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และสัดส่วน Si/Al ที่แตกต่างกัน ด้วยวิธีไฮโดรเทอร์มัล หลังจากนั้นจึงแลกเปลี่ยนไอออนของซีโอไลต์
ทั้งสองชนิดที่สังเคราะห์ขึ้น (nano CsBPH_AP และ micro KBPH_AP) กับสารตั้งต้นโพแทสเซียม 
(K) หรือซีเซียม (Cs) จากผลการศึกษาพบว่า nano CsBPH_AP ที่ผ่านการแลกเปลี่ยนกับไอออน
โพแทสเซียม (nano K-CsBPH_IE) และ micro KBPH_AP ที ่ผ ่านแลกเปลี ่ยนกับไอออนซีเซ ียม 
(micro Cs-KBPH_IE) มีลักษณะโครงสร้าง สัณฐานวิทยา และหมู่ฟังก์ชัน คล้ายกับซีโอไลต์ตั้งต้น 
ในขณะที่ nano CsBPH_AP มีขนาดอนุภาคเล็กและมีช่องทางการแพร่เชิงโมเลกุลสั้น จึงทำให้ตัวเร่ง
ปฏิกิริยานี้มีประสิทธิภาพในการเร่งปฏิกิริยาที่เหมาะสม จากการศึกษานี้สภาวะเหมาะสมในการเร่ง
ปฏิกิริยาได้แก่อุณหภูมิ 120 ºC เวลา 3 ชั่วโมง กับตัวเร่งปฏิกิริยาร้อยละ 6 โดยน้ำหนัก และใช้
สัดส่วนโดยโมลของกลีเซอรอลต่อไดเมทิลคาร์บอเนตเป็น 1 ต่อ 5 โดยตัวเร่งปฏิกิร ิยานี ้ ให้
ประสิทธิภาพในการเร่งปฏิกิริยาที่ดีถึงการทดสอบรอบที่สี่ 
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 From many years ago, Thailand’s crude palm oil industry has experienced an 
oversupply. Accordingly, several relevant industries such as biodiesel production and 
oleochemicals industry have to overcome the situation. Hence, this thesis 
demonstrates the utilization of transesterification of palm oil and the valorization of 
glycerol towards high-valued chemicals. This involves the improvement and stability 
studies of heterogeneous zeolite-based catalysts.  
 The first part of this study started by comparing physicochemical properties 
and catalytic performance for biodiesel production by potassium (K) catalysts 
supported on zeolite NaX and NaY (K/NaX and K/NaY, respectively). Although the 
K/NaX and K/NaY catalysts are active for the transesterification of Jatropha seed and 
palm oils, they were prepared by different methods and have not been tested with 
the same oil. In this work, the catalysts were prepared by ultrasound-assisted 
impregnation using a potassium acetate buffer. The structure of NaX was more stable 
than that of the NaY after the impregnation and then calcination. Furthermore, K/NaX 
had higher basicity than K/NaY. Then, both K/NaX and K/NaY were catalytically 
evaluated in the transesterification of palm oil and methanol to achieve biodiesel and 
glycerol as major and co-products, respectively. These catalysts produced high 
biodiesel yields in the first run of the transesterification. K/NaX produced a higher yield 
than K/NaY in the second run. As a result, the K/NaX catalyst is appropriate for this 
reaction.    
 The second part demonstrates an alternative and sustainable process to 
converse glycerol as a co-product from the transesterification above to high-valued 
chemicals. This part elucidates the morphological effect of BPH zeolite nanosheets on 
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the conversion of glycerol towards glycerol carbonate. A hydrothermal approach was 
used to synthesize as-prepared BPH zeolites with different sizes and Si/Al ratios. Both 
as-prepared ones (nano CsBPH_AP and micro KBPH_AP) were ion-exchanged with either 
K or Cs precursors. The structures, morphologies, and functional groups of ion-
exchanged nano CsBPH_AP and ion-exchanged micro BPH_AP (nano K-CsBPH_IE and 
micro Cs-KBPH_IE, respectively) were identical to their parents. Because of its tiny 
particle size and short molecular diffusional path, nano CsBPH_AP provided optimum 
reaction activity. The best conditions were at 120 ºC for 3 hours, with a catalyst loading 
of 6 wt % and a glycerol-to-dimethyl carbonate molar ratio of 1:5. Up to the fourth 
run, the catalyst showed a satisfying activity. 
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CHAPTER I 
INTRODUCTION 

 
1.1     Introduction 

Thailand's palm oil industry continues to face an oversupply during 2017-2022, 
driving down prices. To overcome this situation, the biodiesel industry, oleochemicals 
industry, and refined palm oil drive industrial demand for palm oil (Sowcharoensuk, 
2020; Tunpaiboon, 2021). Therefore, palm oil is used as a feedstock for biodiesel 
production in this work.  

Transesterification is a reaction between triglyceride and methanol to produce 
biodiesel under a homogeneous or heterogeneous catalytic process. Although 
homogeneous catalysis is faster and requires less catalyst amount than the 
heterogeneous one, the spent catalyst in the liquid phase is difficult to separate and 
reuse. Moreover, the process produces a large amount of wastewater for 
neutralization. These problems could be avoided by using heterogeneous catalysts 
(carbonates, alkali, metal oxides, and zeolites). One of the promising catalysts consists 
of potassium (K) species on various supports (Hindryawati et al., 2014; Rakmae et al., 
2016; Supamathanon et al., 2011). They have higher basicity and better resistivity to 
free fatty acids contaminating triglyceride sources than those with lithium and sodium 
(Hindryawati et al., 2014). Moreover, the dispersion of active species on porous 
materials could improve the catalyst activity.  

Zeolites faujasite (FAU) including NaX and NaY are interested in this work 
because of their well-defined frameworks with a three-dimensional pore system, large 
surface areas, and thermal stability (Verboekend et al., 2016). There are several works 
on catalysts with potassium impregnated on NaX and NaY for transesterification 
(Manadee et al., 2017; Noiroj et al., 2009; Peña et al., 2013; Xie et al., 2007). The 
catalysts are prepared by impregnation with potassium hydroxide (KOH), potassium  
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nitrate (KNO3), and potassium acetate buffer solution (CH3COOK/CH3COOH) (Manadee 
et al., 2017; Noiroj et al., 2009; Peña et al., 2013). Some of those catalysts have 
problems from the collapse of zeolite structure or the agglomeration of potassium 
species. Hence, ultrasound-assisted impregnation is proposed to improve the 
dispersion due to increasing the mass transfer of precursor, dispersion of active species, 
and reducing synthesis time.  

Although the previous literature shows that the K/NaX and K/NaY are active in 
the transesterification of various oils, those catalysts were prepared either by different 
methods or tested on different oils. Besides, there are no reports about the preparation 
of K/NaX catalysts by ultrasound-assisted impregnation. Consequently, the first part 
aims to compare the physicochemical properties of K/NaX and K/NaY catalysts 
prepared similarly by ultrasound-assisted impregnation from a potassium acetate 
buffer solution and their catalytic performance in the transesterification of palm oil 
under the same condition. Moreover, the properties of the spent catalysts are 
compared. 

Although biodiesel production has been continuedly developed by 
transesterification, a large amount of glycerol (Gly) was produced as a co-product. 
Hence, the industrial challenge is how to utilize glycerol for high value-added 
chemicals namely, acrolein by dehydration (Qureshi et al., 2019), glycerol carbonate 
(GC) by transesterification (She et al., 2021), and 1,3-propanediol by dehydroxylation 
(Tan et al., 2013).  

Among the glycerol-based products, glycerol carbonate via transesterification 
with dimethyl carbonate has been attractive in heterogeneous catalysis by zeolites 
(Khanday et al., 2017), micro-mesoporous silicas (Qureshi et al., 2019; She et al., 2021), 
silicates (Wang et al., 2017), titanosilicate (Xiang, and Wu, 2018), and hydrotalcites (Liu 
et al., 2014).  Although these catalysts provide high performance in reaction testing, 
they suffer from molecular hindrance by the diffusion limitation of reactants and 
forming products and accessibility of basic sites (She et al., 2021).  

Accordingly, the development of catalyst morphology (e.g. pore diameters, 
particle sizes, and shapes) becomes one of the promising solutions to such problems. 
Intrinsic basic nanosized zeolites with specific morphology are interesting. Among these 
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nanosized zeolites, BPH-type zeolite (Linde Q) with a pore window of 0.63×0.63 nm 
which is larger than the optimum pore against the literature mentioned earlier (Moliner 
et al., 2015). Recently, BPH zeolite nanosheets with different morphologies (shapes, 
thickness, and particle sizes) were developed by Clatworthy et al. (2020). The 
nanosheet with three alkali cations (Na+, K+, and Cs+) as intrinsic basic species was 
synthesized at a hydrothermal temperature of 60 ºC without an organic structure-
directing agent (OSDA). The BPH zeolite nanosheet could be one of the promising green 
catalyst candidates for the transesterification of Gly with DMC.  

The second part focuses on the correlation of BPH zeolite nanosheets’ 
morphologies and catalytic activities for transesterification between glycerol and 
dimethyl carbonate. The reaction factors affecting the catalytic abilities including BPH 
morphologies, reactant mole ratios, catalyst dosage, reaction temperature and time, 
and reusability are discussed as well. 

 

1.2     Scope and limitation of the study 
 Regarding the first section of research, Zeolite NaX (Si/Al = 1.2) and Zeolite NaY 
(Si/Al = 2.4) was synthesized according to the previous verified approach (Ginter, 2016; 
Lechert, and Staelin, 2016). The catalysts with potassium loading of 12 wt.% were 
prepared by ultrasound-assisted impregnation (Rakmae et al., 2016). Transesterification 
of palm oil was performed according to the literature (Rakmae et al., 2016). 
 In the second section, BPH zeolite nanosheets with micro and nano sizes were 
synthesized according to the literature (Clatworthy et al., 2020). Both BPH zeolites were 
ion-exchanged with either potassium or cesium solution. The transesterification of 
glycerol and dimethyl carbonate (DMC) to yield glycerol carbonate (GC) was carried 
out in a heavy wall pressure vessel at atmospheric pressure. 
 

1.3 Organization of the thesis 
 The thesis is divided into five chapters. This chapter is the first chapter 
“introduction,” and it is followed by chapter II “literature reviews”, which concludes 
the basic knowledge of transesterification of palm oil to produce biodiesel and glycerol 
upgrading to glycerol carbonate by transesterification. Both chapters indicate the 
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understanding of the purposed of this thesis. Chapter III give details of comparative 
properties of potassium supported on faujasite zeolite (K/NaX and K/NaY) from 
ultrasound-assisted impregnation and performance in transesterification of palm oil. 
Chapter IV presents the morphological effect of BPH zeolite nanosheets on the 
conversion of glycerol towards glycerol carbonate. Finally, chapter V summarizes the 
research finding from this thesis.  
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CHAPTER II 
LITERATURE REVIEW 

 
Literature review is divided into two parts including the improvement of K 

supported on FAU zeolite catalysts for transesterification of palm oil and the second 
part is BPH zeolite nanosheets as a catalyst on conversion of glycerol towards glycerol 
carbonate.   
 

2.1  Transesterification for biodiesel production 
Biodiesel (Fatty Acid Methyl Ester, FAME) is a biodegradable and renewable 

diesel fuel that can be made from vegetable oils or animal fats. The oils and fats 
consist of triglycerides that is the mainly reactant for transesterification. This is reaction 
between triglyceride and alcohol (methanol or ethanol) over acid or base catalysts to 
form FAME or biodiesel and glycerol as a co-product shown in Figure 2.1.  

The catalysts for transesterification can be divided into three subclass such as 
homogeneous, heterogeneous, and enzymatic catalyst (Mohiddin et al., 2021). 
Although the homogeneous catalysis is faster and requires a less catalyst amount than 
the heterogeneous catalysts, the spent catalyst in liquid phase is difficult to separate 
and reuse. Moreover, the process produces a large amount of wastewater for 
neutralization (Rakmae et al., 2016). These problems could be avoided by using 
heterogeneous catalysts. Many heterogeneous base catalysts such as carbonates, 
alkali, metal oxides and zeolites (Perego et al., 2017; Refaat, 2011; Romero et al., 2005) 
are widely used in the biodiesel production. It is easy to separate the liquid product 
from the catalyst and they require a smaller alcohol volume than the heterogeneous 
acid catalysts (Muciño et al., 2016).  
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Figure 2.1 Transesterification of triglyceride and methanol. 
 

The possible mechanism of transesterification using KOH supported on zeolite 

as a heterogeneous catalyst is shown in Figure 2.2. This reaction consists of four steps. 

The step (1) is the generation of methoxide ion (CH3O-) by proton abstraction from 

methanol by K2O as a basic site of the base catalyst. In the step (2), the methoxide ion 

attacks the carbonyl group of triglycerides to generate a tetrahedral intermediate ion. 

The step (3) is rearrangement of tetrahedral intermediate to form one fatty acid methyl 

ester (biodiesel) and one diglyceride ion. In the next step (4a and 4b), the diglyceride 

ion reacts with the protonated base catalyst to create a diglyceride molecule. Then, 

the diglyceride reacts with another methanol to generate methoxide ion by starting 

the next cycle. Finally, the similar step is repeated to monoglyceride to from fatty acid 

methyl ester (FAME or biodiesel) and glycerol as a final product (Farobie, and 

Matsumura, 2017). 

Currently, the research about biodiesel production from transesterification has 
become an interesting study. In addition, there are several researchers have focused 
to solve the disadvantage of homogeneous catalytic by using heterogeneous catalysts 
for biodiesel production. 
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Figure 2.2 Possible reaction pathway of transesterification by KOH supported on zeolite 
modified from Farobie, and Matsumura (2017). 
 

 2.1.1  Potassium catalyst on faujasite (FAU) zeolite for biodiesel 
production  
  Following several reports, the potassium (K) species has been 
considered as one of the promising catalyst candidates for transesterification 
(Hindryawati et al., 2014; Rakmae et al., 2016; Supamathanon et al., 2011). The K-
supported catalyst has higher basicity and better resistivity to contaminated free fatty 
acids in triglyceride sources than those of Li-based and Na-based catalysts (Hindryawati 
et al., 2014). In addition, it could be reused with fewer activity losses in the biodiesel 
production than that of other mentioned alkalis. Moreover, the dispersion of active 

 



10 
 

species on porous materials could improve the catalyst activity. Faujasite zeolites are 
among those promising materials (Verboekend et al., 2016). 

