedure affects catalysis activity of CaO produced from mussel shells in the 

transesterification of feedstock oil. However, there was a noticeable decrease in the yield after 

five-run cycles. Calero et al. [49] revealed a new route for partial transesterification using 

CaO in methanolysis of soybean oil, which can reduce the further processes that related to the 

purification of product from glycerine. 

2. Doped and mixed metal oxides: 

 This has been established in order to introduce a powerful catalyst in biodiesel 

production. At the same time, some researches do not take into account the leaching of the 

active component from the surface of the catalyst. However, the mixing of the alkaline metals 

with a transition metal or rare earth metal oxides is indeed a challengeable mission in order to 

keep the surface area and pore size of the active site in the mixed metal oxide catalyst as well 

as the cost benefits [31]. 

 Meher et al. [50] examined the activity of 2 wt% CaO in methanolysis of Karanja oil 

using CaO doped with alkali metals (Li, Na, and K). The findings showed that a higher 

biodiesel yield can be obtained on Li-CaO. The yield depends on the FFA amount in oil, 
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94.9% can be obtained with FFA content less than 5.75% and this percentage has been 

decreased to 90.3% for higher FFA content. Similarly, Singh and Fernando [51] reported that 

with 2 wt% of mixed oxide catalyst of (Na, Li, and La2O3) for alcoholysis of soybean, the 

FAME yield reached 99% at 215 °C. Many studies have demonstrated that the composition 

and calcination temperature of the mixed oxides can have a significant effect on the activity 

of catalyst [ 52-55]. 

 

3. Zeolites : 

 Zeolites are generally referred to as solid acids. However, zeolite could be made basic, 

when they have been cation exchange as well as by changing the ratio between the Si/Al or 

by loaded impregnate of alkali metal salt in zeolite [31, 56]. Breck [56] defined the zeolites as 

“crystalline aluminosilicates of group I and II elements based on an infinitely extending three-

dimensional network of AlO4 and SiO4 tetrahedra linked to each other by sharing all of the 

oxygens”. 

 Several studies have been referred the basicity strength between the zeolite-X (Na-X) 

and Engelhard titanium silicate (ETS-10) used in methanolysis of oil during the ion-exchange 

method with alkali metals. The study showed that the amount of biodiesel with using Na-X as 

catalyst is less than the yield by ETS-10 because of the high basicity of catalyst and the pore 

dimensions of ETS-10, which facilitated the cation-exchange [27,57-58]. Although the Na-X 

has been reported as basic zeolite catalyst in biodiesel production, a more stable structure can 

be found in Na-Y [3]. The transesterification of soybean and jatropha seed oils using Na-Y 

zeolite loaded with a potassium source resulted in a higher yield of FAME when compared 

with Na-X zeolite at the same conditions [59, 60]. Similar findings have been reported for 

CaO supported zeolites (Na-Y, KL, and NaZSM-5); the results revealed that CaO/Na-Y gave 

the highest yield of biodiesel [61]. 
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4. Clay minerals : 

 Alves et al. [62] have indicated that although it is possible to change the crystalline 

structure of natural clay, there is no widely reported literature which showed utilising the clay 

as heterogeneous catalysts. Some works focused on transesterification of oils using natural 

clay minerals as catalysts, such as layered double hydroxide (LDHs), sepiolite, red mud, and 

bentonite. Indeed, the temperature of calcination and the ratio of Mg/Al in the whole 

crystalline structure of the clay are the two main drives which determine the catalytic activity 

of LDHs. The impregnation of Mg-Al LDHs with other active compounds is a promising 

feature of the new type of hydrotalcite. For example, one study has observed the effect of 

impregnated LDHs with potassium fluoride (KF). The study concluded that the FAME yield 

over KF/LDHs is greater than that over the parent LDHs [63]. The relationship between 

hydrophobicity/hydrophilicity phenomena and the activation of LDHs has been demonstrated 

in the methanolysis of soybean oil in the presence of poly (vinyl alcohol) polymer membranes 

which supported with LDHs. The polymer accelerated the transesterification reaction rate 

dramatically because the hydrophilic polymer membrane promoted the generation of the 

methoxide ion with methanol, which can enhance the transesterification reaction rapidly [64]. 

 There are numerous attempts which are similar in the use of other types of clay. 

Soetaredjo et al. [65] examined the effect of loaded potassium hydroxide (KOH) on bentonite 

by impregnation procedure as a catalyst for palm oil. The study observed that with the ratio 

between KOH and clay 1:4 and after 360 min. at 60°C, 90% yield of FAME was obtained. 

Whereas, Agustain et al. [66] used three metals (Ba, K, and Na) supported on bentonite as 

catalysts for methanolysis of Jatropha curcas oil. The result revealed that the highest biodiesel 

yield found in Na/bentonite at 6 hrs. and with the temperature reaching 90°C. Degirmenbasi 

et al. [67] used K2CO3 loaded sepiolite as a heterogeneous catalyst in the transesterification of 

canola oil, which gave 98.5% of FAME over 50 wt% K2CO3 / sepiolite and after 8 hrs. at 
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65°C.  Alves et al. [62] utilised treated smectite clay with 1M potassium fluoride (KF) in the 

transesterification of soybean oil. They obtained 99.7% of biodiesel under 15 wt % of KF/ 

clay, 65 °C
 
and with 60 min. 

 Xu et al. [68] employed red mud which is containing the strongly basic active sites on 

the surface as a heterogeneous catalyst for biodiesel production from soybean oil. They 

reached ~ 94% from FAME yield after 360 min. at 65°C. 

5. Organic solid base :  

 Organic solid bases like alkylguanidines have been utilised as catalysts for the 

production of biodiesel. For example, triazobicyclodecene (TBD) can be used in methanolysis 

of feedstock with high FFA contents to produce high purity biodiesel and eliminate the soaps 

formation due to the formation of more soluble complexes in the reaction mixture. The 

applications of composite materials combining guanidine and a heterogeneous catalyst in 

transesterification reaction have been reported. Among these attempts, an encapsulation 

strategy has been adopted aiming to trap alkyl guanidine within the cages of zeolite-Y in 

order to produce a heterogeneous catalyst. Unfortunately, this study failed by resistance 

diffusion specification of collapse zeolite [69]. 

 A study on the effectiveness of anion-exchange polymer resins as highly basic 

catalysts on an industrial scale was reported by Shibasaki-Kitakawa et al. [70]. The resin 

PA306s has ammonium groups in quaternary form, which can carry out ethanolysis of triolein 

by exchanging the hydroxyl group of NaOH with the ammonium group of the resin. The 

FAME was obtained with 80% yield after 60 min. and a reaction temperature of 50°C. 

 Ideally, solid acid catalysts should satisfy several requirements in order to utilise as an 

authentic candidate material to carry out both transesterification and esterification reactions. 

The main issues which can be faced by this type of catalyst are slow reaction rate and the 

reusability. It can be classified into four categories: 
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1. Zeolites : 

 Silica-aluminum ratio (Si/Al) and pore size of the catalyst are the influential drives of 

zeolite activity, the lower ratio Si/Al increases the number of acid sites in the zeolite, Kiros et 

al. [31] summarised the studies which used different zeolites as catalysts of esterification and 

transesterification reactions, as shown in Table 1.4. The data indicates a link between the 

reactivity of the zeolite and the polarity and size of the reactants as well as the reaction 

condition. It can be speculated that controlling the pore diameter of porous materials could 

enhance triglyceride molecule adsorption on its active sites due to the large size of the TGs 

molecules. Therefore, Shah et al. [71] utilised silica-based SBA-15 with a large pore size 

(mesoporous) allowing the diffusion of large fat molecules in the pores of the catalyst. The 

conversion of diethyl malonate in butanolysis reaction reached 90% after one day at 100°C 

without any observed deactivating behavior. 
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Table 1.4 Esterification and transesterification reactions using zeolite. 

Zeolite 

Reaction 

conditions 

Reaction type Feedstock Alcohol 

% 

Yield 

Reference 

H-ZSM-5 

130°C,120min. Esterification Dodecanoic acid Methanol < 4 [76] 

60°C,60 min. Esterification Oleic acid Methanol < 80 [72-73] 

100°C, 10 hrs. Transesterification β-keto esters Variety of alcohols < 30 [78] 

75°C,350 min. Esterification Acetic acid Butanol < 15 [74] 

H-MOR 

75°C,350 min. Esterification Acetic acid Butanol <16 [74] 

100°C, 10 hrs. Transesterification β-keto esters Variety of alcohols < 65 [78] 

60°C,60 min. Esterification Oleic acid Methanol < 80 [72-73] 

La-BEA 60°C, 4hrs. Transesterification Soybean oil Methanol < 50 [77] 

H-FAU 60°C,60 min. Esterification Oleic acid Methanol < 75 [72-73] 

H-USY 75°C,350 min. Esterification Acetic acid Butanol < 35 [74] 

H-Y 

130°C,120 min. Esterification Dodecanoic acid Variety of alcohols < 4 [76] 

100°C, 10hrs. Transesterification β-keto esters Variety of alcohols < 85 [78] 

476°C, 22 min. 

Transesterification + 

Esterification 

Waste cooking oil Methanol < 26 [75-76] 

H-BEA 

130°C,120 min. Esterification Dodecanoic acid 

Methanol and 

butanol 

< 4 

[76] 

60°C,60 min. Esterification Oleic acid Methanol < 70 [72-73] 

75°C,350 min. Esterification Acetic acid Butanol < 30 [74] 

60°C, 4hrs. Transesterification Soybean oil Methanol < 36 [77] 

100°C, 10 hrs. Transesterification β-keto esters Variety of alcohols < 80 [78] 
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2. Functionalized oxides: 

 The treatment of some metals oxides such as alumina, silica, and zirconia with acids 

converts these oxides into highly active catalysts towards aldol condensation, 

transesterification and esterification reactions. The calcination temperature and the acid sites 

are the major factors, which are responsible for the reactivity of these types of catalysts [31]. 

 Jentoft et al. [79] exploited a variety of inorganic solid catalysts such as sulphated 

zirconias (complex amphoteric surface with Brønsted and Lewis sites), sulfonic acid 

functionalised SBA-15 or without hydrophobisation, to control regioselectivity in the aldol 

condensation of unsymmetrical ketones. The study concluded that an increase in acid site 

density leads to improved catalytic performance of these materials. 

 Regarding the zirconia-metal catalysts modified with (titania, tungsten and potassium 

as well as silica), there is a study to demonstrate the acid catalytic reactivity of these catalysts 

in methanolysis of soybean oil. The experiment carried out under the presence of pressure and 

a reaction temperature of 250°C at 20 hrs. and the FAME yield reached to greater than 80% 

with 100% esterified n-octanoic acid by three zirconia-metal catalysts (TiZ, WZ, and SiZ) 

with lower conversion yield by using KZ [80]. Garcia et al. [81] reported that the 

transesterification of soybean oil using 5 wt% of sulfated zirconia produced 99.5% of 

biodiesel at 120°C. Another study carried out by Lòpez et al. [82] investigated the effect of 

increasing calcination temperature of three catalysts (TiZ, SZ, and WZ) on esterification and 

transesterification reactions. Their results showed that the activity of these catalysts declined 

with the increasing calcination temperature (> 500°C) due to the removal of acid sites. 
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3. Heteropoly acids (HPAs) : 

 HPAs have simple formula H8−n [XM12O40], where X is the (P
5+

 or Si
4+

), n is its 

oxidation state, and M is the (W
6+

 or Mo
6+

). HPAs have different structures and high acidity 

due to Brønsted and Lewis acid sites in their salts as well as dissociated proton sites of 

coordinated water [83]. 

 There are some limitations to utilize these catalysts in transesterification reactions, 

which are related to their low surface area compared to that for zeolite and the pore size. 

Thus, there are attempts to utilise supported HPAs in order to resolve the diffusion limitations 

[31]. Hamad et al. [84] concluded that Cs2HPW12O40 retained good surface area after 

recycling in methanolysis of soybean oil when compared with other catalysts 

H3PW12O40/SiO2 and H3PW12O40. While Bokade and Yadav [85-86] investigated the 

application of montmorillonite clay (K-10) as support for HPAs in the transesterification of 

feedstock with high FFA and water contents. The study showed that K-10 was highly stable 

in the presence of water and FFA when compared with supported zeolite. 

4. Amino acid-based protic salts (AAPS): 

 AAPS are easy to prepare, they are also biodegradable and have a high melting point. 

Recently, Guo and Li [87] used AAPS to upgrade the bio-oils into biofuel. The findings 

showed that AAPS can be a promising acidic catalyst for conversion of oleic acid in the 

feedstocks. 



26 

 

1.3 Nanoporous and hierarchical catalysts for biofuel synthesis 

 One of the well-documented problems with porous materials is the leaching of the 

active phase from the catalyst. Therefore, the great challenge in an industrial application is 

keeping the catalyst with high activity for several consecutive runs [88]. 

 Other factors which could affect the performance of the catalytic activity include 

diffusion limitations of the large molecules and hydrothermal stability. As the dimensions 

similarity between the classical zeolites channels and the diffusing species, the bulky 

substrates such as feedstocks cannot access the active sites located inside the zeolite channels. 

This phenomenon has undesirable effects in the use of such materials as catalysts not only in 

biorefinery catalysis processes but also in regular refining systems. An alternative solution for 

this issue is the preparation of hierarchical porous zeolites in the form of coupling the 

micropores (<1nm) with an auxiliary pore network (>2nm) of inter- or intracrystalline nature, 

which can be generated applying either destructive (top-down) or constructive (bottom-up) 

approaches [89]. 

 In general, these materials can be produced by two different methods: (i) top-down 

that represents the developing mesoporosity in zeolite by removal one of the two fundamental 

elements in the chemical composition of zeolite and (ii) bottom-up which is based on the use 

of a hard or soft template to produce the mesoporosity. However, these approaches have 

limited applicability which is related to the high cost and formation of extraframework 

aluminum species because of the partial destruction of the zeolite structure and showed erratic 

mesoporosity after the treatment. Garcia-Martinz and co-workers established one of the most 

successful surfactant-based approaches as a top-down method to introduce highly control 

mesoporosity with different scale of Si/Al ratio for industrial zeolites such as FAU, MOR and 

ZSM-5 [90]. 
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 Although the catalytic performance of hierarchical zeolites are consistently exploited 

and it was much better than in conventional zeolites for the conversion of biomass [91-95], it 

is still a key open question that needs to be answered, what is the number, strength and nature 

of active sites located on the internal surface area of zeolite crystals or on the external surface 

area of these crystals. 
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1.4 Thesis objectives  

 The focus of our study can be summarised as follows: 

1. To explore the roles and effects of different catalysts, feedstock and reaction 

conditions in the production of biofuel, and to discuss possible ways to achieve high 

conversion and selectivity as well as to minimise the expensive processes such as purification 

of raw materials, heating, and separation of the products. 

2. To design, synthesise and characterise potential catalysts including mineral clay, ETS-

10, and ion-exchanged zeolites with different Si/Al ratio for the conversion of the TGs in 

edible and non-edible oils to biofuel using microwave irradiation conditions. 

3. To prepare hierarchical zeolites such as FAU, MOR, BEA, ZSM-5 and LTL, using 

top-down method (surfactant-templated mesostructuring approach) , and to examine their 

catalytic application, in order to understand the role of the active site accessibility to bulky 

molecules and their strength in the production of biofuels and chemicals. 

 To achieve these interesting objectives, this study is focused on the synthesis and 

modification of new solid catalysts for improved catalytic performance, which is essential for 

their potential industrial applications. 
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1.5 Thesis outline 

       The study presented in this thesis is focused on the preparation of new material by 

modifying their pore size and active sites. For instance, hierarchical zeolites have multilevel 

pore architectures (micro and mesopores) with the high surface area in the porous framework 

improving the mass transfer and hence their catalytic activity. 

       Chapter one gives an up-to-date survey of the background information on the recent 

developments in biorefinery catalysis. Chapter two is comprised of a detailed comparative 

study among some of the nano-structured materials such as potassium containing sepiolite and 

zeolite A (LTA structure type, Si/Al=1), as well as ETS-10 as basic catalysts for the 

production of biofuel from renewable oils using microwave heating. Moreover, this chapter is 

dedicated to the understanding how the thermal and structural stability of sepiolite based 

systems can affect their performance, which is an essential issue that has not been sufficiently 

addressed in recent research related to the catalytic applications of these materials. Chapter 

three focuses on intensive preparation and characterisation of more accessible hierarchical 

FAU, BEA, MOR and MFI as well as LTL zeolites by surfactant-templated zeolite 

mesostructuring strategy. Chapter four emphasises the application of the hierarchical FAU 

zeolites as basic catalysts in the transesterification reaction of triglycerides. Furthermore, 

chapter five introduces the catalytic performance of several commercially available FAU, 

MFI, BEA, MOR and LTL zeolites in esterification and aldol condensation reactions for the 

production of second-generation biofuels and chemicals from biomass-derived molecules, 

such as oleic acid and furfural. In this chapter, it is also evaluted for the first time whether the 

presence of secondary porosity in hierarchical zeolites is crucial in these reactions or not. 

Chapter six provides a novel application for zeolite MAP as unique catalysts for biofuel 

production. Finally, chapter seven summarises and concludes the dissertation. 
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Chapter 2 

Catalytic performance of microporous materials for the 

production of renewable fuels 

 

 2.1 Introduction 

 There are three major sectors that are utilising most of the energy worldwide: 

industry, power generation, and transportation. The total energy consumed in 2010 was 

5.53×10
20

 J, which is predicted to rise further to 8.65×10
20

 J by 2040 [1]. This would 

constitute a 56% rise between 2010 and 2040, and a considerable part of this is to be 

generated from renewable sources. Security of the energy supply, global warming and price 

fluctuation of non-renewable fossil fuel are the main factors for the development of 

renewable fuels [2]. Numerous studies on biofuels, such as bioethanol, biodiesel, and biogas, 

have been conducted in order to address these issues. Biofuel can be considered as an 

alternative to conventional petroleum-based fuel because of the similarity between their 

properties. In addition, using biofuel has the potential to decrease the effects of global 

warming because the crops reuse CO2 which is essential for the photosynthesis process of the 

plant life cycle [3]. 

 Although biodiesel has attractive properties such as high cetane values, lower sulphur 

content and good lubricity and can be used in compression ignition engines, one of the 

problems of biodiesel production is highlighted by the ‘food vs. fuel’ debate. The criticism is 

focused on the continuous use of edible oils for biodiesel production in the USA, Brazil, 

European and Asian countries, which impacts the global food security, leaving less fertile 

land available for food production and leading to further deforestation. Furthermore, there are 

problems associated with the fuel properties, as the higher molecular mass triglycerides 
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(TGs), which are highly viscous compounds with low volatility, may form deposits in 

biodiesel engines [5]. All these issues call for a new generation of feedstock with high oil 

content and lower cost of cultivation as the world biofuel production continues to grow [4,6]. 

 Non-edible oils with significant lipid amounts have been reported in the literature as 

potential sources for biofuel production [3,5-8]. These could reduce the cost of biodiesel 

production and enhance the global supply of automotive and power generation fuel. 

Therefore, more research effort is devoted to the development and production of this and 

other types of renewable fuel, which are also, referred to as the second and third generation 

biofuels. 

 Transesterification is a reversible reaction between TGs in oils and fats with three 

small alcohol molecules, e.g. methanol or ethanol, in the presence of an acid or base using a 

homogenous or heterogeneous catalytic reaction to produce three molecules of monoester and 

glycerol (see chapter one). Broadly speaking, homogeneous catalysts cannot be reused and 

the reaction products require purification resulting in the additional costs of the production of 

biodiesel [9], which can be made more economically viable by recovering the used catalyst 

and eliminating further separation processes. Hence, solid catalysts may be a viable 

alternative potentially offering lower production cost, high stability and the ease of 

separation. Nanoporous materials have received much attention in catalytic applications for a 

number of reasons, including the effects related to their pore size and shape, chemical 

functionality and increased surface area [8,10,11]. Many studies have illustrated the use of 

alkaline, alkaline earth and transition metal oxides supported on nanoporous materials with 

the pore size up to 50 nm, such as silicas, clays, and zeolites prepared by impregnation, ion 

exchange, and precipitation, as highly active catalysts. This is associated with the high 

surface area, stability of active sites and their enhanced reactivity [12,13]. 
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 A number of studies have focused on the applications of porous materials, e.g. layered 

double hydroxides, sepiolite, zeolites, as solid catalysts in the transesterification of oils [14-

19]. The reported yield of fatty acid methyl esters (FAMEs) obtained after several hours at 

60-90°C would typically exceed 90%. Regrettably, many papers do not describe the structural 

characterisation of the clay-based catalysts before and after the reaction studies, which in turn 

are often limited to a very small number, if any, of the successive runs on regenerated 

catalysts. Hence, factors that could affect the catalyst performance, including deactivation, 

loss of the active component, structural integrity, and thermal stability [20], are not being 

sufficiently addressed. 

 In this chapter, potassium-containing sepiolite and zeolite A (LTA structure type, 

Si/Al=1), as well as Engelhard titanium silicate ( ETS-10) material have been prepared and 

modified via wet impregnation and ion-exchange and then used for the production of biofuel 

from both renewable oils using microwave heating. Sepiolite, a common clay, is a hydrated 

magnesium silicate containing continuous 2-D tetrahedral and octahedral sheets with the 

chemical formula [Mg8Si12O30(OH)4·4(H2O)·nH2O], characterised by microfibrous 

morphology with micropore channels of 0.36×1.06 nm and high specific surface area [15]. 

Zeolite A is one of the most commonly used materials in ion exchange and separation, which 

demonstrates basic properties in its potassium form. ETS-10 is a microporous inorganic 

material which contains a three-dimensional 12-membered ring pore system. It has corner 

sharing octahedral sites for titanium (IV) and tetrahedral sites for silicon and also shows a 

basic character [21]. The aim of the present study is to compare the catalytic performance of 

the three types of basic solid catalysts in the production of biofuel from renewable oils. A 

particular emphasis is on the detailed structural characterisation of the catalysts both before 

and after the reaction in order to evaluate the structure - performance relationship in the 

methanolysis of oils and to examine the mechanism of their deactivation. In this work, we 
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demonstrate how the differences in the catalytic performance of these materials, particularly 

their reusability, can be linked to their structural stability. 

2.2 Experimental 

 The Spanish sepiolite and phenolphthalein (ACS reagent) were obtained from Sigma-

Aldrich. NaA zeolite was provided by Crosfield. Potassium hydroxide (86%), sodium 

hydroxide, methanol, ethanol and n-heptane and n-hexane (analytical grade, >99.99%) were 

purchased from Fisher Scientific. Refined rapeseed oil and grapeseed oil were purchased 

from a local market; castor oil was obtained from Fisher Scientific and triolein (technical 

grade, 65%) from Sigma-Aldrich. Deuterated chloroform (99.8 atom % D) was from 

Cambridge Isotope Laboratories. Methyl heptadecanoate (analytical GC standard, >99.99%) 

was supplied by Sigma-Aldrich. 

 KOH impregnated sepiolite samples were prepared via the wet impregnation method 

at 20 wt% of supplied KOH. The water absorption by the clay should match the available 

void space of pore size in the sepiolite particles [16].
 
In a typical preparation, 8g of sepiolite 

was placed into a 250 ml round bottom flask. 2g of KOH and 40 ml of deionised water were 

added and stirred for 2 hours at ambient temperature to produce homogeneous slurry. Next, 

the slurry was dried overnight at 60
o
C to remove excess water. The ion-exchanged K-sepiolite 

was obtained following the procedure described in Ref [12]. Typically, 100 mL of NaOH 

(1mol L
-1

 ) was mixed with 10 g of sepiolite and heated at 120
o
C for 60min. Then, the 

resulting material was filtrated and washed by water several times and dried at 60
o
C for 16 

hours. No further calcination of the sample was carried out before ion-exchange. The ion-

exchanged K-sepiolite was prepared by exchanging the sodium form of sepiolite using 

solution of KOH (0.5 mol L
-1

) at 80°C. Next, the sample was washed with deionised water 
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and dried at 60°C overnight. K-sepiolite was then calcined in a furnace at different 

temperatures up to 450
o
C for 4 hours (1

o
C/min temperature ramp). 

