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ABSTRACT 

Benzene alkylation with methanol (benzene methylation) offers an alternative 
process to produce toluene, which is an important chemical intermediate in 

petrochemical industries. However, the existing catalysts have low performance for 
toluene yield due to their intrinsic micropores and high acidity. In this research, zeolite 
catalysts (ZSM-5, Y and Beta) with fibrous morphology (HFZ, HFY and HFB) were 
prepared to study their properties and catalytic activity’s relationship with benzene 

methylation. The fibrous ZSM-5 (HFZ) was further modified using different 
concentrations of silica source, tetraethylorthosilicate (TEOS). Then, different 
transition metals (TMs) such as cobalt (Co), titanium (Ti) and manganese (Mn), as 
well as various Mn loading (1-10 wt%) were loaded on HFZ catalyst using 

impregnation method to enhance the benzene methylation performance. The catalysts 
were characterized using X-ray diffraction, nitrogen physisorption, field emission 
scanning electron microscopy, transmission electron microscopy, Fourier transform 
infrared (FTIR) spectroscopy, pyridine adsorbed FTIR, 2,6-lutidine adsorbed FTIR, 

Raman spectroscopy and thermogravimetric analysis. The catalytic testing was 
conducted at 300 – 400 ºC under atmospheric pressure. The toluene yield for different 
fibrous zeolite catalysts and concentration of TEOS was found in the order: 1.0HFZ 
(63.1 %) > 0.5HFZ (57.5 %) > 1.5HFZ (55.7 %) > HFBEA (50.9 %) > HFY (50.4 %) 

at 300 ºC. This result could be attributed to the adequate mesoporosity and Brönsted 
acid sites of the 1.0HFZ, thus decreasing the diffusion limitation and side reactions. 
For different TMs loaded on HFZ, the Mn/HFZ outperformed Co/HFZ and Ti/HFZ. 
Among the Mn loadings (1 – 10 wt%), the 5Mn/HFZ reached the highest toluene yield 

of 69.6 % at 350 ºC, carrier gas flowrate of 20 cm3s-1 and benzene: methanol ratio of 
1. In addition, the 5Mn/HFZ possessed outstanding stability over 72 h time on stream, 
as compared to pristine HFZ with activity loss of 10.8 % for toluene yield. The in-situ 
FTIR study corroborated that Lewis acid sites originated from Mn are beneficial for 

toluene formation by enhancing the benzene ring stabilization and adsorption during 
the alkylation reaction and inhibit the side reaction. The optimum toluene yield 
predicted by response surface methodology was 68.8 % at reaction temperature of 361 
ºC, carrier gas flowrate of 19.0 cm3s-1 and benzene:methanol ratio of 1.45. Based on 

the above observations, this study highlights the potential role of fibrous silica ZSM-
5 and Mn catalysts in the benzene methylation reaction, particularly in the production 
of toluene.   
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ABSTRAK 

Alkilasi benzena dengan methanol (metilasi benzene) menawarkan proses 
alternatif untuk menghasilkan toluena, yang merupakan perantara kimia yang penting 

dalam industri petrokimia. Walau bagaimanapun, mangkin yang sedia ada mempunyai 
prestasi yang rendah untuk hasil toluena yang disebabkan oleh mikropori intrinsik dan 
keasidannya yang tinggi. Penyelidikan ini, mangkin zeolit (ZSM-5, Y dan Beta) 
dengan morfologi berserat (HFZ, HFY dan HFB) telah disediakan untuk mengkaji 

sifatnya dan hubungan aktiviti bermangkin dengan metilasi benzena. ZSM-5 berserat 
(HFZ) selanjutnya diubahsuai menggunakan kepekatan sumber silika, 
tetraetilortosilikat (TEOS) yang berbeza. Kemudian, logam peralihan yang berbeza 
(TM) seperti kobalt (Co), titanium (Ti) dan mangan (Mn), serta muatan Mn yang 

pelbagai (1-10 wt%) dimuatkan pada mangkin HFZ menggunakan kaedah impregnasi 
untuk meningkatkan prestasi metilasi benzena. Mangkin telah dicirikan dengan 
menggunakan pembelauan sinar-X, penjerapan fizikal nitrogen, mikroskopi elektron 
imbasan pancaran medan, mikroskopi elektron transmisi, spektroskopi inframerah 

transformasi Fourier (FTIR), FTIR terjerap piridin, FTIR terjerap 2,6-lutidina, 
spektroskopi Raman dan analisis termogravimetrik. Ujian bermangkin dijalankan pada 
suhu 300 - 400 ºC di bawah tekanan atmosfera. Hasil toluena untuk mangkin zeolit 
berserat dan kepekatan TEOS yang berbeza didapati mengikut urutan: 1.0HFZ 

(63.1%)> 0.5HFZ (57.5%)> 1.5HFZ (55.7%)> HFB (50.9%)> HFY (50.4%) pada 
suhu 300 ºC. Keputusan ini dapat dikaitkan dengan mesoporositi dan tapak asid 
Brönsted yang mencukupi pada 1.0HFZ, sehingga mengurangkan batasan penyebaran 
dan reaksi sampingan. Untuk TM berbeza yang dimuatkan pada HFZ, Mn / HFZ 

mengatasi Co / HFZ dan Ti / HFZ. Di antara muatan Mn (1-10 wt%), 5Mn / HFZ 
mencapai hasil toluena tertinggi 69.6% pada 350 ºC, kadar alir gas pembawa 20 cm3s-

1 dan nisbah benzena:methanol bersamaan 1. Sebagai tambahan, 5Mn / HFZ 
mempunyai kestabilan yang luar biasa selama 72 jam dalam aliran, berbanding dengan 

HFZ dengan kehilangan aktiviti 10.8% untuk hasil toluena. Kajian FTIR in-situ 
membuktikan bahawa tapak asid Lewis yang berasal daripada Mn bermanfaat untuk 
pembentukan toluena dengan meningkatkan kestabilan dan penjerapan benzena 
semasa tindak balas alkilasi dan menghalang reaksi sampingan. Hasil toluena optimum 

yang diramalkan oleh kaedah sambutan permukaan ialah 68.8% pada suhu tindak balas 
361 ºC, kadar alir gas pembawa 19.0 cm3s-1 dan nisbah benzena: metanol bersamaan 
1.45. Berdasarkan pemerhatian di atas, kajian ini menekankan potensi peranan 
mangkin silika berserat ZSM-5 dan Mn dalam tindak balas metilasi benzena, 

terutamanya dalam penghasilan toluena.  
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CHAPTER 1  

 

 

INTRODUCTION 

1.1 Background of Study 

Toluene as an important chemical intermediate has been broadly used in 

industry for the production of fine chemicals (Hu et al., 2014). It was reported that the 

global toluene market size was valued at $29.14 billion in 2021, and is expected to 

reach $35.14 billion by 2026, registering a Compound Annual Growth Rate (CAGR) 

of 8.4% from 2021 to 2026. Toluene is mainly used as a solvent in dilution, extraction, 

pharmaceutical, paint stripping, carpet adhesive solvents, machinery, insecticide and 

rubber manufacture. Besides, toluene is also high in demand for printing and car seat 

industries as a starting material for the formation of polyethane from toluene 

diisocyanate (CMA 1998). The conventional methods used to produce toluene and 

xylene are catalytic reforming and naphtha pyrolysis. These processes greatly depend 

on the consumption of petroleum, thus becoming a worldwide concern due to the 

shortage of petroleum resources. In addition, these processes are energy-intensive 

which is caused by repetitive adsorption, separation and isomerization (Miyake et al., 

2016). Thus, an alkylation reaction with simple alcohols or alkenes is an alternative 

method for the production of toluene from natural gas and coal. In fact, this approach 

is able to improve the octane number and gasoline volume (Wang et al., 2013; Saxena 

and Viswanadham, 2016). Furthermore, according to the United States Environmental 

Protection Agency (EPA), gasoline from the catalytic reforming process accounts for 

70–85% of the benzene in the gasoline pool. Therefore, converting surplus benzene to 

more valuable toluene and xylene could help to balance the demand for aromatics ( 

Wang et al., 2017a). 

Alkylation of benzene with methanol is a well-known acid-catalyzed reaction, 

which can produce a mixture of aromatics. In general, the production’s selectivity of 

this process is highly dependent on the characteristics of the catalyst. In previous 



 

2 

studies, various homogeneous catalysts like AlCl3, HF, H2SO4, HCl, etc have been 

employed in benzene alkylation (Laribi et al., 2016; Zhao et al., 2019). However, 

several drawbacks such as high energy requirement, corrosion to equipment, difficulty 

in recovery and separation from reaction limits their application in alkylation  (Dong 

et al., 2019). Therefore, the use of a heterogeneous catalyst, especially zeolite has 

emerged as a promising candidate owing to its high surface area, thermal stability and 

easy to regenerate (Odedairo and Al-Khattaf, 2013; Shi et al., 2016b). It is worth 

mentioning that the acidity, size of channels and dimensionality of zeolites could 

significantly influence the activity and selectivity in transformations of organic 

compounds (Liu et al., 2019). Zeolites with 10 membered-rings typically exhibit 

suitable catalyst for the synthesis of para-dialkyl benzene isomers (Corma et al., 2009; 

Odedairo and Al-Khattaf, 2013). Meanwhile, large pore zeolites such as Y and Beta 

type are useful in the synthesis of monoalkyl benzenes such as ethylbenzene and 

cumene. In this respect, an appropriate modification procedure if zeolite is required to 

improve its performance towards benzene methylation.  

Amongst the zeolites, Zeolite Socony Mobil–5 (ZSM-5) with unique 

properties, shape-selective and tunable acidity have gained wide-ranging researches 

for heterogeneous catalytic systems (Ghavipour et al., 2013; Qiao et al., 2019). 

Generally, the porosity and acidity of the catalysts are the major concerns in benzene 

alkylation activity (Liu et al., 2011; Galadima and Muraza, 2015). Although ZSM-5 

offers the abovementioned benefits in a heterogeneous catalytic system, its narrow 

micropores limit the diffusion of reactants and products through the pore, thus 

resulting in less formation of desired products (Wang et al., 2017b). In addition, the 

high acidity of the commercial ZSM-5 would lead to the unwanted methanol-to-olefin 

(MTO) reaction and subsequently induced deactivation of the catalyst (Dong et al., 

2019). In the past years, researchers have pursued several different preparative 

strategies in order to synthesize zeolite materials with controlled shapes and porosities 

to minimize this problem (Shen et al., 2019). Among these strategies, the development 

of mesopore in microporous zeolite has been proved could successfully solve the 

diffusion limitation and pore blockage that are faced by the conventional zeolite  

(Wang et al., 2017a; Wang et al., 2019). 
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Based on our previous studies, dendrimeric fibers mesoporous silica zeolite 

(FZSM-5) that is originated from fibrous silica KAUST Catalysis Center-1 (KCC-1) 

has been explored as an acid-base catalyst in CO methanation (Teh et al., 2016), 

cumene hydrocracking reaction (Firmansyah et al., 2016) and dry reforming of 

methane (Hambali et al., 2021). The widely used of this catalyst is mainly due to its 

beneficial properties of high surface area (>500 m2/g), large pore sizes, high thermal 

stability and unique bicontinuous concentric lamellar morphology. These behaviours 

allow the increased accessibility of bulky mass reactants to the active sites, 

consequently improving the reaction rate and products formation (N A A Fatah et al., 

2017). In addition, the unique fibrous morphology enhances the dispersion of metals 

on the catalyst.  