Faujasite zeolites (FAU) are crystalline aluminosilicates containing 
sodalite cages and supecages with pore diameter of 0.74 nm as shown in Figure 2.3. 
The faujasite can be classified into two types including zeolite X and Y base on the 
chemical compositions (Barthomeuf, 1996). Si/Al ratios of zeolite X and Y are 1-1.5 and 
2-5, respectively. The presence of aluminum in the zeolite structure requires an equal 
amount of extraframework cations for charge balancing. Moreover, the basic properties 
of zeolite NaX is higher than zeolite NaY. The different Si/Al ratio leads to different 
basicity and reactivity (Ma et al., 2021). In many applications such as the 
transesterification for biodiesel production, zeolite X and Y are used owing to an easy 
synthesis, high surface area and large pore volume, stability, and their well-defined 
framework (Polisi et al., 2019; Zito et al., 2015).  

 

 
 

Figure 2.3 Faujasite (FAU) zeolite structure and positions of their potential charge 
compensating cations (Yang et al., 2014). 
 

From the literature review, there are several works on catalysts with 
potassium supported on NaX and NaY for transesterification of various oils such as 
palm, soybean, sunflower, and Jatropha. Intarapong et al. (2011) prepared KOH 
supported on zeolite NaY. The KOH/NaY catalysts were prepared by an impregnation 
method with various KOH concentrations (5-20 wt.%). The catalysts were studied in 
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the transesterification of palm oil. The catalyst with 15 wt.% KOH loading provided the 
highest biodiesel yield of 92.2% at 60 ºC in 7 h. However, the structure of zeolite NaY 
collapsed with an increase of the K content. To prevent the structure collapse, 
Supamathanon et al. (2011) prepared K catalysts supported on zeolite NaY by 
impregnation using CH3COOK buffer solution as a precursor. This acetate buffer solution 
was employed in order to prevent the collapse of the zeolite framework. The prepared 
catalysts were applied in the transesterification of Jatropha seed oil. The optimum 
catalyst with K loading of 12 wt.% provided high biodiesel yield of 73.4% under the 
reaction temperature of 65 ºC in 3 h. To further increase the catalytic performance, 
Manadee et al. (2017) changed faujasite-type zeolite from NaY to NaX as a support for 
potassium loading (K/NaX) by impregnation with various K content (4-16 wt.%) of 
CH3COOK buffer solution for transesterification of Jatropha seed oil. Interestingly, the 
obtained catalyst with 12 wt.% K loading gave biodiesel yield of 83% in 3 h. From our 
previous results of transesterification of Jatropha seed oil catalyzed by the same K 
loading, zeolite NaX exhibits better catalytic activity than zeolite NaY probably due to 
higher basicity of zeolite NaX compared to another.  

According to the previous work, both zeolite NaY and NaX were used 
as catalyst supports for various K species. However, stability against leaching has not 
been clearly studied. Moreover, the surface interaction between K species and support 
is still unclear. In similar case, Castro et al. (2013) studied the influence of supports on 
basicity and stability of Li-based catalyst for the transesterification of methyl acetate 
and ethanol. The basicity of prepared catalyst was ranged in the following order: 
Li/MgAl oxide > Li/Al2O3 > Li/MgO. In addition, the stability in term of Li leaching was 
ranged in the following order: Li/MgO > Li/MgAl oxide > Li/Al2O3. From the reaction 
testing, Li/MgAl oxide was the best catalyst. This literature suggested that Al species 
played an important role to enhance the basicity and minimize leaching of active 
species. 

There are not many reports about the effect of Si/Al molar ratio on 
catalyst stability and active species leaching. Thus, the work is aimed to compare the 
effect of zeolite supports for the preparation of K/NaX and K/NaY by ultrasound-
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assisted impregnation using an acetate buffer as potassium precursor. Their catalytic 
activity for transesterification of palm oil is also evaluated.    
 2.1.2  Ultrasound-assisted impregnation for catalyst preparation 
   Although the microporous material and zeolite provide excellent 
textural properties such as high surface area and large micropore volumes, they also 
limit the diffusion of chemical precursor for conventional wet impregnation inside the 
pore zeolite. Thus, the sonication is used to solve this problem. 

Ultrasound vibration has been recognized as green techniques for 
catalysts preparation and modification of materials. It could be improved the mass 
transfer of precursor, dispersion of active species, and reducing synthesis time 
(Dehghani, and Haghighi, 2017; Louyot et al., 2018; Sosa et al., 2020). Ultrasound 
irradiation causes acoustic cavitation providing the bubble formation, growth, and 
collapse of hot gas bubbles in a liquid system as shown in Figure 2.4. Then, the 
collapsed bubbles increase temperature and pressure, which assist the diffusion of the 
precursor into support pores and improve surface interaction. Louyot et al. (2018) 
synthesized Co/Al2O3 and Fe-Co/Al2O3 catalyst for Fischer-Tropsch reaction and 
compared the total time for catalyst preparation by impregnation. The catalyst 
prepared with sonication, reducing the impregnation time from 12 h to 4 h and the 
particle size smaller than without sonication. In addition, Rakmae et al. (2016) 
compared the preparation of K catalysts supported on zeolite NaY with and without 
sonication during the impregnation using CH3COOK buffer solution with 12 wt.% of K 
loading. The results indicated that the catalyst produced with sonication showed 
better dispersion of active species than that without sonication. For the 
transesterification of palm oil, the catalyst prepared by sonication provided a higher 
biodiesel yield and shorter reaction time than that produced without sonication. 
Hence, it is proposed in this work to shorten the K/FAU catalyst preparation time using 
ultrasound-assisted impregnation.  
  

 



13 
 

 

 
 

Figure 2.4 Ultrasound-assisted impregnation of K precursor on zeolite support. 
  

2.2  Glycerol upgrading to glycerol carbonate by transesterification  
 2.2.1  Transesterification of glycerol and dimethyl carbonate 
  Nowadays, many worldwide industries have been looking forward to 
alternative and renewable energy resources instead of limited fossil fuels. Accordingly, 
this leads to the remarkable expansion of biomass-based fuel and chemical 
production, especially biodiesel from vegetable oils and animal fats. This process 
generates larger glycerol amount than the global demand (Li et al., 2018). There are 
several attempts to convert glycerol as an initial reactant to value-added chemicals 
such as glycerol ethers, solketal, acrolein, propanediol, and glycerol carbonate through 
different chemical reactions as shown in Figure 2.5 (Bagheri et al., 2015; Houache et 
al., 2019; Marakatti et al., 2014).  
  Among these glycerol-derived fine chemicals mentioned above, 
glycerol carbonate (4-hydroxymethyl-1,3-dioxolan-2-one) has been considered in 
much industrial utilization such as cosmetic ingredients, electrolyte for lithium-ion 
batteries and detergent components as shown in Figure 2.6. Moreover, it can be used 
as a platform chemical to produce other reaction intermediates, surfactants, and 
plasticizers because of its active two functional groups including hydroxyl and 2-oxo-
1,3-dioxolane. Hence, several research groups have optimized different types of 
reaction to achieve a satisfactory quantity of this interesting chemical.   
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Figure 2.5 Different catalytic transformations of glycerol into value-added compounds 
are presented after the transesterification reaction for biodiesel and glycerol 
production (Houache et al., 2019; Sudarsanam et al., 2019).  
 

 
 
Figure 2.6 Direct and indirect applications of glycerol carbonate (Sonnati et al., 2013). 
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  Many chemical routes to produce glycerol carbonate have been 
considered, namely, transesterification with alkyl carbonate, carbonylation with 
phosgene, urea, carbon dioxide. Among these processes, the reaction of glycerol with 
dimethyl carbonate is applicable to prepare glycerol carbonate due to non-toxic raw 
materials, required mild operating conditions, high yield, and simple purification of 
glycerol carbonate (Das, and Mohanty, 2019; Liu et al., 2015). The possible mechanism 
of base catalyst catalyzed transesterification of glycerol with dimethyl carbonate (DMC) 
is shown in Figure 2.7. In the first step, the basic site on the surface of catalyst attacks 
with a proton from the primary hydroxyl group of glycerol to produce glyceroxide 
anion. In the second step, the carbonyl group of DMC is attacked with nucleophilic of 
glyceroxide anion to generate intermediate and methoxide as a co-product. Then, 
methoxide reacts with the proton on the basic site to get the methanol. Finally, the 
intermediate reacts with basic site to form anion leading to a cyclization reaction 
through a nucleophilic reacted with oxygen from the secondary hydroxyl group to 
carbonyl group productive glycerol carbonate and methanol. In term of reaction 
operation, various heterogeneous catalysts are proposed to facilitate the 
transesterification of according to their excellent catalytic activities to provide high 
yield and satisfactory selectivity to glycerol carbonate, for example; Li/Mg4AlO5.5 (Liu 
et al., 2015), Na2SiO3 (Wang et al., 2017), CaO (Roschat et al., 2018), K-zeolite (Algoufi, 
and Hameed, 2014),  zeolite beta, and zeolite FAU (Pan et al., 2012). 
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Figure 2.7 Possible mechanism of base catalyst catalyzed transesterification of 
glycerol with DMC (Ochoa-Gómez et al., 2009). 
 
 2.2.2  Zeolite catalysts for glycerol carbonate production 
   From this literature survey, there are many heterogeneous catalysts 
such as CaO, Li/Mg4AlO5.5, Na2SiO3, Li/OPAZ, red mud, beta zeolite and NaY zeolite (Das, 
and Mohanty, 2019; Khanday et al., 2017; Liu et al., 2015; Ochoa-Gómez et al., 2009; 
Pan et al., 2012; Wang et al., 2017). These catalysts show the high conversion and 
selectivity in the first cycle. However, the activity decreased after reusability. Although 
the zeolite catalysts shown lower conversion. But its resists the leaching of active sites 
into the liquid product and intrinsic base property. Therefore, zeolite is proposed by 
many works to improve this drawback.  
   The zeolites composed of crystalline aluminosilicate, consisting of 
(SiO4)-4 and (AlO4)-3 tetrahedral units, sharing oxygen atom between every two 
consecutive units. Zeolite consists of different basic and acid site with different 
synthesis method. The strength of basic site of zeolite increase with increasing Al 
content (Al-Ani et al., 2019). In addition, zeolite have large surface area, well pore size, 
and shape selectivity. Moreover, pore diameter of zeolites in the transesterification of 
glycerol and DMC should be larger than the molecular dimension of reagents to 
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improve mass transfer. Geometrical parameters of reagent molecules from the reaction 
are calculated using ChemOffice as shown in Table 2.1.  
 
Table 2.1 Geometrical parameters of reagent molecules (Pan et al., 2012). 

Reagents 
Geometrical parameter (nm) 

Diameter Length 
Dimethyl carbonate (DMC) 0.37 0.45 
Glycerol (Gly) 0.47 0.52 
Glycerol carbonate (GC) 0.33 0.65 

 
   From previous studies in the glycerol upgrading, zeolite-based and 
mesoporous catalysts with different pore sizes are reported. Pan et al. (2012) studied 
the activity of different base zeolites for the transesterification between glycerol and 
DMC as shown in Table 2.2. The zeolites with a small pore diameter show poor activity 
due to pore hindrance and space limitation of the reagent diffusion. The result 
suggested that NaY was more active than beta zeolite due to larger pore diameter and 
higher number of basic sites.  
 
Table 2.2. Synthesis of GC from glycerol and DMC over various zeolite catalysts (Pan 
et al., 2012). 

Catalyst 
Basicity 

(mmol/g) 
Ring 

Pore channel  
(nm) 

Gly conversion 
(%) 

GC selectivity 
(%) 

3A 1.02 8 0.31x0.35 0 0 

4A 1.02 8 0.41x0.41 0 0 

NaZSM-5 0.63 10 0.51x0.55, 0.53x0.56 0 0 

Na 0.64 12 0.66x0.67, 0.56x0.56 37 100 

NaY 4.20 12 0.74x0.74 80 100 
Reaction conditions: glycerol 54.3 mmol, DMC 162.9 mmol, CH3OH 10 mL, catalyst 0.5 g, 343 K, 4 
h. 
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  For the conversion of the glycerol towards glycerol carbonate, the 
proper pore size of porous catalysts is not only preferable, but their shapes and 
particle sizes are also necessary. Mesoporous silicas containing layered double 
hydroxides (LDH) were proposed as nanosized composites for transesterification 
between Gly and DMC in three distinct forms such as rice shape, short and long rods 
(She et al., 2021). The rice-shaped catalyst with shorter meso-channels improved the 
internal diffusion pathlengths of both reactants and reaction products. Moreover, the 
nanosized composite with the highest surface area has a high density of surface basic 
sites, indicating that it might be used for catalysis. Hence, the transesterification could 
be a morphology-dependent reaction. BPH-type zeolite (Linde Q) with the pore 
window of 0.63×0.63 nm which is larger than the optimum pore against the literature 
mentioned earlier (Moliner et al., 2015). Recently, Clatworthy et al. (2020) prepared 
BPH zeolite nanosheets with various morphologies (shapes, thicknesses, and particle 
sizes). The zeolite nanosheet containing three alkali cations (Na+, K+, and Cs+) as intrinsic 
basic species was synthesized without the presence of an organic structure-directing 
agent (OSDA) at a hydrothermal temperature less than 60 ºC. The BPH zeolite 
nanosheet could be one of the promising green catalyst candidates for the 
transesterification of Gly with DMC.  
 2.2.3  Improvement of zeolite basicity by ion-exchange method  
   Ion exchange is a chemical reaction that exchanges free mobile ions of 
a solid, the ion exchanger, for other ions of comparable charge in solution. Usually, 
the presence of cations on its channels and cages resulted in the ion exchange 
property of zeolites. There are numerous cation sites in zeolite structures that differ in 
framework location and bond energy. When the zeolite contacts with an electrolytic 
solution, its cations leave and are replaced by cations from the solution. Moreover, 
the exchange is performed with specific concentration of metal ions and zeolite solid 
suspension in nitrate, chloride, sulfate, and hydroxide solution. It can be employed to 
different types of zeolites. Ion-exchange has been extensively used in zeolite for 
several applications (Kumar, and Jain, 2013). In the transesterification, there are several 
reports using zeolite as base catalysts and support (Al-Ani et al., 2018; Al-Ani et al., 
2019; Algoufi, and Hameed, 2014). The zeolite is synthesized by base conditions using 
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alkali ions such as Na+, K+ form. To improve the intrinsic basicity, the zeolites can be 
exchanged with other alkali ions (Li+, Cs+) by either ion-exchange method (Al-Ani et al., 
2019; Danuthai et al., 2011) or direct synthesis prepared zeolite NaX and NaY 
exchanged with K+, Cs+, gismondine with maximum aluminium P (KMAP) in a K form 
(Al-Ani et al., 2019). These zeolite catalysts were employed for the transesterification 
of rapeseed oil and methanol. They suggested that the zeolite basicity was improved 
by increasing Al content with a high electropositivity of alkali cations (Cs > K > Na). This 
also enhanced the reaction activity (Joshi et al., 2003).  
 