 KA zeolite was prepared by treating NaA with 0.1-0.5 mol L
-1

 solution of KNO3 at 

80
o
C for 1 hour (three times). Next, the exchanged sample was washed with deionised water 

and dried overnight. Before use, the zeolite was activated in a muffle furnace from room 

temperature to the desired temperatures (up to 450
o
C) at a rate of 1

o
C/min for 2 hours in a 

flow of air. 

 A modified hydrothermal synthesis of ETS-10 with the molar composition 

4.40Na2O:0.95 K2O:TiO2:5.75SiO2:170.94H2O was used in this study using microwave 

heating instead of conventional heating in different times varying from 8-22 hour [22]. In a 

typical synthesis, an acidic solution of titanium(IV) chloride ( 25.42 wt% TiCl4, 25.92 wt% 

HCl,48.60 wt% H2O) was made by dissolving 4.35 ml from TiCl4 ( >99 wt%) in 22.5g of 

hydrochloric acid (HCl, 37 wt%). A basic solution of 17.5 g of NaOH (50 wt%) in 30g of 

deionized water was added to the stirred solution of 51g of sodium silicate solution (Na2SiO3, 

26.5 wt% SiO2, 10.6 wt% Na2O) and 27g of deionized water. With rapid stirring using a 

powerful mechanical stirrer, the acidic solution was then added dropwise to the basic 

solution. Next, 10.90g of potassium fluoride solution (KF, 40 wt %) was added to the above 

mixture and the resulting gel was left stirring for 2 hours. The outcome was a homogenous 

white gel with pH = 11.2. The gel then was placed into Teflon-lined autoclaves and heated to 

210
o
C using CEM Mars 6 microwave (CEM Corporation) at 2.45 GH. The heating time was 

varied from 8 hours to 22 hours. The initial ramp time was 20 minutes and the power output 

did not exceed 400 W. The product was filtered using a Buchner funnel and washed with 

deionized water several times until the pH of the filtrate was 10.7-10.8. Finally, the 

precipitate was dried at 60
o
C overnight and then calcined at 500

o
C for 4 hours using a 

temperature ramp of 1
o
C/min. 
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 All the catalysts were characterised before and after the reaction using powder X-ray 

diffraction (XRD), scanning electronic microscope (SEM) with energy dispersive X-ray 

analysis (EDX) and in situ FTIR spectroscopy. 

 Powder X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advance 

diffractometer with Cu Kα radiation at 40 kV and 40 mA at ambient temperature over the 2-

theta angle range of 5-60
o
. The crystalline phases were matched by comparing the XRD 

patterns of the catalysts with those reported in the literature. In addition, sepiolite based 

catalysts were characterised at 50-540
o
C using variable temperature XRD (VT-XRD) in a 

high-temperature in situ cell (Anton Paar) attached to a Bruker D8 diffractometer. 

 A TM3000 (Hitachi) scanning electron microscope (SEM) with energy dispersive X-

ray analysis (EDX) was utilised to obtain the elemental composition of the catalysts. High-

resolution SEM images of zeolites were obtained using a PHILIPS XL30 instrument.   

 The apparent surface areas of the zeolitic catalysts were calculated using the BET 

model for the P/Po relative nitrogen pressure <0.04; their micropore volume and the pore size 

distribution were computed using the nonlinear density functional theory (NLDFT) model 

applied to the adsorption branch of the isotherms obtained from the nitrogen adsorption 

experiments carried out on a Quantachrom Autosorb instrument. The values obtained were 

scaled to the mass of the activated samples, which was determined by thermogravimetric 

analysis (TGA). 

 TGA analysis of sepiolite has been carried out using a Rheometric Scientific STA 

1500 instrument. The change in the sample weight and the heat flow were measured as a 

function of temperature (ramped from 20 to 900
o
C at 10

o
C/min). 
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 FTIR spectra were collected using a Thermo iS10 spectrometer in the range 6000-

1000 cm
-1

 with the resolution of 4cm
-1

 and 64 scans in transmission mode. Prior to recording 

the spectra, the self-supported sample disks (~10mg/cm
2
) were heated in a vacuum cell at 30-

450
o
C (ramp 1

o
C/min.). After a period of 5h at the selected temperature, the sample was 

cooled to 30
o
C in a vacuum and its IR spectrum was collected. The spectra of adsorbed 

acetylene were obtained at different pressures at 30
o
C. 

 Both edible and non-edible oils have been used as model feedstock. Oil density was 

determined at 15
o
C (ASTM D4052), the acid value (AV) and the percent FFA were obtained 

according to American Oil Chemists' Society (AOCS) official methods C-a 5a-40 and C-d 3d-

63. 5g of a liquid fat sample was combined with 25 ml of absolute ethanol and a few drops of 

phenolphthalein. The sample then was titrated with 0.1mol L
-1

 of KOH. The AV and % FFA 

were calculated from Equations (1) and (2):  

AV (mg KOH/g) = mL of KOH×mol L
-1

 of KOH×56.1/ sample mass (g)   (1) 

%FFA= AV×0.503                     (2) 

 The fatty acid composition of oils was obtained by gas chromatography-mass 

spectrometry (GC-MS) according to the official methods ISO 15884 IDF 182:2002(E) and 

ISO 15885 IDF 184:2002 (E). A small portion, ~100 mg, of an oil sample was dissolved in 5 

ml of n-hexane (Fisher Scientific). The solution then was treated with 200µl of 

transesterification reagent, 2 mol L
-1

 methanolic KOH. The mixture was stirred for 5 minutes, 

then the organic layer was separated and its fatty acid composition was determined by GC-MS 

using an Agilent 7890A GC with the 5975C mass detection system equipped with a capillary 

column BPX90 SGE (15m×0.25mm×0.25µm). Each peak in the chromatogram corresponding 

to the FAMEs contents of the parent oil was identified using a NIST library. The GC 
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conditions for this method are shown in Table 2.1. The mean molecular weight of the oils 

(Mwt Oil) was calculated according to the fatty acids in the sample using Equation 3 [23]
 
: 

Mwt Oil = 3× ∑(Mwti×Xi) + 38         (3)  

Where MWi and Xi stand for the molecular weight and the fraction of the fatty acids in the oil. 

 

Table 2.1 GC-MS analysis conditions. 

Temperature    

Split flow   

Carrier gas  

Column temperature programme 

    

   

 

Injector and detector temperature  

Injection volume     

250
o
C 

100 mL/min. 

Helium at 1 mL/min 

Hold at 60
o
C for 2 min   

Ramp 10
o
C/min to 200

o
C 

Ramp 5
o
C/min to 240

o
C 

Hold 240
o
C for 7 min 

250
o
C 

1 µL 
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       The reaction studies were carried out in a Biotage microwave system (Biotage Initiator+). 

Special 20-mL glass vials were used at elevated temperature and pressures (up to 160
o
C and 

15 bar) in order to increase the reaction rate and obtain a higher yield. In a typical 

transesterification reaction run, 10 mL of vegetable oil was reacted with methanol for up to 1 

h with continuous automated stirring using 1-10 wt% of the catalyst (relative to the amount of 

oil). However, the reaction studies were carried out in sealed (autoclave-like) batch reactors, 

which allow performing the reaction studies at temperatures and pressures up to 250 
o
 C and 

20 bar. 

       At the end of the reaction, the mixture was centrifuged and the upper layer containing 

biofuel and methanol was separated. The excess methanol was removed using a rotary 

evaporator and the FAMEs were analysed to determine the reaction yield and selectivity. 

       Following the transesterification reaction, the catalysts were separated, washed with 

methanol and dried overnight at 60
o
C. The dry catalysts were characterised by XRD and 

SEM-EDX. The recycled catalysts were calcined under the same conditions as prior to the 

initial reaction and utilised again in this reaction. The same reaction conditions were used in 

up to four consecutive runs for the recycled catalysts. 

       
1
H-NMR (using Bruker Advance 300 spectrometer) was applied as an efficient tool to 

determine the yield of the transesterification reaction using CDCl3 as a solvent for this 

procedure. The conversion of oil to FAMEs was calculated using Equation 4 [24]:  

Conversion (%) = 100 × (2IMe/3ICH2 )      (4) 

       Where IMe is the integrated area of the methoxy group protons at 3.60 ppm, and ICH2 

represents the integrated area of the methylene group protons at 2.30 ppm. At the same time, 
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the purity of FAMEs was confirmed by the disappearance of the glycerol-related signal at 

4.1-4.4 ppm. 

       The ester content of fatty acid methyl esters in biofuel was also determined according to 

the standard test method EN-14103. The internal standard solution of methyl heptadecanoate 

was prepared with a concentration of 10 mg/mL in n-heptane. 0.1 mL of the purified reaction 

products were dissolved in 2 mL of the internal standard solution and then injected into the 

Agilent 6890 GC equipped with an FID and the same column that was used in the 

characterisation of oils (see Table 2.2). The peak area for the ester components of the FAME 

C14:0 to C24:1 was used to calculate their mass fraction in percent (see Equation 5):  

C = (∑A – AEI) / AEI × (CEI×VEI/ m) × 100%        (5) 

       Where C is the ester content in percent, ∑A is the total peak area from C14:0 to C24:1, 

AEI is the peak area of internal standard (IS) solution, CEI is the concentration of IS solution 

in mg/mL, VEI is the volume of IS solution in ml and m is the sample mass in mg. 

Table 2.2 GC FID analysis conditions. 

Temperature  

Split flow   

Carrier gas   

Column temperature  

   

   

Injector and detector temperature   

Injection volume    

250
o
C 

100 mL/min 

Helium at 1 mL/min 

Hold at 50
o
C for 5 min 

Ramp 10
o
C/min to 250

o
C 

Hold 250
o
C for 20 min 

250
o
C 

2 µL 
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2.3 Results and discussion  

 In order to investigate the activity of solid catalysts in the transesterification of oils, a 

series of experiments was conducted using a batch type reactor under conventional and 

microwave heating. Figure 2.1 shows the conversion of rapeseed oil into methyl esters at 

different reaction times. Our results demonstrate significantly shortened reaction times as 

compared to the literature [18, 25-26]. The significant acceleration of the transesterification 

reaction can be explained by the higher temperatures that are achieved in our system using 

microwave irradiation, which is a fast and efficient way of heating the reaction mixture due to 

the high polarity of methanol [13]. The distribution of the reaction products has been 

monitored by 
1
H NMR and GC-MS (Figures 2.2, 2.3 and Table 2.3). Although there is a 

considerable difference in microwave absorption by methanol and the oil, no unusual 

selectivity patterns have been observed for this reaction in comparison with the systems 

utilising conventional heating. Similar results were obtained in the reaction studies using 

other oils. 

 

Figure 2.1 Effect of the reaction times on the conversion of rapeseed oil. 
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a) 



49 

 

 

Figure 2.2 
1
H NMR spectra of a) grapeseed oil and b) methyl esters of grapeseed oil. 

 

b) 
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Figure 2.3 Mass-spectrum of C18:2 (methyl linoleate) from our experimental data. 

 

Table 2.3 Characterisation of oils. 

Oil 
Density 

g/ml 

Molecular mass 

g/mol 

 

Acid Value 

mgKOH/g % FFA 

Grapeseed 0.94 876.77 0.10 0.05 

Castor oil 0.90 929.78 0.56 0.31 

Triolein 0.91 885.43 1.53 0.77 

Rapeseed 0.92 887.3 0.168 0.084 
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       The highest yield (75% conversion, ~100% selectivity) has been obtained in the 

conventional heating mode after 3 hours. Microwave heating can greatly enhance the reaction 

rate [25-26], and the highest conversion (97%) has been observed within a shorter period 

using the highest temperature achievable with the Biotage microwave equipment (160
o
C for 

the methanol-based reaction systems). To determine the effect of K-sepiolite, the catalyst 

amount in the reaction mixture was varied between 1 and 7% by weight. The conversion data 

presented in Figure 2.4 demonstrate a significant increase in triglycerides conversion with 

increasing catalyst amount. 
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(a) 

 

(b) 

 

  Figure 2.4 (a) Conversion of rapeseed oils to FAMEs using K-sepiolite at 160
o
C : (--

) black for 0 wt%, (--) red for 1 wt%, (--) blue for 3 wt% and (--) pink for 7 wt%. (b) 

Reaction profiles for K-sepiolite, zeolite KA, and ETS-10. 

 Table 2.4 presents a comparison of the catalytic performance for K-sepiolite, KA 

zeolite and ETS-10 in the transesterification reaction. Although K-sepiolite exhibits the 

highest conversion in the first run, by the third run it is the least active catalyst. In contrast, 
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both KA and ETS-10 yield almost the same results over the three consecutive runs. These 

data demonstrate a significant deactivation of potassium containing clay, which could be 

linked it its structural integrity and loss of the active sites. Although the initial activity of 

ETS-10 and KA is not very high, they clearly demonstrate a good deal of potential as a basic 

catalyst for biofuel production, which is a challenging application involving bulky 

triglyceride molecules. Considering that the basic properties of zeolitic materials can be tuned 

by changing their chemical composition and the accessibility of active sites can be improved 

by designing hierarchical structures, it should be possible to further enhance their 

performance. 

Table 2.4 Conversion of oils to FAMEs using KA, ETS-10, and K-sepiolite. 

Oil Entry 
a
 Catalysts  Conversion (%) 

b,c
 Selectivity (%) 

 1 KA 86 >99 

Rapeseed 2 ETS-10 57 >99 

 3 

 

K-sepiolite 97 >99 

 4 KA 74 >99 

Grapeseed 5 ETS-10 45 >99 

 6 

 

K-sepiolite 97 >99 

 7 KA  - - 

Castor 8 ETS-10   50 >99 

 9 K-sepiolite 91 >99 

     

 10 KA - - 

Triolein 11 ETS-10 20 >99 

 12 K-sepiolite 95 >99 

     

Notes: 
a
 1:6 of methanol to oil molar ratio, reaction time 60 minutes, 160

o
C , 5-10 wt% 

amount of catalyst.  
b
 Conversion for the 1

st
 reaction run. 

c
 Reactions were performed in 

triplicate and the experimental error was estimated as ± 3%.  

       The structural properties of these materials have been monitored by XRD, FTIR and N2 

adsorption. Figures 2.5 present the in situ VT-XRD patterns of the sepiolite and K-sepiolite 

recorded at different calcination temperatures. There are clear changes in the patterns of both 



54 

 

materials recorded above 200
o
C. For sepiolite, in particular, the intensity of the peak at 7.48

o
 

(1.18 nm d-spacing), which corresponds to the interlayer distance in the clay structure, 

decreases significantly, becoming negligible above 300
o
C. Similar intensity changes are 

observed for the same peak (1.19 nm d-spacing) in the patterns of the K-sepiolite sample. It 

can be suggested that the layered structure of the catalyst has collapsed during the high-

temperature calcination. 

 

 

 

 

(a) 

(b) 
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Figure 2.5 In situ VT XRD patterns of the parent sepiolite (a) , K-sepiolite (b) collected 

every 100
o
C (heating up) and (c) sepiolite structure. Patterns are offset for clarity. 

 Our data are in accord with the data reported in the literature [27-36]
 
indicating 

that sepiolite structure shows significant changes upon heating above 250
o
C, which is 

accompanied by the loss of water from the material. These results and most literature data, 

however, disagreed with those presented in reference [18], which suggested that heating 

sepiolite to 500
o
C does not cause any change in the catalyst structure. Our nitrogen adsorption 

and TGA-DSC data support the VT-XRD finding. Indeed, the surface area of sepiolite 

decreases with increasing activation temperature from 325 to 130 m
2
/g (Figure 2.6); the 

apparent BET surface area of K-sepiolite is below 100 m
2
/g. In agreement with previous 

reports [31-34], the micropores present in the original sepiolite (~0.8 nm in diameter) in the 

spaces between the silicate layers are no longer detected for the samples activated at 

temperatures above 200
o
C for sepiolite and 100

o
C for K-sepiolite. 

(c) 
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Figure 2.6 Surface area and micropore volume for sepiolite (a) and K-sepiolite (b). 
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 Although the thermal treatment process is essential to decompose the metal 

precursor with the formation of an oxide on the support, there is a significant change in the 

catalyst properties caused by heating it up to 400
o
C, which is associated with the loss of water 

and the collapse of the layered structure. In agreement with previous studies [20,29,35], 

TGA-DSC data confirm the stepwise removal of water from sepiolite, which accounts for 

~9% of the weight loss at 100
o
C and ~4% at 250-300

o
C (both steps are endothermic 

processes as expected) with the total weight loss of ~18% by 900
o
C (Figure 2.7). The data 

obtained for K-sepiolite are largely very similar but show a more gradual removal of water 

from this material as compared to the parent sepiolite sample. 
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Figure 2.7 Thermogravimetric analysis data for a) sepiolite and b) K-sepiolite. 

 

(a) 

(b) 
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       Chemical analysis and SEM images for sepiolite, zeolite A, and ETS-10 are presented in 

Table 2.5 and Figure 2.8. XRD data for these materials are presented in Figure 2.9 and their 

nitrogen adsorption isotherms in Figure 2.10. These patterns are in agreement with those 

reported in the literature [21-22,36]. Importantly, for zeolite A and ETS-10 they also do not 

change after several reactions – regeneration cycles for both catalysts. As noted already, both 

activity and selectivity of these materials in the transesterification of various oils remain the 

same for three consecutive reaction runs, which is in contrast to the performance of K-

sepiolite. 

 

Table 2.5 Elemental analysis data (SEM-EDX). 

     Material 
           Elemental composition (wt %)    

  Silicon Magnesium     Potassium     Sodium Titanium Aluminium 

K-sepiolite    17.0     13.5          6.0 - - - 

KA 11.9 - 6.3 5.6 - 11.6 

ETS-10 21.0 - 1.7 7.0 4.75 - 
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Figure 2.8 SEM images of KA (a), ETS-10 (b) and K-sepiolite (c). 
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Figure 2.9 XRD patterns of KA (a), ETS-10 (b) and K-sepiolite (c). 
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Figure 2.10 Nitrogen adsorption isotherms of zeolite KA (a), ETS-10(b) and K-sepiolite (c). 

       The OH region of the FTIR spectra of sepiolite is presented in Figure 2.11. The evolution 

of the spectral bands of different types of OH groups has been followed in situ during the 

sample dehydration between 30 and 450
o
C. The initial spectra are dominated by the broad 

feature at ~3650-3300 cm
-1

 owing to weakly bound water molecules, which are removed 

upon mild dehydration at 150
o
C. The spectra of the dehydrated samples exhibit six peaks in 

the region of stretching O-H vibrations. In agreement with the literature [20,37-41], the peaks 

at 3740 and 3724 cm
-1

 are assigned to Si-OH groups of the tetrahedral silicate layer and those 

at 3691 and 3673 cm
-1

 to Mg(3)-OH groups in the octahedral sheets of the sepiolite structure. 

The bands at 3597 and 3531 cm
-1

 have been attributed to water molecules coordinated to Mg 
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cations. The spectra of K-sepiolite dehydrated at elevated temperatures display rather broad 

overlapping bands between 3750 and 3600 cm
-1

. This is in agreement with our VT-XRD and 

nitrogen adsorption data indicating some considerable structural degradation upon KOH 

impregnation and calcination of this material. 

 

Figure 2.11 The OH-region of FTIR spectra of sepiolite activated at different temperatures. 

Spectra are offset for clarity. 

 

       The basic sites of the prepared catalysts have been characterised by the adsorption of 

acetylene as a probe molecule monitored by FTIR. For sepiolite, a high-intensity peak of the 

C-H stretching vibration is observed at 3208 cm
-1

 representing a 79 cm
-1

 shift as compared to 

the gas phase value for acetylene of 3287 cm
-1

. This is due to acetylene molecules interacting 

with basic oxygen atoms with the formation of a hydrogen bond [42]. Slightly more basic 

a) 
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oxygen sites are detected in K-Sepiolite, the C-H stretching vibration at 3202 cm
-1

, however, 

the intensity of the corresponding infrared band is very low (Figure 2.12).  

 

Figure 2.12 FTIR spectra of sepiolite and K-sepiolite following adsorption of 2 torrs of 

acetylene. 

 

 The mechanism of deactivation of sepiolite based systems was examined as the 

structural stability, high surface area and strong bondings with the active phase preventing the 

loss of the active sites during the reaction and regeneration cycle are essential characteristics 

of the supported catalysts utilised in catalytic processes, including the production of biofuel 

[43]. Although we have obtained high yield and selectivity of FAMEs in the presence of K-

sepiolite, this material lacks long-term stability in the methanolysis reaction. In contrast to our 

results and the data available in the literature, Degirmenbasi et al. [18] concluded that higher 

catalytic activity of sepiolite impregnated with K2CO3 in the transesterification of canola oil 

is achieved following its calcination to 500
o
C, apparently resulting in a catalyst more resistant 
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toward the leaching of the active phase. However, our structural characterisation, chemical 

analysis, and catalytic data for the sepiolite-based catalysts that have been calcined or 

regenerated at temperatures between 250 and 600
o
C provide no evidence of enhanced 

catalytic performance or improved structural stability following the high-temperature 

treatment. In addition, characterisation of the regenerated catalysts shows that the potassium 

containing species are leaching out during the transesterification reaction or the regeneration 

step, which is accompanied with a significant drop in the yield of FAMEs in the subsequent 

catalytic runs, from 100% to 55%, as demonstrated in Figure 2.13. A similar drop in activity 

was observed for the ion-exchanged K-sepiolite.  

 

Figure 2.13 Reaction profile and amount of potassium in the fresh and used K-sepiolite.  

 Furthermore, in a blank reaction run with 0.0035g of KOH - approximately the 

amount of potassium hydroxide lost by sepiolite-based material in the first reaction cycle , the 
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triglyceride conversion of ~70% has been observed, confirming that dissolved KOH is active 

in the transesterification reaction. Overall, our reaction studies and structural analysis point to 

a potentially significant contribution of the homogeneously catalysed transformation of 

triglycerides. Clearly, such effects should be taken into account considering a significant 

number of studies utilising clay based solid catalysts either impregnated or ion-exchanged 

with potassium-containing compounds [12,18,43-47]; these can undergo irreversible 

structural changes during the catalyst activation and regeneration or in the course of the 

reaction. This is in contrast with the results obtained on thermally stable crystalline materials, 

zeolite KA and ETS-10, whose activity is associated with the basic properties of the 

framework oxygen and the stability of the active sites in the zeolitic structures [48-50]. 

Furthermore, a recent study indicates that in the transesterification of triglycerides over a 

series of modified zeolites, the basic strength of the active sites rather than their accessibility 

determines the catalytic activity of mesoporous faujasites [51]. 
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2.4 Conclusion 

 The application of heterogeneous catalysts in the production of biodiesel offers 

potential advantages including lower cost, high stability and the ease of separation. In this 

work, ETS-10, zeolite KA, and K-sepiolite were prepared and modified using ion-exchange 

or impregnation. These nanostructured materials were assessed as basic catalysts for 

transesterification of vegetable oils utilising conventional heating and microwave irradiation. 

The structural characterisation of these catalysts was conducted using variable temperature in 

situ X-ray diffraction, N2 adsorption-desorption, scanning electron microscopy with energy 

dispersive X-ray analysis and in situ FTIR spectroscopy to evaluate their structure - catalytic 

performance relationship. A wide range of parameters, including different reaction 

temperature and time, methanol to oil molar ratio, the catalyst amount and the heating mode, 

have been examined in order to optimise the reaction conditions. For K-sepiolite, conversion 

of triglycerides to FAMEs close to 100% with almost 100% selectivity has been achieved in a 

batch type microwave reactor at 160
o
C. Unlike zeolite KA and ETS-10, potassium-containing 

sepiolites lack long-term stability in the transesterification reactions due to its structural 

instability and loss of the active component during the recycling stages. Indeed, sepiolite 

structure undergoes irreversible changes upon heating above 250
o
C resulting in dehydration 

of sepiolite and folding of its structure with the loss of the micropore channels. Impregnation 

with K-containing compounds also leads to partial structural degradation and a decrease in 

the surface area. Subsequent thermal treatment, required for the decomposition of the metal 

precursor with the formation of an oxide on the support, can cause further detrimental 

structural changes. In contrast, both zeolite KA and ETS-10 show no structural degradation 

over several reactions and regeneration cycles displaying consistently high activity and 

selectivity in transesterification reactions and demonstrate a good deal of potential as a basic 

microporous catalyst for biofuel production. 