Besides, it is well known that the variation of synthesis parameters significantly 

affects the physicochemical properties of catalysts and their catalytic performance. 

Based on previous studies, the synthesis of this emerging material typically was 

performed using toxic cetylpyridinium bromide (CPB) as a common structure 

directing agent or solvent in conjunction with the combination of cyclohexane and n-

pentanol as oil face and co-solvent, respectively (Polshettiwar et al., 2010). Moreover, 

other study has reported that the less toxic cetyltrimethylammonium bromide (CTAB) 

can replace the CPB together with toluene and n-butanol as affordable solvents to 

synthesize dendrimer fiber with high surface area (Moon and Lee, 2012). Furthermore, 

by changing the urea concentration as a hydrolysis agent to hydrolyse tetraethyl 

orthosilicate (TEOS) as a silica source, the particle size of the catalyst was also 

changed. Xu et al., (2011) reported that the particle size of ZSM-5 increases with the 

content of triethoxyphenylsilane increased in the synthesis system. However, to the 

best of our knowledge, the effect of TEOS concentration on the formation of different 

particle size and fiber density of fibrous-type nanoparticles are still under debate. 

In addition, the introduction of metals onto the catalysts could markedly 

improve the activity and stability of the catalyst, especially in suppressing the 

formation of undesired products such as ethylbenzene (Hu et al., 2014). In particular, 

metals with good hydrogenation properties, such as Pt, Pd, Co and Ni, will most likely 

bring good results in this context (Wang et al., 2017b). Wang et al., (2013) have 
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previously studied the performance of Zn/ZSM-5 catalysts in the alkylation of benzene 

with methane, and it is found that the addition of Zn onto HZSM-5 could enhance the 

toluene selectivity at 250 ºC by increasing the activity of methoxy species to initiate 

the alkylation reaction. Furthermore, Gao et al., (2015) found that the Brönsted acid 

sites (BAS) concentration of Co3O4-La2O3/ZSM-5 was lower than pure ZSM-5 

sample, which suggesting that significant number of BAS were shielded by the metal 

particles after Co3O4-La2O3 loading on ZSM-5 samples. Therefore, exploring the 

transition metals in the (cobalt, manganese and titanium) is expected to enhance the 

benzene alkylation activity by decreasing the BAS and stabilize the benzene ring.  

Although considerable efforts have been undertaken for the development of an 

active and stable catalyst for benzene alkylation, the most suitable catalyst is still in 

search. Therefore, in this study, we report the effect of TEOS concentration on the 

formation of different particle sizes and fiber density of fibrous silica ZSM-5. The 

potential use of metal loaded on fibrous silica-zeolite based catalysts for benzene 

alkylation was also investigated. The metal loaded and development of fibrous silica-

zeolite material is expected to significantly suppress the formation of undesired 

products and overcome the diffusion limitations, thus leading to improved catalytic 

activity and selectivity of the desired products. 

1.2 Problem Statement 

The increasing demand of toluene as an intermediate chemical and the shortage 

of petroleum resources for conventional production of toluene have caught 

researchers’ attention in recent times. In this respect, the finding of an alternative route 

for the production of toluene has placed alkylation reaction as an important process in 

the petrochemical industry. In general, the methylation of benzene holds the key 

alternative process in overcoming the current toluene deficiency. Also, the alkylation 

of benzene with methanol is advantageous from the excess benzene produced, which 

is efficient and economically viable in producing the required toluene (Lu et al., 2013). 
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Basically, in alkylation, an efficient catalyst is required to achieve the highest 

yield of value-added products. To date, zeolite-type catalysts including HY, HΒEA, 

HMCM-22, and HZSM-5 have been widely employed in the alkylation process due to 

their unique advantages of being highly selective, less toxic, environmentally friendly 

and readily reproducible in catalytic reactions (Shi et al., 2016b). In fact, zeolite 

consists of the silica-alumina framework with wide varieties of Si/Al ratio for good 

thermal stability and tunable acidity. As one of the high potential zeolites, ZSM-5 is 

usually chosen as catalyst support in benzene alkylation due to its tunable intrinsic 

acidity, high surface area and easy to modify. However, the limited diffusion and 

accessibility of active sites due to the presence of small sizes apertures and cavity 

channels have constrained its catalytic activity (Liu et al., 2010). Moreover, as a 

typical zeolite catalyst, an inevitable formation of ethylbenzene that is difficult to 

separate or remove from the C8 aromatics because of their close boiling points could 

not be ruled out (Hu et al., 2014). In this regard, great efforts have been conducted to 

overcome these problems. Among those approaches, the development of hierarchically 

porous zeolite is one of the most versatile pathways to increase the catalyst ability in 

isomerization, alkylation, and cracking (Teh et al., 2015).  

In the last decade, ordered mesoporous material has emerged as one of the most 

interesting discoveries in the field of material synthesis. Besides, many studies have 

been done on the use and modification of mesoporous material in the alkylation 

reaction. Generally, mesoporous material possesses highly ordered mesoporous 

structures which enabled the size-selectivity and extremely high surface area with 

large pore volume (Zhao et al., 2012). However, this material has lower acidity and 

thermal stability than amorphous Si-Al, resulting in lower catalytic activity. By 

considering that, numerous studies have been dedicated on the search of appropriate 

materials comprising both high surface area properties for eased diffusion and 

accessibility of the active site, as well as good thermal stability and tunable acidity. It 

was fortunately discovered that the new developed silica-based fibrous material has 

the advantage of high surface area due to the presence of dendrimeric fiber. This 

characteristic offers better accessibility of active sites since the dispersion of active 

sites is probably located in their dendrimeric fiber rather than inside the catalyst pore. 

Besides, silica-based fibrous material also possesses high thermal stability than other 

materials (Polshettiwar et al., 2010).  
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Furthermore, previous studies demonstrated that other than tailoring the 

morphological properties, the metal addition could also noticeably improve the 

catalyst's activity and stability while suppressing the formation of an undesired 

products during the benzene alkylation. Remarkable benzene methylation performance 

was obtained over noble metals such as Pt and Pd (Hu et al., 2015a; Hu et al., 2015c). 

Nevertheless, their application is not profitable and sustainable from industrial 

standpoint. As an alternative to the scarce and exorbitant noble meta ls catalysts, 

transition metal has been extensively used in order to enhance benzene alkylation 

performance.  

1.3 Hypothesis 

It is hypothesized that by varying the TEOS concentration during synthesis of 

HFZ followed by further addition of various metals, could significantly enhance the 

activity and selectivity of benzene alkylation reaction. The fibrous morphology of the 

catalyst was expected to give better accessibility of reactants and/or products to the 

active sites for reduced diffusion limitation. Meanwhile, the metals added were 

anticipated dispersed homogeneously on the dendritic fibres of the silica ZSM-5, 

which is different from conventional zeolites. Moreover, addition of metal onto the 

HFZ leading to the formation of metal support interaction subsequently altered the 

porosity and acidity of the composite catalysts thus, improve the selectivity towards 

desired toluene product for the hindered formation of unwanted by-products.  

1.4 Objective of Study 

The objective of this study is to synthesize metals supported on fibrous silica 

zeolites for enhanced benzene methylation. The objective of this study could be 

specified as follows: 

1. To study the effect of different fibrous silica zeolites for benzene methylation  

performance 
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2. To examine the effect of tetraethyl orthosilicate (TEOS) concentration on 

fibrous silica ZSM-5 (HFZ) for benzene methylation performance 

3. To investigate the effect of different type of transition metals and manganese 

(Mn) loading over HFZ towards benzene methylation performance 

4. To study the propose mechanism and optimize the benzene methylation over 

outperforming Mn loaded HFZ by response surface methodology (RSM) 

1.5 Scope of Study 

This study is focused on designing benzene methylation catalysts to solve the 

current problems pertaining to low process efficiency such as high diffusion limitation, 

insufficient active sites and rapid catalyst deactivation. In this perspective, the effect 

of different silica zeolites, various TEOS concentrations, diverse transition metals, and 

varied manganese loading, as well as optimization of benzene methylation have been 

deliberated upon. The detail of the specific research scopes are as follows: 

1. The effect of different fibrous silica zeolites on benzene methylation was 

studied by using three different zeolite seeds (ZSM-5, Y and Beta). Fibrous 

silica zeolite was prepared by microemulsion method assisted with zeolite seed 

crystallization as reported in previous literature (Firmansyah et al., 2016). The 

dendrimer structure was controlled by the mixture of cetyltrimethylammonium 

bromide (as surfactant), butanol (as co-surfactant), toluene (as oil phase), 

tetraethyl orthosilicate (as silica source), urea, zeolite seed and deionized water. 

The prepared catalysts were characterized by XRD, N2 physisorption, FESEM, 

FTIR KBr, FTIR-lutidine. Catalytic testing on benzene methylation was done 

at the temperature range of 300 – 400 ºC and atmospheric pressure. 

2. The effect of TEOS concentration was studied by synthesizing HFZ with three 

different concentrations of TEOS (0.5, 1.0 and 1.5 mol). The catalysts were 

denoted as 0.5HFZ, 1.0HFZ and 1.5HFZ. All synthesized catalysts were  
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subjected to XRD, N2 physisorption, FESEM, FTIR KBr, FTIR-pyridine. 

Performance evaluation of catalysts for benzene methylation was conducted at 

atmospheric pressure and a temperature range of 300 – 400 ºC with a 1:1 ratio 

of benzene and methanol.  

3. The effect of metals on benzene methylation was studied by preparing a series 

of transition metal loaded HFZ with various metals (Co, Mn and Ti). These 

metals loaded on HFZ catalysts were synthesized by impregnating 5 wt.% each 

metal onto HFZ, respectively. The prepared catalysts were further 

characterized by XRD, N2 physisorption, FESEM, FTIR KBr, FTIR-pyridine. 

Catalytic testing on benzene methylation was performed at temperature range 

300 – 400 ºC and atmospheric pressure. 

4. The effect of Mn loading on HFZ in benzene methylation was investigated. A 

series of Mn loaded on HFZ (3, 5, 10 wt.%) were prepared by the impregnation 

method. The prepared catalysts were characterized by XRD, N2 physisorption, 

FESEM, FTIR KBr, FTIR-pyridine. Catalytic testing on benzene methylation 

was carried out at temperature range 300 – 400 ºC and atmospheric pressure. 

The general mechanism of benzene methylation was studied using in-situ FTIR 

adsorbed benzene and methanol. The optimum condition of the benzene 

methylation process was determined by RSM using central composite design 

(CCD) developed by Statistica 7.0 StatSoft. The independent variables selected 

in this study are reaction temperature (300-400 ºC), gas flowrate (15 – 25 

mL/min) and benzene to methanol ratio (0.5 – 1.5). These variables were 

chosen based on results from literature and preliminary studies that have been 

conducted.  