2.3  Passible pathway of catalyst deactivation  
In transesterification, the efficiency of catalyst is evaluated in terms of activity 

and lifetime. Thus, catalyst stability and deactivation in the reaction have been studied. 
In case of K-based catalysts, the main cause of catalyst deactivation can be classified 
as shown in Figure 2.8, Figure 2.9, and Table 2.3 (Čapek et al., 2014; Kosawatthanakun 
et al., 2022; Muciño et al., 2016; Oueda et al., 2017). 
 
Table 2.3 Causes of K-based catalysts deactivation on transesterification. 
Nature Type Mechanism Description 

Physical Fouling  Lake of accessibility 
Physical deposition of chemical 
species onto catalyst surface or 
pore. 

Physical  Agglomeration Lake of accessibility Increase of particle size 

Chemical  Leaching  Loss of active species 
Dissolution of active species into 
the reaction medium.  

 
Fouling is defined as the physical deposition of organic compound from 

the reaction onto the catalyst surface, resulting in activity loss owing to active site and 
pore blockage. Muciño et al. (2016) studied the deactivation of alkali metal precursor 
impregnated on NaX zeolite (K2O/NaX and Na2O/NaX) catalysts in safflower oil 
transesterification at 60 ºC. They found that the methyl ester yield of the unwashed 
catalyst in a second cycles dramatically decreased from 94% to 24% due to organic 
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moiety deposition on the catalyst surface. It confirmed by using the FTIR technique, 
indicating the band at 3347 (O-H), 2923, 2853, 1744 (C=O), and 1377 cm-1 are assigned 
to the glycerol and methyl ester. Moreover, the organic residue from liquid product 
affected to particles agglomeration, corresponding to increasing of particles size by 
SEM analysis. In this context, there are several works have been conducted to solve 
the problem by using some solvent (methanol, acetone, hexane, etc.) for washing the 
catalyst between testing cycles. 

 

       
 

Figure 2.8 Fouling and agglomeration of catalyst modified from Moulijn et al. (2008).  
 
  Leaching is the dissolution of active species into a reaction medium as 
illustrated in Figure 2.9. In general, a leaching effect can be classified to three possible 
scenarios (Arends, and Sheldon, 2001; Sheldon et al., 1998) as follows: 

1) The active species leaches but is an inactive homogeneous catalyst. 
2) The active species leaches and behaves an active homogeneous one.  
3) The active species does not leach and exhibits a catalytic manner.    

 

 
 

Figure 2.9 Leaching of active species into the reaction medium modified from Moulijn 
et al. (2008). 
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The unclear question of zeolite FAU supported potassium species is whether 
they are actually heterogeneous in nature. Despite being reused numerous times, 
supported catalysts maintained significant activity. These catalysts may serve as a 
reservoir of active species that are progressively released into the liquid phase. Several 
publications have reported potassium species leaching from K-based catalysts in the 
case of non-zeolite NaY as a support, such as Al2O3, MgO, or cinder. Alonso et al. (2007) 

reported that KAlO2-like species on -Al2O3 support could react with methanol to form 
a dissolved component during reaction operation. The leaching species as 
homogeneous catalyst was responsible to the reaction. Liu et al. (2011) reported 
glycerol was a main possibility for releasing some potassium amount from surface of 
K2CO3 impregnated on cinder (K2CO3/cinder) after reaction time of 9 h. Čapek et al. 
(2014) also suggested the proposed mechanism of potassium leaching caused by the 
reaction with glycerol to form potassium glyceroxide which further reacted with either 
water or methanol. In addition, they described listed in Table 2.4 the active species 
could be released with different alcohols in the following order: glycerol > 1,3-
propanediol > 1,2-propanediol > ethylene glycol > methanol > methyl ester > oil > 
water. Thus, glycerol plays an important role in K leaching during transesterification. 
The loss of K active species affects poor catalytic activity and stability for further cycles. 
This leads to a motivation for this work to further explore the minimization of leaching 
of active species. To solve the leaching problem for transesterification reaction, several 
factors should be verified including solvents and interaction between a support and 
active species. This leads to further study to improve catalyst stability for industrial 
benefits. Among approaches for leaching study in heterogeneous catalysis, hot 
filtration is one of effective strategies.  
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Table 2.4 Leaching of K from various support  into various medium (Čapek et al., 2014). 

Medium 
K leaching (wt.%) 

K-Al2O3 K-CaO K-MgO 
Water 1.22 1.30 1.05 
Oil 1.09 0.56 0.90 
Methyl ester 2.44 1.45 2.97 
Methanol 3.54 2.82 4.47 
Ethylene glycol 29.99 28.36 31.65 
1,2-Propanediol 35.55 34.77 34.76 
1,3-Propanediol 46.74 51.22 49.45 
Glycerol 48.70 56.08 53.06 

 
The hot filtration test, also known as the split test, is used to determine 

the presence of soluble active species. The solid catalysts are filtered out of the 
reaction mixture and the hot filtrate is monitored for continuing activity under the 
same reaction condition. Both of filtrate and solid catalyst are adopted to quantify 
content of leached active species by means of atomic absorption spectrometry (AAS) 
(Arzamendi et al., 2007; Rakmae et al., 2016), inductively coupled plasma-atomic 
emission spectrometry (ICP-AES) (Alonso et al., 2007; Shan et al., 2016), and X-ray 
fluorescence spectrometry (XRF) (Noiroj et al., 2009). For example case of hot filtration 
test, Xu et al. (2015) applied hot filtration to study Fe leaching from Mg–Fe layered 
double oxide (Mg-Fe LDO) which was a catalyst for the transesterification of microalgae 
oil. The hot filtration was performed after the regular reaction procedure for 30 min 
with ester conversion of 41.7%. The reaction was interrupted immediately by filtration 
and transferred to another reactor at the same temperature for another 1 h. As shown 
in Figure 2.10, the experimental result form ICP-AES analysis indicated there was the 
leaching of active Fe ions. Moreover, the catalyst after filtration was still active for the 
reaction producing the conversion of 64.5%.   
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Figure 2.10 Application of hot filtration to the Mg–Fe layered double oxide catalyst for 
the transesterification (Xu et al., 2015). 
 

According to the previous works, there are crucial parameters to further 
clarify including catalyst reusability and leaching. Consequently, it will be focused on 
this work to study the leaching of K species from K/NaY and K/NaX to understand the 
effect of media (such as oil, methanol, biodiesel, and glycerol) and interaction between 
K species and the supports.  
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CHAPTER III 
COMPARATIVE PROPERTIES OF K/NAX AND K/NAY FROM 

ULTRASOUND-ASSISTED IMPREGNATION AND PERFORMANCE IN 
TRANSESTERIFICATION OF PALM OIL 

 

3.1  Abstract 
 This work aims to compare physicochemical properties and catalytic 
performance of potassium supported on zeolite NaX and NaY (K/NaX and K/NaY, 
respectively) prepared by ultrasound-assisted impregnation from potassium acetate 
buffer precursor. Calcination converts the potassium precursor to carbonate which 
occupies the zeolite cavities and disperses on the external surface. Both calcined 
samples show a decrease in zeolite phases, BET surface areas and pore volumes. With 
the smaller changes, K/NaX is more stable than K/NaY. Moreover, K/NaX has higher 
basicity than K/NaY and is more active in decomposition of 2-methylbut-3-yn-2-ol 
(MBOH), producing dominant products from basic sites. Both K/NaX and K/NaY are 
active in transesterification of palm oil, producing more than 94% of the biodiesel 
yields in the first run. However, the yields drop in the second run due to the leaching 
of potassium species into glycerol and biodiesel products. The spent K/NaX has similar 
phase to the fresh one whereas the spent K/NaY shows more structure collapse. With 
better structural stability, less potassium leaching and less decline in biodiesel yields 
in the second run, K/NaX is a better catalyst than K/NaY. 
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3.2  Introduction  
Biodiesel is an alternative fuel produced from various renewable feedstocks. 

The process involves transesterification, a reaction between triglyceride and alcohol 
(such as methanol) in the presence of a catalyst. One of the most used catalysts is 
homogeneous alkaline solutions which provide a high product yield. However, a large 
amount of wastewater is generated from the product purification step. Consequently, 
there is an increased interest in developing heterogeneous catalysts which are easy to 
separate from the products and reusable. Examples of heterogeneous base catalysts 
for transesterification are carbonates, alkali, metal oxides, and zeolites (Perego et al., 
2017; Refaat, 2011; Romero et al., 2005) Those catalysts require a smaller alcohol 
volume than acid catalysts (Muciño et al., 2016). Currently, there are several review 
articles on various aspects of the development of heterogeneous catalysis for biodiesel 
production including current status and challenges (Mathew et al., 2021; Mukhtar et 
al., 2022); evaluation of feedstocks, technologies, catalysts and reactors (Ganesan et 
al., 2021; Mohiddin et al., 2021); advances in reactors (Okolie et al., 2022) and 
processing technologies (Bashir et al., 2022). 

Potassium (K) species on various supports are among the promising catalysts 
due to their higher basicity and better resistivity to free fatty acids contaminating 
triglyceride sources than those with lithium and sodium (Hindryawati et al., 2014; 
Rakmae et al., 2016; Supamathanon et al., 2011). They could be reused with fewer 
activity losses than the other catalysts. Furthermore, active species dispersion on 
porous materials could enhance catalytic activity. This work is particularly interested 
in zeolites faujasite (FAU), including NaX and NaY. They have well-defined frameworks 
with a three-dimensional pore system, large surface areas, high ion-exchange abilities, 
and thermal stability (Verboekend et al., 2016). Moreover, they are commercially 
available on a large scale. Both NaX and NaY zeolite have the same FAU structure but 
different Si/Al ratios, namely, 1-1.5 in NaX and >1.5 in NaY. The presence of aluminum 
in the zeolite structure generates a framework negative charge which requires 
extraframework cations for charge balancing (Polisi et al., 2019; Zito et al., 2015).  
  Several studies have been conducted on catalysts with potassium supported 
on NaX and NaY for transesterification of various plant oils such as palm, soybean, 
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sunflower, and Jatropha (Manadee et al., 2017; Noiroj et al., 2009; Peña et al., 2013; 
Xie et al., 2007). Impregnation with potassium hydroxide (KOH), potassium nitrate 
(KNO3), and potassium acetate buffer solution (CH3COOK/CH3COOH) is a typical method 
for catalyst preparation (Manadee et al., 2017; Noiroj et al., 2009; Peña et al., 2013). 
The basicity increases with potassium loading, resulting in better biodiesel yields. Some 
of these catalysts suffer from zeolite structural collapse or aggregation of potassium 
species. Moreover, there is not much comparison of catalysts in the same condition or 
the same oil. The understanding of catalyst properties is crucial to pursuing the 
challenges in catalyst design and development.  

The early works focused on the preparation of catalysts that produced high 
biodiesel yields. Noiroj et al. (2009) prepared K/NaY with 10 wt.% KOH as an effective 
catalyst for the transesterification of palm oil. Intarapong et al. (2011) that the increase 
of KOH loading on NaY increased the basicity but destroyed the zeolite structure. Xie 
et al. (2007) reported that K/NaX from 10% KOH was the best catalyst in the 
transesterification of soybean oil. The increase of KOH loading increased basicity but 
led to the collapse of the zeolite framework and agglomeration of potassium species. 
Peña et al. (2013) demonstrated that K/NaX from KNO3 gave a high biodiesel yield from 
the transesterification of sunflower oil.  

There are some works that concern the stability of zeolite supports. 
Supamathanon et al. prepared K/NaY and K/NaX by impregnating the zeolites with 
potassium acetate buffer solution to produce active catalysts for the transesterification 
of Jatropha seed oil. This potassium precursor could minimize the zeolite structure 
collapse. Both studies showed that the catalysts have smaller surface areas than the 
parent zeolites after loading with K precursor, probably due to the agglomeration of 
potassium species. Hence, ultrasound-assisted impregnation was proposed to improve 
the dispersion.  

Ultrasound has been applied to assist material modification and synthesis. The 
ultrasound causes acoustic cavitation providing the formation, growth, and collapse of 
hot gas bubbles in a liquid system. Then, the collapsed bubbles increase temperature 
and pressure, which assist the diffusion of the precursor into support pores and 
improve surface interaction (Sosa et al., 2020). There are a few reports on ultrasound-
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assisted impregnation of metal precursors on FAU zeolite. Rakmae et al. (2016) used 
ultrasound-assisted impregnation to prepare 12 wt.% potassium on NaY from 
potassium acetate buffer. The catalyst provided a better biodiesel yield than that from 
conventional impregnation. Recently,  Ketzer et al. (2020) used ultrasound-assisted 
impregnation to prepare 20% WO3 on ultra-stable zeolite Y (USY) for the production 
of methyl oleate from oleic acid esterification. The catalyst exhibited a high dispersion 
of active species with strong interaction over the support and provided a good 
performance. 

Although the previous reports demonstrate that the K/NaX and K/NaY are 
active for the transesterification of various oils, these catalysts were done either by 
different methods or tested on different oils. Besides, there are no reports about the 
preparation of K/NaX catalysts by ultrasound-assisted impregnation. This work aims to 
compare the physicochemical properties of K/NaX and K/NaY catalysts prepared by 
ultrasound-assisted impregnation from a potassium acetate buffer solution. Then, 
catalytic performance is evaluated in the transesterification of palm oil under the same 
condition.  Moreover, the catalyst stability is also studied. The in-depth comparison 
provides an understanding that would be helpful in catalyst design and development. 
 