68 

 

References 

[1] Avhad, M.; Marchetti, J. A review on recent advancement in catalytic materials for 

biodiesel production. Renewable and sustainable energy reviews, 2015,50,696-718. 

[2] Srinivas, D.; Satyarthi, J.K. Challenges and opportunities in biofuels production, Indian 

Journal of Chemistry, 2012,51A, 174-185. 

[3] Brun, N.; Hesemann, P.; Esposito, D. Expanding the biomass-derived chemical space. 

Chemical science, 2017,8,4724-4738. 

[4] Standard specification for biodiesel fuel blend stock (B100) for middle distillate fuels. 

Report no. D6751-08.ASTM; 2008.  

[5] Meher, L.; Sagar, D.V.; Naik, S. Technical aspects of biodiesel production by the 

transesterification-a review. Renewable and sustainable energy reviews, 2006,10,248-268. 

[6] BP Statistical Review of World Energy, June 2017, 

http://www.bp.com/content/dam/bp/pdf/energy-economics/statistical-review-2017/bp-

statistical-review-of-world-energy-2017-full-report.pdf.  

[7] Stöcker, M. Biofuels and biomass‐to‐liquid fuels in the biorefinery: Catalytic conversion 

of lignocellulosic biomass using porous materials. Angewandte Chemie International Edition 

, 2008;47,9200-9211. 

[8] Huber, G.W.; Iborra, S.; Corma, A. Synthesis of transportation fuels from biomass: 

chemistry, catalysts, and engineering.Chem Rev, 2006,106,4044-4098. 

[9] Gutierrez, C.D.B.; Serna, D.L.R.; Alzate, C.A.C., A comprehensive review of the 

implementation of the biorefinery concept in biodiesel production plants. Biofuel Research 

Journal,2017, 15, 691-703. 

[10] de Lima, A.L.; Ronconi, C.M.; Mota, C.J. Heterogeneous basic catalysts for biodiesel 

production. Catalysis Science & Technology ,2016,6,2877-2891. 

[11] Na, K.; Somorjai, G.A. Hierarchically nanoporous zeolites and their heterogeneous 

catalysis: current status and future perspectives. Catalysis Letters , 2015,145,193-213. 

[12] Corma, A.; Martin-Aranda, R. Alkaline-substituted sepiolites as a new type of strong 

base catalyst. Journal of Catalysis, 1991,130,130-137. 

[13] Tangy, A.; Pulidindi, I.N.; Gedanken, A. SiO2 beads decorated with SrO nanoparticles 

for biodiesel production from waste cooking oil using microwave irradiation. Energy Fuels, 

2016,30,3151-3160. 

[14] Alves, H.; da Rocha, A.; Monteiro, M.; Moretti, C.; Cabrelon, M.; Schwengber, C., et al. 

Treatment of clay with KF: a New solid catalyst for biodiesel production. Appl Clay Sci, 

2014,91,98-104.  

[15] Sabah, E.; Çelik, M.S. Sepiolite: An effective bleaching adsorbent for the physical 

refining of degummed rapeseed oil. J Am Oil Chem Soc, 2005,82,911-916. 

http://www.bp.com/content/dam/bp/pdf/energy-economics/statistical-review-2017/bp-statistical-review-of-world-energy-2017-full-report.pdf
http://www.bp.com/content/dam/bp/pdf/energy-economics/statistical-review-2017/bp-statistical-review-of-world-energy-2017-full-report.pdf


69 

 

[16] Soetaredjo, F.E.; Ayucitra, A.; Ismadji, S.; Maukar, A.L. KOH/bentonite catalysts for 

transesterification of palm oil to biodiesel. Appl Clay Sci, 2011,53,341-346. 

[17] Agustian, E.; Ghozali, M.; Savitri, R.; Wuryaningsih, S. Biodiesel production of Jatropha 

curcas oil by bentonite as a catalyst. Proceeding of International Conference on Sustainable 

Energy Engineering and Application: Citeseer, 2012,18,35. 

[18] Degirmenbasi, N.; Boz, N.; Kalyon, D.M. Biofuel production via transesterification 

using sepiolite-supported alkaline catalysts. Applied Catalysis B: Environmental 

,2014,150,147-156. 

[19] Nguyen, H.K.; Dinh, N.T.; Nguyen, N.L.; Ngoc, D.T. Study on the synthesis and 

application of mesoporous nanocrystal HZSM-5 for the catalytic cracking of used cooking 

vegetable oil in Vietnamese restaurants for green diesel. Journal of Porous Materials, 

2017,24,559-566. 

[20] Hisato, H.; Ryohei, O.; Naoya, I. Infrared study of sepiolite and palygorskite on heating. 

The America Mineralogist, 1969,53,1613-1624.  

[21] Philippou, A.; Rocha, J.; Anderson, M.W. The strong basicity of the microporous 

titanosilicate ETS-10. Catalysis letters ,1999,57,151-153.  

[22] Das, T.K.; Chandwadkar, A.; Sivasanker, S. A rapid method of synthesizing the titanium 

silicate ETS-10. Chemical Communications ,1996, 10,1105-1106.  

[23] Atapour, M.; Kariminia, H. Characterization and transesterification of Iranian bitter 

almond oil for biodiesel production. Appl Energy ,2011,88,2377-2381. 

[24] Gelbard, G., Bres, O., Vargas, R., Vielfaure, F., Schuchardt, U. 
1
 H nuclear magnetic 

resonance determination of the yield of the transesterification of rapeseed oil with methanol. J 

Am Oil Chem Soc, 1995,72,1239-1241. 

[25] Lopez, D.E.; Goodwin, J.r.: J.G.; Bruce, D.A.; Lotero, E. Transesterification of triacetin 

with methanol on solid acid and base catalysts. Applied Catalysis A: General ,2005,295,97-

105. 

[26] Suppes, G.J.; Dasari, M.A.; Doskocil, E.J.; Mankidy, P.J.; Goff, M.J. Transesterification 

of soybean oil with zeolite and metal catalysts. Applied Catalysis A: General ,2004,257,213-

223. 

[27] Preisinger, A. X-ray study of the structure of sepiolite. Clays and Clay Minerals,1959, 6, 

61-67.  

[28] Post, J.E.; Bish, D.L.; Heaney, P.J. Synchrotron powder X-ray diffraction study of the 

structure and dehydration behavior of sepiolite. Am Mineral, 2007,92,91-97. 

[29] Kok, M. Thermal characterization of sepiolite samples. Energy Sources, Part A: 

Recovery, Utilization, and Environmental Effects,2013,35,173-183. 

[30] Yeniyol, M. Characterization of two forms of sepiolite and related Mg-rich clay minerals 

from Yenidoğ a (Sivrihisar, Turkey). Clay Miner, 2014,49,91-108. 

[31] Suárez, M.; García-Rivas, J.; García-Romero, E.; Jara, N. Mineralogical characterisation 

and surface properties of sepiolite from Polatli (Turkey). Appl Clay Sci ,2016,131,124-130. 



70 

 

[32] Yılmaz, M.S.; Kalpaklı, Y.; Pişkin, S. Thermal behavior and dehydroxylation kinetics of 

naturally occurring sepiolite and bentonite. Journal of Thermal Analysis and Calorimetry, 

2013,114,1191-1199. 

[33] Gómez-Avilés, A.; Aranda, P.; Fernandes, F.M.; Belver, C.; Ruiz-Hitzky, E. Silica-

sepiolite nanoarchitectures. Journal of nanoscience and nanotechnology, 2013,13,2897-2907. 

[34] Pozo, M.; Calvo, J.P.; Pozo, E.; Moreno, Á. Genetic constraints on crystallinity, thermal 

behavior and surface area of sepiolite from the Cerro de los Batallones deposit (Madrid Basin, 

Spain). Appl Clay Sci, 2014,91,30-45.  

[35] Ogorodova, L.P.; Kiseleva, I.A.; Vigasina, M.F.; Kabalov, Y.K.; Grishchenko, R.O.; 

Mel’chakova, L.V. Natural sepiolite: Enthalpies of dehydration, dehydroxylation, and 

formation derived from thermochemical studies. Am Mineral ,2014,99,2369-2373. 

[36] Szostak, R. Handbook of molecular sieves: Structures. : Springer Science & Business 

Media; 1992. 

[37] Frost, R.L.; Locos, O.B.; Ruan, H.; Kloprogge, J.T. Near-infrared and mid-infrared 

spectroscopic study of sepiolites and palygorskite. Vibrational Spectroscopy ,2001,27,1-13. 

[38] Mora, M.; López, M.I.; Carmona, M.Á.; Jiménez-Sanchidrián, C.; Ruiz, J.R. Study of 

the thermal decomposition of a sepiolite by mid-and near-infrared spectroscopies. 

Polyhedron, 2010,29,3046-3051. 

[39] Giustetto, P.; Seenivasan, K.; Bordiga, S. Spectroscopic characterization of a sepiolite-based 

Maya Blue pigment. Study Day on Mineralogical and Petrographic Applications to Cultural Heritage. 

Periodicodi Mineralogia, 2010,21-37. 

[40] Bukas, V.J.; Tsampodimou, M.; Gionis, V.; Chryssikos, G.D. Synchronous ATR infrared 

and NIR-spectroscopy investigation of sepiolite upon drying. Vibrational Spectroscopy, 

2013,68,51-60.39. 

[41] Tsampodimou, M.; Bukas, V.; Stathopoulou, E.T.; Gionis, V.; Chryssikos, G.D. Near-

infrared investigation of folding sepiolite. Am Mineral , 2015,100,195-202. 

[42] Knözinger, H.; Huber, S. IR spectroscopy of small and weakly interacting molecular 

probes for acidic and basic zeolites. Journal of the chemical society, Faraday Transactions, 

1998,94,2047-2059. 

[43] Muciño, G.E.G.; Romero, R.; Garcia-Orozco, I.; Serrano, A.R.; Jiménez, R.B.; 

Natividad, R. Deactivation study of K2O/NaX and Na2O/NaX catalysts for biodiesel 

production. Catalysis Today, 2016,271,220-226. 

[44] Boz, N.; Degirmenbasi, N.; Kalyon, D.M. Transesterification of canola oil to biodiesel 

using calcium bentonite functionalized with K compounds. Applied Catalysis B: 

Environmental, 2013,138,236-242. 

 [45] Sun, G.; Li, Y.; Cai, Z.; Teng, Y.; Wang, Y.; Reaney, M.J. K2CO3-loaded hydrotalcite: 

A promising heterogeneous solid base catalyst for biolubricant base oil production from 

waste cooking oils. Applied Catalysis B: Environmental, 2017,209:118-127. 



71 

 

[46] Ilgen, O.; Akin, A.N. Determination of reaction orders for the transesterification of 

canola oil with methanol by using KOH/MgO as a heterogeneous catalyst. Applied Catalysis 

B: Environmental, 2012,126,342-346. 

[47] Villamiel, M.; Corzo, N.; Foda, M.I.; Montes, F.; Olano, A. Lactulose formation 

catalysed by alkaline-substituted sepiolites in milk permeates. Food Chem, 2002,76,7-11. 

[48] Opanasenko, M. Catalytic behavior of metal-organic frameworks and zeolites: 

Rationalization and comparative analysis. Catalysis Today, 2015,243,2-9.  

[49] Kikhtyanin, O.; Ganjkhanlou, Y.; Kubička, D.; Bulánek, R.; Čejka, J. Characterization of 

potassium-modified FAU zeolites and their performance in aldol condensation of furfural and 

acetone. Applied Catalysis A: General, 2018,549,8-18. 

[50] Mukherjee, D.; Park, S.; Reddy, B.M.; Voloshyna, Y.G.; Pertko, O.P.; Konovalov, S.V.; 

et al. Acidity and basicity of zeolites: A fundamental approach. Microporous and 

Mesoporous Materials, 2017,254,3-16.  

[51] Al-Ani, A.; Darton, R.J.; Sneddon, S.; Zholobenko, V. Nanostructured Zeolites: The 

Introduction of Intracrystalline Mesoporosity in Basic Faujasite-Type Catalysts. ACS Applied 

Nano Materials, 2018,1,310-318. 



72 

 

Chapter 3 

Surfactant-templated intracrystalline mesoporosity in large-

pore zeolites 

3.1 Introduction 

 Zeolites are crystalline microporous materials with well-defined structures built of 

corner-sharing SiO4 and AlO4 tetrahedral units, which are linked by oxygen atoms that create 

a variety of channels and cages, which are highly uniform in size and shape. Because the 

dimensions of the channels are such that they adsorb molecules of a certain size, these 

materials are known as molecular sieves and are widely used in a variety of applications, 

including separation, storage, and selective catalysts and sorbents materials [1, 2]. The 

reported zeolite pore topologies of interest in catalysis are formed by 1D, 2D or 3D pore 

structures with the pores comprising either 8- (small pores), 10- (medium pores) or 12- (and 

sometimes larger) membered rings (MR). Some of the active sites located inside these pores, 

especially in the small and medium channels, are not accessible because of diffusional 

limitations and size exclusion, which can lead to poor performance of zeolite catalyst, pore 

blockage and active site deactivation [3-7]. An alternative solution to tackle this issue by 

preparing mesoporous MCM-41 and SBA-15–type materials with 1.5-30 nm range could 

overcome some of the limitations associated with zeolites. However, these materials exhibit 

weak acidity, lack of hydrothermal stability and low crystallinity [4]. At the same time, 

sustained efforts have been devoted to designing zeolite crystals with nano-size aiming to 

reduce the diffusion path length, although, this approach may have limited large-scale 

applications due to the high cost of some nanosized zeolites and practical difficulties 

associated with handling and separating such materials from the crystallization mixtures [2,7]. 

In the recent years, a number of strategies have been introduced in the field of the synthesis of 

well-defined hierarchical zeolites containing micro-, meso- and macro-pores, the so-called 



73 

 

bottom-up and top-down approaches
 

[4,8-19]. These approaches for improving the 

accessibility of active sites and transport efficiency in the zeolite crystals by the presence of a 

hierarchy of pores, which is referred to as mesostructured or hierarchical zeolites. The 

bottom-up procedure is based on employing an either hard or soft template, such as carbon 

nanotubes, polymers, and organic structural-directing agents to generate secondary mesopores 

in the range 2-50 nm. The main disadvantages of this strategy are the high cost of the 

template and some difficulties with removing the organic species after the hydrothermal 

synthesis, which might affect the degree of structural order in the resulting material. The 

second strategy involves post-synthesis dealumination or desilication of zeolite crystals 

utilising, for instance, chemical etching and steaming. Among the different methods 

developed to generate intracrystalline mesoporsity within porous materials, surfactant-

templating strategy allows for the incorporation of secondary porosity with tailored 

dimensions of the original zeolite [20-23]. 

 In the present chapter, zeolites with different structures and chemical compositions are 

treated with long-chain alkyl quaternary amine cationic surfactant at controlled pH in order to 

generate an intracrystalline network of mesopores without causing excessive degradation of 

the zeolite structure, and therefore, reduce diffusion limitations in the reaction involving 

larger molecules [22].
 
To evaluate the efficiency of the mesostructuring process in the zeolites 

with different structures and Si/Al ratios, extensive development work has been focused on 

the preparation of hierarchical FAU, BEA, MOR, LTL and ZSM-5 zeolites by surfactant-

templating. A detailed characterisation of the parent and modified mesostructured zeolites 

was carried out using XRD, N2 physisorption, solid-state NMR, and TEM as well as FTIR 

spectroscopy. 
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3.2 Experimental  

 Several series of hierarchical materials were prepared from the parent FAU, BEA, 

MOR and ZSM-5 and LTL zeolites generally by utilising a one-step procedure to introduce 

mesoporosity into these materials. A base or an acid was used to initiate either desilication or 

dealumination of the zeolite in the presence of a cationic surfactant under controlled 

conditions. The samples were washed, dried and calcined at elevated temperature prior to the 

structural characterisation. The calcined zeolites were ion-exchanged using 0.5 mol L
-1

 

ammonium nitrate solution at 40
o
C for 1h preceding the reaction studies. The obtained 

mesostructured zeolites were denoted as M-Zeolite-i, where i refers to the extent or severity of 

the mesostructuring treatment, which may depend on the concentration of the acid or base, 

the temperature, and duration of the modification procedures. 

 Na-Y zeolite (FAU structure type, CBV100, SAR 5.1) was purchased from Zeolyst 

International and modified to obtain the hierarchical zeolite, following the procedure 

described in the literature [24]. In a typical procedure, 5.0 g of a commercial faujasite was 

mixed with 50 ml of water and the pH of the slurry was adjusted to ~ 5.5-5.7 using few drops 

of nitric acid (Fisher Scientific,70%). Then the slurry was stirred with 10% citric acid (Fisher 

Scientific,99.9%) using 1.5-9.0 milliequivalents of the acid per 1g of the zeolite for 1 h at 

ambient temperature. After centrifuging and rinsing with deionised water, the acid treated 

material was recovered and dried for 1 h at room temperature. The zeolite was re-slurried in a 

solution containing 0.12-0.75 g of sodium hydroxide (Fisher Scientific, 99%) and 2.60 g of n-

hexadecyltrimethylammonium bromide (CTAB) (Alfa Aesar, 98%). The mixture was kept at 

80-100
o
C for 24 h. Next, the solid was recovered, washed and dried at room temperature 

overnight. The resulting material was treated with 3 mol L
-1

 of ammonium nitrate solution 

(Sigma-Aldrich,>99%) at 80
o
C for 1hr, followed by filtering, washing and drying overnight. 

To remove the template and convert the ammonium form to H-type FAU zeolite, ~2 g of the 
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sample was calcined first in the flow of nitrogen at 450
o
C (temperature ramp of 1.5

o
C min

-1
) 

for 1 hour. Then, the gas flow was switched to oxygen, the temperature was increased to 

550
o
C (temperature ramp of 2

o
C min

-1
) and kept for 2 hours before cooling the sample. 

 The MOR (CBV 21A) with SAR 20 and BEA (CP814E, CP814C, and CP811C-300) 

zeolites with SARs (25, 38 and 300), respectively, were also acquired from Zeolyst 

International. The hierarchical zeolites were prepared according to the patent reported in ref 

[25]. 2 g of parent MOR and BEA zeolites were calcined in air at 450
o
C for 3h and then 

stirred in 50 mL of a basic solution of 0.13-0.5 mol L
-1

 Tetramethylammonium hydroxide 

pentahydrate TMAOH (Alfa Aesar,98%). After that 1-1.85 g of CTAB was added to this 

mixture. Next, after 1h, the synthesis mixtures were placed into Teflon-lined autoclaves and 

heated to 150
o
C using CEM Mars 6 microwave (CEM Corporation). The heating time was 

varied from 5 h to 18 h. The initial ramp time was 20 minute and the power output did not 

exceed 400 W. The products were filtered and washed with deionized water. Finally, the 

solids were dried at room temperature overnight and calcined in the flow of nitrogen at 400
o
C 

(temperature ramp of 1.5
o
C min-1) for 1h and oxygen at 500

o
C (temperature ramp of 2

o
C min

-

1
) and kept for 2h before cooling. 

 The parent ZSM-5 (CBV 3024E, CBV 5524G and CBV 8014) zeolites with SARs 30, 

50 and 80, respectively, were obtained from Zeolyst International and 50 mL of a basic 

solution containing 0.2 mol L
-1

 from sodium hydroxide and tetrapropylammonium hydroxide 

TPAOH (Alfa Aesar,1M) were mixed together. Afterward, 1 g of CTAB was added to this 

mixture and stirred for 1h at 80
o
C. This protocol followed the desilication method described 

in ref [26]. The resulting synthesis mixture was conducted under microwave hydrothermal 

synthesis according to the method mentioned above for 8h to 16h. The zeolite was filtered, 

washed and dried at room temperature. The dried zeolite was subjected to threefold ion-

exchange with a solution of 0.5 mol L
-1

 ammonium nitrate at 60
o
C for 1hr. Finally, the above 
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solid was again filtrated, washed and dried at 40
o
C overnight and then calcined using the 

method described for Na-Y.  

 The NaK-L zeolite (LTL structure type, HSZ-500KOA) with SAR 6.3, was purchased 

from Tosoh, and the zeolite was subjecting the framework-modified zeolite to a mesopore 

formation treatment. 3g of zeolite L was slurried in 11g of deionised water and treated with 

0.2-0.4 mol L
-1

 of sulphuric acid (Fisher Scientific,70%) for 1 h. The treated zeolite was then 

filtered and washed with hot deionised water three times. The dealuminated zeolite was re-

slurried with water and the pH of this medium was adjusted to 7.0 using a sodium hydroxide 

solution. The slurry was then treated with 0.1-0.2g of 50% sodium hydroxide in the presence 

of 1.40g of CTAB at 80-100
o
C overnight. The product was filtered, washed, dried at room 

temperature and calcined using the method described for MOR.  

 A comprehensive structural characterisation of all the materials utilised in this work 

was carried out using XRD, the patterns of various catalysts were recorded on Brucker D8 

Advance diffractometer with Cu-Kα radiation at 40KV/40mA at ambient temperature over 

the Bragg angle (2Theta) range of 5-60
o
 for high-angle and between 1-13

o
 for low-angle; the 

crystalline phases were matching by comparing the XRD diffraction patterns of catalysts with 

those reported in the literature. In addition, Energy-dispersive X-ray spectroscopy (EDS) 

from Bruker was conducted for the elemental analysis. Physisorption experiments including, 

the effective surface area of the catalysts; their pore volume and the pore size distribution 

from the NLDFT model were obtained using nitrogen adsorption on a Quantachrom Autosorb 

instrument. A detailed description is available in Ref 24. To gain deeper insight into the 

structural properties of zeolites, physio-chemical information of zeolites used in this work is 

shown in Table 3.1. 
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 TEM experiments were carried out using FEI Tecnai G2 30 UT LaB6 microscope 

operated at 300 kV and having 0.17 nm point resolution. Weak beam conditions were used 

for TEM experiments in order to prevent the degradation and artifacts in the samples. TEM 

samples were prepared by dispersing them in ethanol and transferring the dispersion onto a 

Cu holey carbon grid. 

 Solid-state NMR experiments were performed using a 500 MHz Bruker Advance III 

spectrometer operating at a Larmor frequency of 130.3 MHz for 
27

Al and 99.3 MHz for 
29

Si. 

Powdered samples were packed into 4 mm rotors. For 
27

Al MAS NMR, spectra were acquired 

using a relatively short pulse length of 1 µs (i.e., a selective pulse of 10°), a recycle delay of 1 

s and a spinning rate of 14 kHz. For 
29

Si MAS NMR, spectra were acquired using a 30° pulse, 

a recycle delay of 20 s and a spinning rate of 12 kHz. Chemical shifts were referenced to 1 

mol L
-1

 Al (NO3)3 for 
27

Al and to TMS for 
29

Si.  

 Comparative characterization of the Brønsted and Lewis acid sites in zeolites was 

carried out using transmittance FTIR measurements in the 6000-900 cm
-1

 spectral range 

utilising pyridine adsorption. FTIR transmittance measurements were performed at ~80°C 

using catalyst self-supported disks activated in an in situ IR cell at 450°C for 5 h in vacuum 

(10
-5

 Torr, the temperature ramp of 1
o
C/min). FTIR spectra have been collected using a 

Thermo iS10 spectrometer at a 4 cm
-1

 resolution (0.96 cm
-1

 data spacing). The spectra were 

analysed using specialised Thermo software, Omnic. An excess of Py was admitted into the 

transmittance cell at 150°C, in a stepwise manner until no changes were observed in the 

spectra. The saturated sample was then evacuated for 20 min at 150°C to remove physically 

adsorbed Py. The following values of the molar absorption coefficients were applied for 

Brønsted acid sites, BAS, ε(BAS, MFI)=1.08, ε(BAS, BEA)=1.16, ε(BAS, MOR)=1.34 and 

for Lewis acid sites, LAS, ε(BAS, FAU and LTL)=1.65 cm mol
-1

 (IR peak at ~1545 cm
-1

) 
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and ε(LAS)=1.71 cm mol
-1

 (IR peak at ~1455 cm
-1

). The error margin for the acid site 

quantification was estimated as ±5%. 