1.6 Significant of Study 

In this study, the fibrous silica zeolite catalyst has recently appeared as a new 

emerging morphology of modified structure for zeolite materials compared to other 

material catalysts. Due to the revolution in microemulsion technique, the formation of 
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fibrous morphology on advanced material is now possible for the heterogeneous 

catalytic system. The uniqueness of fibrous morphology remarkably  improves the 

catalyst properties, including mesoporosity, acidity and thermal stability. In benzene 

methylation, the other side products reaction might also occur, which inevitably causes 

the competitive reaction on the catalyst. Given the specific feature of fibrous 

morphology, the selective benzene methylation is guaranteed under suitable BAS and 

as a result, the high activity of benzene methylation is achieved.  

Additionally, silica fibers of zeolite offer not only fibrous morphology but also 

provide high surface area for well-dispersion of metals, thus enhancing the metals 

support interaction. The interaction between metal and high surface area fibrous silica-

zeolite could enhance its Lewis acid sites and, stabilize the benzene ring as well as 

achieve a higher benzene methylation activity. In addition, suitable mesoporosity and 

acidity also can inhibit the coke formation and prolong the catalyst lifespan during the 

reaction. Thus, the synergistic effect of physicochemical properties with fibrous silica 

zeolite-based catalysts can provide applicable guidance to the design and development 

of catalysts in the benzene methylation process.  

1.7 Thesis Outline 

This thesis begins with Chapter 1 describing the research background, problem 

statement, hypothesis, objectives, scope and significance of this study. Chapter 2 

reviewed the literatures related to the catalysts and current works on benzene 

methylation. Chapter 3 described the experimental and characterization of synthesized 

catalysts. Chapter 4 concerned with data processing and discussing of physicochemical 

properties and performance of the catalysts. The conclusions and recommendations for 

future studies were stated in Chapter 5.  

 



 

119 

REFERENCES 

Abdul Jalil, A., Zolkifli, A. S., Triwahyono, S., Abdul Rahman, A. F., Mohd Ghani, 

N. N., Shahul Hamid, M. Y., Mustapha, F. H., Izan, S. M., Nabgan, B. and 

Ripin, A. (2019) ‘Altering Dendrimer Structure of Fibrous-Silica-HZSM5 for 

Enhanced Product Selectivity of Benzene Methylation’, Industrial & 

Engineering Chemistry Research. American Chemical Society, 58(2), pp. 553–

562. 

Abdulrasheed, A. A., Jalil, A. A., Hamid, M. Y. S., Siang, T. J., Fatah, N. A. A., Izan, 

S. M. and Hassan, N. S. (2019) ‘Dry reforming of methane to hydrogen -rich 

syngas over robust fibrous KCC-1 stabilized nickel catalyst with high activity 

and coke resistance’, International Journal of Hydrogen Energy. 

Adebajo, M. O., Howe, R. F. and Long, M. A. (2000) ‘Methylation of benzene with 

methanol over zeolite catalysts in a low pressure flow reactor’, Catalysis 

Today, 63(2), pp. 471–478. 

Adebajo, M. O. and Long, M. A. (2003) ‘The contribution of the methanol-to-

aromatics reaction to benzene methylation over ZSM-5 catalysts’, Catalysis 

Communications. Elsevier, 4(2), pp. 71–76. 

Ahn, J. H., Kolvenbach, R., Al-Khattaf, S. S., Jentys, A. and Lercher, J. A. (2013) 

‘Methanol Usage in Toluene Methylation with Medium and Large Pore 

Zeolites’, ACS Catalysis. American Chemical Society, 3(5), pp. 817–825. 

Alabi, W., Atanda, L., Jermy, R. and Al-Khattaf, S. (2012) ‘Kinetics of toluene 

alkylation with methanol catalyzed by pure and hybridized HZSM-5 catalysts’, 

Chemical Engineering Journal, 195–196, pp. 276–288. 

Asadollahi, M., Bastani, D. and Kazemian, H. (2010) ‘Permeation of single gases 

through TEG liquid membranes modified by Na-Y nano-zeolite particles’, 

Separation and Purification Technology, 76(2), pp. 120–125. 

Auerbach, S. M., Carrado, K. A. and Dutta, P. K. (2003) Handbook of Zeolite Science 

and Technology. 1st edn. Marcel Dekker Inc: New York. 

Azami, M. S., Jalil, A. A., Hitam, C. N. C., Hassan, N. S., Mamat, C. R., Adnan, R. H. 

and Chanlek, N. (2020) ‘Tuning of the electronic band structure of fibrous 



 

120 

silica titania with g-C3N4 for efficient Z-scheme photocatalytic activity’, 

Applied Surface Science. Elsevier B.V., 512, p. 145744. 

Aziz, F. F. A., Jalil, A. A., Hassan, N. S., Hitam, C. N. C., Rahman, A. F. A. and Fauzi, 

A. A. (2021) ‘Enhanced visible-light driven multi-photoredox Cr(VI) and p-

cresol by Si and Zr interplay in fibrous silica-zirconia’, Journal of Hazardous 

Materials. Elsevier B.V., 401, p. 123277. 

Aziz, F. F. A., Jalil, A. A., Triwahyono, S. and Mohamed, M. (2018) ‘Controllable 

structure of fibrous SiO2–ZSM-5 support decorated with TiO2 catalysts for 

enhanced photodegradation of paracetamol’, Applied Surface Science, 455, pp. 

84–95. 

Barakov, R., Shcherban, N., Yaremov, P., Gryn, S., Solomakha, V., Bezverkhyy, I., 

Kasian, N. and Ilyin, V. (2016) ‘Low-temperature and alkali-free dual template 

synthesis of micro-mesoporous aluminosilicates based on precursors of zeolite 

ZSM-5’, Journal of Materials Science, 51(8), pp. 4002–4020. 

Bellmann, A., Rautenberg, C., Bentrup, U. and Brückner, A. (2020) ‘Determining the 

Location of Co2+ in Zeolites by UV-Vis Diffuse Reflection Spectroscopy: A 

Critical View’, Catalysts . 

Breig, S. J. M. and Luti, K. J. K. (2021) ‘Response surface methodology: A review on 

its applications and challenges in microbial cultures’, Materials Today: 

Proceedings. Elsevier, 42, pp. 2277–2284. 

Bruice, P. Y. (2012) Organic Chemistry. sixth. Prentice Hall, Boston. 

Čejka, J., Krejčí, A., Žilková, N., Dědeček, J. and Hanika, J. (2001) ‘Alkylation and 

disproportionation of aromatic hydrocarbons over mesoporous molecular 

sieves’, Microporous and Mesoporous Materials, 44–45, pp. 499–507. 

Cen, J., Zhang, N., Hu, H., Yao, N., Li, Z., Yang, L., Feng, F., Lu, C. and Li, X. (2020) 

‘Synthesis of Hierarchical Porous Ti-ZSM-5: A High Active Catalyst for 

Benzene Alkylation with Methanol’, Catalysts . 

Chen, J., Duan, Z., Song, Z., Zhu, L., Zhou, Y., Xiang, Y. and Xia, D. (2017) 

‘Relationship between surface property and catalytic application of amorphous 

NiP/Hβ catalyst for n-hexane isomerization’, Applied Surface Science. North-

Holland, 425, pp. 448–460. 

Chen, L., Wang, S., Zhou, J., Shen, Y., Zhao, Y. and Ma, X. (2014) ‘Dimethyl 

carbonate synthesis from carbon dioxide and methanol over CeO2 versus over 



 

121 

ZrO2: comparison of mechanisms’, RSC Advances. The Royal Society of 

Chemistry, 4(59), pp. 30968–30975. 

Cheng, S.-Y., Liu, Y.-Z. and Qi, G.-S. (2019) ‘High gravity hydrothermal synthesis of 

hierarchical ZSM-5 for Friedel–Crafts alkylation of toluene with benzyl 

chloride’, Journal of Materials Science, 54(12), pp. 8860–8871. 

Choo, M.-Y., Oi, L. E., Ling, T. C., Ng, E.-P., Lin, Y.-C., Centi, G. and Juan, J. C. 

(2020) ‘Deoxygenation of triolein to green diesel in the H2 -free condition: 

Effect of transition metal oxide supported on zeolite Y’, Journal of Analytical 

and Applied Pyrolysis, 147, p. 104797. 

Chu, Y., Yi, X., Li, C., Sun, X. and Zheng, A. (2018) ‘Brønsted/Lewis acid sites 

synergistically promote the initial C–C bond formation in the MTO reaction’, 

Chemical Science. The Royal Society of Chemistry, 9(31), pp. 6470–6479. 

Chua, L. M., Vazhnova, T., Mays, T. J., Lukyanov, D. B. and Rigby, S. P. (2010) 

‘Deactivation of PtH-MFI bifunctional catalysts by coke formation during 

benzene alkylation with ethane’, Journal of Catalysis, 271(2), pp. 401–412. 

Conte, M., Lopez-Sanchez, J. A., He, Q., Morgan, D. J., Ryabenkova, Y., Bartley, J. 

K., Carley, A. F., Taylor, S. H., Kiely, C. J., Khalid, K. and Hutchings, G. J. 

(2012) ‘Modified zeolite ZSM-5 for the methanol to aromatics reaction’, 

Catalysis Science & Technology. The Royal Society of Chemistry, 2(1), pp. 

105–112. 

Corma, A. (2003) ‘State of the art and future challenges of zeolites as catalysts’, 

Journal of Catalysis, 216(1), pp. 298–312. 

Corma, A., Llopis, F. J., Martínez, C., Sastre, G. and Valencia, S. (2009) ‘The benefit 

of multipore zeolites: Catalytic behaviour of zeolites with intersecting channels 

of different sizes for alkylation reactions’, Journal of Catalysis, 268(1), pp. 9–

17. 

Dambournet, D., Leclerc, H., Vimont, A., Lavalley, J.-C., Nickkho-Amiry, M., Daturi, 

M. and Winfield, J. M. (2009) ‘The use of multiple probe molecules for the 

study of the acid-base properties of  aluminium hydroxyfluoride having the 

hexagonal tungsten bronze structure: FTIR and [36Cl] radiotracer studies.’, 

Physical chemistry chemical physics : PCCP. England, 11(9), pp. 1369–1379. 

Däumer, D., Räuchle, K. and Reschetilowski, W. (2012) ‘Experimental and 

Computational Investigations of the Deactivation of H-ZSM-5 Zeolite by 



 

122 

Coking in the Conversion of Ethanol into Hydrocarbons’, ChemCatChem. John 

Wiley & Sons, Ltd, 4(6), pp. 802–814. 

Deng, W., Xuan, H., Zhang, C., Gao, Y., Zhu, X., Zhu, K., Huo, Q. and Zhou, Z. 