3.3  Experimental  
 3.3.1 Synthesis of zeolite NaX  

Zeolite NaX (Si/Al = 1.2) was synthesized according to the previous 
verified approach (Lechert, and Staelin, 2016). A precursor gel with the molar ratio of 
NaAlO2: 4 SiO2: 16 NaOH: 325 H2O was produced as the following procedure. Firstly, 
the sodium aluminate solution was prepared by adding alumina trihydrate powder 
(45.6% Al2O3, 29.65% Na2O) of 23.21 g into the sodium hydroxide solution prepared by 
mixing sodium hydroxide (NaOH, 98%, Carlo-Erba) of 23.81 g and distilled water (DI) of 
23.81 g. The mixture was further magnetically stirred in a steam bath until clear 
dissolved (colorless) and cooled to an ambient temperature. Then, the clear solution 
was added to DI water of 48.21 g. After that, the mixture solution of 23.81 g was added 
to another NaOH solution containing NaOH of 14.08 g in DI water of 145.71 g and stirred 
until dissolved. This resulted solution is called solution A. Secondly, the sodium 
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silicate solution was prepared by adding fumed silica (SiO2, Sigma-Aldrich) of 27.35 g 
into the NaOH solution containing NaOH of 10.71 g and DI water of 61.94 g. The mixture 
was mixed on a steam bath until dissolved (colorless). Then, the supernatant solution 
of 52.31 g was added to another NaOH solution containing NaOH of 14.08 g in DI water 
of 145.71 g and blended until homogenization. This obtained solution is called 
solution B. Finally, the solution A and B were quickly combined and stirred with 750 
rpm for 30 min. The resultant was transferred into a 250-mL Teflon-lined autoclave 
and crystallized at 90 ºC for 14 h without agitation. Afterward the resulted zeolite was 
washed with DI water and separated by centrifugation several times until the pH of 
the washing solution is around 7. The obtained zeolite was dried in hot air oven at 100 
ºC overnight.  

3.3.2 Synthesis of zeolite NaY 
Zeolite NaY (Si/Al = 2.4) was synthesized according to the previous 

verified approach (Ginter, 2016). A precursor gel with the molar ratio of 4.62 Na2O: 
Al2O3: 10 SiO2: 180 H2O was produced by two-type gels including seed and feed gel as 
the following procedure. Firstly, a seed gel with the molar ratio of 10.67 Na2O: Al2O3: 
10 SiO2: 180 H2O was prepared by mixing both sodium aluminate and sodium silicate 
solution. The sodium aluminate solution was prepared by adding NaOH of 1.16 g, DI 
water of 5.70 g and sodium aluminate (NaAlO2 containing Al2O3 ~55–56%, Riedel-de 
Haën) of 0.60 g into a 50-mL polyethylene bottle under stirring with a speed of 300 
rpm for 15 min until clear solution. Sodium silicate solution was prepared by adding 
fumed silica of 28.70 g into the NaOH solution containing NaOH of 11.52 g and DI water 
of 59.78 g and stirred on a steam bath until clearly dissolved. After both solutions are 
mixed, the container was sealed and aged at ambient temperature for 24 h to produce 
to seed gel. Secondly, a feed gel with the molar ratio of 4.30 Na2O: Al2O3: 10 SiO2: 180 
H2O was prepared by mixing both sodium aluminate and sodium silicate solution. The 
sodium aluminate solution was prepared by adding NaOH of 0.040 g, DI water of 37.42 
g and NaAlO2 of 3.74 g in a 250-mL polyethylene bottle under stirring with a speed of 
300 rpm for 15 min at an ambient temperature until clearly dissolved. Then, the 
sodium silicate solution of 40.70 g was added dropwise into the sodium aluminate 
solution under vigorous stirring (750 rpm) until the gel is apparently homogeneous. 
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Finally, the seed gel was slowly added to the feed gel under a vigorous stirring for 30 
min and then transferred to a 250-mL Teflon-lined autoclave. Afterwards the mixture 
was aged at an ambient temperature for 24 h and crystallized at 100 ºC for 24 h. When 
the hydrothermal step is done, the autoclave was cool down to room temperature. 
The resulted zeolite was centrifuged and washed with DI water until pH of the washed 
solution is around 7. The product zeolite was dried at 110 ºC overnight.  

3.3.3 Catalyst preparation.  
The catalysts with potassium loading of 12 wt.% were prepared by 

ultrasound-assisted impregnation modified from Rakmae et al. (2016). The zeolite 
supports were dried in a vacuum oven at 100 ºC overnight. An acetate buffer was 
prepared by dissolving 5.70 g potassium acetate (CH3COOK, 99.0%, Carlo Erba) in 1.00 
M acetic acid (CH3COOH, 99.7%, RCI Labscan) and adjusted to 25.00 mL. The buffer of 
1.20 mL was added to the dried zeolite of 1.00 g and sonicated with frequency 37 kHz, 
power 80 W (Elmasonic E 30H model, Elma) for 10 min. The mixture was dried in a 
vacuum oven at 100 ºC overnight and calcined at 480 ºC under a static air atmosphere 
for 3 h with heating rate 1 ºC·min-1). The obtained catalysts were notated K/NaY and 
K/NaX.  

3.3.4  Catalyst characterization 
Phase characteristics of the catalysts were studied by X-ray diffraction 

(XRD) on a Bruker XRD-D8 Advance with Cu Kα radiation (λ = 0.154 nm) operated with 
a voltage of 40 kV and a current of 40 mA. All patterns were collected by a 2 scan 
range from 5 to 50º with a step size of 0.02º at a scan speed of 0.5 s·step-1.  

Isotherms of all samples were measured by N2 adsorption-desorption 
using a BELSORP-mini II. These samples were degassed at 200 ºC for 24 h. Surface areas 
were calculated by Brunauer-Emmett-Teller (BET) method and micropore volumes 
were estimated by t-plot method from the desorption branch. 

Functional groups of samples were confirmed by Fourier transform 
infrared spectroscopy (FTIR) on a Bruker, Tensor27-Hyperion, spectrometer equipped 
with a microscope using the KBr pellet technique. The spectrum was recorded from 
4000-400 cm-1 with a resolution of 4 cm-1 and 64 scans. 
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Raman spectra were collected with FT-Raman spectrometer on a 
Bruker, Vertex 70v-RAM II equipped with Nd: YAG laser with an excitation wavelength 

of 1064 nm operated at a power of 300 mW. A signal was detected by a liquid nitrogen-

cooled Ge diode. Each spectrum was recorded from 1500-50 cm-1 with 500 scans and 
a resolution of 4 cm-1. 

The Si/Al ratio of NaX and NaY and potassium content of the catalysts 
were determined by an inductive coupled plasma optical emission spectrometer (ICP-
OES) using an Optima 8000 (Perkin Elmer) instrument. Prior to measurement, the 
catalyst powder was digested using a microwave digestion method (Multiwave 3000 
model, Anton Parr). 

Both chemical surface species and surface interaction were identified 
by X-ray photoelectron spectroscopy (XPS) using a ULVAC-PHI PHI5000 VersaProbe II 

with Al Kα radiation. All binding energy (BE) peaks were calibrated corresponding to the 
standard C 1s peak at 284.6 eV. A Shirley background subtraction was applied to correct 
the XPS spectra stemming from inelastic electron scattering. XPS peaks were fitted 
with a combination of Gaussian (G) and Lorentzian (L) functions with the G to L ratio 
of 20 to 80. The full width half maximum (FWHM) of fitted peaks are in the range of 
1.1-1.8 eV and 1.1-1.7 eV for C 1s and K 1s, respectively. 

The basicity of the samples compared to the parent zeolites was 
studied by the decomposition of 2-methylbut-3-yn-2-ol (MBOH) in a fixed-bed reactor 
described in previous research (Novikova et al., 2014). A sample of 200 mg was loaded 
into a tubular stainless reactor and pretreated at 350 ºC under N2 atmosphere. Then, 
the reactor was cooled down to 120 ºC and flushed with a vaporized mixture of MBOH 
and toluene (95:5) using N2 carrier gas with a flow rate of 10 mL·min-1. The conversion 
of MBOH and product selectivity were estimated according to equations reported in 
the literature (Supamathanon et al., 2012). The MBOH conversion and selectivity of 
decomposed products were calculated based on the sum peak areas as following the 
equation (1) and (2), respectively.  
 

MBOH conversion (mol%) = 1 -
AMBOH × rRFMBOH / MMBOH

∑i(Ai × rRFi / Mi)
 × 100    (1) 
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Product selectivity (mol%) =  
Ap × rRFp / Mp

∑(Ax × rRFx / Mx)
 × 100      (2) 

 

where peak area ratio (A), relative response factor (rRF), and molecular 
weight (M) are mathematical variables for all component (i) including MBOH and all 
products. The term of the desired product and each obtained product are subscripted 
by (p) and (x), respectively. The calculation method is based on the relative response 
factor defined by the effective carbon number concept (ECN) in Appendix A.1. 

The basicity of the catalysts was investigated by temperature-
programmed desorption of carbon dioxide (CO2-TPD) using a BELCAT-B chemisorption 
analyzer. A sample of 50 mg was packed into a tubular glass reactor and pretreated at 
300 ºC under helium (He) gas flow with a rate of 50 mL·min-1 for 60 min to eliminate 
physisorbed species. Then, it was cooled down to 70 ºC, and a gas mixture of 10% 
CO2/He with a flow rate of 50 mL·min-1 was introduced into the sample cell for 30 min. 
After that, it was purged with He for 30 min and heated to 100 ºC with a rate of 10 
ºC·min-1 and held for 60 min to remove non-adsorbed CO2. The TPD process was 
performed in a temperature range of 100 to 800 ºC with a temperature ramp of 10 
ºC·min-1. The basic site density was obtained by integration of peak area.  

3.3.5  Transesterification of palm oil.  
Transesterification of palm oil was performed according to the previous 

work.(Rakmae et al., 2016) The catalyst of 0.20 g, methanol (CH3OH, 99.9%, Carlo Erba) 
of 2.90 g, and refined palm oil (food grade, Morakot Industries PCL., Thailand) of 5.00 
g were stirred in a round bottom flask equipped with a condenser at 60 ºC for 3 h. The 
product mixture was separated by hot filtration following the literature (Sheldon et al., 
1998). The liquid phase was transferred to a separatory funnel and allowed to separate 
overnight. The produced biodiesel in the top layer was collected and evaporated to 
remove methanol using a rotary evaporator. 

The quantitative content of methyl esters (xmethyl esters) was determined 
according to biodiesel test method EN 14103 by gas chromatography (Agilent 7890 GC) 
equipped with a flame ionization detector (FID) using a capillary column (Agilent J&W 
CP-Sil 88, CP7489) with a length of 100 m with a film thickness of 0.20 µm and an 
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internal diameter of 0.25 mm. Helium was used as a carrier gas with a flow rate of 3 
mL·min-1. The injection was performed in split mode with a split ratio of 50:1. The 
injector and detector temperatures were 240 and 300 ºC, respectively. In the first step, 
the oven temperature was started at 70 ºC for 4 min and heated to 175 ºC with a ramp 
rate of 13 ºC·min-1 and held for 27 min. In the second step, the oven was heated to 
215 ºC with a ramp rate of 4 ºC·min-1 and kept for 15 min. In the final step, the oven 
temperature was increased to 240 ºC with a ramp rate of 4 ºC·min-1 and kept for 12 
min. Methyl nonadecanoate, so-called C19(CH3(CH2)17COOCH3, 98%, Sigma Aldrich) was 
used as the internal standard. The content of methyl esters from the received 
biodiesel was obtained from equation (3) while the content of triglycerides (xtriglycerides) 
was from the literature (Roschat et al., 2016). The yield of produced biodiesel was 
calculated according to equation (4) below from the literature (Okwundu et al., 2019).  

 

𝑥methyl esters =  (
(∑Ac14-c24:1 ) 

(Ac19 × rRFx / Mx)
) × (

C19  Vc19 

msample 
) × 100      (3) 

 

Where ∑Ac14-c24:1 is the total peak area from methyl ester in C14 to that 
in C24:1 obtained from GC-FID, and msample is the mass of the analyzed biodiesel sample. 
The GC peak area, concentration, and volume of methyl nonadecanoate solution are 
represented by AC19, C19, and VC19, respectively. 

 

Biodiesel yield (mol %) = (
𝑚biodiesel

𝑚palm oil
) × (

𝑥methyl esters

𝑥triglycerides
) × (

𝑀triglycerides

3×𝑀methyl esters
) × 100                 (4) 

 
where mbiodiesel and mpalm oil are the mass of biodiesel and palm oil. 

Mmethyl esters and Mtriglycerides are average molecular weight of methyl ester or triglyceride 
(as indicated with a subscript) while number 3 is the stoichiometric coefficient from 
the balanced chemical equation of transesterification of triglycerides with methanol. 

The catalyst stability was investigated by reusing the spent catalysts and 
characterization by XRD, SEM, FTIR with Attenuated total reflection (ATR), and Raman 
spectroscopy. The spent catalysts were washed with methanol (10 mL) and hexane (5 
mL) and dried at 90 ºC overnight. The potassium leaching was determined by ICP-OES. 
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The K content from separated liquid products including biodiesel and glycerol was 
determined. Each liquid product was digested by a microwave digestion method 
(Multiwave 3000 model, Anton Parr). The percentage of K leaching was calculated 
according to Čapek et al. (2014). 
 

3.4 Results and discussion   
3.4.1 Characterization of K impregnated on FAU zeolite. 

XRD patterns of parent NaX and NaY zeolites, as-prepared and calcined 
K/NaX and K/NaY catalysts are shown in Figure 3.1. NaX and NaY have similar peak 
positions (JCPDS No. 38-0237 and 39-1380, respectively) but different intensities due 
to the different Si/Al ratios. The as-prepared K/NaX and K/NaY show the zeolite 
characteristic peaks with lower intensities than the bare zeolites. Both samples show 
additional peaks at 8.88º, 14.26º, and 27.18º, corresponding to the potassium acetate 
precursor. The peak at 8.88º of the as-prepared K/NaX sample is stronger than the 
peak of the zeolite 220 plane. However, the as-prepared K/NaY shows the opposite 
intensities. The results imply that the potassium acetate precursor covers the external 
surface of NaX with more extent than that of NaY. After calcination, the peaks of 
potassium acetate precursor are not observed from both samples, suggesting the 
complete decomposition. However, the zeolite characteristic peaks from both calcined 
samples have lower intensities than those of the as-prepared samples. The decreased 
intensities could be from the partial collapse of the zeolite frameworks by hydrolysis 
of Si-O-Al bonds (Peña et al., 2013). Although K/NaX and K/NaY have the same 
potassium loading, the calcined K/NaX shows stronger zeolite peaks suggesting less 
collapse of the zeolite structure. The XRD results suggest that K/NaX is more stable 
than K/NaY against the same calcination condition.  
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Figure 3.1 XRD patterns of as-prepared and calcined (a) K/NaX and (b) K/NaY compared 
with their parent zeolites; symbol (*) = potassium acetate phase. 