   Table 3.1 Properties of parent zeolites [27]. 

Zeolite Si/Al molar ratio Ring size; pore system Pore size (Å) 

FAU 2.5 12-MR; 3D 7.4×7.4 

BEA 12.5-150 12-MR; 3D 6.6×6.7 and 5.6×5.6 

MFI 15-40 10-MR; 3D 5.1×5.5 and 5.3×5.6 

MOR 10 12- and 8-MR; 1D 6.5×7.0 and 2.6×5.7 

LTL 3.1 12-MR; 1D 7.1×7.1 

 

 The catalytic studies, utilising 1,3,5-tri-isopropylbenzene (TIPB) (Sigma-

Aldrich,>95%)  dealkylation as a reaction test, were carried out in a conventionally heated 

high-pressure Monowave-50 reaction system, supplied by Anton Paar, using specially 

designed 10-mL glass vials as batch reactors operating at elevated temperature and pressures. 

In a typical reaction run, 0.2 g of the zeolite catalyst was activated in an open autoclave 

reactor at 400
o
C for 5 h, cooled down to ~100

o
C and then mixed with 2 mL of TIPB. The 

reactor was purged with nitrogen and sealed; the temperature was raised to 240°C and kept 

for 1 h. Next, the reaction mixture was cooled down to ~0
o
C and the liquid products were 

isolated and analysed using an Agilent 7890A GC with the 5975C mass detection system 

equipped with a capillary column BPX90 SGE, 15m×0.25mm×0.25µm (1 % solution of the 

products in MTBE with 0.1 v% of nonane as the internal standard) (see Table 3.2). 
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Table 3.2 GC-MS analysis conditions. 

Split ratio 

Carrier gas  

Column temperature   

  

 

Injector and detector temperature  

Injection volume     

100 

Helium at 1 mL/min 

50
o
C for 3 min   

25
o
C/min to 300

o
C 

Hold at 300
o
C for 2 min 

250
o
C 

0.2 µL 

 

3 Results and discussion  

 XRD measurements have been performed in this study in order to control structural 

changes in zeolites during the incorporation of surfactant-templated mesoporosity into the 

zeolite crystals. The evolution of the crystallinity of treated materials has been monitored at 

different concentrations of the acid or base during the mesostructuring treatment (Figures 3.1, 

3.2, 3.3 and 3.4). It is important to note that the apparent decrease in crystallinity with the 

increasing severity of the treatment conditions, as observed by the intensity of the XRD 

patterns, can be due to two factors: the structural degradation of the “over-treated” zeolites 

and the intracrystalline mesoporosity introduced as the result of such treatment. 

 Figures 3.2 and 3.3 present the XRD patterns of the parent and hierarchical zeolites 

subjected to different degrees of the treatment severity in this work. XRD analysis reveals 

that the treated zeolites still maintain significant crystallinity, which follows the severity of 

the acid or base treatment at different concentrations. This suggests that the introduction of 

mesopores can be achieved without a significant loss of crystallinity, consistent with previous 

reports [21,25-30]. The results of low angle XRD measurements (Figures 3.1a, 3.3a, and 

3.3c) also reveal that the ordered pore arrangement of mesostructured zeolites is observed 

after the treatment. In this family of materials particularly in zeolites Y, MOR and L, the 
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intense peaks in the low 2-theta range can be indicative of lamellar or hexagonal ordering of 

the mesopores: at 2.5° (d-spacing ∼3.47 nm) for mesostructured zeolite Y, at 2.23
o
 (d-spacing 

∼3.95 nm) and 4.03
o
 (d-spacing ∼2.18 nm) for mesostructured mordenite, as well as at 2.0

o
 (d-

spacing ∼4.39 nm) and 4.02
o
 (d-spacing ∼2.19 nm) for mesostructured zeolite L. However, no 

significant long-range ordering has been detected in zeolites BEA and ZSM-5 after this 

treatment. This is an important observation indicating that there is a direct link between the 

zeolites that have 12-ring pores and the formation of the intracrystalline mesoporosity. It can 

be suggested that the presence of 12-MR pores in the zeolite framework, which are accessible 

to the surfactant species, would facilitate the formation of regular mesopores during the 

surfactant-templated mesostructuring process. In contrast, the 10-MR channels of the medium 

pore ZSM-5 zeolite would be largely inaccessible for the surfactant. Thus, there is no long-

range ordering observed in the treated ZSM-5. With regard to the BEA zeolite, there is no 

conclusive evidence for the long-range ordering of the mesopores, which may be related to 

the complexity of its structure. Zeolite beta consists of two distinct structures termed 

polymorphs A and B
 
[27]. The XRD patterns of the commercial BEA samples utilised in this 

work correspond to materials comprising ~50% of polymorph A and 50% of polymorph B 

[31]. The polymorphs intergrow as two-dimensional sheets randomly alternating forming a 

three-dimensional framework with a 3D system of 12-MR pores. The intergrowth of the 

polymorphs does not significantly affect the pores in two of the dimensions, but in the 

direction of the faulting, the pores become tortuous, but not blocked. 
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Figure 3.1 XRD patterns of the parent and treated Y zeolites. The starred peak indicates long-

range ordering in the mesostructured sample.  

 

 

  

Figure 3.2 XRD patterns of the parent and treated BEA (a) and ZSM-5 (b) zeolites.  

 

(a) (b) 

(a) (b) 



82 

 

 

 

 

Figure 3.3 XRD patterns of the parent and treated MOR (a, b) and L (c, d) zeolites. The 

starred peaks indicate long-range ordering in the mesostructured sample. 

(a) (b) 

(c) (d) 
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Figure 3.4 XRD patterns of treated faujasite-type zeolites at different amount of citric acid 

(a) 0 meq,(b) 4.5 meq.(c) 6 meq.(d) 9 meq and (e) 12 meq. 
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 An important insight into the formation of mesostructured zeolites comes from the 

high-resolution TEM imaging (Figure 3.5). For the parent zeolites, particularly Na-Y, TEM 

data demonstrate the nano-scale features of the well-crystallised materials with sub-micron 

particle size. Interestingly, BEA zeolite particles consist of agglomerates of single crystals 

about 40-50 nm in size, which is in agreement with the dimension of crystalline domains (~40 

nm) estimated from the line broadening in the XRD patterns using the Scherrer equation. The 

surfactant-templated mesostructuring procedure was successful for large-pore zeolites; 

indeed, the high magnification images demonstrate the presence of intracrystalline 

mesopores. The pore size in faujasite and BEA zeolite (Figures 3.5a and 3.5b) range from 10 

to 15 nm and from 5 to 8 nm, respectively. In the samples of mordenite and LTL zeolite, the 

pore size is significantly smaller, 3-5 nm, in agreement with the nitrogen adsorption data. 

Furthermore, arrays of parallel mesopores are observed for the latter two zeolites, which 

would correspond to the long-range order peaks detected in the XRD patterns at ~ 2
o
 (d-

spacing of ~4 nm). The generated mesopores are clearly located in the zeolite crystals, which 

in agreement with previous reports [21, 24, 32] confirm that a single phase rearrangement 

process is taking place during the mesostructuring of a large-pore zeolite in the presence of 

the cationic surfactant under mildly basic treatment conditions. This is also supported by 

recent research combining in situ synchrotron XRD and ex-situ gas adsorption experiments 

confirming that during the formation of mesopores in faujasites via surfactant-templating the 

crystalline structure of the zeolite remains largely intact [33]. In contrast, the two-step zeolite 

recrystallization process reported in [34] is often accompanied by the formation of amorphous 

silica or silica-alumina. The main difference between these two approaches is the introduction 

of a surfactant, such as CTAB, during desilication of the zeolite framework. The mechanism 

proposed by Garcia-Martinez et al. [32] indicates that as the zeolite is subjected to basic 

treatment, the base initiates the hydrolysis of the Si-O bonds generating negatively charged 
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defect sites which attract cetyltrimethylammonium cation (CTA
+
) of the surfactant molecule 

inside the zeolite crystal. As the reaction proceeds, hexagonally or cubically ordered 

mesopore system is produced due to the micelles agglomerations within the individual zeolite 

crystals. Our data indicate that this process is relatively facile in the large-pore zeolites, FAU, 

BEA, MOR, and LTL, but not in the medium-pore MFI structure. It should be noted that for 

the unidimensional pore system of LTL, the formation of mesopores is rather gradual as 

compared to the more open pore structures, particularly FAU and BEA. Indeed, the TEM 

images of mesoporous ML-1 sample capture the initial stages of the generation of mesopores 

mostly in the exterior layer of the zeolite crystals resulting in the formation of microporous 

core – mesoporous shell structure, hence, potentially affording an additional degree of control 

over the traits of the pore system in this material (Figure 3.6). For zeolites BEA and ZSM-5 

with a wide range of Si/Al ratios, the amount of mesoporosity generated in BEA is 

significantly greater than that in ZSM-5 (Figures 3.5b and 3.5e). It appears the surfactant 

species cannot penetrate inside the ZSM-5 crystals due to the small size of the 10-MR pores 

(Figure 3.7). The desilication process for ZSM-5 is more pronounced on the external surface 

of its crystals under the relatively mild conditions utilised in this work. Desilication (and 

dealumination) is also taking place on the external surface and the grain boundaries of 

faujasite and zeolite beta (Figures 3.5a and 3.5b). 
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Figure 3.5 TEM images for parent (left) and modified (right) zeolites (a) Y, (b) BEA, (c) 

MOR, (d) L, and (e) ZSM-5. 
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Figure 3.6  Bright field TEM and HRTEM images for modified L viewing along two 

orthogonal directions (a) and (b). Higher magnification TEM image of single rectangle L 

particle and enlargement image of the edge (marked with white rectangle) are given as 

inserts. The aligned pores (bright contrast) on the surface of the L crystal are observed 

from both directions. 
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Figure 3.7 Structures of (a) L and (b) ZSM-5 zeolites viewed along [001] and [010], 

respectively. 
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 Further evidence of well-defined mesoporosity in the studied large-pore zeolites is 

provided by the N2 adsorption-desorption data (Figures 3.8), which show very different 

isotherm profiles for the parent (type I) and mesostructured samples (type IV). For all the 

modified zeolites, a type H4 hysteresis loop is observed (less evident for ML-1), which is 

typical of mesoporous zeolites possessing a bimodal pore size distribution owing to the 

presence of both meso- and micropores [25,35]. Indeed, a detailed analysis of the 

connectivity between mesopores and micropores in mesostructured faujasites conducted using 

both nitrogen and argon adsorption at different temperatures with hysteresis scanning has 

demonstrated the presence of interconnected intracrystalline meso- and micropores in these 

materials [32,36]. In agreement with the TEM data, MY-1 and MBEA-1 materials exhibit a 

significant nitrogen uptake at relative pressures higher than 0.5 indicating the presence of 

larger mesopores as compared with MMOR-1 and ML-1. 
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Figure 3.8 N2 adsorption-desorption isotherms for parent and modified zeolites (a) Y,(b) 

BEA,(c) MOR , (d) L, and (e) ZSM-5.  
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       Table 3.3 summarises the N2 physisorption results for the studied zeolites. The textural 

properties, such as the Si/Al molar ratios, total surface area and the pore volume of the 

hierarchical zeolites, depend on the concentration of acid or base that used in the treatment 

and the type of surfactant as well as the contact times. For instance, in the basic media, some 

of the Si-O-Si bonds are opened producing negatively charged sites in the zeolite structure 

that are balanced by the cationic surfactant species. Thus, the combination of a surfactant and 

a base is essential for protecting the zeolite structure from excessive desilication. This 

treatment is successful for medium and high silica zeolites including MOR and BEA (Si/Al 

~8-20), but not for the low silica zeolites (Si: Al ~1-5). This can be attributed to the difficulty 

of breaking the Si-O-Al bonds under basic conditions, and hence, using an extra pre-treatment 

of acid wash is important. A dilute acid, such as citric or sulphuric acid, can initiate the 

dealumination process by breaking the O-Al bonds. The role of this treatment pretreatment is 

to create a sufficient number of defects in the zeolite structure, which would facilitate the 

formation of significant mesoporosity in the acid-treated zeolite through subsequent 

surfactant-templating. In agreement with the literature [33,36], the external surface area and 

total pore volume both increase with increasing alkali or acid concentration, time and 

temperature of the treatment, while the micropore volume is largely conserved (see Figures 

3.9 and 3.10). Mesostructured zeolites obtained in the presence of CTAB have more than 

double pore volume and high crystallinity due to the controlled introduction of the 

intracrystalline mesopores, generally without noticeable formation of amorphous silica or 

aluminosilicate, which is in contrast to the materials prepared utilising NaOH or KOH 

without the surfactant that are generally characterised by low crystallinity and a broad pore 

size distribution [37]. 
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Table 3.3 Textural parameters from low-temperature N2 adsorption-desorption studies for 

the parent and modified zeolites.  

Zeolite 
Si/Al Si/Al Crystallinity SBET Vmicro Vmeso 

(SEM) (NMR)
f
 (%) (m

2
g

-1
) (cm

3
g

-1
) (cm

3
g

-1
) 

NaY 2.6 2.6 99 855 0.33 0.04 

   MY-1
a
 4 3.1 65 830 0.21 0.28 

MY-2 4.5 - 42 605 0.15 0.34 

BEA 19 12.7 98 695 0.26 0.06 

MBEA-1 15 9.9 81 740 0.2 0.12 

MBEA-2
b
 10 - 70 810 0.16 0.25 

MOR 10 9.3 93 488 0.20 0.03 

MMOR-1 8.5 6.3 77 600 0.14 0.18 

 MMOR-2
c
 7 - 67 630 0.10 0.25 

ZSM-5 40 - 97 423 0.20 0.03 

MZSM-5-1 35 - 90 475 0.20 0.10 

MZSM-5-2
d
 32 - 85 500 0.18 0.15 

KL 3.1 2.8 94 300 0.15 0.08 

 ML-1  4.4 3.3 74 380 0.11 0.17 

ML-2
e
 5.8 3.9 59 490 0.07 0.28 

 

a The treatment of NaY with 6 meq (milliequivalent) of citric acid for MY-1 and 9 meq for 

MY-2; b [TMAOH] was 0.15 mol L
-1

 for MBEA-1 and 0.5 mol L
-1

 for MBEA-2; c the high-

temperature treatment time was 5 h for MMOR-1 and 15 h for MMOR-2; d the high-

temperature treatment time was 9 h for MZSM-5-1 and 16 h for MZSM-5-2; e 0.2 mol L
-1

 

H2SO4 was used for ML-1 pretreatment and 0.4 mol L
-1

 H2SO4 was used for ML-2; f for 

zeolites with the ratio of Si/Al>10, particularly BEA with a large number of Si-OH groups, 

the (Si/Al)NMR values are overestimated probably by up to 20-30%.  
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Figure 3.9 Pore size distribution of treated MOR at different times. 

 

Figure 3.10 The relationship between the amount of citric acid added and the pore volume of 

the modified faujasite-type zeolite. 
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       Zeolite acidity, including the type, concentration, strength, and accessibility of active 

sites, can be characterised by employing the FTIR spectroscopy
 
[38,39]. Pyridine has been 

used in this study in order to calculate the number of Brønsted (B) and Lewis (L) acid sites. 

Our FTIR data demonstrate that the formation of surface defects upon the treatment by basic 

surfactant solution is correlated with the loss of some Brønsted acid sites and an increase in 

the L/B ratio (see Table 3.4 and Figure 3.11). This is accompanied with the formation of the 

terminal SiOH groups characterised by the infrared peak at ~3740cm
-1

 [40]. The intensity of 

the bridging hydroxyl peak at ~3610 cm-1 decreases very significantly for the mordenite 

samples, whereas for other zeolites, only a modest change in intensity is observed. 

 

Table 3.4 The concentration of the acid sites in ammonium exchanged zeolites. 

Zeolite CB , μmolg
-1

 CL , μmolg
-1

 CL/CB ratio 

NH4-Y 862 48 0.06 

MY-1 689 91 0.11 

NH4-BEA 409 105 0.26 

MBEA-1 397 406 1.02 

NH4-ZSM-5 328 29 0.09 

MZSM-5-1 281 57 0.20 

NH4-MOR 864 122 0.14 

MMOR-1 337 149 0.44 

NH4-L 515 165 0.32 

ML-1 349 286 0.82 
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Figure 3.11 The spectra of pyridine chemisorbed in parent MOR zeolite (a) and modified 

sample MMOR-1 (b).  

 

       Further structural characterisation of the coordination and local structure of Al and Si 

atoms in the studied zeolites has been conducted using 
27

Al and 
29

Si MAS NMR. 
27

Al MAS 

NMR spectra of the treated MY-1 and ML-1 zeolites presented in Figure 3.12 reveal that the 

treatments did not significantly change the nature of acid sites as confirmed by the absence of 

distorted octahedral Al, extra-framework species, with a chemical shift δ~0 ppm in the 

mesostructured material after the treatment. The bulk of Al remained in tetrahedrally 

coordinated framework positions characterised by the chemical shift values from δ=60 to 

δ=54 ppm, which are indicative of the changing local environment of Al in different materials 

[41]. The amount of extra-framework species (δ~0 ppm) displayed by MBEA-1 and MMOR-

1 decreases slightly following the surfactant-templated treatment, whereas for MZSM-5-1 a 
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small increase is observed. In addition, the NMR spectra of the mesostructured FAU, LTL 

and MOR zeolites show noticeable signal broadening for the framework Al species, which is 

indicative of the increasing disorder of the local aluminum environment resulting from the 

pretreatment procedure. From the comparison of our NMR and FTIR data, it can be 

concluded that these distorted tetrahedral Al species may be coordinated by Py molecules 

producing Py-LAS complexes observed in the infrared spectra. This phenomenon, which is 

particularly evident for the hierarchical FAU and LTL samples, is probably facilitated by the 

formation of mesopores and enhanced accessibility of the sites resulting from the 

mesostructuring treatment in the presence of the surfactant. 
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Figure 3.12 The 
27

Al MAS NMR spectra of parent (black) and hierarchical (red) zeolites (a) 

Y, (b) BEA, (c) MOR, and (d) L. 
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       The Si/Al framework ratio in the studied zeolites has been measured by 
29

Si MAS NMR 

(Table 3.3) [41]. The surfactant-templated modification of zeolites Y and L resulted in 

increasing the signal intensity for the Si(0Al) and Si(1Al) sites at ~ -107 and -101 ppm, 

whereas the Si(2Al) and Si(3Al) signals at ~ -96 and -91 ppm are decreasing, confirming that 

more Si(0Al) and Si(1Al) sites are generated during the zeolite treatment, which is 

characteristic of dealumination of these materials. In contrast, the 
29

Si MAS NMR spectra of 

BEA and MOR zeolites show clear evidence of desilication as the intensity of the Si(0Al) is 

decreasing following the mesostructuring treatment (Figure 3.13) [42-43]. 

 

Figure 3.13 
29

 Si MAS NMR spectra of the parent and hierarchical zeolites. 

       The TIPB catalytic data for both parent and modified zeolites are presented in Figure 

3.14. It has been shown that the activity of zeolite-based catalysts in this reaction is 

determined by the accessibility of BAS to the bulky TIPB molecules [18,44]. Our results 
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demonstrate that the TIPB conversion increases on all zeolites following the mesostructuring 

treatment. The major liquid dealkylation products (primary cracking) are m- and p-

diisopropylbenzene for all the studied catalysts and a small amount of isopropylbenzene in 

the absence of benzene molecules (secondary cracking) has been detected for both faujasites, 

which are the most active catalysts as they possess the more open pore systems with the 

largest pore apertures, and hence, the greatest number of accessible acid sites. Beta zeolites 

are the second most active pair, which can also be attributed to their open pore structure. 

        Interestingly, the most significant increase in activity is shown by the M-LTL-1 and M-

MOR-1 materials indicating the potential of the applied pore-opening procedure for 

enhancing the accessibility of the acid sites in zeolites with the unidimensional system of 

micropores. 

 

Figure 3.14 TIPB cracking activity over the activated ammonium forms of the parent and 

mesostructured zeolite catalysts (IPB, m-IPB and p-IPB denote isopropylbenzene,meta-

diisopropylbenzene and para-diisopropylbenzene respectively). 
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       In summary, our results demonstrate a successful introduction of the uniform mesopores 

into the crystals of zeolites BEA, FAU, LTL, and MOR via surfactant templating. The 

intracrystalline character of mesoporosity and long-range ordering have been previously 

confirmed for faujasite type materials using TEM, XRD and adsorption studies [32,45-46]. 

Our results extend this work to a number of large-pore, but not medium-pore, zeolites and 

provide further evidence for the intracrystalline nature of the generated micro-mesoporous 

materials, rather than the existence of a composite mixture comprising a microporous 

crystalline zeolite and mesoporous amorphous silica. This is based on direct information 

obtained from the TEM images and low angle XRD data for these materials as well as on the 

shape of the H4 hysteresis loop observed in nitrogen adsorption-desorption experiments, 

which is indicative of the interconnected system of micro- and mesopores. Our reaction 

studies on the transformations of bulky molecules (to be presented in chapters four and five) 

also confirm the improved accessibility of strong acid sites in mesostructured zeolites. It can 

be concluded that the surfactant species play a key role in the formation of regular 

intracrystalline mesopores and protecting the zeolite framework against excessive desilication 

and dealumination during the mesostructuring process. All these findings further highlight the 

possibility of avoiding the treatment of zeolites by recrystallisation process, which can lead to 

the degradation and amorphisation of the zeolite structure whilst generating a high degree of 

mesoporosity at the same time. In agreement with previous reports [26,47-48], our data 

confirm that the treatment of a zeolite in the presence of a pore-forming organic surfactant in 

basic media makes the mesostructuring procedure much more controllable as compared to the 

severe leaching route utilising inorganic basic solutions (e.g. of sodium hydroxide) without 

the surfactant, which generally leads to a significant degradation of the zeolite framework. It 

is important to note that the existence of a two- or three-dimensional pore system in some 

zeolites may not be sufficient for the introduction of intracrystalline mesoporosity via 
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supramolecular templating approach, for instance with the pores comprising 10-MR windows 

of the medium pore ZSM-5. These types of zeolites are resistant to the surfactant-templating 

treatment and the potential for enhancing their intracrystalline porosity is still under 

investigation [49-50]. 



106 

 

3.4 Conclusions 

       Hierarchical materials with uniform intracrystalline mesopores and strong acidity based 

on a number of industrially important zeolites have been prepared by means of surfactant 

templated post-synthesis modification of zeolites using a combination of acid and base 

treatments in the presence of a surfactant. Evaluation of this strategy in the various 

industrially relevant zeolites is shown to be successful in the synthesis of a variety of well-

defined structures with 12-ring wide pores in their pore system construction. In contrast, the 

secondary porosity introduced by this method does not show uniform mesopores of tuneable 

size with 10-MR pores of the zeolite crystals. The mechanism of the mesostructuring process 

is still incompletely understood and the intermediate structures have not been identified. A 

detailed understanding of the treatment processes will serve as a general guideline to allow 

targeted post-synthesis modification, yielding improved materials, and has a direct influence 

on the new catalytic application, particularly involving the transformations of bulky 

molecules. 
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Chapter 4 

Nanostructured zeolites: the introduction of intracrystalline 

mesoporosity in basic faujasite-type catalysts 

 

4.1 Introduction 

       For many decades zeolites have been utilised in a wide range of important catalytic 

applications due to the presence of strong acid sites, high surface area, shape selectivity and 

their unique molecular sieving properties [1-5]. Although microporosity is an essential feature 

of the conventional zeolites being associated with their molecular sieving properties and 

shape-selectivity, these types of catalysts can suffer from slow intracrystalline diffusion of 

bulky molecules inside the pores and limited accessibility of active sites [6-8]. In this respect, 

the considerable advances in the synthesis of novel structures, pore size engineering, 

preparation of nano-zeolites, hierarchical and hybrid structures have been instrumental in 

addressing the mass transfer limitations and enhancing the catalytic activity of zeolites and 

related materials [5,9-22]. Hierarchical materials with uniform intracrystalline mesopores 

based on a number of industrially relevant zeolites, such as FAU, MOR and MFI, have been 

successfully obtained and utilised for industrial catalysis and separation by means of 

surfactant-templating post-synthesis modification of zeolites with a wide range of Si/Al ratios 

using a combination of acid and base treatments in the presence of a surfactant [7,9,23-25]. In 

addition, hierarchical FAU-type zeolites have been recently prepared in the absence of any 

organic template, thus offering an affordable route to industrial commercialisation [26-27], 

compared to procedures making use of costly organic agents [28]. 