(2014) ‘Promoting Xylene Production in Benzene Methylation using 

Hierarchically Porous ZSM-5 Derived from a Modified Dry-gel Route’, 

Chinese Journal of Chemical Engineering, 22(8), pp. 921–929. 

Dong, P., Li, Z., Ji, D., Wang, X., Yun, H., Du, Z., Bian, J. and Li, G. (2018a) 

‘Catalytic benzene mono-alkylation over three catalysts: improving activity 

and selectivity with M-Y catalyst’, Journal of Inclusion Phenomena and 

Macrocyclic Chemistry, 90(1), pp. 149–155. 

Dong, P., Li, Z., Wang, X., Yun, H. and Li, G. (2018b) ‘The alkylation reaction of 

benzene with methanol to produce toluene: Y-C and Y-CCs catalyst’, Green 

Chemistry Letters and Reviews. Taylor & Francis, 11(2), pp. 158–164. 

Dong, P., Meng, J., Yun, H. and Li, G. (2020) ‘Alkylation of benzene with methanol 

to toluene over Na3-H-Y: analysis of four aspects for obtaining reaction 

mechanism’, Journal of Inclusion Phenomena and Macrocyclic Chemistry, 

97(3), pp. 147–157. 

Dong, P., Zhang, Y., Li, Z., Yong, H., Li, G. and Ji, D. (2019) ‘Enhancement of the 

utilization of methanol in the alkylation of benzene with methanol over 3 -

aminopropyltriethoxysilane modified HZSM-5’, Catalysis Communications, 

123, pp. 6–10. 

Elavarasan, P., Kondamudi, K. and Upadhyayula, S. (2009) ‘Statistical optimization 

of process variables in batch alkylation of p-cresol with tert-butyl alcohol using 

ionic liquid catalyst by response surface methodology’, Chemical Engineering 

Journal, 155(1), pp. 355–360. 

Emeis, C. A. (1993) ‘Determination of integrated molar extinction coefficients for 

infrared absorption bands of pyridine adsorbed on solid acid catalysts’, Journal 

of Catalysis. Academic Press, 141(2), pp. 347–354. 

Ernawati, L., Balgis, R., Ogi, T. and Okuyama, K. (2017) ‘Tunable Synthesis of 

Mesoporous Silica Particles with Unique Radially Oriented Pore Structures 

from Tetramethyl Orthosilicate via Oil–Water Emulsion Process’, Langmuir. 

American Chemical Society, 33(3), pp. 783–790. 

Fatah, N. A. A., Jalil, A. A., Firmansyah, M. L., Triwahyono, S., Setiabudi, H. D. and 

Vo, D.-V. N. (2020) ‘Enhanced hydrogen-assisted cracking of 1,3,5-



 

123 

triisopropylbenzene over fibrous silica ZSM-5: Influence of co-surfactant 

during synthesis’, International Journal of Hydrogen Energy. 

Fatah, N A A, Triwahyono, S., Jalil, A. A., Salamun, N., Mamat, C. R. and Majid, Z. 

A. (2017) ‘n-Heptane isomerization over molybdenum supported on 

bicontinuous concentric lamellar silica KCC-1: Influence of phosphorus and 

optimization using response surface methodology (RSM)’, Chemical 

Engineering Journal, 314, pp. 650–659. 

Fauzi, A. A., Jalil, A. A., Hitam, C. N. C., Aziz, F. F. A. and Chanlek, N. (2020) 

‘Superior sulfate radicals-induced visible-light-driven photodegradation of 

pharmaceuticals by appropriate Ce loading on fibrous silica ceria’, Journal of 

Environmental Chemical Engineering. Elsevier Ltd, 8(6), p. 104484. 

Fauzi, A. A., Jalil, A. A., Mohamed, M., Triwahyono, S., Jusoh, N. W. C., Rahman, 

A. F. A., Aziz, F. F. A., Hassan, N. S., Khusnun, N. F. and Tanaka, H. (2018) 

‘Altering fiber density of cockscomb-like fibrous silica–titania catalysts for 

enhanced photodegradation of ibuprofen’, Journal of Environmental 

Management, 227, pp. 34–43. 

Febriyanti, E., Suendo, V., Mukti, R. R., Prasetyo, A., Arifin, A. F., Akbar, M. A., 

Triwahyono, S., Marsih, I. N. and Ismunandar (2016) ‘Further Insight into the 

Definite Morphology and Formation Mechanism of Mesoporous Silica KCC-

1’, Langmuir. American Chemical Society, 32(23), pp. 5802–5811. 

Firmansyah, M. L., Jalil, A. A., Triwahyono, S., Hamdan, H., Salleh, M. M., Ahmad, 

W. F. W. and Kadja, G. T. M. (2016) ‘Synthesis and characterization of fibrous 

silica ZSM-5 for cumene hydrocracking’, Catalysis Science & Technology. 

The Royal Society of Chemistry, 6(13), pp. 5178–5182. 

Flanigen, E. M. (2001) ‘Chapter 2 Zeolites and molecular sieves: An historical 

perspective’, in van Bekkum, H., Flanigen, E M, Jacobs, P. A., and Jansen, J. 

C. B. T.-S. in S. S. and C. (eds) Introduction to Zeolite Science and Practice. 

Elsevier, pp. 11–35. 

Galadima, A. and Muraza, O. (2015) ‘Role of zeolite catalysts for benzene removal 

from gasoline via alkylation: A review’, Microporous and Mesoporous 

Materials, 213, pp. 169–180. 

Gan, J., Wang, T., Liu, Z. and Tan, W. (2007) ‘Recent progress in industrial zeolites 

for petrochemical applications’, in Xu, R., Gao, Z., Chen, J., and Yan, W. B. 



 

124 

T.-S. in S. S. and C. (eds) From Zeolites to Porous MOF Materials - The 40th 

Anniversary of International Zeolite Conference. Elsevier, pp. 1567–1577. 

Gao, J., Kong, W., Zhou, L., He, Y., Ma, L., Wang, Y., Yin, L. and Jiang, Y. (2017) 

‘Monodisperse core-shell magnetic organosilica nanoflowers with radial 

wrinkle for lipase immobilization’, Chemical Engineering Journal, 309, pp. 

70–79. 

Gao, J., Zhang, L., Hu, J., Li, W. and Wang, J. (2009) ‘Effect of zinc salt on the 

synthesis of ZSM-5 for alkylation of benzene with ethanol’, Catalysis 

Communications, 10(12), pp. 1615–1619. 

Gao, K., Li, S., Wang, L. and Wang, W. (2015) ‘Study of the alkyla tion of benzene 

with methanol for the selective formation of toluene and xylene over Co 3O4–

La2O3/ZSM-5’, RSC Advances. The Royal Society of Chemistry, 5(56), pp. 

45098–45105. 

Ghani, N. N. M., Jalil, A. A., Triwahyono, S., Aziz, M. A. A., Rahman, A. F. A., 

Hamid, M. Y. S., Izan, S. M. and Nawawi, M. G. M. (2019) ‘Tailored 

mesoporosity and acidity of shape-selective fibrous silica beta zeolite for 

enhanced toluene co-reaction with methanol’, Chemical Engineering Science, 

193, pp. 217–229. 

Ghavipour, M., Behbahani, R. M., Moradi, G. R. and Soleimanimehr, A. (2013) 

‘Methanol dehydration over alkali-modified H-ZSM-5; effect of temperature 

and water dilution on products distribution’, Fuel, 113, pp. 310–317. 

Ghosal, D., Basu, J. K. and Sengupta, S. (2015) ‘Applica tion of La-ZSM-5 Coated 

Silicon Carbide Foam Catalyst for Toluene Methylation with Methanol’, 

Bulletin of Chemical Reaction Engineering &amp; Catalysis; 2015: BCREC 

Volume 10 Issue 2 Year 2015 (SCOPUS Indexed, August 2015)DO  - 

10.9767/bcrec.10.2.7872.201-209 . 

Guo, Y. P., Wang, H. J., Guo, Y. J., Guo, L. H., Chu, L. F. and Guo, C. X. (2011) 

‘Fabrication and characterization of hierarchical ZSM-5 zeolites by using 

organosilanes as additives’, Chemical Engineering Journal. Elsevier, 166(1), 

pp. 391–400. 

Gurdeep Singh, H. K., Yusup, S., Quitain, A. T., Abdullah, B., Ameen, M., Sasaki, 

M., Kida, T. and Cheah, K. W. (2020) ‘Biogasoline production from linoleic 

acid via catalytic cracking over nickel and copper-doped ZSM-5 catalysts’, 

Environmental Research. Academic Press Inc., 186, p. 109616. 



 

125 

Haag, W. O. (1994) ‘Catalysis by Zeolites – Science and Technology’, in Weitkamp, 

J., Karge, H. G., Pfeifer, H., and Hölderich, W. B. T.-S. in S. S. and C. (eds) 

Zeolites and Related Microporous Materials: State of the Art 1994 - 

Proceedings of the 10th International Zeolite Conference, Garmisch-

Partenkirchen, Germany, 17-22 July 1994. Elsevier, pp. 1375–1394. 

Hafizi, A., Ahmadpour, A., Heravi, M. M., Bamoharram, F. F. and Khosroshahi, M. 

(2012) ‘Alkylation of Benzene with 1-Decene Using Silica Supported 

Preyssler Heteropoly Acid: Statistical Design with Response Surface 

Methodology’, Chinese Journal of Catalysis. Elsevier, 33(2–3), pp. 494–501. 

Hambali, Hambali U, Jalil, A. A., Abdulrasheed, A. A., Siang, T. J., Abdullah, T. A. 

T., Ahmad, A. and Vo, D.-V. N. (2020) ‘Fibrous spherical Ni-M/ZSM-5 (M: 

Mg, Ca, Ta, Ga) catalysts for methane dry reforming: The interplay between 

surface acidity-basicity and coking resistance’, International Journal of 

Energy Research. John Wiley & Sons, Ltd, 44(7), pp. 5696–5712. 

Hambali, Hambali Umar, Jalil, A. A., Abdulrasheed, A. A., Siang, T. J. and Vo, D. V. 

N. (2020) ‘Enhanced dry reforming of methane over mesostructured fibrous 

Ni/MFI zeolite: Influence of preparation methods’, Journal of the Energy 

Institute, 93(4), pp. 1535–1543. 

Hambali, H. U., Jalil, A. A., Triwahyono, S., Jamian, S. F., Fatah, N. A. A., 

Abdulrasheed, A. A. and Siang, T. J. (2021) ‘Unique structure of fibrous ZSM-

5 catalyst expedited prolonged hydrogen atom restoration for selective 

production of propylene from methanol’, International Journal of Hydrogen 

Energy, 46(48), pp. 24652–24665. 

Hamid, M. Y. S., Firmansyah, M. L., Triwahyono, S., Jalil, A. A., Mukti, R. R., 

Febriyanti, E., Suendo, V., Setiabudi, H. D., Mohamed, M. and Nabgan, W. 

(2017) ‘Oxygen vacancy-rich mesoporous silica KCC-1 for CO2 methanation’, 

Applied Catalysis A: General. Elsevier, 532, pp. 86–94. 