 
The SEM images of calcined K/NaX and K/NaY are compared with the 

parents NaX and NaY, respectively, in Figure 3.2. Both NaX and NaY are polycrystals 
with different morphologies. NaX has round-shaped particles with a diameter of about 
1.5 µm. Each particle is a cluster of small crystals with various sizes and thicknesses 
connecting together. The morphology of K/NaX is similar to the parent zeolite but with 
the poorer sharpness of crystal edges. Some erosion on the surface is visible in the 
SEM images. NaY consists of single crystals, either perfect octahedra with a diameter 
of about 500 nm or imperfect polyhedra with various sizes. There are also clusters of 
crystals with random patterns. The morphology of the calcined K/NaY is similar to that 
of the parent NaY. The surface of some crystals also shows signs of erosion.  
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Figure 3.2 SEM images of (a) NaX, (b) calcined K/NaX, (c) NaY, and (d) calcined K/NaY 
catalysts with 10k and 30k magnification. 

 

The N2 sorption isotherms of the calcined K/NaX and K/NaY are 
compared with the parent zeolites in Figure 3.3. All samples have type I isotherms, a 
characteristic of microporous materials (Thommes et al., 2015). The adsorbed volumes 
of K/NaX and K/NaY, surface areas and pore volumes are smaller than the bare zeolites 
(see Table 3.1). The decrease could be from the occupation of the impregnated 
species in the zeolite cavities, blockage of the zeolite pores, and the collapse of the 
zeolite structure (Rakmae et al., 2016). K/NaX shows a smaller decrease of the 
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adsorbed volume than K/NaY. The results imply that K/NaX has less potassium species 
in the zeolite cavities or less pore blocking. However, the XRD results indicate that the 
collapse of zeolite structure in K/NaX is less than that in K/NaY. Since the hydrolysis 
of the Si-O-Al bond of zeolites under thermal treatment could be assisted by alkali 
metal species, (Montalbo et al., 2013) the less amount of potassium species in the 
cavities of NaX could be the reason for the less collapse. Moreover, the hysteresis 
loops on NaX and K/NaY are type H4 and H2(b) that could be from crystal aggregation 
and thermal hydrolysis, respectively (Thommes et al., 2015). 

 

 
 
Figure 3.3 N2 sorption isotherms of (a) calcined K/NaX and (b) calcined K/NaY 
compared to their parent zeolites; filled symbols = adsorption and hollow symbols = 
desorption. 
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Table 3.1 BET surface area and micropore volume of K/NaX and K/NaY compared to 
parent zeolites from N2 sorption analysis and K content from ICP analysis.  

Sample 
BET surface area 

 (m2·g-1) 
Micropore volume  

(cm3·g-1) 
K content  

(wt.%) 

NaX 853 0.254 - 

NaY 899 0.331 - 
K/NaX 352 0.128 11.03 ± 0.07 
K/NaY 121 0.037 11.40 ± 0.17 

 
FTIR spectra and assignment of as-prepares and calcined K/NaX and 

K/NaY are presented in Figure 3.4 and Table A.2 in Appendix A. The as-prepared K/NaX 
and K/NaY show the new peaks at 1414, 1514, and 2977 cm-1 related to the symmetric 
stretching of COO- (νs), asymmetric stretching of COO- (νas), and C-H stretching of -CH3, 
respectively. These peaks correspond to the potassium acetate precursor species. After 
calcination, the peaks of potassium acetate precursor are not observed, suggesting the 
complete decomposition. The peaks at 1388 and 1448 cm-1 from K/NaX and 1388 and 
1456 cm-1 from K/NaY correspond to asymmetric stretching (νas) of carbonate ion (CO3

2-

) (Lavalley, 1996; Manadee et al., 2017). More intense peaks of carbonate are observed 
on K/NaY, consistent with the stronger potassium acetate peaks in the XRD patterns. 
Both samples also show a small peak at around 880 cm-1, corresponding to out-of-
plane bending ( ) of CO3

2- (Binet et al., 1999; Lavalley, 1996). The bands of stretching 
and bending of Si-O-T, where T is the Si or Al atom of the zeolites, decrease due to 
thermal hydrolysis during the decomposition of the acetate precursor. The formation 
of K2CO3 on the support surface may relate to the collapse of the zeolite framework. 
The finding agrees with the FTIR results in the literature (Manadee et al., 2017; Rakmae 
et al., 2016). 
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Figure 3.4 FTIR spectra of as-prepared and calcined K/NaX and K/NaY catalysts 
compared with their parent zeolites.  

 
Raman spectra and peak assignments of both calcined K/NaX and K/NaY 

are compared with those of the parent zeolites in Figure 3.5 and Table A.2 in 
Appendix A. Both samples show peaks at 1080, 1060, and 700 cm-1 corresponding to 
the stretching and bending modes of K2CO3 (Edwards et al., 2005; Frantz, 1998). 
Although both samples were prepared with the same potassium loading, the signal of 
K2CO3 on K/NaX is stronger than that on K/NaY, implying that more amount of 
carbonate species is on the external surface (Ishimaru et al., 2018). This could also be 
from the stronger intrinsic basicity of the NaX zeolite. The vibration of 4- and 6-
membered rings of FAU frameworks decreased due to hydrolysis during the thermal 
treatment of the potassium precursor (Rakmae et al., 2016). The relative peak intensity 
of the 4-membered ring in the NaX framework is higher than that in the NaY. This result 
confirms that structure of NaX is more stable, consistent with the XRD results.  
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Figure 3.5 Raman spectra of calcined K/NaX and K/NaY catalysts compared with their 
parent zeolites.  
 

Moreover, the forms of potassium species in calcined K/NaX and K/NaY 
were determined by X-ray photoelectron spectroscopy (XPS). The spectra of K/NaX 
and K/NaY are shown in Figure 3.6. The peaks of K 2p1/2 and K 2p3/2 from K/NaX are 
observed at 295.7 and 293.0 eV, respectively, corresponding to K2CO3 (Swathy et al., 
2016). Both K 2p peaks from K/NaY shift to lower binding energy, probably due to 
connection to elements with lower electronegativity (Sun et al., 2010). The binding 
energy difference between K/NaX and K/NaY could be attributed to the interfacial 
interaction between K species and the zeolite surface. The higher binding energy in 
K/NaX implies a stronger interaction. The peak at 288.5 eV from both samples 
corresponds to carbonate species on the zeolite surface. The peaks at 284.6 and 285.9 
eV are assigned to adventitious carbonaceous compounds (Rakmae et al., 2016). These 
XPS results confirm the presence of K2CO3 on both zeolites, which are not observed 
by XRD. 
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Figure 3.6 XPS spectra of the chemical state of carbon (C 1s) and potassium (K 2p) 
peaks of calcined K/NaX and K/NaY catalysts.  
 

The acid-base properties of the catalysts are distinguished by the 
decomposition of MBOH (Lauron-Pernot et al., 1991). The conversions of MBOH over 
the calcined K/NaX and K/NaY and the parent zeolites are compared in Figure 3.7a 
and Table 3.2. The conversions from bare zeolites are very low and much lower than 
K/NaX and K/NaY. These results ensure that the addition of potassium generates more 
active sites. The conversions from K/NaX are significantly higher than those from K/NaY, 
indicating the more active sites. These results are consistent with the higher structural 
stability and larger surface area, which reflects the better dispersion and accessibility 
of base species in the zeolite cavities. The selectivities of all products are listed in 
Table 3.2. NaX provides mainly the base-catalyzed products, whereas NaY produces 
more compounds formed on coordinatively unsaturated sites. These results indicate 
that NaX has more basic sites than NaY. After loading with potassium, K/NaX and K/NaY 
only give the base-catalyzed products. The results confirm that the presence of K2CO3 
on the zeolite significantly improves the basicity. 

CO2-TPD profiles of calcined K/NaX and K/NaY are shown in Figure 3.7b, 
and the calculated values of basicity are listed in Table 3.2. NaY and NaX show a peak 
at 300 and 330 ºC, respectively. The higher temperature from NaX reflects the stronger 
intrinsic basicity consistent with a lower Si/Al ratio. After loading with potassium, K/NaX 
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gives a strong peak centered at 680 ºC. K/NaY shows peaks in the same temperature 
range but smaller peak area. This result confirms that K/NaX is more basic than K/NaY. 
This could be from the better dispersion of base species (Montalbo et al., 2013). The 
lower basicity in K/NaY is consistent with the result from the MBOH decomposition. 

 

 
 

Figure 3.7 (a) MBOH conversion at various times and (b) CO2-TPD profiles from calcined 
K/NaX and K/NaY compared to the bare zeolite supports. 

 

Table 3.2 Conversion and selectivity of products from the decomposition of MBOH 
and basicity by CO2-TPD of K/NaX and K/NaY compared to the parent zeolites. 

Sample 
MBOH 

conversiona  
(mol %) 

Product selectivity (mol %) 

Basicity by CO2-TPD  
(mmol CO2·g-1) 

Base-catalyzed site 
coordinate 

unsaturated site 

Acetylene Acetone MBYE Prenal 

NaX 0.93 45.35 48.65 6.00 0.00 0.375 

NaY 0.69 14.28 17.70 68.00 0.00 0.222 

K/NaX 85.90 48.90 51.32 0.00 0.00 0.867 

K/NaY 41.61 48.67 51.33 0.00 0.00 0.532 
a Product selectivity from MBOH decomposition was collected at the time on stream 
at 140 min after reaching the constant conversion. 
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 3.4.2 Catalytic activity on transesterification of palm oil  
Figure 3.8 displays the GC chromatograms of biodiesel products from 

the transesterification of palm oil obtained from the first and second runs on K/NaX 
and K/NaY. The biodiesel yields from first runs were 97.9% and 94.4%, respectively. 
Table 3.3 compares the yields from this work with those the previous works. The 
biodiesel yield of K/NaY from this work is higher than the work from Rakmae et al. 
(2016). The difference might be from the methods used for product separation; 
namely, hot filtration in this work versus room-temperature filtration in Rakmae et al. 
(2016). The K/NaX and K/NaY, prepared by the same method, give similar biodiesel 
yields in the first run despite the more collapse in the zeolite structure in K/NaY. 
However, the differences are obvious in the second run. From the chromatograms from 
the second run (Figure 3.8), the biodiesel yields from K/NaX and K/NaY decreased to 
61.3% and 2.7%, respectively. The decrease was mainly due to the leaching of 
potassium species which is discussed in Section 3.4.2. This result implies that the 
amount of K2CO3 as a basic site is the key to catalytic activity. Compared to the 
literature, the performance of K/NaX is better than that of K/NaY, when prepared either 
from conventional or ultrasound-assisted impregnation.  
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Figure 3.8 GC chromatograms from the conversion of palm oil obtained from (a) K/NaX 
(1st run), (b) K/NaX (2nd run), (c) K/NaY (1st run), (d) K/NaY (2nd run), and (e) biodiesel 
yield from first and second run on K/NaX and K/NaY at 60 ºC for 3 h. 
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Table 3.3 Comparison of the catalyst performance in transesterification between 
K/NaX and K/NaY with 12 wt.% K loading from conventional and ultrasound-assisted 
impregnation from this work and previous literature. 

Catalyst Preparation method Oil type Condition 
Biodiesel yield  

(mol %) 
Reference 

K/NaX Impregnation 
Jatropha 
seed oil 

65 ºC, 3 h 83.0 
(Manadee et al., 

2017) 

K/NaY Impregnation 
Jatropha 
seed oil 

65 ºC, 3 h 73.4 
(Supamathanon 

et al., 2011) 

K/NaY impregnation Palm oil 60 ºC, 3 h 68.6 
(Rakmae et al., 

2016) 

K/NaY 
Ultrasound-assisted 
impregnation 

Palm oil 60 ºC, 3 h 72.4 
(Rakmae et al., 

2016) 

K/NaY 
Ultrasound-assisted 
impregnation 

Palm oil 60 ºC, 3 h 94.4 ± 0.93 This work 

K/NaX 
Ultrasound-assisted 
impregnation 

Palm oil 60 ºC, 3 h 97.9 ± 0.52 This work 

 
3.4.3 Stability of catalysts 

Although K/NaX and K/NaY give high biodiesel yields in the first run, the 
yields decrease significantly in the second run. The yield from K/NaX is much higher 
than that from K/NaY. Thus, further investigation on the catalyst stability was 
conducted. The amount of potassium leaching into glycerol and biodiesel products 
was determined by ICP-OES. The spent catalysts were characterized by XRD, SEM, FTIR, 
and Raman spectroscopy. 

 The total amount of potassium leaching in the glycerol and biodiesel 
product from K/NaX and K/NaY are 15.6% and 45.2%, respectively. The results indicate 
that the catalyst deactivation strongly relates to potassium leaching. Namely, the 
catalyst with more potassium leaching gives the smaller biodiesel yield in the second 
run. This finding agrees with the reports by Čapek et al. (2014) and Muciño et al. (2016). 
The potassium surface species reacts with glycerol to form a soluble species. The less 
leaching from K/NaX is consistent with the XPS results. Potassium species in K/NaX has 
a stronger interaction with the zeolite support. 
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The XRD patterns of spent K/NaX and K/NaY are compared with the 
fresh catalysts in Figure 3.9. The patterns of spent and fresh K/NaX are similar, 
indicating the zeolite stability against the reaction condition. In contrast, the XRD 
pattern of spent K/NaY shows characteristic peaks of zeolite NaY on a broad baseline 
indicating an amorphous nature. This data confirms the more collapse of zeolite NaY 
than that of NaX, consistent with the more decrease in surface area of K/NaY from the 
bare zeolite. 

 

 
 
Figure 3.9 XRD patterns of (a) spent K/NaX and (b) spent K/NaY compared with fresh 
catalysts. 

 

The SEM images of the spent K/NaX and K/NaY with 10k and 30k 
magnification are shown in Figure 3.10. The images of both spent catalysts are similar 
to their fresh catalysts. However, the changes in zeolite crystallinity are evident in XRD 
patterns. 
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Figure 3.10 SEM images of (a) spent K/NaX and (b) spent K/NaY catalysts with 10k 
and 30k magnification. 
 