       In contrast with the extensive exploitation of mesostructured zeolitic materials in 

heterogeneous acid-type catalytic processes, their application as basic catalysts has attracted 
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significantly less attention, especially for the transformation of renewable feedstock into 

valuable chemicals and fuels [5,29-32]. In fact, there have been relatively few attempts 

aiming to produce basic microporous and mesoporous catalysts. Some of these have been 

based on the alteration of the chemical compositions of a zeolite, e.g. via ion exchange or 

impregnation [2,33-34], other approaches utilised more elaborated post-synthesis treatments, 

such as ammonia grafting [35]. There have been reports focusing on the application of 

modified amorphous mesoporous silicas and aluminosilicates (e,g., MCM-41, SBA-15, HMS, 

etc.), however, these potential catalysts are lacking hydrothermal stability as compared to 

crystalline zeolites [5,19,35]. Recently, several studies have been carried out aiming to design 

highly efficient basic catalysts with enhanced access to the active sites inside the zeolite 

micropores using a network of secondary mesopores. For example, hierarchical FAU and 

LTA-type zeolites and mesoporous zeolite ETS-10 prepared and tested in Knoevengal 

condensation of aldehydes as well as for the synthesis of α, β-epoxy ketones, have 

demonstrated a higher catalytic activity as compared to the parent catalysts [36-38]. Parallel 

to these studies, novel amine-grafted hierarchical zeolites have been successfully synthesised 

and evaluated as potential catalysts for the aldol condensation of 5-hydroxymethylfurfural 

[39].
  

       In this chapter, in order to examine the catalytic performance of hierarchical zeolites, that 

prepared in the previous chapter, a range of catalysts based on nanostructured NaY and NaX 

zeolites have been designed and used for the synthesis of biofuel from vegetable oils using 

microwave heating. The modification procedures involved two approaches. Firstly, a 

combination of surfactant-mediated acid and base treatments has been utilised aiming to 

obtain hierarchical faujasites with intracrystalline mesoporosity. In the second experiment, the 

introduction of K and Cs has been carried out via ion-exchange in order to generate more 

efficient basic catalysts with an enhanced activity in transesterification reactions. The 
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generated mesoporous structure should considerably improve the access by bulky molecules 

to the zeolite active sites. At the same time, a combination of postsynthetic treatment should 

not significantly change the Si/Al ratio of the modified faujasites, which should, therefore, 

retain their high ion-exchange capacity allowing for the formation of strong basic sites. The 

aim of the present study is to prepare, characterise and assess faujasite based heterogeneous 

catalysts with the view to optimise their activity and reaction conditions for the production of 

biofuel from vegetable oils and to address the importance of the strength of basic sites and 

their accessibility. The application of microwave heating should allow an increase in the 

reaction temperature and the reaction rate. A particular emphasis is on the detailed structural 

characterisation of these nano-structured catalysts in order to evaluate their potential for the 

transformations of bulky molecules, such as the methanolysis of triglycerides, esterification 

of free fatty acids and biofuel upgrading reactions. 
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4.2 Experimental  

       The parent zeolites, NaY (CBV-100) and NaX (13X) were obtained from Zeolysts 

International and Sigma-Aldrich, respectively. Citric acid (99.9%), methanol, n-

Hexadecyltrimethylammonium bromide (98%), ethanol, n-heptane and n-hexane (analytical 

grade, >99.99%), nitric acid (70%), potassium nitrate (99.9%) and potassium hydroxide 

(86%) were purchased from Fisher Scientific. Refined rapeseed oil, caesium nitrate (99%), 

caesium hydroxide (99%) and methyl heptadecanoate (analytical GC standard, >99.99%) 

were supplied by Sigma-Aldrich. Deuterated chloroform (CD3Cl, 99.8%) and acetonitrile 

(CD3CN, 99.8%) were obtained from Cambridge Isotope Laboratories. Pyridine (99.5%, 

Acros Organics) and pyrrole (99%, Acros Organics) were used as received. Acetylene (99%, 

BOC) and methyl acetylene (99%, Matheson) were purified in a vacuum system utilising 

multiple freeze-pump-thaw cycles. 

       Mesostructured zeolites were prepared according to the method reported in reference 

[25]. In a typical procedure, 5.0 g of a commercial faujasite was mixed with 50 mL of water 

and the pH of the slurry was adjusted to ~ 5.5-5.7 using few drops of nitric acid. Then the 

slurry was stirred with 10% citric acid (using 4.5, 6.0, 9.0 or 12.0 milliequivalents of the acid 

per 1g of the zeolite) for 1 hour at ambient temperature. After centrifuging and rinsing with 

deionised water, the acid treated material was recovered and dried for 1 hour at room 

temperature. The zeolite was re-slurried in a solution containing 0.12-0.75 g of sodium 

hydroxide and 2.60 g of n-hexadecyltrimethylammonium bromide (CTAB). The mixture was 

kept at 80-100
o
C for 24 hours. Next, the solid was recovered, washed and dried in air 

overnight. To remove the template, 1-3g of the sample was calcined first in the flow of 

nitrogen at 500
o
C (temperature ramp of 1.5

o
C min

-1
) for 1 hour. Then, the gas flow was 

switched to oxygen, the temperature was increased to 550
o
C (temperature ramp of 2

o
C min

-1
) 

and kept for 2 hours before cooling the sample. The obtained mesostructured zeolites were 
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designated as MNaY4.5, MNaY6.0, MNaY9.0, MNaY12.0, MNaX4.5, MNaX6.0, MNaX9.0 

and MNaX12.0. 

       CsNaY, CsNaX, KNaY and KNaX zeolites were produced by adapting methods reported 

in references [40-41]. The Cs-containing zeolites were prepared by treating the Na-forms with 

0.1-0.5M of a solution containing CsCl and CsOH (4/1 v/v) at 80
o
C for 1 hour. To produce 

K-containing zeolites, ion exchange was carried out with 0.1-0.5 mol L
-1

 solution containing 

KNO3 and KOH (10/1 v/v) under the same conditions. The exchanged zeolites were washed 

with deionised water and dried at 80
o
C overnight. 

       The same protocol was utilised to obtain CsKNaY and CsKNaX. These catalysts were 

produced by converting the Na-containing zeolites into their K-forms and then exchanging 

the latter with the Cs-containing solution. 

       MNaY6.0 and MNaX9.0 were selected for the ion-exchange modification to produce 

their Cs- and K-forms. Ion exchange was carried out in two or three steps with 0.1 mol L
-1

 of 

a solution containing CsCl and CsOH or KNO3 and KOH (20/1 v/v) at 80
o
C for 1 hour 

followed by washing and drying. Four hierarchical zeolites designated as MCsNaY, MKNaY, 

MCsNaX, and MKNaX were obtained using this approach. 

       Prior to the reaction studies, the catalysts were calcined in a muffle furnace at 450
o
C for 

4 hours (1
o
C/min temperature ramp) in a flow of oxygen. 

       A detailed structural characterisation of all the catalysts was carried out prior to the 

reaction studies. Powder X-ray diffraction (XRD) patterns were recorded on a Bruker D8 

Advance diffractometer with CuKα radiation at 40kV and 40mA over the 2-theta angle range 

of 5-60
o
. In addition, mesostructured catalysts were characterised in the low 2-theta angle 

range between 1 and 12
o
 using 0.3 mm quartz capillaries. The crystalline phases were 
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matched by comparing the XRD patterns of the catalysts with those reported in the literature. 

The relative crystallinity of hierarchical faujasites was determined from the relative intensities 

of XRD patterns and their unit cell size (UCS) was calculated from the XRD data following 

the ASTM D3906 and ASTM D3942 standard methods; the Si/Al molar ratio and the number 

of aluminum atoms per unit cell (Aluc)were estimated according to references [42-43]. Also, 

the Si/Al molar ratio and the number of aluminum atom per unit cell in the zeolite framework 

(NAl) have been calculated using the following equations: 

dhkl = λ / 2sin θ    (1) 

UCS = [ d
2

hkl ( h
2 

+ k
2 

+ l
2 

) ] 
½
     (2) 

Aluc = 115.2 (UCS – 24.191)     (3) 

Si/Al = (192- Aluc)/ Aluc    (4) 

 

       TM3000 (Hitachi) scanning electronic microscope (SEM) with energy dispersive X-ray 

analysis (EDX) was utilised to obtain the elemental composition of the catalysts. High-

resolution SEM images of mesostructured zeolites were obtained using a PHILIPS XL30 

instrument. 

       The apparent surface areas of the catalysts were calculated using the BET model for the 

P/P0 relative nitrogen pressure <0.04; their micro- and mesopore volume and the pore size 

distribution were computed using the nonlinear density functional theory (NLDFT) model 

applied to the adsorption branch of the isotherms obtained from the nitrogen adsorption 

experiments carried out on a Quantachrom Autosorb instrument.  

       Solid-state NMR experiments were performed using a 400 MHz Bruker Advance III HD 

spectrometer equipped with a 9.4 T narrow-bore superconducting magnet operating at a 

Larmor frequency of 104.26 MHz for 
27

Al and 79.49 MHz for 
29

Si. Powdered samples were 
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packed into 2.5 mm rotors and rotated at MAS rates of 15 kHz. NMR spectra were acquired 

using a pulse-and-acquire pulse sequence, using a relatively short pulse length of 1 µs 

(radiofrequency field strength of γB1/2π ≈ 80 kHz), and a recycle interval of 0.5 s. Chemical 

shifts are referenced to 1 M Al(NO3)3 using a secondary reference sample of Al-ZSM-5 (δ = 

54 ppm) for 
27

Al and to TMS using the cubic octamer Q8M8 (δ = -109.8 ppm) for 
29

Si. 

       FTIR spectra were collected using a Thermo iS10 spectrometer in the range 6000-1000 

cm
-1

 with the resolution of 4 cm
-1

 and 64 scans in transmission mode. Prior to recording the 

spectra, the self-supported sample disks (~10 mg/cm
2
) was heated in a vacuum cell at 30-

450
o
C (ramp 1

o
C/min). After a period of 5h at the selected temperature, the sample was 

cooled to 30
o
C in a vacuum and its IR spectrum was collected. The spectra of adsorbed test-

molecules, including pyridine and pyrrole were obtained at 30
o
C. 

       The reaction studies were carried out in a Biotage microwave system (Biotage Initiator+). 

Specially designed 20-ml glass vials were used at elevated temperature and pressures (up to 

160
o
C and 15 bar). In a typical transesterification reaction run, 10 ml of rapeseed oil was 

reacted with methanol at a 1:9, 1:12 or 1:18 molar ratio at 160
o
C for 1-11 hours with 

continuous automated stirring using 5, 10 or 20 wt% of the catalyst (relative to the amount of 

rapeseed oil). 

       At the end of the reaction, the mixture was centrifuged and the upper layer contained 

FAMEs and methanol was separated. The excess methanol was removed using a rotary 

evaporator and the FAMEs were analysed to determine the reaction yield and selectivity. 

Following the transesterification reaction, the catalyst was separated, washed with methanol 3 

times and dried overnight at 60
o
C. The dried zeolite was calcined under the same conditions 

as prior to the initial reaction and utilised again in the transesterification of rapeseed oil. The 

same reaction conditions were used in the consecutive runs for the recycled catalyst. The ester 
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content of fatty acid methyl esters in biofuel was also determined according to the previous 

method, which was described in more details in the section 2.2 of chapter two. 

4.3 Results and discussion  

 Two series of catalysts based on modified zeolites NaX and NaY have been 

characterised in this work using a range of techniques in order to evaluate their structural 

features such as crystallinity, chemical composition, porosity and the presence of basic sites. 

 Figure 4.1 shows the XRD patterns of mesostructured faujasites prepared via a two-

step combination of acidic and basic treatments. For both NaY and NaX zeolites, as the 

amount of citric acid used in the first step increases the peak intensity in the patterns 

decreases, reflecting the degree of structural degradation, which can be explained by the 

cleavage of the Al-O bonds in the presence of the acid [9]. This becomes particularly 

significant as the amount of citric acid exceeds 6 meq/g of zeolite; indeed, samples 

MNaY12.0 and MNaX12.0 are amorphous. 

 The two-step acid-base treatment has been carefully monitored in this work targeting 

controlled consecutive dealumination and desilication of the faujasite structure. At the same 

time, the presence of the CTAB surfactant facilitates an "orderly" partial destruction of the 

zeolite framework with the formation of a bimodal pore system comprising the original 

faujasite micropores and secondary mesopores with the diameter matching that of the CTAB 

micelles. Table 4.1 and Figure 4.2 summarise the structural properties of the prepared 

hierarchical zeolites. The data demonstrate that achieving successful modification of these 

materials is associated with careful control of citric acid addition up to 9.0 meq/g, which 

prevents severe dealumination and degradation of the crystalline structure. It appears that 

during the following mild treatment under basic conditions, the surfactant is protecting the Si-

O-Si and Si-O-Al bonds from excessive cleavage, resulting in the formation of a hierarchical 

pore system within the faujasite structure. In agreement with previous reports, the amount of 
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citric acid utilised during the post-synthesis modification of faujasites can control the degree 

of mesoporosity [9]. Indeed, the micropore volume is decreasing whilst the mesopore volume 

is increasing with the amount of citric acid used for both NaY and NaX zeolites (Figure 4.2). 

Furthermore, the comparison of Si/Al ratios obtained from the SEM-EDX (accounts for the 

total Al and Si content) and XRD (takes into account only Si and Al in the framework) 

indicates that the prepared mesostructured zeolites (especially “over-treated” samples, e.g. 

MNaY9.0 and MNaY12.0) contain some "extra-framework silicon", e.g. clusters of 

amorphous silica, rather than extra-framework aluminum - this is also confirmed by our NMR 

and FTIR data (see below). 
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Figure 4.1 XRD patterns of hierarchical NaY (a) and NaX (b) zeolites. 
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Table 4.1 Properties of the mesostructured faujasite-type zeolites. 

Zeolite Si/Al 

(SEM) 

Si/Al 

(XRD) 

Aluc UCS 

(Å) 

Crystallinity 

% 

SBET 

(m
2
g

-1
) 

NaY 2.5 2.5 54 24.66 99 855 

MNaY4.5 3.0 2.8 50 24.63 73 770 

MNaY6.0 4.0 3.2 46 24.59 65 830 

MNaY9.0 

MNaY12.0 

4.5 

13.0 

3.3 

- 

45 

- 

24.57 

- 

42 

   0 

605 

580 

NaX 1.2 1.1 92 24.97 100 910 

MNaX4.5 1.4 1.2 90 24.94 79 655 

MNaX6.0 1.4 1.3 82 24.91 56 600 

MNaX9.0 

MNaX12.0 

1.8 

2.4 

1.5 

- 

77 

- 

24.85 

- 

31 

   0 

510 

340 

 

Notes: Aluc is the number of Al atoms per unit cell, UCS is unit cell size; SBET is the BET 

apparent surface area. 
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Figure 4.2 The relationship between the amount of citric acid added and the pore volume of 

modified faujasite-type zeolites: (a) - NaY zeolite and (b) - NaX zeolite. 
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 Nitrogen adsorption data (Figure 4.3) demonstrate remarkably different isotherm 

profiles for the parent faujasites (type I) and the modified materials (type IV). In particular, 

MNaY6.0 sample displays the H4 type hysteresis loop commonly found in mesoporous 

zeolites [44], which is consistent with the bimodal pore size distribution showing the presence 

of both micro- and mesopores (Figure 4.3b). The step-down feature observed for the 

desorption branch of the hysteresis loop is associated with cavitation induced evaporation 

from mesopores. As recently reported in references 25 and 44, a detailed analysis of 

connectivity between micropores and mesopores in hierarchical Y-type zeolites carried out 

combining argon and nitrogen adsorption at different temperatures with hysteresis scanning 

has demonstrated the presence of interconnected intracrystalline micro- and mesopores in 

these systems. Although our work is not focused on the mechanism by which the 

intracrystalline mesoporosity in faujasites is generated, a significant insight into this process 

can be gained from the results obtained on very similar systems, which have been reported by 

Garcia-Martinez et al.[25].Their TEM data clearly demonstrate that in the case of NaY 

zeolite, the combination of carefully executed acid and base treatments in the presence of 

surfactant leads to the formation of a catalyst with regular intracrystalline mesopores, rather 

than a composite material comprising of the microporous zeolite and amorphous mesoporous 

silica.[25] An indirect confirmation of this conclusion comes from our FTIR data obtained for 

the back-exchanged ammonium forms of NaY and MNaY6.0 zeolites following their 

activation at 450
o
C and pyridine adsorption at 150

o
C (see Figure 4.4). The spectra indicate 

that the accessibility of acid sites in D6R and sodalite cages is significantly greater for the 

MNaY6.0 based sample, which would not be expected if it was a composite material. 
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Figure 4.3 N2 adsorption isotherm of (a) hierarchical zeolite MNaY6.0 - blue triangles and 

parent NaY – black squares; (b) pore size distribution for NaY, MNaY6.0, and MNaY12.0.  
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Figure 4.4 Difference FTIR spectra of back-exchanged ammonium forms of NaY (a) and 

MNaY6.0 (b) zeolites following the activation at 450
o
C and pyridine adsorption at 150

o
C. 

 

 The "over-treated" amorphous MNaY12.0 material, whilst still having a very high 

surface area and pore volume, shows a monomodal pore size distribution similar to that of 

MCM-41 type materials, confirming that the microporous zeolite structure has collapsed. 

Interestingly, the mesopores present in both MNAY6.0 and MNaY12.0 samples have a 

significant degree of the long-range order as revealed by the low-angle XRD data (see Figure 

4.5) with the peaks found at 2.5
o
 for the mesostructured zeolite MNAY6.0 (d-spacing ~3.46 

nm) and at 2.1
o
 for the amorphous MNaY12.0 material (d-spacing ~4.03nm). 
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Figure 4.5 Low-angle XRD patterns of (top to bottom)  parent zeolite  MNaY6.0 

zeolite and  MNaY12.0 sample.  

 

       The SEM images of the hierarchical MNAY6.0 faujasite (Figure 4.6) also reveal the 

presence of secondary mesopores as well as some macropores and the sponge-like structure 

of zeolite particles. 
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Figure 4.6 SEM image of the of hierarchical MNaY6.0 zeolite. 

       In general, zeolites treated with either an acid or a base can contain significant amounts 

of extra-framework aluminum [45]. Our 
27

Al MAS NMR data (Figure 4.7), in agreements 

with the previous study [9], show no extra-framework Al signal at 0 ppm, which would 

correspond to the typical chemical shift of the six-coordinate Al. The only aluminum signal 

that is observed in the 
27

Al MAS NMR spectra is that of tetrahedrally coordinated species, 

which are typically found between 40-65 ppm [46]. The tetrahedral Al peak becomes 

asymmetric for the samples treated with increasing amount of citric acid. 
29

Si MAS NMR 

spectra indicate a moderate increase in the framework Si/Al ratio as the amount of citric acid 

utilised in the faujasite modification is increasing (Figure 4.8). It should be noted that 

although 
29

Si MAS NMR spectra can be utilised to compute the framework Si/Al ratio in 

dealuminated faujasite, such calculations become at best semi-quantitative if the zeolite 

2 μm 
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modification is accompanied with a significant increase in the number of terminal Si-OH 

groups, which would affect the intensity of the Q
0
-Q

3
 signals; such silanols have been 

observed in the FTIR spectra of all mesoporous faujasites (see Figure 4.9). 

 

Figure 4.7  
27

Al (9.4 T, 15 kHz) MAS NMR spectra of NaY with different dosage of citric 

acid. (1) - NaY; (2) - MNaY4.5; (3) - MNaY6.0; (4) - MNaY9.0.  
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Figure 4.8 
29

Si MAS NMR spectra of NaY samples treated with increasing dosage of citric 

acid (1) - NaY; (2) - MNaY4.5; (3) - MNaY6.0. 

 

 The FTIR spectra of the parent and modified NaY zeolites before and after Py 

adsorption are presented in Figure 4.9. The parent NaY has almost no OH-groups, which is 

indicative of a material with very few defects or impurities. The major peak at 1444 cm
-1

 for 

this sample is attributed to Py molecules interacting with Na
+
 cations, at the same time, no 

peaks due to Py complexes with Brønstead or Lewis acid sites (BAS and LAS) have been 

detected. As the pretreatment conditions become more severe, a band at 3745 cm
-1

 with 

increasing intensity is observed in the OH region, this is assigned to Si-OH groups. At the 

same time, the intensity of the Py--Na
+
 peak decreases and a low-intensity peak due to Py--

LAS complexes appears at 1454 cm
-1

. This can be explained by the formation of amorphous 

silica clusters and Si-OH defect sites in the zeolite structure during both the dealumination 

and desilication procedures. The very low level of the LAS, generally associated with extra-



130 

 

framework Al species, suggests that most frameworks Al dislodged during the acid treatment 

is chelated by the citric acid and removed from the system.  

 

 

Figure 4.9 FTIR spectra of mesostructured Y zeolites: (a) - the OH region of samples 

activated at 450
o
C and (b) - Py region following Py adsorption on the activated samples.  
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       The parent NaY and NaX zeolites and some of the mesostructured faujasites have been 

ion-exchanged with K and Cs cations in order to enhance their basic character making them 

more active catalysts in rapeseed oil transesterification [47]. The XRD patterns of the cation-

exchanged parent zeolites are shown in Figure 4.10. In agreement with previous findings, the 

data confirm the high crystallinity of these materials [48]. Chemical analysis and nitrogen 

adsorption data for modified faujasites are summarised in Table 4.2. The exchange of Na 

cations for K and Cs has been also confirmed by FTIR of adsorbed test molecules, such as Py 

and CD3CN. In general, the extent of ion-exchange for K than Cs cations is limited as these 

species are too large to readily access cation positions in sodalite cages and D6R units of the 

faujasite structure. The relatively high degree of ion-exchange achieved for CsKNaY and 

CsKNaX samples following multiple exchanges with both K and Cs could be explained by 

the partial degradation of the faujasite structure during these procedures, which may lead to 

greater accessibility of the cationic positions in smaller cages. In addition, some degree of 

“over-exchange”, as reported by Busca [2], cannot be ruled out. The larger space occupied by 

the Cs cations and partial structural degradation can explain the decrease in the apparent 

surface area and pore volume in Cs-exchanged zeolites as measured by nitrogen adsorption. 
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Figure 4.10 XRD patterns of ion-exchanged faujasites: (a) zeolite Y, (b) zeolite X. 

 

(a) 

(b) 
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Table 4.2 Properties of ion-exchanged faujasites. 

Notes: SBET is the BET apparent surface area; VMicro is the volume of micropores (0-20 

Å); VMeso is the volume of mesopores (20-500 Å). 