Hao, W., Zhang, W., Guo, Z., Ma, J. and Li, R. (2018) ‘Mesoporous Beta Zeolite 

Catalysts for Benzylation of Naphthalene: Effect of Pore Structure and 

Acidity’, Catalysts . 

Hattori, H. (2010) ‘Solid Acid Catalysts: Roles in Chemical Industries and New 

Concepts’, Topics in Catalysis, 53(7), pp. 432–438. 

Hazarika, K. K., Goswami, C., Saikia, H., Borah, B. J. and Bharali, P. (2018) ‘Cubic 

Mn2O3 nanoparticles on carbon as bifunctional electrocatalyst for oxygen 



 

126 

reduction and oxygen evolution reactions’, Molecular Catalysis. Elsevier B.V., 

451, pp. 153–160. 

Hitam, C. N. C., Jalil, A. A., Izan, S. M., Azami, M. S., Hassim, M. H. and Chanlek, 

N. (2020) ‘The unforeseen relationship of Fe2O3 and ZnO on fibrous silica 

KCC-1 catalyst for fabricated Z-scheme extractive-photooxidative 

desulphurization’, Powder Technology. Elsevier B.V., 375, pp. 397–408. 

Hou, X., Qiu, Y., Tian, Y., Diao, Z., Zhang, X. and Liu, G. (2018) ‘Reaction pathways 

of n-pentane cracking on the fresh and regenerated Sr, Zr and La-loaded ZSM-

5 zeolites’, Chemical Engineering Journal, 349, pp. 297–308. 

Hu, H., Lyu, J., Cen, J., Zhang, Q., Wang, Q., Han, W., Rui, J. and Li, X. (2015a) 

‘Promoting effects of MgO and Pd modification on the catalytic performance 

of hierarchical porous ZSM-5 for catalyzing benzene alkylation with 

methanol’, RSC Advances. The Royal Society of Chemistry, 5(77), pp. 63044–

63049. 

Hu, H., Lyu, J., Rui, J., Cen, J., Zhang, Q., Wang, Q., Han, W. and Li, X. (2016) ‘The 

effect of Si/Al ratio on the catalytic performance of hierarchical porous ZSM-

5 for catalyzing benzene alkylation with methanol’, Catalysis Science & 

Technology. The Royal Society of Chemistry, 6(8), pp. 2647–2652. 

Hu, H., Lyu, J., Wang, Q., Zhang, Q., Cen, J. and Li, X. (2015b) ‘Alkylation of 

benzene with methanol over hierarchical porous ZSM-5: synergy effects of 

hydrogen atmosphere and zinc modification’, RSC Advances. The Royal 

Society of Chemistry, 5(41), pp. 32679–32684. 

Hu, H., Zhang, Q., Cen, J. and Li, X. (2014) ‘High suppression of the formation of 

ethylbenzene in benzene alkylation with methanol over ZSM-5 catalyst 

modified by platinum’, Catalysis Communications. Elsevier B.V., 57, pp. 129–

133. 

Hu, H., Zhang, Q., Cen, J. and Li, X. (2015c) ‘Catalytic Activity of Pt Modified 

Hierarchical ZSM-5 Catalysts in Benzene Alkylation with Methanol’, 

Catalysis Letters, 145(2), pp. 715–722. 

Hussain, I., Jalil, A. A., Mamat, C. R., Siang, T. J., Rahman, A. F. A., Azami, M. S. 

and Adnan, R. H. (2019) ‘New insights on the effect of the H2/CO ratio for 

enhancement of CO methanation over metal-free fibrous silica ZSM-5: 

Thermodynamic and mechanistic studies’, Energy Conversion and 

Management. Elsevier Ltd, 199, p. 112056. 



 

127 

Ibrahim, M., Jalil, A. A., Khusnun, N. F., Fatah, N. A. A., Hamid, M. Y. S., Gambo, 

Y., Abdulrasheed, A. A. and Hassan, N. S. (2019) ‘Enhanced n -hexane 

hydroisomerization over bicontinuous lamellar silica mordenite supported 

platinum (Pt/HM@KCC-1) catalyst’, International Journal of Hydrogen 

Energy. 

Ibrahim, M., Jalil, A. A., Zakaria, W. F. W., Fatah, N. A. A., Hamid, M. Y. S., Izan, 

S. M. and Setiabudi, H. D. (2021) ‘n-Hexane hydroisomerization over Zr-

modified bicontinuous lamellar silica mordenite supported Pt as highly 

selective catalyst: Molecular hydrogen generated protonic acid sites and 

optimization’, International Journal of Hydrogen Energy. Hydrogen Energy 

Publications LLC, 46(5), pp. 4019–4035. 

Imyen, T., Wannapakdee, W., Ittisanronnachai, S., Witoon, T. and Wattanakit, C. 

(2020) ‘Tailoring hierarchical zeolite composites with two distinct frameworks 

for fine-tuning the product distribution in benzene alkylation with ethanol’, 

Nanoscale Advances. RSC, 2(10), pp. 4437–4449. 

Isernia, L. F. (2013) ‘FTIR study of the relation, between extra-framework aluminum 

species and the adsorbed molecular water, and its effect on the acidity in ZSM-

5 steamed zeolite’, Materials Research. ABM, ABC, ABPol, 16(4), pp. 792–

802. 

Izan, S. M., Triwahyono, S., Jalil, A. A., Majid, Z. A., Fatah, N. A. A., Hamid, M. Y. 

S. and Ibrahim, M. (2019) ‘Additional Lewis acid sites of protonated fibrous 

silica@BEA zeolite (HSi@BEA) improving the generation of protonic acid 

sites in the isomerization of C6 alkane and cycloalkanes’, Applied Catalysis A: 

General, 570, pp. 228–237. 

Jalil, A. A., Gambo, Y., Ibrahim, M., Abdulrasheed, A. A., Hassan, N. S., Nawawi, M. 

G. M., Asli, U. A., Hassim, M. H. and Ahmad, A. (2019) ‘Platinum-promoted 

fibrous silica Y zeolite with enhanced mass transfer as a highly selective 

catalyst for n-dodecane hydroisomerization’, International Journal of Energy 

Research. John Wiley & Sons, Ltd, 43(9), pp. 4201–4216. 

Janssen, A. H., Koster, A. J. and de Jong, K. P. (2002) ‘On the Shape of the Mesopores 

in Zeolite Y:  A Three-Dimensional Transmission Electron Microscopy Study 

Combined with Texture Analysis’, The Journal of Physical Chemistry B. 

American Chemical Society, 106(46), pp. 11905–11909. 



 

128 

Jayakumar, M., Hemalatha, K., Chander, A. A., Sahu, A. K. and Prakash, A. S. (2017) 

‘Origin of charge storage in cobalt oxide - Anchored graphene 

nanocomposites’, Carbon. Elsevier Ltd, 125, pp. 168–179. 

Jia, Z., Wang, X., Thevenet, F. and Rousseau, A. (2017) ‘Dynamic probing of plasma-

catalytic surface processes: Oxidation of toluene on CeO2’, Plasma Processes 

and Polymers. John Wiley & Sons, Ltd, 14(6), p. 1600114. 

Jiang, S., Zhang, H., Yan, Y. and Zhang, X. (2015) ‘Stability and deactivation of Fe-

ZSM-5 zeolite catalyst for catalytic wet peroxide oxidation of phenol in a 

membrane reactor’, RSC Advances. The Royal Society of Chemistry, 5(51), 

pp. 41269–41277. 

Jin, Y., Xiao, C., Liu, J., Zhang, S., Asaoka, S. and Zhao, S. (2015) ‘Mesopore 

modification of beta zeolites by sequential alkali and acid treatments: 

Narrowing mesopore size distribution featuring unimodality and mesoporous 

texture properties estimated upon a mesoporous volumetric model’, 

Microporous and Mesoporous Materials, 218, pp. 180–191. 

Kondo, J. N., Nishitani, R., Yoda, E., Yokoi, T., Tatsumi, T. and Domen, K. (2010) 

‘A comparative IR characterization of acidic sites on HY zeolite by pyridine 

and CO probes with silica–alumina and γ-alumina references’, Physical 

Chemistry Chemical Physics. The Royal Society of Chemistry, 12(37), pp. 

11576–11586. 

Kubička, D., Kumar, N., Venäläinen, T., Karhu, H., Kubičková, I., Österholm, H. and 

Murzin, D. Y. (2006) ‘Metal−Support Interactions in Zeolite-Supported Noble 

Metals:  Influence of Metal Crystallites on the Support Acidity’, The Journal 

of Physical Chemistry B. American Chemical Society, 110(10), pp. 4937–

4946. 

Kusampally, U., Dhachapally, N., Kola, R. and Kamatala, C. R. (2020) ‘Zeolite 

anchored Zr-ZSM-5 as an eco-friendly, green, and reusable catalyst in 

Hantzsch synthesis of dihydropyridine derivatives’, Materials Chemistry and 

Physics, 242, p. 122497. 

Laribi, M., Bachari, K. and Touati, M. (2016) ‘Elaboration of nickel-impregnated over 

hexagonal mesoporous materials and their catalytic application’, Arabian 

Journal of Chemistry, 9, pp. S1388–S1393. 

Lercher, J. and Jentys, A. (2007) Chapter 13 Infrared and raman spectroscopy for 

characterizing zeolites. 



 

129 

Leydier, F., Chizallet, C., Chaumonnot, A., Digne, M., Soyer, E., Quoineaud, A. A., 

Costa, D. and Raybaud, P. (2011) ‘Brønsted acidity of amorphous silica–

alumina: The molecular rules of proton transfer’, Journal of Catalysis. 

Academic Press, 284(2), pp. 215–229. 

Li, P., Han, Q., Zhang, X., Yuan, Y., Zhang, Y., Guo, H., Xu, Li and Xu, Lei (2018a) 

‘A new insight into the reaction behaviors of side-chain alkylation of toluene 

with methanol over CsX’, Catalysis Science & Technology. The Royal Society 

of Chemistry, 8(13), pp. 3346–3356. 

Li, W., Zheng, J., Luo, Y., Tu, C., Zhang, Y. and Da, Z. (2017) ‘Hierarchical Zeolite 

Y with Full Crystallinity: Formation Mechanism and Catalytic Cracking 

Performance’, Energy & Fuels. American Chemical Society, 31(4), pp. 3804–

3811. 

Li, X., Rezaei, F. and Rownaghi, A. A. (2018b) ‘3D-printed zeolite monoliths with 

hierarchical porosity for selective methanol to light olefin reaction’, Reaction 

Chemistry & Engineering. The Royal Society of Chemistry, 3(5), pp. 733–746. 

Liu, B., Chen, Z., Huang, J., Chen, H. and Fang, Y. (2019) ‘Direct synthesis of 

hierarchically structured MFI zeolite nanosheet assemblies with tailored 

activity in benzylation reaction’, Microporous and Mesoporous Materials, 

273, pp. 235–242. 