The FTIR-ATR and Raman spectra of spent K/NaX and K/NaY are 
compared with their fresh catalysts in Figure 3.11. The IR spectra of both spent 
catalysts are different from their fresh samples. The carbonate peaks have either lower 
intensities or different shapes indicating changes after the catalytic test. The changes 
of the spent catalysts from Raman spectra are more evident than from IR spectra. The 
decreases of the peaks at 1080 and 1060 cm-1 (symmetric stretching) and 700 cm-1 

(symmetric deformation) agree with the leaching of potassium species. The different 
shapes of carbonate peaks of spent K/NaX and K/NaY indicate the different interaction.  
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Figure 3.11 Comparison between fresh and spent catalysts by FTIR (ATR mode) spectra 
of (a) K/NaX and (b) K/NaY and Raman spectra of (c) K/NaX and (d) K/NaY. 
 

From this study, both K/NaX and K/NaY deactivate after being tested in 
transesterification. The causes are the leaching of potassium species, the collapse of 
the zeolite structure and the changes of carbonate species. However, the contribution 
of each cause is not clear. Therefore, further investigation is recommended to provide 
insightful information to improve the catalyst design and development.  

 

3.5 Conclusions 
Potassium catalysts supported on FAU zeolites (K/NaX and K/NaY) were 

prepared using potassium acetate buffer through ultrasound-assisted impregnation. 
Calcination converts potassium precursor to potassium carbonate and causes the 
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collapse of zeolite structures. The collapse in K/NaY is more than that in K/NaX. In 
addition, the basicity of K/NaX is higher than that of K/NaY. 

In transesterification of palm oil and methanol, both catalysts provided high 
biodiesel yields in the first run. The yield decreased 1.6 times for K/NaX in the second 
run, but K/NaY was almost inactive. Possible causes of the lower performance of the 
catalysts could be the leaching of potassium species, the collapse of the zeolite 
structure and the changes of the carbonate species. The effects are less pronounced 
on K/NaX; therefore, it is the better catalyst for this reaction. Further study to 
understand the interaction of potassium carbonate on the zeolite is recommended to 
design catalysts with high stability. 
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CHAPTER IV 
MORPHOLOGICAL EFFECT OF BPH ZEOLITE NANOSHEETS ON 

CONVERSION OF GLYCEROL TOWARDS GLYCEROL CARBONATE 
 

4.1  Abstract 
 The utilization of glycerol to high-valued chemicals is the key success of 
economic and sustainable biodiesel production. For glycerol conversion by 
transesterification, BPH-type zeolite nanosheets (Linde Q) with different morphologies 
are among promising catalysts to overcome the diffusion transport limitation inside the 
pore topology and inhibit the formation of glycidol as a by-product. As-prepared forms 
of both nanosheet as called nano CsBPH_AP (192 nm size) and micron-sized zeolite as 
called micro KBPH_AP (600 nm size) were prepared by hydrothermal treatment with 
different Si/Al ratios. With a morphological-dependent reaction, nano CsBPH_AP gives 
a better transesterification activity of glycerol (Gly) to glycerol carbonate (GC) than 
micro KBPH_AP. After the ion-exchange step, nano CsBPH_AP, ion-exchanged by 
potassium precursor, as nano K-CsBPH_IE and micro KBPH_AP, ion-exchanged by 
cesium precursor, as micro Cs-KBPH_IE exhibit slightly different thermal property 
against their parents. However, they provide a lower reaction activity than their parents. 
The nano CsBPH_AP with the loading of 6 wt.% shows good catalytic performance up 
to the fourth run under an optimal condition at 120 ºC for 3 h and the Gly-to-DMC 
molar ratio of 1:5. Hence, this study reveals a crucial effect of catalyst morphology on 
the conversion of glycerol towards glycerol carbonate. 
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4.2  Introduction 
With the dramatic decrease of fossil resources, biodiesel has become 

alternative energy. Although transesterification has been used to make biodiesel, a 
significant amount of glycerol (Gly) was produced as a byproduct. As a result, the 
industrial challenge is to find ways to convert glycerol into high-value-added 
compounds such as acrolein through dehydration (Qureshi et al., 2019), glycerol 
carbonate (GC) through transesterification (She et al., 2021), and 1,3-propanediol 
through dihydroxylation (Tan et al., 2013). Glycerol carbonate via transesterification 
with dimethyl carbonate has been suggested as a promising approach for glycerol 
upgrading in heterogeneous catalysis by zeolites (Khanday et al., 2017), micro-
mesoporous silicas (Qureshi et al., 2019; She et al., 2021), silicates (Wang et al., 2017), 
titanosilicate (Xiang, and Wu, 2018), and hydrotalcite (Liu et al., 2014). Although these 
catalysts provide high performance in reaction testing, they suffer from molecular 
hindrance due to reactant and product diffusion limitations and basic site accessibility 
(She et al., 2021). As a result, one of the possible solutions to such problems is the 
enhancement of catalyst morphology (e.g., pore diameters, particle sizes, and shapes). 

From previous studies in the Gly upgrading, zeolite-based and mesoporous 
catalysts with different pore sizes are reported. Micron-sized chabazite (Si/Al = 2.4) 
with the aggregate of quadratic prism-like crystals from coal fly ash was hydrothermally 
prepared at 160 ºC in the upgrading of glycerol via transesterification (Algoufi, and 
Hameed, 2014). Although the ash-derived chabazite gave a high GC yield (96%) without 
the leaching of metallic species (K, Ca, Ti, and Fe), glycidol as a by-product was formed 
because of its highly strong basicity. In addition, the small pore window of chabazite 
(0.38 nm) could hinder molecular diffusion and slightly reduce accessible internal 
surfaces after a few test cycles. With different pore topologies, as-prepared zeolites 
including 3A (0.31×0.35 nm), 4A (0.41×0.41 nm), NaZSM-5 (0.51×0.55 and 0.53×0.56 
nm), NaBEA (0.66×0.67 and 0.56×0.56 nm), and NaY (0.74×0.74 nm) were compared by 
GC production from Gly and dimethyl carbonate (DMC) (Pan et al., 2012). Both NaBEA 
and NaY only gave the conversion of Gly to GC with complete selectivity. In addition, 
NaY was the best one among them. Hence, zeolite-based catalysts with a pore size 
more than 0.56 nm are preferable for the transesterification due to the geometric 
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dimension of Gly (0.47×0.52 nm), DMC (0.37×0.45 nm) as reactants, and GC (0.33×0.65 
nm) as a product (Pan et al., 2012). 

For the conversion of the Gly towards GC, not only the proper pore size of 
porous catalysts is preferable, but also their shapes and particle sizes are also 
necessary. With tunable b-axis crystal length (60-70 nm), microporous H-ZSM-5 (Si/Al 
= 25-125) was utilized for Gly dehydration to acrolein (Qureshi et al., 2019). Because 
of the short b-axis, it exhibited a higher Gly conversion than a commercial ZSM-5 with 
a b-axis of 1.5-1.7 µm. This also suggested that short diffusional lengths facilitated high 
Gly diffusion inside pore channels (0.51-0.56 nm). With three different shapes (rice 
shape, short and long rods), mesoporous silicas containing layered double hydroxides 
(LDH) were proposed as nanosized composites for transesterification between Gly and 
DMC (She et al., 2021). The rice-shaped catalyst with shorter meso-channels improved 
the internal diffusion pathlengths of both reactants and reaction products. Moreover, 
the nanosized composite with the largest surface area exhibited a high density of 
surface basic sites resulting in a promising catalytic activity. Hence, the 
transesterification could be a morphology-dependent reaction. 

To enhance the Gly conversion to the desired GC product under environment-
friendly catalysis, it is necessary to use intrinsic basic nanosized zeolites with a specific 
morphology. BPH-type zeolite (Linde Q) has a pore window of 0.63x0.63 nm, which is 
larger than the appropriate pore according to the literature (Moliner et al., 2015). 
Clatworthy et al. (2021) recently synthesized BPH zeolite nanosheets with varying 
morphologies (shapes, thickness, and particle sizes). The nanosheets containing three 
alkali cations (Na+, K+, and Cs+) were synthesized at a hydrothermal temperature of 60 
ºC without the use of an organic structure-directing agent (OSDA). Herein, BPH zeolite 
nanosheets with different morphologies were studied in terms of the correlation of 
their morphologies and catalytic activities for transesterification between glycerol and 
dimethyl carbonate. The reaction factors affecting the catalytic abilities including BPH 
morphologies, reactant mole ratios, catalyst dosage, reaction temperature and time, 
and reusability were discussed. 
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4.3  Experimental  
 4.3.1 Synthesis of BPH zeolite nanosheet 

BPH zeolite nanosheet was synthesized according to Clatworthy et al. 
(2021) with the molar composition 0.3 Cs2O: 1.25 K2O: 8.07 Na2O: 10 SiO2: 0.8 Al2O3: 
120 H2O. The alkali aluminate mixture was prepared by dissolving 0.518 g of sodium 
aluminate (NaAlO2, 50-56% Al2O3, 40-45% Na2O, Sigma-Aldrich) and 3.78 g of double 
distilled water followed by mixing 1.78 g of sodium hydroxide (NaOH, 99%, VWR 
Chemicals), 0.495 g of potassium hydroxide (KOH, 90%, Sigma Aldrich), and 0.506 g of 
cesium hydroxide solution (50 wt.% CsOH solution, CsOH·xH2O (15-20% H2O), 99.9%, 
Alfa Aesar) in double-distilled water. All water used was double distilled using an 
Aquatron water still A4000D in a 60-mL polypropylene bottle. The aluminate solution 
was rapidly stirred for 2 h at room temperature until the clear solution was obtained. 
After that, 4.77 g of LUDOX® AS-40 colloidal silica (SiO2, 40 wt.% suspension, Aldrich) 
was added dropwise to the clear aluminate solution resulting in the presence of a 
turbid mixture. The mixture was vigorously stirred for 24 h following by hydrothermal 
at 60 ºC for 16 h. The zeolite product was centrifuged at 20,000 rpm for 20 min, washed 
with double distilled water until the pH of the supernatant was ~7-8, and dried in an 
oven at 60 ºC overnight. The as-prepared BPH zeolite nanosheet was abbreviated as 
nano CsBPH_AP. 

4.3.2 Synthesis of micron-sized BPH (Linde Q) 
The chemical composition of micron-sized BPH was: 16 K2O: 4 SiO2: 1 

Al2O3: 192 H2O (Clatworthy et al., 2021). The potassium silicate solution was prepared 
by adding 6.47 g of potassium silicate (K2SiO3, anhydrous ~48 Mesh, SiO2:K2O 2.5:1 wt.%, 
Alfa Aesar), to 23.92 g of double-distilled water. Then, the mixture was stirred overnight 
followed by heating at 60 ºC for 30 min. The potassium aluminate solution was 
prepared by dissolving 3.0 g of aluminium hydroxide (Al(OH)3, extra pure, Acros 
Organics) and 35.92 g of potassium hydroxide (KOH, 90%, Sigma Aldrich) in 42.6 g of 
double distilled water followed by heating at 90 ºC for 30 min. After that, the 
potassium aluminate solution was slowly added to the potassium silicate solution with 
rapid stirring to form a cloudy gel. The gel was treated hydrothermally at 50 ºC for 162 
h. The product was collected and washed by centrifugation (20,000 rpm, 20 min) with 
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double distilled water until the pH of the supernatant was ~7-8. The product was dried 
in an oven at 60 ºC overnight. The as-prepared micron-sized BPH zeolite was 
abbreviated as micro KBPH_AP.  

4.3.3 Preparation of ion-exchange  
The suspension of nano CsBPH_AP (5 wt.% solid) was ion-exchanged 

with 25.00 g of potassium solution (pH 9.8) containing 5 mM mixed solution of 
potassium nitrate (KNO3, 99%, Sigma Aldrich) and potassium hydroxide (KOH, 90%, 
Sigma Aldrich) (10:1 w/w). For micro BPH_AP suspension (5 wt.% solid), cesium solution 
containing 5mM mixed solution of cesium nitrate (CsNO3, 99%, Sigma Aldrich) and 
cesium hydroxide hydrate (CsOH·xH2O (15-20% H2O), 99.9%, Alfa Aesar) (10:1 w/w). 
Each mixture was stirred at room temperature for 1 h, washed with double distilled 
water and centrifuged (20,000 rpm, 20 min) until the pH of the supernatant was ~7-8. 
This procedure was repeated twice. The ion-exchanged of nano CsBPH_AP and micro 
BPH_AP zeolite were denoted as nano K-CsBPH_IE and micro Cs-KBPH_IE, respectively.  

4.3.4 Catalyst characterization 
Morphology of zeolite samples was recorded by field emission scanning 

electron microscopy (FE-SEM) using a Zeiss AURIGA FE-SEM/FIB/EDX with an upper 
electron detector operating at an accelerated voltage of 3 kV with a working distance 
of 7.1 mm. Each sample was placed on a carbon tape adhered to a copper stub and 
then coated by gold, using an operating current at 10 mA under an argon atmosphere 
for 5 min. A particle size distribution was processed by an ImageJ software version 1.49. 

Phase characteristics of samples were determined by powder X-ray 
diffraction (XRD) with a PANalytical X’Pert PRO-MPD diffractometer with Cu Kα radiation 
(λ = 1.5418 Å). All patterns were collected by 2θ range of 4-50º with a step size of 
0.0167º and time per step of 950 s. Functional groups of samples were confirmed by 
Fourier transform infrared spectroscopy (FTIR) equipped with a microscope on a Bruker, 
Tensor27-Hyperion using ATR technique. The spectrum was recorded from 4000-400 
cm-1 with a resolution of 4 cm-1 and 64 scans. 

Thermal analysis was performed by a Setsys SETARAM analyzer. The 
sample around 5-10 mg was placed in an alumina cup and then heated from 30-800 
ºC with a heating rate of 5 ºC·min-1 under dry air flow with a rate of 40 mL·min-1. The 
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chemical composition of the zeolites was determined by Inductively coupled plasma 
mass spectrometry (ICP-MS) using a 7900 ICP-MS from Agilent Technologies. N2 

adsorption-desorption Isotherms of all samples were measured using a Micrometics 
ASAP 2020 volumetric adsorption analyzer. The samples were degassed at 350 ºC 
under vacuum overnight for nano K-CsBPH_IE, degassed at 300 ºC for fresh and reused 
nano CsBPH_AP, and degassed at 120 ºC for micro KBPH_AP and micro Cs-KBPH_IE. 
Surface areas were calculated by Brunauer-Emmett-Teller (BET) method and 
micropore volumes were estimated by the t-plot method. 