 

       The basic sites of the prepared catalysts have been characterised by the adsorption of 

pyrrole and acetylene as probe molecules monitored by FTIR. The changes in the N-H 

vibrational frequency as pyrrole forms a hydrogen bond with oxygen atoms of the catalyst 

can be used as an indication of its basicity [49-51]. Figure 4.11 shows a clear trend - with the 

decreasing Si/Al ratio and increasing degree of Na substitution by K and Cs, the broadband 

N-H vibration is shifting to low frequency, thus confirming the greater basic character of 

zeolite X as compared to zeolite Y, and of K- and Cs-faujasites as compared to their Na-

forms. This is consistent with the FTIR data obtained using acetylene. For NaX, a high-

intensity peak of the C-H stretching vibration is observed at 3187 cm
-1

 representing a 100 cm
-

1
 shift as compared to the gas phase value for acetylene of 3287 cm

-1
, which is due to 

Zeolite Si/Al Na/Al Cs/Al K/Al SBET 

(m
2
g

-1
) 

VMicro  

(cm
3
g

-1
) 

VMicro +VMeso 

(cm
3
g

-1
) 

NaY 2.5 1 - - 855 0.33 0.37 

CsNaY 2.5 0.35 0.65 - 640 0.24 0.30 

KNaY 2.5 0.20 - 0.85 670 0.23 0.29 

CsKNaY 

MCsNaY6.0 

MKNaY6.0 

2.5 

4.0 

4.0 

0.15 

0.35 

0.16 

0.5 

0.7 

- 

0.25 

- 

0.7 

565 

575 

630 

0.19 

0.10 

0.10 

0.27 

0.47 

0.51 

NaX 1.2 1 - - 910 0.34 0.41 

CsNaX 1.2 0.6 0.45 - 500 0.20 0.28 

KNaX 1.2 0.4 - 0.6 615 0.25 0.32 

CsKNaX 

MCsNaX9.0 

MKNaX9.0 

1.2 

1.8 

1.8 

0.2 

0.45 

0.4 

0.45 

0.2 

- 

0.3 

- 

0.35 

460 

490 

500 

0.20 

0.08 

0.07 

0.29 

0.47 

0.46 
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acetylene molecules interacting with basic oxygen atoms with the formation of a hydrogen 

bond [52]. Slightly more basic oxygen sites are detected in KNaX and CsKNaX, the C-H 

stretching vibration at 3190 cm
-1

, whereas Na-, K- and Cs-forms of zeolite Y are less basic 

compared to their zeolite X counterparts. 

 

Figure 4.11 FTIR spectra of pyrrole adsorbed on ion-exchanged faujasites. 1 - NaY, 2 - 

KNaY, 3 - CsNaY, 4 - CsKNaY, 5 - NaX, 6 - KNaX, 7 - CsNaX, 8 - CsKNaX. 
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 To investigate the activity of basic faujasite catalysts in the transesterification of 

rapeseed oil, a series of experiments has been conducted using a batch type reactor under 

conventional and microwave heating. The reaction products have been monitored by 
1
H NMR 

and GC-MS For example, characteristic signals have been identified in biodiesel using 

chemical shifts in 
1
H NMR (3.60 ppm for -OCH3 and 2.30 ppm for -CH2). Microwave 

heating can greatly enhance the reaction rate, and the highest conversion (~90% for CsKNaX 

zeolite) has been observed in this work within a shorter period using the highest temperature 

achievable with the Biotage microwave equipment (160
o
C for the methanol-based reaction 

systems). Our results demonstrate significantly shortened reaction times as compared to the 

literature [53], which reports the highest yield (over 90% conversion, ~100% selectivity) 

obtained in the conventional heating mode after 7 hours using K2O/NaX as a basic 

heterogeneous catalyst. The significant acceleration of the transesterification reaction has 

been explained by the higher temperatures that are achieved using microwave irradiation in 

comparison to the conventional or supercritical systems, which is due to the high polarity and 

hence high microwave absorption ability of methanol [54-55]
. 
Although there is a significant 

difference in microwave absorption by methanol and the oil, the reaction selectivity for all 

catalysts is close to 100% and no unusual patterns in the product distribution have been 

observed as compared to the systems utilising conventional heating.  

 The following experiments have been carried out in the Biotage microwave system 

aiming to evaluate the role of the sample calcination, the molar ratio between the oil and 

methanol, a catalyst to oil ratio and the reaction duration. The effect of sample calcination at 

450
o
C, prior to the catalyst loading into the batch reactor, has been examined for K and Cs 

exchanged faujasites. The results show an ~4-fold activity enhancement for the zeolites 

calcined ex-situ before the reaction run. Hence, all the reaction data presented below have 

been obtained for the calcined catalysts. In agreement with the previous reports, our data 
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demonstrate (Figure 4.12) that the conversion of rapeseed oil is increasing with the amount of 

catalyst utilised in the batch reactor reaching a plateau at around 10wt% of the catalyst [56-

57].  

 

  

 

Figure 4.12 The effect of CsNaX wt% on conversion of rapeseed oil. 

 The effect of the oil to methanol molar ratio on the triglyceride conversion is shown in 

Figure 4.13. Our results confirm that conversion increases for systems with a higher molar 

ratio, which has been explained by the reduced mass transfer limitations due to the 

immiscibility of the oil and alcohol [58]. It should be noted that previous reports suggest that 

the molar ratios between 1:6 and 1:275 can be utilised to obtain a high yield of biodiesel 

within 24 hours [56-57].  
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Figure 4.13 The effect of the oil to methanol molar ratio on transesterification of oil using 

CsNaX. 

 

 Table 4.3 presents a comparison of the rapeseed oil conversion data obtained on ion-

exchanged faujasites, which demonstrate two clear trends: (i) zeolite X based catalysts are 

more active than those based on zeolite Y and (ii) the activity of these zeolites increases with 

the degree of ion-exchange with more electropositive cations. Both trends coincide with the 

strength of the basic sites in the alkali-exchanged faujasites associated with the framework 

oxygen atoms [33]. Indeed, zeolites NaX and KNaX have stronger basic sites than related 

NaY and KNaY zeolites, the former achieving a higher yield of FAMEs, 29 and 86% 

respectively, whereas the latter shows the yield of 8 and 73% only. In order to increase the 

basic character of these zeolites, two catalysts have been prepared via successive exchanges 

with K and Cs cations. CsKNaX exhibited significantly higher activity in the 

transesterification reaction reaching up to 90% conversion within 1 hour of the reaction time 
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and a relatively low concentration of methanol (Table 4.4). These findings are in agreement 

with the conclusions of previous reports [2,33] that the strength of basic sites on alkali metal 

exchanged zeolites increases with increasing Al content, their ion-exchange capacity and with 

the presence of more electropositive cations in the sequence Li<Na<K<Rb<Cs, all of which 

enhance the mean negative charge on the oxygen atoms of the zeolite framework. Structural 

stability, high surface area and strong bonding with the active phase preventing the loss of the 

active sites during the reaction and regeneration cycle are essential characteristics of the 

catalysts utilised in the production of biodiesel. Indeed, many basic catalysts produced via 

impregnation of alkali hydroxides and carbonates are known to suffer from the leaching of 

the active component during the reaction and regeneration cycles [53]. Zeolites prepared and 

tested in this work have been generated via ion-exchange rather than impregnation, and our 

data indicate little, if any, occlusion of alkali oxide or hydroxide in the ion-exchanged 

materials. These catalysts have shown no leaching of K or Cs and have retained their high 

activity in several consecutive runs.  
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Table 4.3 Transesterification of rapeseed oil with methanol over basic faujasites. 

Run Catalysts Conversion 
a
 (%) Selectivity (%) 

1 

1 

1 

1 

1 

1 

3 

3 

1 

1 

1 

1 

3 

3 

NaX 

CsNaX 

KNaX 

NaY 

KNaY 

CsNaY 

CsNaX(used) 

KNaY(used) 

MCsNaX9 

MKNaX9 

MCsNaY6 

MKNaY6 

MCsNaX9(used) 

MKNaY6(used) 

29 

94 

86 

8 

73 

49 

93 

72 

25 

22 

6 

16 

25 

15 

>99 

>99 

>99 

>99 

>99 

>99 

>99 

>99 

>99 

>99 

>99 

>99 

>99 

>99 

 

Notes: 1:18 oil to methanol molar ratio, 11h reaction time, 10 wt% of the catalyst. 
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Table 4.4 Transesterification of rapeseed oil with methanol: comparison of K- and 

CsK- forms of basic faujasites. 

 

 The results of transesterification reaction studies on basic hierarchical faujasites are 

presented in Table 4.4. Their catalytic activity is found to decline with decreasing framework 

aluminum content in the zeolites, thus demonstrating that the strength of the basic sites plays 

a greater role in this reaction than the more open structure of the catalysts, and hence, limiting 

their potential as basic catalysts. Several recent studies [36-39] reported the application of 

nanostructured zeolites for liquid phase transformations of organic compounds. For instance, 

Perez-Ramirez et al. [36] conducted condensation of benzaldehyde with malononitrile over 

basic hierarchical zeolites demonstrating that the catalyst activity increases with increased 

mesoporosity and improved access to active sites as this reaction involves the transformation 

of bulky molecules. It should be noted that Knoevenagel condensation does not need a very 

strong base as a catalyst since the pKa of malononitrile is ~11. In contrast, transesterification 

of triglycerides requires a more basic catalyst as the pKa of methanol is ~15.5. This is 

consistent with a recent communication [39] indicating that both accessibility of the porous 

structure of hierarchical zeolites and the presence of basic sites are important in aldol 

Catalysts Run Catalysts 

amount (wt %) 

Oil:methanol 

molar ratio 

Reaction 

time (h) 

Conversion 

(%) 

Selectivity 

(%) 

KNaX 1 10 1:18 1 30 >99 

CsKNaX 1 5 
1:9 

1:12 

1 

1 

58 

90 

>99 

>99 

KNaY 1 10 1:18 1 30 >99 

CsKNaY 1 5 
1:9 

1:12 

1 

1 

38 

50 

>99 

>99 



141 

 

condensation. The influence of each of these factors may differ depending on the reaction 

type and conditions. Indeed, our data indicate that basic small-pore zeolites, such as K-form 

of LTA, are more active in the methanolysis of triglycerides than K-forms of faujasites, 

although the pore size of the former would preclude the access of most organic molecules to 

the micropores.  
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4.4 Conclusion 

 The application of heterogeneous catalysts in the production of biofuel offers potential 

advantages including lower cost, high stability and the ease of separation. Recent progress in 

the synthesis of novel zeolite structures and methodologies for their modification stimulated 

new developments in many areas, including catalysis, separation and sensor applications. For 

instance, hierarchical zeolites with a bimodal pore size distribution provided a viable solution 

for enhancing active site accessibility and reducing the mass transfer problems in 

heterogeneously catalysed reactions. A combination of post-synthesis modifications of 

faujasites, including ion-exchange with Cs
+
 and K

+
 and successive acid and base treatments 

accompanied with surfactant templating, was applied in this work in order to obtain basic 

cation-rich zeolites X and Y with intracrystalline systems of secondary mesopores as 

potential catalysts for biofuel production. The prepared hierarchical zeolites were 

characterised by XRD, SEM, nitrogen adsorption, FTIR, solid-state NMR and tested in the 

transesterification of rapeseed oil. The reaction studies were performed under microwave 

heating and the effects of the reaction conditions, basic properties and pore structure of the 

modified faujasites were evaluated. The conversion of triglycerides increased with increasing 

Al content and concentration of Cs and K in modified zeolites. In particular, CsKNaX 

exhibited the highest activity in the transesterification reaction achieving 90% conversion 

within 1 hour of the reaction time, thus confirming that the strength of basic sites in zeolites is 

enhanced by the increasing amount of Al, their ion-exchange capacity and by the presence of 

more electropositive cations, such as K and Cs. The activity of hierarchical X and Y zeolites 

declined as their framework Si/Al ratio increased. Although nitrogen adsorption and FTIR 

data clearly show that the mesostructured faujasites have a more open pore structure, and 

therefore, their activity should be less affected by the mass transfer limitations, even a modest 

increase in the Si/Al ratio of the modified zeolites results in a lower ion-exchange capacity 
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and a lower negative charge on the oxygen atoms. As a consequence, the cationic forms of 

both mesostructured X and Y zeolites are weaker bases than their microporous counterparts, 

which is confirmed by both spectroscopic and catalytic studies. Overall, this work 

demonstrates that the strength rather than accessibility of basic sites in cationic forms of 

modified faujasites determines the catalytic performance of these nanostructured materials in 

the transesterification of triglycerides. Clearly, the balance between the strength of the active 

sites and their accessibility in X and Y zeolites would have to be fine-tuned for different 

applications. For instance, our preliminary results indicate that nano-structured faujasites 

converted into their acidic forms are highly effective in esterification of free fatty acids. 

Indeed, such materials employed in acid-catalysed transformations of bulky molecules should 

demonstrate the full potential of the enhanced accessibility of active sites. 
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Chapter 5 

The influence of enhanced mesoporosity in zeolite catalysts 

on the synthesis of renewable fuels and biobased platform 

chemicals 

 

5.1 Introduction 

         In the last years, significant attention has been focused on sustainable and green energy 

applications due to oil price fluctuations, environmental change and the cost of high-quality 

fuels [1,2].To date, the main components being used, as renewable hydrocarbon sources are 

TGs and lignocellulose [3,4]. However, the technology for production of biofuels and 

chemicals has been challenged by manufacturing cost, feedstock type (edible or non-edible) 

and catalytic reactions [5]. Aldol condensation reaction between the furfural and ketone can 

be considered as a potential route to produce valuable compounds with longer carbon atoms 

chains from short-chain biomass-derived molecules using either basic or acidic catalyst, 

thereby improving energy density, has drawn keen attention [6-10]. The esterification 

reaction takes place between the FFA, which present in a mixture with TGs in the plant, algal 

and oil feedstocks with small linear alcohol molecules in the presence of an acid or base 

catalyst in order to form FAME (see chapter one). Usually, this reaction is appropriate for 

feedstock containing a high amount of FFA, the mixture then is converted to biodiesel via 

transesterification reaction using basic or acidic catalyst [1,11]. This reaction also is essential, 

especially in the cheap feedstock, because the amount of free fatty acids can inhibit the 

activity of the basic catalyst. Fortunately, effective and compatible homogenous acid and/or 

base catalysts were utilised for these two reactions such as NaOH, H2SO4 and Ca(OH)2. 

However, there are some drawbacks associated with these catalysts including corrosion of 
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tools, non-recyclability, and environmental issues. Consequently, numerous efforts have been 

conducted to address these issues using recoverable and noncorrosive materials such as 

zeolites, metal oxides, metal-organic frameworks, hydrotalcite and metal-substituted zeotypes 

[12-23]. These studies did not obtained high product selectivity because of mass transport 

limitations of the small internal surface of the pores in zeolites [24-26]. Many different 

procedures in the field of the synthesis of well-defined architectures zeolites, which are 

responsible for improved mass transfer properties toward bulky substrates such as biomass 

molecules, have been developed in 2000, which is called bottom-up and top-down approaches 

[24,27-39]. At this point, the zeolites with different structures and chemical compositions are 

treated with long-chain alkyl quaternary amine cationic surfactant in basic solution in order to 

produce larger pores, which can be expected to reduce the diffusion limitations toward larger 

molecules in the reaction mechanism (see chapter three). 

         It is now well established that from our chapters three and four, the mesostructuring 

approach has been extended to a number of large-pore zeolites, including BEA, FAU, MOR 

and LTL structures. It has also been demonstrated that for the transesterification of TG over 

hierarchical faujasites, the zeolite composition, and hence, the strength of basic sites, rather 

than their accessibility, has the major impact on the activity of the catalyst [40-41]. However, 

it is still unclear whether the presence of secondary porosity in hierarchical zeolites is crucial 

in another reaction or not, since there are a few reports focusing on the impact of bimodal 

pore size distribution in zeolites for interacting with bulky molecules, particularly in biomass 

conversion mechanisms [37]. Thus, in order to evaluate possible improvements of catalysts 

containing mesostructured zeolites in different catalytic reaction, herein, we systematically 

extend our previous work in chapter three to present an ensemble of many development 

approaches about preparation, characterisation and catalytic performance of more accessible 

acid FAU, ZSM-5, BEA, MOR and LTL zeolites by surfactant-templated zeolite 
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mesostructuring process. This work is focused on the esterification of oleic acid and aldol 

condensation of furfural and acetone carried out on a series of mesostructured zeolites in 

order to evaluate the importance of the strength of active sites and their accessibility in bio-

refinery related applications. Accordingly, the influence of acidic properties and accessibility 

of active sites on the activity and selectivity of these reactions were thoroughly discussed 

applying the FTIR spectroscopy technique. 

5.2 Experimental  

         Faujasite zeolite (CBV100) with Si: Al molar ratio 2.5 was purchased from Zeolyst 

International and modified to obtain the hierarchical zeolite, following the procedure 

described in the literature.[40] The resulting zeolite was divided into two portions, the first 

one treated with 3 mol L
-1

 of NH4NO3 solution (Sigma-Aldrich,99%) at 80
o
C. The second 

portion was ion-exchanged with 0.1 mol L
-1

 solution containing KNO3 (Sigma-Aldrich,99%) 

and KOH( Fisher Scientific,86%) (10/1 v/v) at 80
o
C, followed by filtering and washing them 

with deionised water to obtain (MNH4-Y) and (MK-Y) zeolites. Potassium exchanged 

Zeolite-Y (KY) with Si: Al molar ratio 2.5 for this study also was provided by Riogen. 

         The MOR (CBV 21A) and BEA (CP814C) zeolites with Si: Al molar ratio 10 and 19 

respectively, were also acquired from Zeolyst International. The hierarchical zeolites 

(MMOR) and (MBEA) were prepared according to the patent reported by Ying and Garcia-

Martinez (see section 3.2 of chapter three). 2 g of parent MOR and BEA zeolites were 

calcined in air at 450
o
C for 4h and then stirred in 50 mL of basic solution of 0.15-0.5 mol L

-1
 

Tetramethylammonium hydroxide pentahydrate (Alfa Aesar , 98%). After that 1-1.75 g of n-

cetyltrimethylammonium bromide (CTAB, Alfa Aesar, 98%) was added for this mixture. 

Next, after 1h, the synthesis mixtures were placed into Teflon-lined autoclaves and heated to 

150
o
C using CEM Mars 6 microwave (CEM Corporation) at 2.45 GH. The heating time was 
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varied from 15 h to 18 h. The initial ramp time was 20 minute and the power output did not 

exceed 400 W. The products were filtered and washed with deionized water. 

         The parent ZSM-5 (CBV 3024E) zeolite with Si: Al molar ratio 15, was obtained from 

Zeolyst International and stirred at 80
o
C with 50 mL of a basic solution containing 0.2 mol L

-

1
 from Sodium hydroxide (Fisher Scientific,98%) and tetrapropylammonium hydroxide 

(TPAOH, Alfa Aesar,1M). This suspension was added to a solution containing 1 g of CTAB 

and left it for stirring 1h. This protocol has followed the desilication method in ref [41-42]. 

The resulting synthesis mixture was conducted under microwave hydrothermal synthesis 

according to the method mentioned above for 8h to 16h. The formed solid product was 

collected by filtration, followed by washing with deionised water and drying overnight at 

room temperature. Afterward, the sample was ion-exchanged using an aqueous 0.5 mol L
-1

 of 

NH4NO3 at 80
o
C to produce zeolite in the ammonium form. The treated zeolite was 

thoroughly filtrated, washed with deionised water and dried at room temperature, and the 

sample was labeled as (MZSM-5). 

         The zeolite Na, K-L (HSZ-500KOA) with Si: Al 3.1 was purchased from Tosoh, and 3g 

was slurried in 12 mL of deionised water. Afterward, the mixture was treated with 36 mL of 

sulphuric acid (0.25 mol L
-1

) (Fisher Scientific,70%) for 1 hr. The treated zeolite was then 

filtrated and washed with deionised water. The dealuminated zeolite was re-slurried with 

water and the pH of this medium was adjusted to 7.0. After adjusting the pH using 50% of 

sodium hydroxide. The slurry was then treated with 0.1g of 50% sodium hydroxide in the 

presence of 1.50g of CTAB at 100
o
C overnight. After heating, the sample filtrated, washed 

and dried at room temperature overnight. The first portion was treated with 0.5 mol L
-1

 of 

NH4NO3 at 40
o
C for 1h. The final sample was labeled as (MNH4-L). Moreover, the second 

part was ion-exchanged with 0.1 mol L
-1

 solution containing KNO3 at 40
o
C for 1h, followed 

by filtering and washing them with deionised water to obtain (MK-L). 
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         Finally, in order to remove the organic surfactant from zeolites, all above solids were 

calcined first in the flow of nitrogen at 450
o
C (temperature ramp of 1.5

o
C min

-1
) for 1h. Then, 

the gas flow was switched to oxygen, the temperature was increased to 500
o
C (temperature 

ramp of 2
o
C min

-1
) and kept for 2h before cooling these samples.  

         XRD patterns of various catalysts were recorded on Brucker D8 Advance diffractometer 

with Cu-Kα radiation at 40KV/40mA at ambient temperature over the Bragg angle (2Theta) 

range of 5-60 for high-angle; the crystalline phases were matched by comparing the XRD 

diffraction patterns of catalysts with those reported in the literature. The morphology of 

modified materials can be shown by TEM in zeolites using FEI Tecnai G2 30 UT LaB6 

microscope operated at 300 kV and having 0.17 nm point resolution. In addition, Energy-

dispersive X-ray spectroscopy from Bruker was conducted for the elemental analysis. 

Physisorption experiments including, the effective surface area of the catalysts; their pore 

volume and the pore size distribution from the NLDFT model were obtained using nitrogen 

adsorption on a Quantachrom Autosorb instrument. 

         To gain deeper insight into the catalytic performance of zeolites, infrared spectroscopy 

approaches using adsorption of guest molecules is one of the most important tools to 

determine the location and accessibility of acid sites in the zeolites. The self-supported 

sample disks (~10 mg/cm
2
) admitted to the in situ infrared energy on a Nicolet iS10 FTIR 

spectrometer from Thermo scientific in the range 6000-1000 cm
-1

 (resolution 4cm
-1

) under 

high vacuum of 10
-6

 mbar , the disc was activated in vacuum at 30-450
o
C (ramp 1

o
C/min.) for 

5 hours.IR spectra were recorded in the scale 4000-640 cm
-1

 at a different range of 

temperatures. The injection volume of probe molecules was performed by 1-2 µl into the IR 

cell. Adsorption of 1,3,5-triisopropylbenzene (TIPB) (C15H24, Acros Organics, 95%) was 

performed at room temperature. Pyridine (C5H5N, Acros Organics, 99.5%) and 2,4,6-

trimethylpyridine (Collidine) ( C8H11N, BDH reagents, 95%) were adsorbed at 150-250°C. 
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Desorption profiles were obtained by evacuating the sample at increasing temperatures in 

50°C steps. Detailed procedures are described as previously discussed in section 3.2 of 

chapter three. The accessibility of BAS was determined as the percentage of the intensity 

changes in the FTIR spectra of the bridging OH-groups before and after adsorption of the 

probe molecules using difference spectra. In addition, for calculating the concentration of 

BAS accessible to collidine (on the external surface and in mesopores of the studied zeolites), 

the literature value of ε (BAS-Coll) =10.1 cm mol
-1

 was used [43]. The error margin for the 

acid site quantification was estimated as ±5%. 

         The esterification reaction of FFA removal with methanol in the presence of various 

zeolites was carried out in Biotage microwave synthesiser (Biotage Initiator+). A high 

precision glass vial 10-20 mL was used in order to improve durable and safe reactions at all 

times with a wide range to withstand pressures beyond 30 bar. The microwave heating 

provides significant thermal impacts, which are of relative importance for a chemical 

reaction. The reaction was comprised of adding an excess oleic acid (Sigma-Aldrich, 99%) 

into grapeseed oil (local market) as 10 vol%, and then reacted with an excess of methanol 

(Fisher Scientific, 99.99%) as 1:4 molar ratio between them at 100
o
C for different run times, 

which varied between 5-60 min. under 5 wt% as an amount of the freshly calcined catalyst 

basis on the oil with continuous automated stirring. The percent FFA (as oleic) were obtained 

according to the reported method in ref [44], with oleic acid and without adding of oleic acid. 