Liu, H. L. and Chiou, Y. R. (2005) ‘Optimal decolorization efficiency of Reactive Red 

239 by UV/TiO2 photocatalytic process coupled with response surface 

methodology’, Chemical Engineering Journal. Elsevier, 112(1–3), pp. 173–

179. 

Liu, K., Xie, S., Liu, S., Xu, G., Gao, N. and Xu, L. (2011) ‘Catalytic role of different 

pore systems in MCM-49 zeolite for liquid alkylation of benzene with 

ethylene’, Journal of Catalysis, 283(1), pp. 68–74. 

Liu, K., Xie, S., Xu, G., Li, Y., Liu, S. and Xu, L. (2010) ‘Effects of NaOH solution 

treatment on the catalytic performances of MCM-49 in liquid alkylation of 

benzene with ethylene’, Applied Catalysis A: General. Elsevier, 383(1–2), pp. 

102–111. 

Liu, L., Lopez-Haro, M., Calvino, J. J. and Corma, A. (2021) ‘Tutorial: structural 

characterization of isolated metal atoms and subnanometric metal clusters in 

zeolites’, Nature Protocols, 16(4), pp. 1871–1906. 



 

130 

Lu, P., Fei, Z., Li, L., Feng, X., Ji, W., Ding, W., Chen, Y., Yang, W. and Xie, Z. 

(2013) ‘Effects of controlled SiO2 deposition and phosphorus and nickel 

doping on surface acidity and diffusivity of medium and small sized HZSM-5 

for para-selective alkylation of toluene by methanol’, Applied Catalysis A: 

General, 453, pp. 302–309. 

Lyu, J.-H., Hu, H.-L., Rui, J.-Y., Zhang, Q.-F., Cen, J., Han, W.-W., Wang, Q.-T., 

Chen, X.-K., Pan, Z.-Y. and Li, X.-N. (2017a) ‘Nitridation: A simple way to 

improve the catalytic performance of hierarchical porous ZSM-5 in benzene 

alkylation with methanol’, Chinese Chemical Letters, 28(2), pp. 482–486. 

Lyu, J., Hu, H., Tait, C., Rui, J., Lou, C., Wang, Q., Han, W., Zhang, Q., Pan, Z. and 

Li, X. (2017b) ‘Benzene alkylation with methanol over phosphate modified 

hierarchical porous ZSM-5 with tailored acidity’, Chinese Journal of Chemical 

Engineering, 25(9), pp. 1187–1194. 

Marakatti, V. S., Halgeri, A. B. and Shanbhag, G. V (2014) ‘Metal ion -exchanged 

zeolites as solid acid catalysts for the green synthesis of nopol from Prins 

reaction’, Catalysis Science & Technology. The Royal Society of Chemistry, 

4(11), pp. 4065–4074. 

Martinez-Espin, J. S., De Wispelaere, K., Westgård Erichsen, M., Svelle, S., Janssens, 

T. V. W., Van Speybroeck, V., Beato, P. and Olsbye, U. (2017) ‘Benzene co-

reaction with methanol and dimethyl ether over zeolite and zeotype catalysts: 

Evidence of parallel reaction paths to toluene and diphenylmethane’, Journal 

of Catalysis, 349, pp. 136–148. 

McCue, A. J., Mutch, G. A., McNab, A. I., Campbell, S. and Anderson, J. A. (2016) 

‘Quantitative determination of surface species and adsorption sites using 

Infrared spectroscopy’, Catalysis Today. Elsevier, 259, pp. 19–26. 

McMurry, J. E., Ballantine, D. S., Hoeger, C. A. and Peterson, V. E. (2017) 

Fundamentals of General, Organic, and Biological Chemistry. Pearson. 

Meng, X., Nawaz, F. and Xiao, F. S. (2009) ‘Templating route for synthesizing 

mesoporous zeolites with improved catalytic properties’, Nano Today. 

Elsevier, pp. 292–301. 

Meng, X., Yi, D., Shi, L. and Liu, N. (2020) ‘Catalytic performance of IM-5 zeolite 

with high xylene selectivity in benzene alkylation with methanol. An 

alternative to ZSM-5 zeolite’, Petroleum Science and Technology. Taylor & 

Francis, 38(5), pp. 501–508. 



 

131 

Min, X., Zhou, C., Han, C., Tang, J., Liu, D. and Luo, Y. (2020) ‘The influence of 

ZSM-5 structure on As(V) adsorption performance: pseudomorphic 

transformation and grafting of rare-earth Ce onto ZSM-5’, Journal of Materials 

Science, 55(19), pp. 8145–8154. 

Mirth, G. and Lercher, J. A. (1991) ‘Coadsorption of toluene and methanol on HZSM-

5 zeolites’, The Journal of Physical Chemistry. American Chemical Society, 

95(9), pp. 3736–3740. 

Miyake, K., Hirota, Y., Ono, K., Uchida, Y., Tanaka, S. and Nishiyama, N. (2016) 

‘Direct and selective conversion of methanol to para-xylene over Zn ion doped 

ZSM-5/silicalite-1 core-shell zeolite catalyst’, Journal of Catalysis. Academic 

Press Inc., 342, pp. 63–66. 

Mochizuki, H., Yokoi, T., Imai, H., Namba, S., Kondo, J. N. and Tatsumi, T. (2012) 

‘Effect of desilication of H-ZSM-5 by alkali treatment on catalytic 

performance in hexane cracking’, Applied Catalysis A: General, 449, pp. 188–

197. 

Moon, D.-S. and Lee, J.-K. (2012) ‘Tunable Synthesis of Hierarchical Mesoporous 

Silica Nanoparticles with Radial Wrinkle Structure’, Langmuir. American 

Chemical Society, 28(33), pp. 12341–12347. 

Morterra, C., Cerrato, G. and Meligrana, G. (2001) ‘Revisiting the Use of 2,6 -

Dimethylpyridine Adsorption as a Probe for the Acidic Properties of Metal 

Oxides’, Langmuir. American Chemical Society, 17(22), pp. 7053–7060. 

Moshoeshoe, M., Nadiye-Tabbiruka, M. S. and Obuseng, V. (2017) ‘A Review of the 

Chemistry, Structure, Properties and Applications of Zeolites’, American 

Journal of Materials Science, 7(5), pp. 196–221. 

Na, K., Choi, M. and Ryoo, R. (2013) ‘Recent advances in the synthesis of 

hierarchically nanoporous zeolites’, Microporous and Mesoporous Materials, 

166, pp. 3–19. 

Navlani-García, M., Martis, M., Lozano-Castelló, D., Cazorla-Amorós, D., Mori, K. 

and Yamashita, H. (2015) ‘Investigation of Pd nanoparticles supported on 

zeolites for hydrogen production from formic acid dehydrogenation’, Catalysis 

Science & Technology. The Royal Society of Chemistry, 5(1), pp. 364–371. 

Niu, P., Xi, H., Ren, J., Lin, M., Wang, Q., Jia, L., Hou, B. and Li, D. (2017) ‘High 

selectivity for n-dodecane hydroisomerization over highly siliceous ZSM-22 



 

132 

with low Pt loading’, Catalysis Science & Technology. The Royal Society of 

Chemistry, 7(21), pp. 5055–5068. 

Niziolek, A. M., Onel, O. and Floudas, C. A. (2016) ‘Production of benzene, toluene, 

and xylenes from natural gas via methanol: Process synthesis and global 

optimization’, AIChE Journal. John Wiley & Sons, Ltd, 62(5), pp. 1531–1556. 

Odedairo, T. and Al-Khattaf, S. (2013) ‘Comparative study of zeolite catalyzed 

alkylation of benzene with alcohols of different chain length: H-ZSM-5 versus 

mordenite’, Catalysis Today, 204, pp. 73–84. 

Oliviero, L., Vimont, A., Lavalley, J.-C., Romero Sarria, F., Gaillard, M. and Maugé, 

F. (2005) ‘2,6-Dimethylpyridine as a probe of the strength of Brønsted acid 

sites: study on zeolites. Application to alumina’, Physical Chemistry Chemical 

Physics. The Royal Society of Chemistry, 7(8), pp. 1861–1869. 

Osman, M., Hossain, M. M. and Al-Khattaf, S. (2013) ‘Kinetics Study of Ethylbenzene 

Alkylation with Ethanol over Medium and Large Pore Zeolites’, Industrial & 

Engineering Chemistry Research. American Chemical Society, 52(38), pp. 

13613–13621. 

Pang, Y. L., Abdullah, A. Z. and Bhatia, S. (2011) ‘Optimization of sonocatalytic 

degradation of Rhodamine B in aqueous solution in the presence of TiO2 

nanotubes using response surface methodology’, Chemical Engineering 

Journal. Elsevier, 166(3), pp. 873–880. 

Parsafard, N., Peyrovi, M. H. and Rashidzadeh, M. (2014) ‘N-Heptane isomerization 

on a new kind of micro/mesoporous catalyst: Pt supported on HZSM-5/HMS’, 

Microporous and Mesoporous Materials. Elsevier, 200, pp. 190–198. 

Pasandide, P. and Rahmani, M. (2021) ‘Simulation and optimization of continuous 

catalytic reforming: Reducing energy cost and coke formation’, International 

Journal of Hydrogen Energy. Pergamon, 46(58), pp. 30005–30018. 

Peron, D. V, Zholobenko, V. L., de la Rocha, M. R., Oberson de Souza, M., Feris, L. 

A., Marcilio, N. R., Ordomsky, V. V and Khodakov, A. Y. (2019) ‘Nickel–

zeolite composite catalysts with metal nanoparticles selectively encapsulated 

in the zeolite micropores’, Journal of Materials Science, 54(7), pp. 5399–5411. 

Phung, T. K., Proietti Hernández, L., Lagazzo, A. and Busca, G. (2015) ‘Dehydration 

of ethanol over zeolites, silica alumina and alumina: Lewis acidity, Brønsted 

acidity and confinement effects’, Applied Catalysis A: General. Elsevier, 493, 

pp. 77–89. 



 

133 

Polshettiwar, V., Cha, D., Zhang, X. and Basset, J. M. (2010) ‘High -Surface-Area 

Silica Nanospheres (KCC-1) with a Fibrous Morphology’, Angewandte 

Chemie International Edition. Wiley-Blackwell, 49(50), pp. 9652–9656. 

Qian, M., Lei, H., Villota, E., Zhao, Y., Huo, E., Wang, C., Mateo, W. and Zou, R. 

(2021) ‘Enhanced production of renewable aromatic hydrocarbons for jet-fuel 

from softwood biomass and plastic waste using hierarchical ZSM-5 modified 

with lignin-assisted re-assembly’, Energy Conversion and Management. 

Pergamon, 236, p. 114020. 

Qiao, K., Zhou, F., Han, Z., Fu, J., Ma, H. and Wu, G. (2019) ‘Synthesis and 

physicochemical characterization of hierarchical ZSM-5: Effect of 

organosilanes on the catalyst properties and performance in the catalytic fast 

pyrolysis of biomass’, Microporous and Mesoporous Materials, 274, pp. 190–

197. 