The basicity of the catalysts was investigated by temperature-
programmed desorption of carbon dioxide (CO2-TPD) using a BELCAT-B chemisorption 
analyzer. Initially, catalyst of 50 mg was packed in a tubular glass reactor and 
pretreated at 150 ºC under helium (He) gas flow with a rate of 30 mL·min-1 for 180 min. 
Then, it was cooled down to 50 ºC and a gas mixture of 10% CO2/He was adsorbed on 
the catalyst for 90 min with flow rate of 30 mL·min-1. Afterwards, it was purged with 
He gas and held for 30 min to remove non-adsorbed CO2. The desorbed CO2 was 
quantified by TPD process in a temperature range of 50 to 150 ºC with a temperature 
ramp of 5 ºC·min-1 and held at 150 ºC for 120 min with helium gas flow rate of 30 
mL·min-1. The basicity was obtained by integration of peak area.  

27Al MAS NMR spectra were recorded on a Bruker Advance III-HD 500 
(11.7 T) spectrometer using 4 mm-OD zirconia rotors. 27Al MAS NMR was done with a 
π/12 pulse (selective pulse), a spinning speed of 14 kHz and a recycle delay of 1 s. 
Prior to measurement, the samples were fully hydrated in a water vapor-saturated 
chamber at ambient temperature. Al(NO3)3 (1 M) was used as a chemical shift reference 
for 27Al nuclei. 

4.3.5 Transesterification between glycerol and dimethyl carbonate 
The catalytic properties of samples in the transesterification of glycerol 

and dimethyl carbonate (DMC) to yield glycerol carbonate (GC) were carried out in a 
heavy wall pressure vessel at atmospheric pressure. In a typical experiment, 1.5 g 
(16.29 mmol) of glycerol (C3H8O3, 99.5%, Alfa Aesar), 4.40 g (48.84 mmol) of dimethyl 
carbonate (C3H6O3, 99%, Alfa Aesar), and 120 mg of catalyst (8 wt.% compared with an 
amount of glycerol used) were added and the reaction was carried out at the desired 
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temperature and time under magnetic stirring speed of 800 rpm in a silicone oil bath. 
After the reaction, the product mixture was separated from the catalysts by 
centrifugation. The separated catalyst was washed with ethanol and deionized water 
to remove the adsorbed organic residue, dried in an oven at 80 ºC overnight and used 
in the next run. The optimum reaction condition including temperature, time, catalyst 
loading, DMC-to-glycerol ratios, and catalyst reusability were determined.  

Reaction liquid products were determined by high-performance liquid 
chromatography (1260 Infinity II LC System, Agilent, United States of America) equipped 
with a Aminex HPX-87H column and a refractive index detector. 5 mM of sulfuric acid 
solution (H2SO4, 98%, QRëC) was used as the mobile phase with a flow rate of 0.6 
mL·min-1 and column temperature of 55 ºC. When glycerol is the limiting reactant, 
glycerol conversion, GC yield, and GC selectivity were calculated using the equations 
(1-3), respectively.  

 

%Glycerol conversion =  
mole of glycerol added - mole of glycerol remained

mole of glycerol added
 × 100  (1) 

 

%GC yield =  
mole of glycerol carbonate produced

mole of glycerol added
 × 100      (2) 

 

%GC selectivity =  
glycerol carbonate yield

glycerol conversion
 × 100      (3) 

 

4.4 Results and discussion   
4.4.1 Characterization of the catalysts 

The SEM images of the as-prepared nano CsBPH_AP and micro KBPH_AP 
samples are shown in Figure 4.1(a) and 4.1(b), respectively. The nano CsBPH_AP has 
plate-like crystals with highly aggregation. The crystal dimension is 192±15 nm across 
and 20±3 nm thick. The morphology is similar to the nanosized BPH zeolite synthesized 
by (Clatworthy et al., 2021). In the case of micro KBPH_AP, it has plate-like morphology 
with dimension of 541±40 nm across and 57±9 nm thick. The SEM images of both 
samples confirm that they have different crystal sizes and dimension which may affect 
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the catalytic performance. In general, the smaller size provides the better diffusion of 
the reactants and products in and out of the zeolite cavities. 

 

 
 

Figure 4.1 SEM images of (a) nano CsBPH_AP and (b) micro KBPH_AP. 
 

From the ICP analysis in Table 4.1, cesium concentration from the nano 
K-CsBPH_IE slightly decreased after ion-exchange by potassium solution. Meanwhile, 
the cesium amount from micro Cs-KBPH_IE increased after ion-exchange by cesium 
solution. These results showed that although these BPH-type zeolite nanosheets were 
ion-exchange by different alkali solutions, original alkali metal ions (Na+, K+, Cs+) were 
still preserved probably due to the strong ionic interaction between the intrinsic alkali 
ions and the zeolite structure (Walton et al., 2006; Yang et al., 2010). From the different 
gel composition of synthesis recipes, the nano CsBPH_AP sample has a higher Si/Al 
molar ratio than the micro KBPH_AP. After the ion-exchange process, the Si/Al ratio of 
the ion-exchanged zeolites was similar to their parents. 
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Table 4.1 Elemental composition of BPH-type zeolite nanosheets by ICP-MS and 
basicity by CO2-TPD 

Catalyst 
Concentration (wt.%) Si/Al ratio 

(mol) 
Basicity  

(mmol CO2·g-1) Si Al Na K Cs 

micro KBPH_AP 12.97 12.13 - 18.56 - 1.03 0.327 

micro Cs-KBPH_IE 12.56 11.68 - 16.71 3.79 1.04 0.350 

nano CsBPH_AP 15.00 9.87 4.61 2.89 13.39 1.46 0.130 

nano K-CsBPH_IE 15.45 10.13 3.99 4.14 14.95 1.47 0.105 

reused nano CsBPH_AP  14.16 9.63 4.33 2.72 14.30 1.41 0.080 

 
All synthesized BPH nanosized and micronsized zeolites with different 

morphologies give the distinctive BPH characteristic in the XRD patterns as shown in 
Figure 4.2. The XRD patterns from both parent micro KBPH_AP and nano CsBPH_AP 
samples agree with the space group P321 as part of the trigonal structure (Clatworthy 
et al., 2021). The peak intensity of the nano CsBPH_AP is lower than that of another 
one possibly due to the significant difference of lattice parameter. Comparing the 
morphology of these BPH zeolites in terms of lattice parameters (a and c axes) defined 
by our previous work (Clatworthy et al., 2021), the nano CsBPH_AP has a smaller lattice 
parameter of the a axis and the lower unit cell volume than the micro KBPH_AP. The 
contraction of the unit cell and lattice parameter could be from the isomorphous 
substitution of Al3+ ions (0.39 Å) with the original site of Si4+ ions (0.26 Å), (Blackwell et 
al., 2003; Clatworthy et al., 2021) related to the Si/Al molar ratio determined by ICP-
OES analysis as listed in Table 4.1. After the course of the ion-exchange process, the 
XRD patterns from both micro Cs-KBPH_IE and nano K-CsBPH_IE are similar to their 
parent ones. This indicates that the crystal structure and the morphology of these ion-
exchanged samples are stable against the ion-exchange condition. 
  

 



68 

 

 
 
Figure 4.2 XRD pattern of as-prepared BPH zeolite and ion-exchanged BPH zeolite 
compared with their parent zeolites. 

 
The FTIR spectra of as-prepared and ion-exchanged BPH zeolites are 

shown in Figure 4.3. The nano CsBPH_AP and micro KBPH_AP have similar FTIR 
spectrum but different peak position due to the different Si/Al ratio (Ma et al., 2021) . 
The characteristic peaks of BPH zeolite at 1150-950 cm-1 and 740-660 cm-1 are 
attributed to asymmetric and symmetric stretching of the zeolite framework, 
respectively. The vibration band at 598, 496, and 410 cm-1 are assigned to bending 
mode of Si-O-T, where T is Si or Al atom of the zeolites (Andries et al., 1991). Moreover, 
the bands of OH groups or water are observed at 1649 and 3400 cm-1. After ion-
exchanged with alkali ion, the spectrum of nano K-CsBPH_IE and micro Cs-KBPH_IE are 
similar to their parent zeolites. 
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Figure 4.3 FTIR spectra of as-prepared BPH zeolite and ion-exchanged BPH zeolite 
compared with their parent zeolites. 
 

Figure 4.4 compares thermal stability of BPH-type zeolite nanosheets 
after ion exchanging with different alkali ion, TGA curves of these zeolites under dry air 
condition. The nano CsBPH_AP sample gives one step of mass loss below 130 ºC while 
the micro KBPH_AP sample exhibits two steps of mass loss at 110 ºC and 220 ºC. The 
difference of thermal dehydration behavior related to the different external surface 
area was been described in the literature (Clatworthy et al., 2021). After 300 ºC, both 
sample show almost complete dehydration. The nano K-CsBPH_IE, exchanged by K 
precursor, shows total mass loss (16.0%), higher than its parent nano CsBPH_AP (15.5%) 
implying less thermal stability after the process of alkali ion-exchange. The micro Cs-
KBPH_IE, exchanged by Cs precursor, prevents the dehydration step leading to the 
lower mass loss (14.5%) than its parent (15.1%) due to the decrease in the free volume 
of zeolite cavities by increasing cationic size (Ng, and Mintova, 2008). The finding 
indicate that the Cs ions could play more important role on thermal stability. 
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Figure 4.4 TG profiles of (a) nano CsBPH_AP and nano K-CsBPH_IE and (b) micro 
KBPH_AP and micro Cs-KBPH_IE. 
 

The CO2-TPD profiles and basicity from as-prepared and ion-exchanged 
BPH zeolites are shown in Figure 4.5 and listed in Table 4.1, respectively. Micro 
KBPH_AP and nano CsBPH_AP show a desorption peak at 93 ºC and 94 ºC, respectively 
implying the same interaction with the probe molecule CO2. However, micro KBPH_AP 
gives the stronger intrinsic basicity because of a lower Si/Al ratio (Al-Ani et al., 2018; 
Beltrao-Nunes et al., 2019; Busca, 2017). After ion-exchange, the feature of CO2-TPD 
profiles from micro Cs-KBPH_IE and nano K-CsBPH_IE are similar to their parents. With 
a higher Cs content, micro Cs-KBPH_IE provides a stronger basicity than its parent; nano 
CsBPH_AP gives a higher basicity than nano K-CsBPH_IE with a lower Cs content. These 
results consistent with CO2 adsorption on zeolite Y at low pressure that the basicity of 
oxygen atoms in the zeolite Y framework decreased from Cs+ to Li+ ion (Pirngruber et 
al., 2010). The simultaneous interaction of CO2 with Cs+ and neighboring framework 
oxygen atoms stabilized CO2 adsorption on CsY more than that on KY. 
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Figure 4.5 CO2-TPD profiles of (a) nano CsBPH_AP and nano K-CsBPH_IE and (b) micro 
KBPH_AP and micro Cs-KBPH_IE.  
 

4.4.2 Catalytic activity on transesterification of glycerol and DMC 
  4.4.2.1 Catalyst screening  

The effect of BPH nanosheets from hydrothermal and ion-
exchange method on transesterification of glycerol and DMC is summarized in Table 
4.2. Before catalytic activity evaluation, the reaction was conducted without catalyst 
for transesterification of glycerol and DMC. It give poor reaction activity including the 
conversion of glycerol and yield of GC product. It confirmed that the transesterification 
reaction requires catalysts. Comparing the morphology in term of particle sizes of BPH 
nanosheets, the smaller particle size of nano CsBPH_AP catalyst provides the better 
transesterification activity than that of micro KBPH_AP. These results are consistent 
with the work by She et al. (2021). They reported the rice-shaped LDH/SBA-15 
nanocomposite gave a higher activity in the transesterification of glycerol and DMC 
than the other morphologies including short and long rods. This was a result from a 
shorter internal diffusion path length and a larger accessible basic site. Consequently, 
the morphology of BPH nanosheet in term of particle sizes is responsible to the 
glycerol conversion to GC product. According to the different cations (Na+, K+, Cs+) in 
as-prepared BPH nanosheet, this might affect the reaction performance. Hence, the 
role of such cations by ion-exchange method was investigated, and the result is 
concluded in Table 4.1. After ion-exchange of the nano-sized BPH by potassium 
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precursor, nano K-CsBPH_IE with the lower Cs amount give a lower catalytic activity 
than the nano CsBPH_AP. In contrast by increasing the Cs content in the micron-sized 
BPH, micro Cs-KBPH_IE show a higher activity than the parent. At a high Cs content, 
the basicity of nano CsBPH_AP and micro Cs-KBPH_IE nanosheets increases. This finding 
corresponds with the basicity by CO2-TPD and the previous report by Al-Ani et al. 
(2018). Hence, not only the morphology of BPH nanosheets is crucial, but also the 
basicity is also a key in the transesterification of glycerol and DMC. In accordance with 
the results, the nano CsBPH_AP catalyst is suitable for further reaction study. 
 
Table 4.2 Comparison of BPH nanosheets with various particle sizes from hydrothermal 
and ion-exchange method for transesterification of glycerol and DMC. 

Sample 
Gly conversion 

(mol %) 
GC yield         
(mol %) 

GC selectivity   
(mol %) 

Blank test 5 3 60 
micro KBPH_AP 48 44 92 
micro Cs-KBPH_IE 54 53 98 
nano CsBPH_AP 67 64 95 
nano K-CsBPH_IE 57 55 98 

Conditions: temperature of 120 ºC; time of 3 h; Gly-to-DMC molar ratio of 1:3; catalyst 
loading of 8 wt.%. 
 

4.4.2.2 Effect of different reaction parameters  
The effect of reaction temperature in the range of 90-135 ºC on 

the transesterification over nano CsBPH_AP catalyst is shown in Figure 4.6. The reaction 
activity increases with the temperature indicating that the reaction is endothermic. The 
finding suggests that the viscosity of reactants is reduced, and the miscibility of glycerol 
and DMC is enhanced (Algoufi, and Hameed, 2014). It relates to the Arrhenius equation, 
which states that increasing the reaction temperature can enhance the miscibility of 
the multiphase reaction system, reaction rate, and potentially improving product yield. 
Although the highest catalytic activity is achieved at the reaction temperature of 135 
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ºC, the selectivity of GC decreases. This result indicates the reaction temperature higher 
than 120 ºC is unsuitable due to the formation of by-products. Comparing with the 
literature, the as-prepared nano CsBPH_AP with an intrinsic basicity requires a higher 
reaction temperature than other catalysts with stronger basicity such as metal oxides 
(Kaur, and Ali, 2021; Ochoa-Gómez et al., 2009) and metal oxide-supported catalysts 
(Algoufi, and Hameed, 2014; Keogh et al., 2022; Liu et al., 2022; She et al., 2021). 
However, the nanosheet catalyst is economically prepared without any further 
modification and prevent the formation of by-product glycidol. Accordingly, the 
optimal temperature for the transesterification of glycerol and DMC catalyzes by nano 
CsBPH_AP is 120 ºC.  
 