To a liquid fat mixture, 5g of oil was neutralized with 25 mL of Absolute ethanol (Fisher 

Scientific) and phenolphthalein indicator is added. The sample then is titrated with 0.1 mol L
-

1
 of potassium hydroxide KOH. The % FFA was calculated from the below equation:  
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% FFA = [mL of KOH×mol L
-1

 of KOH×282×10
-3

/ sample mass (g)] ×100  (1)  

         Moreover, the fraction of the FFA removed after separating from methanol and glycerol 

was used in this work to calculate the conversion of FFA from the oil using the below 

equation: 

% Conversion = (FFA-FFAs/FFA) ×100   (2) 

Where FFAs is the percent free fatty acid after esterification and FFA is the same percent in 

the oil mixture before the reaction. 

         Fatty acid composition of the oil was obtained by gas chromatography-mass 

spectrometry (GC-MS) according to official methods ISO 15884 | IDF 182:2002(E) and ISO 

15885 | IDF 184:2002 (E), using GC Agilent 7890A with mass detection system 5975C 

equipped with a capillary column BPX90 SGE (15m×0.25mm×0.25µm). The GC conditions 

for this method are shown in (Table 2.1, chapter two). 

         The same reactor was used for the reaction between the furfural (Sigma-Aldrich,99%) 

and acetone (Fisher Scientific, 99.99%) over the modified zeolites at 160
o
C in a 2-5 mL glass 

vial. In the catalytic run, 0.2g of calcined zeolite catalyst was mixed with a stirred mixture of 

acetone and furfural with a molar ratio of 10:1 respectively for various reaction times varying 

from 20-180 min. under intensive stirring. After the reaction, 0.1mL of purified product was 

mixed with 1mL of the internal standard solution of nonane (Sigma-Aldrich,99%) that was 

prepared with the concentration of 0.1% in MTBE. The analysis of the reaction products was 

performed on a GC Agilent 7890A with mass detection system 5975C equipped with a 

capillary column HP-5 (30m×250µm×0.25µm) (Table 5.1). 
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Table 5.1 GC -MS analysis conditions. 

Temperature  

Split flow   

Carrier gas   

Column temperature  

   

   

 

Injector and detector temperature   

Injection volume    

250
o
C 

29.9 mL/min 

Helium at 1 mL/min 

60
o
C for 2min.   

10
o
C/min. to 200

o
C 

5
o
C/min. to 240

o
C 

Hold 240
o
C for 7 min. 

250
o
C 

1 µL 

 

         Each peak area in the chromatogram corresponding to compositions of the reaction 

product was identified using a NIST library. Catalytic performance of zeolites was described 

in terms of furfural conversion, the selectivity to aldol condensation products and the yield of 

4-(2-furyl)-3-buten-2-one (FAc) or 4-methylpent-3-en-2-one (MAc) (Figure 5.1) as 

follows:[45]   

 Conversion (%) = 100× moles of furfural reacted/moles of starting furfural   (3) 

 Selectivity (%) = 100× moles of product (s)/moles of furfural reacted   (4) 

         Yield (%) = 100×moles of product (s)/moles of starting furfural   (5)  
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A = MAc 

 

 

B = Furfural  

 

C = Nonane  

 

D = FAc 

 

 

 

Figure 5.1 Chromatogram of the aldol condensation product. 
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         Consecutive tests were performed by separating the catalysts, rinsed with methanol and 

acetone and dried overnight at 40
o
C. Then, the recycled catalysts were calcined under the 

same conditions as prior to the initial reaction and utilised again. The same reaction 

conditions were used in four recycle runs for these catalysts. 

5.3 Results and discussion  

         The XRD diffraction patterns of the parent and mesostructured zeolites synthesised in 

this work are shown in Figure 5.2. Characteristic peaks consistent with the zeolites topologies 

confirming that the treated zeolites still maintain a significant degree of crystallinity, which 

indicates that the surfactant templated mesostructuring treatment prevents excessive structural 

degradation while generating intracrystalline mesoporosity nework [36,41-42]. 

         It has been known that further evidence in mesoporosity is investigated by the N2 

physisorption isotherms (Figure 5.3), which exhibits a significant nitrogen uptake at relative 

pressure (P/Po) higher than a pressure in the parent zeolites [41,46]. The textural properties of 

zeolite samples are summarised in Table 5.2, the results indicate that the surfactant-

templating method is really appropriate, despite the fact that, the presence of an 

interconnected network structure between the micro- and mesopores together is crucial, 

which might affect the intracrystalline diffusion inside zeolite crystals. 
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Figure 5.2 X-ray diffraction patterns of (a) parent and (b) hierarchical zeolites. 
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Figure 5.3 N2 adsorption and desorption isotherms for hierarchical zeolites. (A) MNH4-L,(B) 

MZSM-5,(C) MMOR,(D)MNH4-Y and (E) MBEA. 

Table 5.2 Textural properties of parent and hierarchical zeolites. 

Zeolite 
Si/Al Si/Al SBET Vmicro Vmeso 

(SEM) (NMR) (m
2
g

-1
) (cm

3
g

-1
) (cm

3
g

-1
) 

NH4-Y 2.5 2.6 855 0.33 0.04 

MNH4-Y 4 3.1 830 0.21 0.28 

MK-Y 4 - 810 0.21 0.28 

MK-L 4.4 - 375 0.12 0.20 

BEA 19 18.7 695 0.26 0.06 

MBEA 15 13.2 740 0.2 0.12 

MOR 10 9.3 488 0.20 0.03 

MMOR 8.5 6.3 600 0.14 0.18 

ZSM-5 15 - 395 0.20 0.03 

MZSM-5 12 - 430 0.20 0.20 

NH4-L 3.1 2.8 300 0.15 0.08 

 MNH4-L  4.4 3.3 380 0.11 0.17 
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         As the challenging that associated with pore structure and surface properties of 

hierarchical zeolites, some questions regarding the surface chemistry of the pores and active 

site density remain answered only inconclusively. These ideas had been put forward earlier in 

a more extended form by other people in order to explain the mechanism of mesoporosity 

formation. It should be clearly stated that, and from our previous work, the surfactant 

templated zeolite mesostructuring strategy was quite successful for zeolite crystal 

rearrangement process in one-step by the treating the zeolite with basic solution of surfactant, 

which led to forming mesostructured zeolitic one-phase hybrid material without any an 

amorphous aluminosilicates (see the images of TEM in Figure 5.4). In contrast, the two-steps 

zeolite recrystallization process is usually accompanied by an amorphous phase [24, 41,47]. 

 

Figure 5.4 TEM images for hierarchical zeolites (a) MNH4-Y, (b) MMOR, (c) MBEA and 

(d) MNH4-L. 
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         The obtained spectra of chemisorbed pyridine were analysed in order to quantify the 

concentrations of Brønsted and Lewis acid sites from the intensities of peaks at 1545 cm
-1

 and 

1456 cm
-1

, respectively. The surfactant-templated zeolite mesostructuring method leads to a 

significant change in the acidity of resulting materials, the number and the nature of acid 

sites. Thus, some of the Brønsted acid sites (BAS) are significantly reduced because the 

treatment can affect the densities of these sites and produce more defects, which is 

represented by an increase of Lewis acid sites (LAS) (Figure 5.5). In agreement with previous 

studies, these changes result from partial desilication and dealumination of the modified 

zeolites followed by calcination [41,47-50]. The spectra of the modified samples also show an 

increase in the intensity of the peak at 3745 cm
-1

 assigned to external Si-OH groups, 

confirming the mesopore surface enhancement [51]. 
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Figure 5.5 The concentration of acid sites in (a) parent and (b) hierarchical zeolites. 
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         Next, it is thus necessary to define the concept of accessibility factor (AF) as the ratio of 

concentration of Brønsted or Lewis acid sites reacting with a certain probe molecule and the 

concentration of total amount of acid sites, which was quantified by pyridine. Although this 

ratio can be a unique tool to discriminate between many different types of acid sites on the 

mesoporous surface of zeolites quantitively, it is often difficult to predict the suitable 

candidate probe molecule to adsorb with another zeolites topologies such as FAU and 

MOR.The accessibility of acid sites was also determined by IR spectroscopy of adsorbed 

collidine for ZSM-5 zeolites, TIPB for BEA and MOR zeolites and Py for LTL and Y zeolites 

(Table 5.3). The relatively large size of collidine (7.4 Å) prevents its access to BAS in the 

micropores of ZSM-5 allowing the determination of the accessibility of hierarchical ZSM-5 

zeolites. Both parent and hierarchical ZSM-5 contain a small portion of BAS accessible to the 

bulky Collidine molecules; these acid sites are located on the external surface or close to the 

pore mouth of the zeolites. Desilication, leading to the formation of the secondary system of 

mesopores, did not change the accessibility of BAS to Collidine. 
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Table 5.3 Accessibility factors for hierarchical zeolites using different adsorbed probe 

molecules. 

Zeolite AFPy (%) AFColl (%) AFTIPB (%) 

BEA 100 100 10 

MBEA 100 100 22 

NH4-Y* 100 (HF) 15 (LF) 100 (HF) 24 (LF) - 

MNH4-Y* 100 (HF) 46 (LF) 100 (HF) 49 (LF) - 

ZSM-5 100 4 (4)** - 

MZSM-5 100 4 (6)** - 

MOR 73 22*** 2 

MMOR 63 25*** 12 

NH4-L 100 100 21 

MNH4-L 100 74      ~15**** 

    

      *HF and LF stand for high and low frequency bridging OH groups in FAU, respectively. 

    **The data in brackets are calculated from the intensity of the Coll peak in the spectra. 

  ***Depends on the time and temperature of the adsorption experiments. 

****The data are affected by the strong interfering interaction between Si-OH groups and 

TIPB. 

 

         As the size of the Collidine is very similar to the dimensions of the larger pores in the 

BEA structure (7.7 Å × 6.6 Å), this probe demonstrates a complete access to the BAS in the 

micropore system. Although Collidine adsorption has been used to determine the accessibility 

of acid sites in meso-microporous mordenites [52-53], our data demonstrate that the diffusion 

of this probe into the micropores of MOR and LTL zeolites is dependent on the temperature 

and duration of the experiment. Therefore, a larger probe molecule is utilised for these zeolite 

structure [50,54]. Adsorption of TIPB (kinetic diameter of ~8.5 Å) at 30 °C on MOR and 

BEA zeolites (Figure 5.6) leads to a significant reduction in the intensity of the Si-OH band at 

3745 cm
-1

 and at the same time, the Si-OH-Al band at ~3610 cm
-1

 appears to be almost 

unchanged. However, the difference spectra show a low intensity negative peak at ~3610 cm
-1

 

in both parent and mesoporous zeolites. This negative peak corresponds to the acidic Si-OH-

Al groups interacting with the hydrocarbon molecules forming a hydrogen bond. The 

accessibility of acid sites increases from 10 to 22% for BEA and from 2 to 12% for MOR 
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following the mesostructuring treatment as there are more acid sites interacting with TIPB in 

the mesopores and in the pore mouths of the zeolite mesopores, in comparison to the parent 

structures. All BAS are accessible to Py in both NH4-L and MNH4-L samples; however, more 

BAS are accessible to Coll and TIPB in NH4-L (only semi-quantitative changes could be 

ascertained using TIPB owing to the high concentration of Si-OH groups at 3745 cm
-1

 

strongly interacting with this probe molecule). Interestingly, our previous TEM studies have 

demonstrated a core-shell structure of the hierarchical MNH4-L [41]. For the faujasites, both 

Py and Coll adsorption monitored by FTIR has shown an improved accessibility to acid sites 

located in the small cages of NH4-Y zeolites after mesostructuring treatment (Table 5.3). 

 

Figure 5.6 FTIR spectra of (a) MBEA and (b) MMOR before (i) and after adsorption of TIPB 

at 30°C (ii).  
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         The conversion of oleic acid on various zeolite materials using excess methanol at 

100
o
C in a very shorter time are illustrated in Table 5.4. It can see from these data, the high 

conversion appeared on BEA and ZSM-5 zeolite catalysts due to wide pore size and the 

robust strength of acid sites for these materials respectively. In accordance with the catalytic 

performance of FAU zeolite in this reaction, although FAU zeolite has a higher amount of 

acid sites than those of other zeolites, the conversion over this material was not significantly 

different with that of MOR zeolite. This could be attributed to the number of acid sites and 

pore entrance size on MOR zeolite, which might also affect the catalytic reaction [53-54], but 

this is not the whole story, it seems that the introduction of mesoporosity in FAU zeolite 

induced the high conversion of FFA from oil because of enhancement of acid sites 

accessibility to oleic acid. Nevertheless, MMOR zeolite exhibited similar conversion of FFA 

compared with parent zeolite despite the diffusion-restricted one-dimensional channel pockets 

(8-MR) for bulky molecules such as oleic acid [54-55]. In addition, further catalytic 

conversion to alkyl ester over acidic zeolite L with a hexagonal arrangement of one-

dimensional channels is also difficult, since that acidic NH4-L zeolites are not sufficiently 

active and the information about the nature of active sites in this reaction is quite limited and 

requires further evaluation. 
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Table 5.4 Esterification of grapeseed oil over zeolite catalysts. 

Run
a
  Catalyst Conversion (%) Selectivity (%) 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

 

NH4-Y 

MNH4-Y 

BEA 

MBEA 

ZSM-5 

MZSM-5 

MOR 

MMOR 

NH4-L 

MNH4-L 

 

 62 

 88 

> 95 

> 95 

> 95 

> 95 

 70 

 73 

 25 

 27 

 

>99 

>99 

>99 

>99 

>99 

>99 

>99 

>99 

>99 

>99 

 

[
a
] Reactions were carried out in triplicate for 30 min at 100

o
C, estimated error ±5%. 

         The information on the catalytic conditions for the MNH4-Y zeolite catalyst is presented 

in (Figure 5.7). The reaction time and the molar ratio between oil and methanol can affect the 

reaction and consolidate it forward. Therefore, we selected three different ratios 1:3, 1:4 and 

1:5 with reasonable time under microwave heating. Our findings confirmed that the higher 

molar ratio reduces the mass transfer stage because of the immiscibility between the oil and 

alcohol and thus, the rate of esterification increased in a shorter time. 
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Figure 5.7 Effect of the oleic acid to methanol molar ratio on esterification reaction using 

MNH4-Y catalyst at different reaction times. 

 

         To map the reaction network, the conversion of oleic acid from the bio-oil over different 

zeolites in dependence on reaction times is shown in Figure 5.8. It is seen that the conversion 

increases very fast during the initial period of the reaction, and after approximately 30 

minutes the zeolites catalysts reach a quasi-stationary state. Moreover, it can be clearly seen 

that the strength of acid sites of strong acid catalyst such as BEA, ZSM-5, and MOR 

introduces considerable influence on their performance in the esterification reaction, while 

mild acid catalysts (FAU and LTL) require more tuning in order to achieve sustained high 

activity, and this could be achieved for instance via partial dealumination or partial ion 

exchange. On strong solid acids, the introduction of mesoporosity in their wide and medium 

pore systems is still unsatisfactory in the esterification reaction. On the other hand, the 
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presence of hierarchical porous architectures formed by both micropores and mesopores in 

the Faujasite zeolite framework could be interesting for improving accessibility and 

enhancing the catalytic activity. A clear-cut example of this circumstance can be found in our 

results, wherein just 67% of conversion was achieved over FAU sample within 1hr, despite 

the wide-pore three-dimensional system of this material, while a 90% was observed over 

MNH4-Y material with a mild acid strength [27,39]. 

 

Figure 5.8 Time-profiles of conversion of oleic acid for (a) parent and (b) hierarchical 

zeolites (purple) for L, (black) for faujasite,(red) for MOR,(brown) for ZSM-5 and (green) for 

BEA.  
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         As shown in Table 5.5, FAc is the main reaction product obtained in the aldol 

condensation reaction without any acetone self-condensation route on the basic zeolites 

including, KY and Na, K-L. Interestingly, zeolite L possesses high activity compared to the 

potassium-exchanged faujasite. In contrast, the furfural conversion increases more 

significantly over higher mesoporous MK-Y sample than is observed for zeolite L. These 

results indicated that the occurrence of mesoporosity can reduce the steric and diffusion 

constraints of the FAU structure to diffuse out the bulky substrate from the active sites in the 

supercages through the 12-rings, which enhance meaningfully the performance of this type of 

catalysts [18,56]. Apparently, it is likely that the catalytic performance of L zeolites can be 

related to the amount of intrinsic basic sites in wide-pore system mono-dimensional 12-rings, 

which is probably more accessible than in the supercages of FAU structure. 

        Table 5.5 Aldol condensation between furfural and acetone over zeolite catalysts. 

Run
a
 Catalyst 

Time  Conversion Selectivity (%) Yield 

(min) (%) FAc MAc (%) 

1 KY 20 20 >99 - 20 

1 
 

60 60 >99 - 60 

1 MK-Y 20 >95 >99 - 94 

1 Na,K-L 20 60 >99  60 

1 
 

60 95 >99 - 94 

1 MK-L 20 63 >99 - 63 

1 NH4-Y  60 41 95 5 39 

1 MNH4-Y  60 70 95 5 67 

1 MOR 60 50 90 10 45 

1     MMOR 60 80 90 10 72 

1     NH4-L  60 10 95 5 10 

1     MNH4-L  60 12 95 5 12 

1     ZSM-5 60 45 60 40 27 

1 MZSM-5 60 55 65 35 36 

1      BEA 60 78 80 20 63 

1     MBEA 60 90 84 17 76 

 

[
a
] Reactions were carried out in triplicate at 160

o
C, estimated error ±5%. 
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         Indeed, the acidic zeolites showed a great difference in their aldol condensation 

conversion and the selectivity of products. The highest conversion rate is achieved when 

using wide pore zeolites with the three-dimensional framework. Our findings suggested that 

the existence of intracrystal mesopores inside the zeolite crystal has a positive impact on the 

furfural conversion due to the good accessibility of large molecules to the strong acid sites 

located within zeolitic crystals. However, it might difficult to control the product selectivity 

over these solid acid catalysts to the main aldol condensation product, since the acid sites are 

responsible for dehydration of the intermediate C8 alcohol to a β-unsaturated ketone (FAc). 

This means that even if we obtained both high furfural conversion and yield of main aldol 

product FAc over hierarchical zeolites, there are no obvious changes in the side products 

MAc yield.  While the acidic functionality in zeolite L exhibited slower conversion rates than 

those over acidic zeolites, which may be ascribed to the ineffective number of acid sites in 

this type of zeolite for the reaction to occur (Figure 5.9). The effect of the reaction 

temperature and the time on the aldol condensation between furfural and acetone using 

zeolites catalysts is illustrated in Figure 5.10. The conversion of furfural and the yield of FAc 

increase as the reaction temperature increases from 100
o
C to 160

o
C. For example, furfural is 

converted to 78% at 160
o
C within 1hr using BEA zeolite sample, whereas, at 100

o
C the 

conversion took a longer time to reach 37 % within 3hr. Our results suggest that the higher 

temperature is beneficial for high conversion of furfural with good yield, which is consistent 

with previous reports
 
[20,45]. 
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Figure 5.9 FAc yield over parent (a) and (b) hierarchical zeolites. 
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Figure 5.10The yield of FAc formed in aldol condensation of furfural and acetone over BEA 

zeolite at (a) 160
o
C and (b) 100

o
C. 
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         The catalytic activity and selectivity of the regenerated zeolite catalysts (following 

calcination at 450
o
C) did not change significantly after four consecutive runs performed 

under the same reaction conditions, confirming that it is possible to recycle these catalysts for 

several times in esterification and aldol condensation reactions. The recycled hierarchical 

zeolites catalysts showed almost the same oleic acid conversion and the main aldol product 

yield compared with the fresh zeolites. These results suggest that the presence of mesopores 

can also enhance the catalyst resistance to deactivation because of a fast diffusion of the coke 

precursors out of the mesopores and deposition of these species on the external surface of 

zeolites, from where they can be removed during the regeneration cycle. (Figure 5.11). 
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Figure 5.11 The performance of the hierarchical zeolites catalysts in the reusability 

experiment of (a) esterification reaction and (b) aldol condensation. 
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5.4 Conclusions 

       In summary, hierarchical zeolites with a bimodal pore size distribution have been 

prepared in this work using the surfactant-templated strategy and utilised as potential 

catalysts in the esterification reaction of free fatty acid from bio-oil and in the aldol 

condensation reaction between furfural and acetone. Although the treatment has not altered 

the catalytic efficiency of BEA, ZSM-5, MOR and L to remove the oleic acid from grape 

seed oil, a higher conversion of oleic acid can be achieved by the hierarchal faujasite zeolite 

catalyst due to the combination of improved accessibility of acid sites and lower mass 

transport limitations of free fatty acid precursors. The obtained results in aldol condensation 

reaction confirm that the zeolites structure and their textural and acidic or basic properties are 

essential factors for directing this reaction to the desired products. The introduction of basic 

sites significantly improves the selectivity towards the main aldol condensation products. The 

interaction between the furfural and acetone over acidic hierarchical zeolites catalysts resulted 

in a high furfural conversion, however, a parallel reaction of acetone self-condensation leads 

to a lower yield of FAc. Overall, mesostructured zeolites demonstrated an improved catalytic 

performance as a result of increasing accessibility of their active sites, however, the right 

balance between the acidic and basic properties of these catalysts is essential for achieving 

optimum activity and selectivity. 
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Chapter 6 

The forgotten new gismondine: from detergent builder to a 

nanostructured catalyst  
 

 

6.1 Introduction  

 Zeolitic materials have been widely utilised as some of the most environmentally 

friendly catalysts as well as molecular sieves in separation processes and ion-exchangers for 

water softening and nuclear waste clean-up. Biofuel is a sustainable resource that can be 

manufactured from oil crops, animal fats, or recycled oil. It contains oxygen and is sulfur-free 

making it a cleaner burning fuel than fossil fuel with reduced emissions of SOx, CO, unburnt 

hydrocarbons and particulate matter [1- 2]. The production of biofuel can be made in a more 

environmentally friendly way by recovering the used catalyst when the reaction is completed 

and by eliminating further separation processes. Broadly speaking, catalysts in homogeneous 

systems (e.g. inexpensive, but corrosive sodium and potassium hydroxides) cannot be reused 

and the reaction products require additional purification. Heterogeneous catalysis utilising 

zeolites may be a viable alternative offering a greener synthetic process with potential 

advantages including the elimination of the quenching step and associated contaminated 

aqueous waste, separation of the products, and the opportunity to operate in a continuous 

process [3-7]. Solid acid catalysts can be used to carry out the transformation of both TGs and 

FFA simultaneously, however, such a process would require a longer reaction time and higher 

temperature, whereas solid basic catalysts achieve higher reaction rates or operate at lower 

temperatures. However, heterogeneous catalysis can be hindered by mass transfer and 

diffusional limitations [8]. The “green credentials” of zeolites as solid acid catalysts are well 

known and have been exploited in many large-scale industrial processes [9-14], whereas their 
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applications as solid bases are much less common [15,16]. In general, both the nature and 

accessibility of active sites are important features of a catalyst determining its performance in 

a particular reaction. Our previous work in chapter four demonstrates that for the 

transesterification of triglycerides over hierarchical faujasites possessing intracrystalline 

networks of mesopores, the zeolite composition, and hence, the strength of basic sites has a 

greater effect on the activity of the catalyst than their accessibility [17]. The basic character of 

zeolites increases with rising aluminum content and a higher concentration of more 

electropositive cations in the order Cs>K>Na>Li. Therefore, it can be expected that K- and 

Cs-forms of materials with lower Si/Al ratios, e.g. zeolites A (LTA structure type, Si/Al=1), 

MAP (maximum aluminium P, GIS structure, Si/Al=1), X and Y (FAU structure, Si/Al~1.2 

and 2.6, respectively) would be effective catalysts for some of the bio-refinery applications, 

such as transesterification and aldol condensation, which require a basic catalyst. 

 The purpose of the present work is to prepare, characterise and assess basic zeolites as 

catalysts for the production of biofuel and to address the balance between the strength of 

basic sites and their accessibility. The application of microwave heating should allow for 

higher efficiency of the process and increasing yield of the reaction products. A particular 

emphasis is on the detailed structural characterisation of these materials in order to evaluate 

their potential for the transformations of bulky molecules, such as the methanolysis of TGs.  