Ravi, M., Sushkevich, V. L. and van Bokhoven, J. A. (2021) ‘On the location of Lewis 

acidic aluminum in zeolite mordenite and the role of framework-associated 

aluminum in mediating the switch between Brønsted and Lewis acidity’, 

Chemical Science. The Royal Society of Chemistry, 12(11), pp. 4094–4103. 

Reyniers, G. C., Froment, G. F., Kopinke, F.-D. and Zimmermann, G. (1994) ‘Coke 

Formation in the Thermal Cracking of Hydrocarbons. 4. Modeling of Coke 

Formation in Naphtha Cracking’, Industrial & Engineering Chemistry 

Research. American Chemical Society, 33(11), pp. 2584–2590. 

Rizwanul Fattah, I. M., Ong, H. C., Mahlia, T. M. I., Mof ijur, M., Silitonga, A. S., 

Rahman, S. M. A. and Ahmad, A. (2020) ‘State of the Art of Catalysts for 

Biodiesel Production   ’, Frontiers in Energy Research  , p. 101. 

Rodríguez-González, L., Hermes, F., Bertmer, M., Rodríguez-Castellón, E., Jiménez-

López, A. and Simon, U. (2007) ‘The acid properties of H-ZSM-5 as studied 

by NH3-TPD and 27Al-MAS-NMR spectroscopy’, Applied Catalysis A: 

General. Elsevier, 328(2), pp. 174–182. 

Rui, J., Lyu, J., Hu, H., Zhang, Q., Wang, Q. and Li, X. (2019) ‘Synthesized high -

silica hierarchical porous ZSM-5 and optimization of its reaction conditions in 

benzene alkylation with methanol’, Chinese Chemical Letters, 30(3), pp. 757–

761. 

Saceda, J.-J. F., Rintramee, K., Khabuanchalad, S., Prayoonpokarach, S., de Leon, R. 

L. and Wittayakun, J. (2012) ‘Properties of zeolite Y in various forms and 



 

134 

utilization as catalysts or supports for cerium oxide in ethanol oxidation’, 

Journal of Industrial and Engineering Chemistry, 18(1), pp. 420–424. 

Saxena, S. K. and Viswanadham, N. (2016) ‘Hierarchically nano porous nano 

crystalline ZSM-5 for improved alkylation of benzene with bio-ethanol’, 

Applied Materials Today, 5, pp. 25–32. 

Sazama, P., Pastvova, J., Kaucky, D., Moravkova, J., Rathousky, J., Jakubec, I. and 

Sadovska, G. (2018) ‘Does hierarchical structure affect the shape selectivity of 

zeolites? Example of transformation of n-hexane in hydroisomerization’, 

Journal of Catalysis, 364, pp. 262–270. 

Sen, R. and Swaminathan, T. (2004) ‘Response surface modeling and optimization to 

elucidate and analyze the effects of inoculum age and size on surfactin 

production’, Biochemical Engineering Journal. Elsevier, 21(2), pp. 141–148. 

Serra, R. M., Miró, E. E. and Boix, A. V. (2010) ‘FTIR study of toluene adsorption on 

Cs-exchanged mordenites’, Microporous and Mesoporous Materials. Elsevier, 

127(3), pp. 182–189. 

Setiabudi, H. D., Jalil, A. A. and Triwahyono, S. (2012) ‘Ir/Pt-HZSM5 for n-pentane 

isomerization: Effect of iridium loading on the properties and catalytic 

activity’, Journal of Catalysis, 294, pp. 128–135. 

Setiabudi, H. D., Jalil, A. A., Triwahyono, S., Kamarudin, N. H. N. and Jusoh, R. 

(2013) ‘Ir/Pt-HZSM5 for n-pentane isomerization: Effect of Si/Al ratio and 

reaction optimization by response surface methodology’, Chemical 

Engineering Journal, 217, pp. 300–309. 

Shahul Hamid, M. Y., Abdul Jalil, A., Abdul Rahman, A. F. and Tuan Abdullah, T. A. 

(2019) ‘Enhanced reactive CO2 species formation via V2O5-promoted 

Ni/KCC-1 for low temperature activation of CO2 methanation’, Reaction 

Chemistry & Engineering. The Royal Society of Chemistry, 4(6), pp. 1126–

1135. 

Shahul Hamid, M. Y., Triwahyono, S., Jalil, A. A., Che Jusoh, N. W., Izan, S. M. and 

Tuan Abdullah, T. A. (2018) ‘Tailoring the Properties of Metal Oxide 

Loaded/KCC-1 toward a Different Mechanism of CO2 Methanation by in Situ 

IR and ESR’, Inorganic Chemistry. American Chemical Society, 57(10), pp. 

5859–5869. 

Shen, Z., Ma, C., He, J., Wang, D., Sun, H., Zhu, Z. and Yang, W. (2019) ‘Preparation 

of a shaped core-shell structured binder-free ZSM-5 catalyst and its application 



 

135 

for benzene alkylation with ethylene’, Applied Catalysis A: General, 577, pp. 

20–27. 

Shi, H., Wang, X., Zheng, M., Wu, X., Chen, Y., Yang, Z., Zhang, G. and Duan, H. 

(2016) ‘Hot-Electrons Mediated Efficient Visible-Light Photocatalysis of 

Hierarchical Black Au–TiO2 Nanorod Arrays on Flexible Substrate’, Advanced 

Materials Interfaces. John Wiley & Sons, Ltd, 3(22), p. 1600588. 

Shi, Y., Xing, E., Xie, W., Zhang, F., Mu, X. and Shu, X. (2016) ‘Shape selectivity of 

beta and MCM-49 zeolites in liquid-phase alkylation of benzene with 

ethylene’, Journal of Molecular Catalysis A: Chemical. Elsevier B.V., 418–

419, pp. 86–94. 

Siang, T. J., Jalil, A. A., Hamid, M. Y. S., Abdulrasheed, A. A., Abdullah, T. A. T. 

and Vo, D.-V. N. (2020) ‘Role of oxygen vacancies in dendritic fibrous 

M/KCC-1 (M = Ru, Pd, Rh) catalysts for methane partial oxidation to H2-rich 

syngas production’, Fuel, 278, p. 118360. 

Sidik, S. M., Triwahyono, S., Jalil, A. A., Majid, Z. A., Salamun, N., Talib, N. B. and 

Abdullah, T. A. T. (2016) ‘CO2 reforming of CH4 over Ni–Co/MSN for syngas 

production: Role of Co as a binder and optimization using RSM’, Chemical 

Engineering Journal, 295, pp. 1–10. 

Singh, R. P., Kamble, R. M., Chandra, K. L., Saravanan, P. and Singh, V. K. (2001) 

‘An efficient method for aromatic Friedel–Crafts alkylation, acylation, 

benzoylation, and sulfonylation reactions’, Tetrahedron. Pergamon, 57(1), pp. 

241–247. 

Somorjai, G. A. and Li, Y. (2010) Introduction to Surface Chemistry and Catalysis. 

2nd edn. John Wiley & Sons, Inc. 

Song, A., Ma, J., Xu, D. and Li, R. (2015) ‘Adsorption and Diffusion of Xylene 

Isomers on Mesoporous Beta Zeolite’, Catalysts . 

Song, L., Yu, Y., Li, Z., Guo, S., Zhao, L. and Li, W. (2014) ‘Side-chain alkylation of 

toluene with methanol over Zn-modified KX zeolite’, Journal of the Brazilian 

Chemical Society, 25(8), pp. 1346–1354. 

Symoens, S. H., Olahova, N., Muñoz Gandarillas, A. E., Karimi, H., Djokic, M. R., 

Reyniers, M.-F., Marin, G. B. and Van Geem, K. M. (2018) ‘State-of-the-art 

of Coke Formation during Steam Cracking: Anti-Coking Surface 

Technologies’, Industrial & Engineering Chemistry Research . American 

Chemical Society, 57(48), pp. 16117–16136. 



 

136 

Tan, W., Liu, M., Zhao, Y., Hou, K., Wu, H., Zhang, A., Liu, H., Wang, Y., Song, C. 

and Guo, X. (2014) ‘Para-selective methylation of toluene with methanol over 

nano-sized ZSM-5 catalysts: Synergistic effects of surface modifications with 

SiO2, P2O5 and MgO’, Microporous and Mesoporous Materials, 196, pp. 18–

30. 

Tarach, K. A., Góra-Marek, K., Martinez-Triguero, J. and Melián-Cabrera, I. (2017) 

‘Acidity and accessibility studies of desilicated ZSM-5 zeolites in terms of 

their effectiveness as catalysts in acid-catalyzed cracking processes’, Catalysis 

Science & Technology. The Royal Society of Chemistry, 7(4), pp. 858–873. 

Teh, L. P., Triwahyono, S., Jalil, A. A., Firmansyah, M. L., Mamat, C. R. and Majid, 

Z. A. (2016) ‘Fibrous silica mesoporous ZSM-5 for carbon monoxide 

methanation’, Applied Catalysis A: General, 523, pp. 200–208. 

Teh, L. P., Triwahyono, S., Jalil, A. A., Mamat, C. R., Sidik, S. M., Fatah, N. A. A., 

Mukti, R. R. and Shishido, T. (2015) ‘Nickel-promoted mesoporous ZSM5 for 

carbon monoxide methanation’, RSC Advances. The Royal Society of 

Chemistry, 5(79), pp. 64651–64660. 

Teketel, S., Lundegaard, L. F., Skistad, W., Chavan, S. M., Olsbye, U., Lillerud, K. P., 

Beato, P. and Svelle, S. (2015) ‘Morphology-induced shape selectivity in 

zeolite catalysis’, Journal of Catalysis, 327, pp. 22–32. 

Triwahyono, S., Jalil, A. A., Izan, S. M., Jamari, N. S. and Fatah, N. A. A. (2019) 

‘Isomerization of linear C5–C7 over Pt loaded on protonated fibrous silica@Y 

zeolite (Pt/HSi@Y)’, Journal of Energy Chemistry, 37, pp. 163–171. 

Triwahyono, S., Jalil, A. A., Mukti, R. R., Musthofa, M., Razali, N. A. M. and Aziz, 

M. A. A. (2011) ‘Hydrogen spillover behavior of Zn/HZSM-5 showing 

catalytically active protonic acid sites in the isomerization of n-pentane’, 

Applied Catalysis A: General, 407(1), pp. 91–99. 

Triwahyono, S., Jalil, A. A. and Musthofa, M. (2010) ‘Generation of protonic acid 

sites from pentane on the surfaces of Pt/SO4
2−-ZrO2 and Zn/H-ZSM5 

evidenced by IR study of adsorbed pyridine’, Applied Catalysis A: General. 

Elsevier, 372(1), pp. 90–93. 

Vos, A. M., Rozanska, X., Schoonheydt, R. A., van Santen, R. A., Hutschka, F. and 

Hafner, J. (2001) ‘A Theoretical Study of the Alkylation Reaction of Toluene 

with Methanol Catalyzed by Acidic Mordenite’, Journal of the American 

Chemical Society. American Chemical Society, 123(12), pp. 2799–2809. 