 

Figure 4.6 Effects of temperature on transesterification of glycerol with DMC using nano 
CsBPH_AP catalyst. Condition: Gly-to-DMC molar ratio of 1:3, 8 wt.% catalyst, 3 h. 

 
Figure 4.7 shows the effect of reaction time from 1 to 6 h on 

the transesterification of glycerol with DMC over nano CsBPH_AP catalyst. The reaction 
activity including glycerol conversion and GC yield increases with the reaction duration. 
From the previous report, the reactivity of the first and second -OH groups in glycerol 
are faster than the third -OH group. It requires more reaction time to ensure complete 
access of these -OH groups to DMC molecules and facilitate the formation of stable 
cyclic carbonate (Xiang, and Wu, 2018). Moreover, the result is consistent with the 
previous report (Das, and Mohanty, 2019; Wang et al., 2017). Considering the significant 
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increase of the reaction activity with time, the duration of 3 h is suitable for further 
evaluation. 

 

 
 
Figure 4.7 Effects of time on transesterification of glycerol with DMC using nano 
CsBPH_AP catalyst. Condition: Gly-to-DMC molar ratio of 1:3, 8 wt.% catalyst, 120 ºC. 
 

Figure 4.8 compares the catalyst dosage in the range of 4-12 wt.% 
on the transesterification of glycerol and DMC over the nano CsBPH_AP catalyst. The 
reaction activity consistent of glycerol conversion and GC yield increases with the 
catalyst loading up to 6 wt.%. This could be from the increase in the concentration of 
active basic sites which initiate the transesterification of glycerol by abstracting its 
proton from the first hydroxyl group (Algoufi, and Hameed, 2014). When the loading of 
the catalyst is higher than 6 wt.%, the reaction activity decreases possibly due to the 
increase of the reaction viscosity and the adsorption of the reactants and products on 
the catalyst surface. Moreover, the different catalyst dosages do not affect the 
selectivity of GC product. Thus, the catalyst loading of 6 wt.% is optimal for the 
reaction. 
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Figure 4.8 Effects of catalyst loading on transesterification of glycerol with DMC using 
nano CsBPH_AP catalyst. Condition: Gly-to-DMC molar ratio of 1:3, 120 ºC, 3 h. 
 

The comparison of the molar ratios of glycerol to DMC on the 
transesterification is shown in Figure 4.9. In the transesterification of glycerol and DMC, 
not only the molar ratio of DMC: glycerol (1:1) required but also consider the biphasic 
system generated by hydrophilic glycerol and hydrophobic DMC. Herein, an excessive 
amount of DMC is always used to increase the contact between glycerol and DMC, 
force forward the reaction equilibrium, and prevent the reaction from becoming 
reversible. At the equivalent molar ratio, both glycerol conversion and GC yield are 
below 50 mol % due to the increase of viscosity and poor mass transfer of reactants 
in the reaction system. At a molar ratio of glycerol to DMC above 1:3, the reaction 
activity increases because the molar ratio higher than this point is enough to shift the 
reaction equilibrium toward the GC product (Algoufi, and Hameed, 2014; Arora et al., 
2020; Das, and Mohanty, 2019). Considering the reaction manipulation, the molar ratio 
of 1:5 can facilitate the magnetic stirring system of the reaction by decreasing the 
reaction viscosity. Using the molar ratio of 1:9, the excess amount of DMC is consumed 
without any change in the reaction activity. Therefore, the glycerol-to-DMC molar ratio 
of 1:5 is appropriated for transesterification.   
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Figure 4.9 Effects of Gly-to-DMC molar ratio on transesterification of glycerol with DMC 
using nano CsBPH_AP catalyst. Condition: 6 wt.% catalyst, 120 ºC, 3 h. 
 

4.4.2.3 Reusability of the catalyst 
In the reusability study of the nano CsBPH_AP catalyst, the 

catalyst was separated from the liquid product and washed with ethanol and water 
through centrifugation. Then, the washed catalyst was dried at 80 ºC overnight and 
further used in each cycle. Figure 4.10 shows the reusability and leaching results of 
nano CsBPH_AP catalyst in the transesterification of glycerol and DMC. The reduction 
of glycerol conversion (14%) and GC product (13%) are observed in the fourth run 
while the selectivity of the GC product is constant. The loss in the catalyst activity of 
nano CsBPH_AP becomes a problem in transesterification. Thus, a leaching test is 
performed to confirm the catalyst stability.  

In the leaching test, the catalyst was removed at the reaction 
time of 1 h by hot filtration and then the filtrate was kept in the same condition for 
another 2 h. In the comparison to glycerol conversion with no filtration and hot 
filtration, the conversion increases with the presence of the catalyst, while there is no 
further glycerol conversion after the catalyst removal. In addition, the elemental 
results by ICP-MS (see Table 4.1) of both fresh and reused catalysts show the weight 
percentage of Na and K ions slightly decreases. The disappearance of the ionic species 
could be from the leaching effect during transesterification, corresponding to the 
previous report by Wang et al. (2018).  
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Figure 4.10 (a) Reusability test and (b) leaching test of nano CsBPH_AP under reaction 
conditions: temperature of 120 ºC; time of 3h; molar ratio of Gly-to-DMC of 1:5; catalyst 
loading of 6 wt.%. 
 

In general, catalyst deactivation is caused by active site covering, 
sintering of the active phase, fouling of active site, and loss of active component. The 
fourth reused catalyst was further characterized by XRD, 27Al MAS NMR, TGA, and CO2-
TPD techniques. The XRD and 27Al MAS NMR are used to identify the structural stability 
of reused and fresh catalysts. Figure 4.11 show no significant change, indicating the 
change of both structural property and Al framework species are not observed.  
 

 
 

Figure 4.11 Comparison of structural stability between reused and fresh catalysts by 
(a) XRD patterns and (b) 27Al MAS NMR spectra. 
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To find the catalyst deactivation in terms of fouling effect and 
to get the suitable solvent for the washing step, The reused catalyst is washed with 
different solvents such as ethanol and water after reaction testing. Thermogravimetric 
analysis (TGA) is used for the measurement of volatile components by monitoring the 
weight change. Figure 4.12 shows the TGA profiles of reused catalysts washed with 
ethanol and water as solvents. The TGA curve in the blue line shows three-step of 
mass losses at 90 ºC , 200 ºC , and 300 ºC which is attributed to the loss of deposited 
organic residue. It’s confirmed that ethanol is not a suitable solvent for the washing 
step. Therefore, water as a more polar solvent is used to remove the polar organic 
residue on the catalyst surface. From the results of reused catalyst washed with 
ethanol and water, the TGA curve in the red line shows a mass loss similar to the fresh 
catalyst in the black line. This indicated the washing of the catalyst with ethanol and 
water can remove the deposited organic compound on the catalyst surface. As a result 
of the TGA study, ethanol and water were used to wash the catalyst after reaction 
testing.     
 

 
 
Figure 4.12 TG profiles of reused catalysts washed with different solvents compared 
with fresh catalysts. 
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The basicity of reused catalyst was determined by CO2-TPD (see 
Table 4.1, Figure 4.7). After the catalytic testing, the basicity of the reused catalyst 
decreased as a result of the leaching effect confirmed by the ICP-MS mentioned above.  
Therefore, although there is less reduction of the catalyst activity after the fourth run, 
the nano CsBPH_AP provides promising catalyst stability and reusability in the glycerol 
conversion to glycerol carbonate product. 
 

 
 
Figure 4.13 CO2-TPD profiles of the reused catalyst compared with fresh catalyst.  
  

4.5 Conclusions 
    BPH-type zeolite nanosheets with different morphologies and Si/Al ratios were 
successfully synthesized by hydrothermal treatment. As-prepared BPH zeolite 
nanosheet (nano CsBPH_AP) with the particle size of 192±15 nm had a higher Si/Al 
ratio than as-prepared micron-sized BPH zeolite (micro KBPH_AP) with the particle size 
of 541±40 nm. Due to the difference of K+/Cs+ cation in the zeolite framework, both 
as-prepared ones were ion-exchanged by either K or Cs precursors. The structural and 
morphological characteristics and functional groups of ion-exchanged nano CsBPH_AP 
(nano K-CsBPH_IE) and ion-exchanged micro BPH_AP (micro Cs-KBPH_IE) are stable. In 
addition, they behave with slightly different thermal properties against their parents. 
Moreover, BPH zeolite nanosheet with a higher Cs content has stronger basicity than 
others, confirmed by CO2-TPD. Comparing catalytic performance by the 
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transesterification of glycerol towards glycerol carbonate, nano CsBPH_AP with a small 
particle size provides the best reaction activity because of the smallest particle size 
and shortest diffusional path. These catalysts give the product selectivity towards only 
glycerol carbonate. Consequently, the optimal reaction condition is at 120 ºC for 3 h 
with the catalyst loading of 6 wt.% and the glycerol-to-dimethyl carbonate molar ratio 
of 1:5. The nano CsBPH_AP shows good catalytic performance up to the fourth run. 
Hence, the catalyst morphology could play important to control the conversion of 
glycerol towards glycerol carbonate. 
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CHAPTER V 
CONCLUSIONS 

 
 Potassium from potassium acetate buffer was successfully impregnated on FAU 
zeolites (K/NaX and K/NaY) under an ultrasound condition. After calcination, potassium 
precursor converted to potassium carbonate while the zeolite structures were 
destroyed. The NaX structure was more stable than that NaY. Besides, the basicity of 
K/NaX was higher than that of K/NaY. In the first run of transesterification of palm oil 
and methanol, high biodiesel yield was obtained from both K/NaX and K/NaY catalysts. 
In the second run, K/NaX gave a higher yield than K/NaY. Therefore, K/NaX catalyst is 
suitable for this reaction. In addition, the catalyst deactivation from the reaction has 
three possible causes including i) the leaching of potassium species, ii) the collapse of 
the zeolite structure, and iii) the change of the carbonate species.  
 As-prepared BPH-type zeolites with micro and nano sizes were achieved by 
hydrothermal method. As-prepared nano-sized one (nano CsBPH_AP) had a higher Si/Al 
ratio than another as-prepared micro-sized one (micro KBPH_AP). These as-prepared 
zeolites were ion-exchanged by either K or Cs precursors. Ion-exchanged nano 
CsBPH_AP (nano K-CsBPH_IE) and ion-exchanged micro BPH_AP (micro Cs-KBPH_IE) had 
structures, morphologies, and functional groups similar to their parents. For glycerol 
conversion to glycerol carbonate, nano CsBPH_AP gave an optimal reaction activity 
due to a small particle size and a short diffusional path. The optimal condition was at 
the temperature of 120 ºC for 3 h with the catalyst loading of 6 wt.% and the glycerol-
to-dimethyl carbonate molar ratio of 1:5. The catalysts showed an acceptable activity 
up to the fourth run.  
 Overall, these research findings demonstrated an economical and sustainable 
process for the conversion of palm oil into high quality biodiesel as a main product 
and glycerol as co-product to high-valued chemicals. 
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APPENDIX  
SUPPORTING INFORMATION FOR THE BASICITY CALCULATION OF 

MBOH AND FUNCTIONAL GROUP OF K/NAX AND K/NAY 
CATALYSTS 

 

A.1  Basicity calculation of Decomposition of 2-methylbut-3-yn-2-ol  
 The calculation method is based on the relative response factor defined by 
the effective carbon number concept (ECN). A response factor is calculated by an 
equation below. Each effective carbon number for a GC with flame ionization detector 
(FID) is shown in Table A.1. 

rRFi=  
Mwi× ECNtoluene

Mwtoluene×ECNi
  

 
where, Mwi   = Molecular weight of all components 
 Mwtoluene  = Molecular weight of toluene 
 ECNi   = Effective carbon number of all components 
 ECNtoluene  = Effective carbon number of toluene 
 
Table A.1 An effective carbon number of each chemical. 
Compound ECNi Mwi rRFi 
acetylene 1.95 26.04 1.01 
MBYNE 5.50 66.10 0.91 
acetone 2.00 58.08 2.21 
MBOH 5.35 84.12 1.19 
toluene 7.00 92.14 1.00 

 
 

 

 



A.2  Vibration and peak assignments of functional groups of as-prepared and calcined catalyst 

Table A.2 Vibration and peak assignments of functional groups of samples before and after calcination. 

Assignment 
Wavenumber (cm-1) 

Reference 
NaX 

as-prepared 
K/NaX 

calcined 
K/NaX 

NaY 
as-prepared 

K/NaY 
calcined 
K/NaY 

Functional groups of zeolites 

(Abu-Zied, 2011; Ma et 
al., 2021; Mozgawa, 
2001; Phung et al., 
2014) 

O-T-O bending vibration       
of S4R (T = Si or Al) 

458 453 459 463 449 460 

T-O-T bending vibrations       
of double rings (D6R) 

561 563 563 573 569 567 

Symmetric stretching           
of O-T-O 

673-748 671-752 679-746 698-779 690-775 685-762 

Asymmetric stretching           
of Si-O-T  

984-1069 962 989 1013-1089 978 999 

Asymmetric stretching           
of Si-O-Si (shoulder) 

1082 1067 1089 1128 1066 1090 
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Table A.2 Vibration and peak assignments of functional groups of samples before and after calcination (Continued). 

Assignment 
Wavenumber (cm-1) 

Reference 
NaX 

as-prepared 
K/NaX 

calcined 
K/NaX 

NaY 
as-prepared 

K/NaY 
calcined 
K/NaY 

Functional groups of CH3COOK  

Symmetric stretching of COO-  1414   1414  

(Zhong et al., 2018) Asymmetric stretching of COO-  1574   1574  

C-H stretching of -CH3  2977   2980  

Functional groups of K2CO3  

Symmetric stretching of CO3
2- (n1)   

1060, 
1080 

  1060, 1080 (Binet et al., 1999; 
Frantz, 1998; 
Lavalley, 1996; 
Manadee et al., 
2017) 

Out of plane bending of CO3
2- (n2)   883   881 

Asymmetric stretching of CO3
2- (n3)   1448   1456 

In-plane bending of CO3
2- (n4)   700   700 

Hydroxyl regions of zeolites        

Symmetric stretching of T-OH 3458 3393 3454 3458 3416 3462 
(Fan et al., 2011) 

In-plane bending of -OH (H2O) 1641  1659 1641  1653 
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