 This chapter is also focused on the application of ion-exchanged zeolites with high 

aluminum content, such as gismondine, A, X and Y, as basic solid catalysts. The latter three 

materials are produced on a large scale and are widely used in ion-exchange, catalysis, and 

separation. Gismondine, in the form of zeolite P with Si/Al ratio of 1.0, has also received a 

good deal of attention owing to the unique flexibility of its crystalline framework (Figure 6.1) 

and ion-exchange properties [18-24]. This material was utilised in high-performance 

detergents under the commercial name Doucil A24 in 1994. The chemical composition of A 



183 

 

and P zeolites is almost identical, but there are significant differences in crystal structure and 

morphology, particle size, pore architecture, and ion-exchange capacity. The superior ion-

exchange properties and nano-size of its crystals, as reported by Adams et al. [19], have been 

exploited in this work for the preparation of a basic cation-rich zeolite for the production of 

bio-fuel using both edible and non-edible oils as model feedstock. To the best of our 

knowledge, this is the first report on a successful catalytic application of zeolite P. 

 

Figure 6.1  Zeolite MAP framework. 

 

6.2 Experimental 

       The parent zeolites, NaY (CBV-100) and NaX (13X) were obtained from Zeolysts 

International and Sigma-Aldrich, respectively. Zeolites NaA and NaP were provided by 

Crosfield. Methanol, ethanol, n-heptane, and n-hexane (analytical grade, >99.99%), nitric acid 

(70%), potassium nitrate (99.9%) and potassium hydroxide (86%) were purchased from 
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Fisher Scientific. Refined rapeseed oil, caesium nitrate (99%), caesium hydroxide (99%) and 

methyl heptadecanoate (analytical GC standard, >99.99%) were supplied by Sigma-Aldrich. 

Deuterated chloroform (CD3Cl, 99.8%) was obtained from Cambridge Isotope Laboratories. 

pyrrole (99%, Acros Organics) was used as received. 

       KP, KA, KY, and KX zeolites were prepared by treating the parent zeolites A, P , X and 

Y with 0.1-0.5 mol L
-1

 KNO3 solution containing KOH at 80
o
C for 1 hour (10 mL of solution 

per 1 g of the solid). The Cs-containing zeolites were prepared by treating the Na-forms of 

above zeolites with 0.5 mol L
-1

 of solution containing CsNO3 and CsOH (4/1 v/v) at 80
o
C for 

1 hour. Next, the exchanged samples were washed with deionised water and dried overnight. 

Before use, the zeolites were activated in a flow of air by heating from room temperature to 

the desired temperatures, up to 450
o
C, at a rate of 1

o
C/min and holding at the final 

temperature for 2 hours. 

       The same protocol was utilised to obtain CsK-containg zeolites. These catalysts were 

produced by converting the Na-containing zeolites into their K-forms and then exchanging 

the latter with the Cs-containing solution (0.5 mol L
-1

 CsCl). 

       Detailed structural characterisation of all the materials utilised in catalytic reactions was 

carried out using XRD and solid-state nuclear magnetic resonance (
27

Al MAS NMR) . 

Scanning and transmission electron microscopy with energy dispersive X-ray analysis were 

utilised to obtain the elemental composition of the catalysts, thermogravimetric analysis 

(TGA) was carried out in flowing nitrogen using a Rheometric Scientific STA 1500 

instrument; the sample weight change was measured as a function of temperature (ramped 

from 20 to 700
o
C at 10

o
C/min). Detailed procedures are described as previously discussed in 

sections 3.2 and 4.2 of chapter three and four, respectively. 
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       Temperature-programmed desorption of carbon dioxide (CO2-TPD) was utilised to 

examine the basic properties of zeolites. The sample was preheated at 300-500
o
C (ramp 

3
o
C/min) under the flow of N2. After a period of 2h at the selected temperature, the sample 

was cooled down and saturated with CO2 at 100
o
C for 1 h and then purged in the flowing N2 

for 30 min. Next, the TPD profile was collected between 100 to 700
o
C with the heating rate 

of 10
o
C/min. 

       To study the binding energies of silicon, oxygen, and aluminum in different types of 

zeolites. The X-ray photoelectron spectroscopy (XPS) data were obtained with a Vacuum 

Generators XPS system, using a Kratos Axis spectrometer equipped with an aluminum 

monochromator for a 1486.6 eV source operating at 120 W. All spectra were recorded under 

a vacuum of 10
-8

 Torr and recalibrated with the binding energy of the Al 2p at 74.6 eV. 

Specimens were mounted in the analysis chamber attached to the double-sided tape. No 

sputter cleaning or further treatment was applied to the samples. 

       The data were adjusted using a blank experiment under the same conditions. Details of 

the reaction studies, including the product analysis using NMR and GC are presented in 2.2 of 

chapter two. 

6.3 Results and discussion 

 Structural characterisation of Na-forms of the parent zeolites, which are a standard 

commercially available sample, reveals typical features of these materials including high 

crystallinity, small particle size and water loss upon heating (see Figures 6.2 and 6.3). 

 Thermal analysis of the fully hydrated NaP zeolite (Figure 6.4) shows a 20 wt% water 

loss between 25 and 350
o
C, corresponding to 16 water molecules per unit cell (u.c.). Both 

TGA and DTA traces indicate a three-stage desorption process, which could be attributed to 

the presence of several phases of zeolite P and different locations of cations and water 
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molecules in the structure. ~4 wt% of water desorbed below 70 
o
C (3.5 mol/u.c.) is probably 

removed from mesoporous rather than from the intracrystalline channels, indicating that the 

actual unit cell composition is Na8 Al8 Si8 O32 ·~13H2 O [19]. 

 

Figure 6.2  XRD patterns of NaP (a), NaY (b), NaX (c) and NaA (d) zeolites.  
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Figure 6.3 SEM images of the parent (a) NaA , (b) NaP , (c) NaY and (d) NaX zeolites. 
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Figure 6.4 The TGA trace of the parent NaP zeolite. 

 

 K-forms of these zeolites also showed high crystallinity and thermal stability up to 

~500
o
C (Figure 6.5). Our 

27
Al MAS NMR data for Na-forms of the studied zeolites (Figure 

6.6) show virtually no extra-framework Al signal at 0 ppm, which would correspond to the 

typical chemical shift of the six-coordinate Al. The only aluminum signal that is observed in 

the 
27

Al MAS NMR spectra is attributed to tetrahedrally coordinated species (Altetr), which 

are typically found between 50 and 65 ppm, although the Altetr peak for NaP is asymmetrical, 

which may be related to the structural modifications in this zeolite that can be caused by 

hydration-dehydration. The high ion-exchange capacity of the zeolite P associated with 

maximum Al content allows the incorporation of a maximum amount of electropositive 

cations, such as K and Cs, thereby increasing the basicity of the framework oxygen. [17,25] 

In contrast, the degree of ion-exchange in zeolites A, X, and Y are limited as some Na cations 
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are located in small cages, including D6R and D4R units. This is supported by the chemical 

composition data of the studied ion-exchanged zeolites presented in Table 6.1.  

 

 

Figure 6.5 Powder XRD patterns of KP zeolite activated at (a) 25
o
C (b) 250

o
C (c) 320

o
C (d) 450

o
C 

and (e) 550
o
C . 
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Figure 6.6 
27

Al   MAS NMR spectra of NaA, NaP, NaY and NaX zeolites. 
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Table 6.1 The chemical composition data of the basic MAP, LTA, and FAU zeolites. 

Zeolite Si/Al Na/Al Cs/Al K/Al 

NaP 1.0 1 - - 

KP 1.0 0.1 - 0.9 

KCsP 1.0 0.1 0.1 0.8 

KA 1.0 0.55 - 0.45 

CsKA 1.0 0.5 0.35 0.25 

CsY 2.5 0.35 0.65 - 

KY 2.5 0.2 - 0.85 

CsX 1.2 0.6 0.45 - 

KX 1.2 0.4 - 0.6 

CsKX 1.2 0.2 0.45 0.3 

 

Experimental error estimated from repeated measurements is ± 0.05. 

 

 

 The reaction studies carried out in a microwave batch reactor using K-containing 

zeolites demonstrate significantly shortened reaction times as compared to the literature, 

which can be explained by the higher temperature, achieved in our system due to the high 

polarity and enhanced microwave absorption properties of methanol. Indeed, conversion over 

90% at relatively low methanol to oil ratios is achieved after 15 minutes of reaction time with 

only 5 wt% of the catalyst at 160
o
C. In agreement with the studies conducted on the 

microwave-assisted transesterification for the production of bio-fuel, our data demonstrate a 

high product yield with shorter reaction times, particularly for KP, along with lower energy 

consumption when compared to conventional or supercritical heating systems [26-28] (see 

Table 6.2 and Figure 6.7). 
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Table 6.2 Transesterification of rapeseed oil with methanol in the presence of basic MAP, 

LTA, and FAU type zeolites.
a  

Zeolite TOF (h
-1

)
b
 

Conversion (%) Selectivity 

(%) Time (min.) 

  
15 30 60 

 
NaP 12 3 10 22 >99 

KP 202 96 97 98 >99 

KCsP  - 98 98 98 >99 

>99 KA 140 65 78 86 

KCsA - 67 78 88 >99 

>99 NaX 11 7 16 20 

KX 23 10 14 30 >99 

>99 CsX  - 5 11 28 

NaY 8 4 10 16 >99 

KY 24 9 18 29 >99 

CsY  - 4 9 27 >99 

            

 
a
 Reaction conditions: reaction temperature 160

o
C, 5 wt% of catalyst based on the amount of 

oil; 1:12 oil to methanol molar ratio; reactions were carried out in triplicate, estimated error 

±5 h
-1

.  

b
 The turnover frequencies (TOF) were calculated from the conversion values corresponding 

to 15 minutes reaction time and the number of basic sites obtained from CO2-TPD 

experiments. 
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Figure 6.7 The effect of (a) the oil to methanol molar ratio: ( -- ) black for 1:6; ( -- ) red for 

1:9 and ( -- ) blue for 1:12, (b) different reaction temperatures and (c) different amount of 

catalyst on the transesterification reaction yield in the presence of KP. 

 

 Overall, zeolite KP shows a higher activity in transesterification than KA, KX, and 

KY type also demonstrating good recyclability and resistance to deactivation for three 

consecutive runs. These findings are in good qualitative agreement with the chemical analysis 

data presented in Table 6.1. Indeed, zeolites A and P have the highest Al content (Si/Al=1) 

and the degree of ion-exchange of sodium for potassium cations is the highest for zeolite P 

with K: Al ratio of ~0.90. It should be noted that following the introduction of Cs cations into 

K-forms, the activity of faujasite type catalysts increases significantly, whereas only a 

marginal increase is observed for CsKP and CsKA zeolites as their potassium forms are 

already highly active. 



194 

 

 Although utilising microwave irradiation can lead to a faster and more efficient 

heating of the reaction mixture, possibly minimising “wall effects” and suppressing the 

formation of by-products, our complementary studies using conventional heating mode in the 

Monowave 50 system, supplied by Anton Paar have shown the conversion levels ~2% lower 

for the K-forms of zeolites A, MAP and X, which are within the experimental error margin. 

In addition, no unusual changes in the products distribution have been observed that could be 

attributed to the so-called microwave effects. The only significant difference observed was 

the time required to reach the reaction temperature of 160
o
C, this was ~1 minute for the 

microwave reactor and ~4 minutes for the conventionally heated system. 

 The quantitative characterisation of basic sites in the studied catalysts has been 

attempted using adsorption of CO2-TPD. The quantitative comparisons have been made based 

on the CO2-TPD characterisation [32-34] and the results are summarised in Figure 6.8 and 

Table 6.3. In addition, the strength of the basic sites on the external surface, which should 

determine the catalyst activity in the transesterification reaction, has been assessed using 

XPS. As the basicity of the framework oxygen increases, reflecting its ability to donate an 

electron pair, the binding energy (BE) of the O1s electrons would decrease [35]. Indeed, as the 

data in Figure 6.9 show, the O1s BE decreases from 531.9 eV for KY, which demonstrates 

the lowest activity in the methanolysis of TGs, to 530.6 eV for KMAP and KA, which 

demonstrate the highest activity. The differences in the O1s BE for the studied zeolites appear 

to be largely determined by their Si/Al ratio, which is the highest for zeolite Y (Si/Al=2.5) 

and the lowest for zeolites A and MAP (Si/Al=1). It should be noted that the zeolite activity 

in the transesterification reaction would also be affected by the accessibility of the active sites 

on the external surface, which would be greater for the MAP samples. 



195 

 

 

Figure 6.8 CO2-TPD profiles for (a) KA, (b) KP, (c) KY, and (d) KX.  
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Table 6.3 Desorbed CO2 amounts at maximum temperature.
a
 

Zeolite T Max  Total basicity 

 (
o
C) (μmolg

-1
) 

NaP 265 235 ± 10 

KP 290 430 ± 10 

NaA  - - 

KA 205 420 ± 10 

NaY 190 320 ± 10 

KY 185 345 ± 10 

NaX 205 275 ± 10 

KX 260 390 ± 10 

a
 No reproducible CO2-TPD data were obtained for the Cs-contained materials, probably, due 

to the formation of caesium carbonate species. 

 

Figure 6.9 Oxygen 1s XPS spectra of KP (a), KA (b), KX (c) and KY (d) zeolites. 
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            The data indicate that zeolite KP has the strongest basic sites (the highest Tmax value 

of 290
o
C), whereas the total number of basic sites is approximately the same in KP, KA, and 

KX. This result can be explained by the greater negative charge on framework oxygen in KP 

owing to the high concentrations of K and Al (Si/Al=1 and K/Al=0.9). As the zeolite 

micropores are unlikely to be accessible to TG molecules, the strong basic sites on the 

external surface should determine the catalyst activity in the transesterification reaction. 

Indeed, our recent work demonstrates that the introduction of intracrystalline mesopores (~4 

nm) in faujasites does not lead to any improvement in their catalytic performance in 

methanolysis of TGs, which is largely dependent on the strength of basic sites. At the same 

time, the accessibility of basic sites may be important in other liquid phase reactions, such as 

aldol condensation, [34] which is confirmed by our data in the previous chapter. An important 

insight into the catalytic behavior of zeolite P comes from the high-resolution TEM imaging 

(Figure 6.10). In agreement with the published report, [19] the TEM data demonstrate the 

nano-scale features of this material with the size of the crystallite being just over 20 nm. This 

is in excellent agreement with the size of crystalline domains (18-20 nm) obtained from the 

XRD data using the Scherrer equation; indeed, a significant line broadening for NaP can be 

seen in Figure 6.2 a. Importantly, the crystallite size of the MAP is about 10 times smaller 

than that for zeolites X and Y resulting in a relatively high value for the external surface area 

of zeolite P, which may explain its high catalytic activity despite the fact that its micropores 

are inaccessible for the reacting molecules. 
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Figure 6.10 TEM images of zeolite P showing its nano-sized crystallites at increasing 

magnification (a-c); (d) a high-resolution section of the image highlighting the d-spacings in 

the zeolite. 
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6.4 Conclusions 

 In summary, the application of zeolite-based catalysts in the synthesis of biofuel can 

offer a greener production route potentially eliminating the need for corrosive chemicals and 

additional purification steps, and reducing the amount of aqueous waste. Nano-crystalline 

zeolite MAP and high aluminum content zeolites A, X and Y ion-exchanged with K and Cs 

have been utilised as highly active and selective catalysts in the transesterification of 

triglycerides demonstrating high activity and selectivity. The modified zeolites have been 

characterised by X-ray diffraction, scanning, and transmission electron microscopy, CO2-

TPD, and Fourier transform infrared spectroscopy. The data suggest that the enhanced 

catalytic performance of the K- and Cs-forms of zeolite MAP can be assigned to their high 

basicity, resulting from the high Al content and unique ion-exchange properties, and nano-

particle morphology with a relatively high external surface area available to the reacting 

species. This work highlights the potential of particle engineering for green chemical 

applications of zeolites. 
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Chapter 7  

Summary, conclusion and future perspectives  

7.1 Summary and conclusion  

 Heterogeneous catalysis is a promising route to produce green liquid fuels and bio-

based chemicals in easy route. The understanding of the relationship between catalytic 

activity and microporous as well as the mesoporous structure of these materials could 

enhance the opportunity to find significant advances in the catalyst design. The results 

obtained could be driven by the demand for bio-based refineries and sustainable energy. In 

particular, extensive efforts should be undertaken in order to resolve the low mass transfer 

problem in the biomass transformation routes via improvements to the porosity of these 

materials. 

 Concluding aspects concerning the materials discussed in the thesis are summarised as 

follows: 

 Chapter one 

 This chapter envisaged an introduction and background information to advances in 

sustainable biorefineries in order to produce biofuels and bio-based chemicals which might 

lead to the replacement of oil-based fuels by renewable feedstocks. The research objectives of 

the dissertation were described in this chapter. 
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 Chapter two 

 This chapter discussed the synthesis and modification of ETS-10, zeolite A and 

sepiolite based nanostructured materials with potassium containing compounds using ion-

exchange or impregnation and evaluated these basic catalysts for transesterification of 

vegetable oils using microwave heating. The structural features of these catalysts were 

characterised in detail by the variable temperature in situ X-ray diffraction, N2 adsorption-

desorption, scanning electron microscopy with energy dispersive X-ray analysis and in situ 

FTIR spectroscopy using adsorption-desorption of acetylene as a probe molecule in order to 

evaluate their structure - catalytic performance relationship in the methanolysis of 

triglycerides. A wide range of parameters was utilised in order to optimise the reaction 

conditions. Although high yield of fatty acid methyl esters with almost 100% selectivity can 

be achieved in transesterification reactions in the presence of K-containing sepiolite, this 

system shows significant deactivation. In contrast, zeolite KA and ETS-10, which are 

thermally stable crystalline materials, demonstrated no decrease in their activity for up to four 

reaction runs and therefore can be used as effective solid basic catalysts in this reaction. It has 

been demonstrated for the first time how the thermal and structural stability of the supported 

sepiolite can affect its activity, an essential issue which has not been sufficiently studied in 

the recent research related to the biofuel production over a solid catalyst. The results indicate 

that the sepiolite catalytic features failed to obtain high biomass conversion due to its 

structural degradation and loss of the active component during the reaction and regeneration 

cycles. 
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 Chapter three 

 In this chapter, several commercially available zeolites, including FAU, MOR, BEA,  

MFI and LTL, were exposed to a variety of acid and base treatments accompanied by 

surfactant templating strategy, which led to the introduction of intracrystalline mesoporosity 

with well-defined architectures. The FTIR spectra of adsorbed pyridine, HR-TEM, XRD, N2 

adsorption as well as 
29

Si and 
27

Al NMR were performed for studying the structure of 

hierarchical zeolites. The supramolecular templating approach is successfully applicable with 

tunable porosity for these microporous materials with the pores constructed by 12- (large 

pores) member ring windows in their pore topologies, which has been applied to zeolite L for 

the first time, thus producing hierarchical meso-microporous materials with improved 

accessibility of active sites and enhanced catalytic performance in dealkylation of tri-

isopropylbenzene. 

 Chapter four  

 The development of hierarchical zeolites provided a viable solution for enhancing the 

active site accessibility and reducing the mass transfer limitations. A combination of ion-

exchange and post-synthesis modifications aiming to obtain basic cation-rich hierarchical 

zeolites X and Y were conducted in this chapter for the preparation of catalysts for biofuel 

production from vegetable oils. The secondary mesopore system with a narrow pore size 

distribution in the 4 nm range was introduced by successive acid and base treatments 

accompanied by surfactant templating. This was followed by ion-exchange with Cs
+
 and K

+
 

cations to produce strong basic catalysts. The prepared hierarchical zeolites have been 

characterised by XRD, SEM, nitrogen adsorption, FTIR and solid state NMR. The 

transesterification reaction over the zeolite catalysts was carried out in a microwave batch-

type reactor and the effects of the reaction conditions, basic properties and pore structure of 
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the hierarchical faujasites were studied in detail. The conversion of triglycerides increased 

with increasing concentration of Cs and K in modified zeolites but declined with decreasing 

framework aluminum content. It is proposed that hierarchical faujasites can be utilised as 

efficient catalysts for the transformations of bulky molecules which require either weak basic 

or acidic sites. In this work, it has been explored for the first time how the balance between 

the strength of the basic sites and their accessibility in zeolites can affect the catalytic 

performance of these nanostructured materials. 

 Chapter five  

 The hierarchical zeolite materials from chapter three were utilised as solid catalysts 

for esterification and aldol condensation reactions for the production of second-generation 

biofuels and chemicals from biomass-derived molecules, such as oleic acid and furfural. A 

relationship between catalytic performance and the accessibility and location of acid sites in 

zeolites was established using FTIR spectroscopy of adsorbed pyridine, 2,4,6-

trimethylpyridine, and 1,3,5-triisopropyl benzene. It was found that the removing of oleic 

acid from grapeseed oil can be enhanced with acid sites and ideal pore size of zeolites. 

Furfural conversion over hierarchical zeolites was increased compared with the parent form. 

Nevertheless, basic zeolites exhibit high selectivity toward the desired reaction products in 

the aldol condensation reaction. In addition, mesostructured faujasites demonstrated 

significant improvement in catalytic activity for both reactions as a result of increasing 

accessibility of the zeolite acid sites where the reaction takes place. 

 Chapter six 

 This chapter looked into the opportunities to investigate a new potential industrial 

catalyst for different biorefinery systems. Nano-crystalline synthetic gismondine modified via 

cation exchange has been utilised as a highly active and selective catalyst for the production 
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of biofuel. In comparison with low silica zeolites FAU and LTA, K-form of gismondine, 

based on the maximum aluminum P zeolite, exhibited a remarkable improvement in catalytic 

performance in the methanolysis of bio-oil, which can be attributed to its nano-particle 

morphology and high basicity as demonstrated by the TEM, XRD, and CO2-TPD studies. To 

the best of our knowledge, this is the first study on a successful catalytic application of basic 

zeolite K-MAP. 
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Future work 

a) The applications of zeolites may open new opportunities in the production of the 

important platform chemicals, such as 5-methylfurfural, from specific biomass 

conversion pathways. However, their stability needs to be optimised in order to 

achieve sustained high activity following multiple regenerations at elevated 

temperatures. In addition, the nature of the active sites in this route requires further 

investigation,for example the role of LAS in the presence of H2O. 

b)  There have been similar studies on the preparation of zeolite materials having 

improved diffusion, controlled acidity, and good catalytic performance. It has been 

reported that the micropore volume of zeolites increases through the non-selective 

removal of a fraction of framework compositions using NH4F solution treatment [1]. 

Due to the similarities between the surfactant-templated method and this recent 

method in term of increasing the total pore volume, the present strategy can be 

compared with the surfactant-templated method in many various applications in order 

to determine the validity of both treatments for catalytic reactions involving biomass 

conversion. 

c) Hierarchical materials with uniform intracrystalline mesopores based on a number of 

industrially important zeolites, such as BEA, FAU, MOR and ZSM-5 have been 

recently prepared (and utilised in catalysis) by means of surfactant templated post-

synthesis modification of zeolites using a combination of acid and base treatments in 

the presence of a surfactant. However, the mechanism of this process is poorly 

understood and the intermediate structures have not been identified. Time-resolved 

synchrotron small angle X-ray scattering (SAXS) and wide angle X-ray scattering 

(WAXS) are required to resolve this issue. The proposed experiment would determine 

the structures present during the formation of the mesoporous materials and identify 
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the mechanism for the generation of intracrystalline mesoporosity. A detailed 

understanding of the treatment processes would allow targetted post-synthesis 

modification yielding improved materials [2]. 

d) A deeper study for tuning the acidic properties and porosity of other mesostructured 

zeolites, including mazzite (MAZ), LTL and ferrierite (FER), is necessary to better 

understand their catalytic efficiency for potential biofuel development [3-6]. 
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