 

137 

Wang, D., Li, Y., Zhao, Y., Ji, D., Dong, P. and Li, G. (2021) ‘Study on the reaction 

strategy of directional alkylation fulfilled by controlling the adsorption pose of 

benzene and methanol in space with Ru/HZSM-5’, BMC Chemistry, 15(1), p. 

35. 

Wang, D., Wang, C. M., Yang, G., Du, Y. J. and Yang, W. M. (2019) ‘First-principles 

kinetic study on benzene alkylation with ethanol vs. ethylene in H-ZSM-5’, 

Journal of Catalysis. Academic Press, 374, pp. 1–11. 

Wang, Q., Han, W., Hu, H., Lyu, J., Xu, X., Zhang, Q., Wang, H. and Li, X. (2017a) 

‘Influence of the post-treatment of HZSM-5 zeolite on catalytic performance 

for alkylation of benzene with methanol’, Chinese Journal of Chemical 

Engineering, 25(12), pp. 1777–1783. 

Wang, Q., Han, W., Lyu, J., Zhang, Q., Guo, L. and Li, X. (2017b) ‘In situ 

encapsulation of platinum clusters within H-ZSM-5 zeolite for highly stable 

benzene methylation catalysis’, Catalysis Science & Technology. The Royal 

Society of Chemistry, 7(24), pp. 6140–6150. 

Wang, X., Xu, J., Qi, G., Li, B., Wang, C. and Deng, F. (2013) ‘Alkylation of Benzene 

with Methane over ZnZSM-5 Zeolites Studied with Solid-State NMR 

Spectroscopy’, The Journal of Physical Chemistry C. American Chemical 

Society, 117(8), pp. 4018–4023. 

Wang, Y., He, X., Yang, F., Su, Z. and Zhu, X. (2020) ‘Control of Framework 

Aluminum Distribution in MFI Channels on the Catalytic Performance in 

Alkylation of Benzene with Methanol’, Industrial & Engineering Chemistry 

Research. American Chemical Society, 59(30), pp. 13420–13427. 

Wang, Y., Liu, M., Zhang, A., Zuo, Y., Ding, F., Chang, Y., Song, C. and Guo, X. 

(2017c) ‘Methanol Usage in Toluene Methylation over Pt Modified ZSM-5 

Catalyst: Effects of Total Pressure and Carrier Gas’, Industrial & Engineering 

Chemistry Research. American Chemical Society, 56(16), pp. 4709–4717. 

Wen, Z., Zhu, H. and Zhu, X. (2020) ‘Density Functional Theory Study of the Zeolite-

Catalyzed Methylation of Benzene with Methanol’, Catalysis Letters, 150(1), 

pp. 21–30. 

Wong, K. S., Vazhnova, T., Rigby, S. P. and Lukyanov, D. B. (2013) ‘Temperature 

effects in benzene alkylation with ethane into ethylbenzene over a PtH-MFI 

bifunctional catalyst’, Applied Catalysis A: General, 454, pp. 137–144. 



 

138 

Wu, H., Liu, M., Tan, W., Hou, K., Zhang, A., Wang, Y. and Guo, X. (2014) ‘Effect 

of ZSM-5 zeolite morphology on the catalytic performance of the alkylation of 

toluene with methanol’, Journal of Energy Chemistry, 23(4), pp. 491–497. 

Wu, H., Wang, L., Ji, G., Lei, H., Qu, H., Chen, J., Wang, F. and Liu, J. (2020) 

‘Renewable production of nitrogen-containing compounds and hydrocarbons 

from catalytic microwave-assisted pyrolysis of chlorella over metal-doped 

HZSM-5 catalysts’, Journal of Analytical and Applied Pyrolysis. Elsevier 

B.V., 151, p. 104902. 

Wu, J., Li, T., Meng, G., Xiang, Y., Hai, J. and Wang, B. (2021) ‘Carbon nanofiber 

supported Ni–ZnO catalyst for efficient and selective hydrogenation of 

pyrolysis gasoline’, Catalysis Science & Technology. The Royal Society of 

Chemistry, 11(12), pp. 4216–4225. 

Xu, C., Liu, H., Jia, M., Guan, J., Wu, S., Wu, T. and Kan, Q. (2011) ‘Methane non-

oxidative aromatization on Mo/ZSM-5: Effect of adding 

triethoxyphenylsilanes into the synthesis system of ZSM-5’, Applied Surface 

Science, 257(7), pp. 2448–2454. 

Xue, Z., Ma, J., Zheng, J., Zhang, T., Kang, Y. and Li, R. (2012) ‘Hierarchical structure 

and catalytic properties of a microspherical zeolite with intracrystalline 

mesopores’, Acta Materialia, 60(16), pp. 5712–5722. 

Yarulina, I., Goetze, J., Gücüyener, C., van Thiel, L., Dikhtiarenko, A., Ruiz-Martinez, 

J., Weckhuysen, B. M., Gascon, J. and Kapteijn, F. (2016) ‘Methanol-to-

olefins process over zeolite catalysts with DDR topology: effect of 

composition and structural defects on catalytic performance’, Catalysis 

Science & Technology. The Royal Society of Chemistry, 6(8), pp. 2663–2678. 

Yilmaz, B., Müller, U., Feyen, M., Maurer, S., Zhang, H., Meng, X., Xiao, F.-S., Bao, 

X., Zhang, W., Imai, H., Yokoi, T., Tatsumi, T., Gies, H., De Baerdemaeker, 

T. and De Vos, D. (2013) ‘A new catalyst platform: zeolite Beta from template-

free synthesis’, Catalysis Science & Technology. The Royal Society of 

Chemistry, 3(10), pp. 2580–2586. 

Yu, H., Li, F., He, W., Song, C., Zhang, Y., Li, Z. and Lin , H. (2020) ‘Synthesis of 

micro-mesoporous ZSM-5 zeolite with microcrystalline cellulose as co-

template and catalytic cracking of polyolefin plastics’, RSC Advances. Royal 

Society of Chemistry, 10(37), pp. 22126–22136. 



 

139 

Yun, H., Meng, J., Li, G. and Dong, P. (2020) ‘The miracle role of lattice imperfections 

in benzene alkylation with methanol over mordenite’, Journal of the Chinese 

Chemical Society. John Wiley & Sons, Ltd, 67(8), pp. 1423–1430. 

Zaki, M. I., Hasan, M. A., Al-Sagheer, F. A. and Pasupulety, L. (2001) ‘In situ FTIR 

spectra of pyridine adsorbed on SiO2–Al2O3, TiO2, ZrO2 and CeO2: general 

considerations for the identification of acid sites on surfaces of finely divided 

metal oxides’, Colloids and Surfaces A: Physicochemical and Engineering 

Aspects. Elsevier, 190(3), pp. 261–274. 

Zhang, Z., Wu, J., Li, B., Xu, H. and Liu, D. (2019) ‘Removal of elemental mercury 

from simulated flue gas by ZSM-5 modified with Mn-Fe mixed oxides’, 

Chemical Engineering Journal, 375, p. 121946. 

Zhao, L., Qin, H., Wu, R. and Zou, H. (2012) ‘Recent advances of mesoporous 

materials in sample preparation’, Journal of Chromatography A, 1228, pp. 

193–204. 

Zhao, X., Shi, X., Chen, Z., Xu, L., Dai, C., Zhang, Y., Guo, X., Yang, D. and Ma, X. 

(2021) ‘Efficient conversion of benzene and syngas to toluene and xylene over 

ZnO-ZrO2&H-ZSM-5 bifunctional catalysts’, Chinese Journal of Chemical 

Engineering. Elsevier. 

Zhao, Y., Li, T., Meng, X., Wang, Hongyan, Zhang, Y., Wang, Hui and Zhang, S. 

(2019) ‘Improvement of product distribution through enhanced mass transfer 

in isobutane/butene alkylation’, Chemical Engineering Research and Design, 

143, pp. 190–200. 

Zhou, F., Gao, Y., Ma, H., Wu, G. and Liu, C. (2017) ‘Catalytic aromatization of 

methanol over post-treated ZSM-5 zeolites in the terms of pore structure and 

acid sites properties’, Molecular Catalysis, 438, pp. 37–46. 

Zhu, Z., Chen, Q., Xie, Z., Yang, W. and Li, C. (2006) ‘The roles of acidity and 

structure of zeolite for catalyzing toluene alkylation with methanol to xylene’, 

Microporous and Mesoporous Materials. Elsevier, 88(1–3), pp. 16–21. 

 

 

 

 

 

 



 

149 

LIST OF PUBLICATIONS 

Journal with Impact Factor 

1. Rahman, A.F.A., Jalil, A.A., Siang, T.J., Aziz, M.A.H., Abdullah, T.A.T., 

Mohamed, M. Mechanistic insight into low temperature toluene production via 

benzene methylation over mesopore-rich fibrous silica HZSM-5 zeolite. J 

Porous Mater (2021). (Q2, IF: 2.496) 

2. Rahman, A.F.A., Jalil, A.A., Hamid., M.Y.S., Ijaz Hussain, Hassan, N.S., Asif 

Hussain Khoja. Improved ethylbenzene suppression and coke-resistance on 

benzene methylation over metals doped fibrous silica-HZSM-5 zeolite. 

Molecular Catalysis (Under Revision). 

 

Indexed Journal 

1. Rahman, A.F.A., Jalil, A.A., Hitam, C.N.C., Hassan, N.S., Mohamed, M., 

Hambali, H.U. (2021) Influence of dendrimeric silica BEA zeolite towards 

acidity and mesoporosity for enhanced benzene methylation. Materials Today: 

Proceedings. 42, 211-216. (Indexed by Web of Science) 

 

Non-indexed Journal 

1. Rahman, A.F.A., Jalil, A.A., Jusoh, N.W.C., Mohamed, M., Fatah, N.A.A., 

Hambali, H.U. (2020) Shape selective alkylation of benzene with methanol over 

different zeolite catalysts. Materials Science and Engineering. 808, 012003. 

 

Non-indexed Conference Proceedings 

1. Rahman, A.F.A., Jalil, A.A., Triwahyono, S., Mohamed, M., Fatah, N.A.A., 

Hassan, N.S., Khusnun, N.F. “A review on ZSM-5 acidity modification for 

enhancement of benzene alkylation”. 7 th International Graduate Conference on 

Engineering, Science and Humanities, IGCESH 2018, UTM Johor, Malaysia, 

13-15 August 2018. 

2. Rahman, A.F.A., Jalil, A.A., Fatah, N.A.A., Hitam, C.N.C.  “Synthesis of 

fibrous-silica HZSM-5 for enhanced benzene methylation”. 5th International 



 

150 

Conference of Chemical Engineering & Industrial Biotechnology, ICCEIB 2020, 

Virtual Conference, 9-11 August 2020. 


	fc2ce33166bd7ab543ed0de1b1e297ae7d382fff95b9cc8b8d72deec8c7a5566.pdf
	Template Tesis UTM v2.0

	BAHAGIAN A – Pengesahan Kerjasama*
	fc2ce33166bd7ab543ed0de1b1e297ae7d382fff95b9cc8b8d72deec8c7a5566.pdf



