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ลิ ก โ น เ ซ ล ลู โ ล ส ส่ ว น ใ ห ญ่ ป ร ะ ก อ บ ด ้ ว ย เ ซ ล ลู โ ล ส 

ซึง่สามารถถูกเปลี่ยนใหเ้ป็นสารเคมีมูลค่าสูงผ่านกระบวนการทางเคมีความรอ้นต่าง ๆ เช่น 

การเรง่ปฏิกริยิาดพีอลิเมอไรเซชนั ดีไฮเดรชนัทีเ่รง่ปฏกิริยิาดว้ยกรด ไพโรไลซสิ แกซฟิิเคชนั 

ฯลฯ เพือ่การพฒันาทีย่ ั่งยืนและเศรษฐกจิฐานชวีภาพ 5-ไฮดรอกซเีมทลิเฟอรฟิ์วรอล (HMF) 

เป็นหน่ึงในสารเคมีชวีภาพที่มีศกัยภาพที่สามารถผลติขึน้ไดโ้ดยตรงจากลกิโนเซลลูโลสผ่าน

การเรง่ปฏกิริยิาดพีอลเิมอไรเซชนัและ/หรอืดไีฮเดรชนัทีเ่รง่ปฏิกริยิาดว้ยกรดโดยใชต้วัเรง่ปฏิกิ

รยิาแบบสองหน้าที่ส าหรบัการผลิตผลิตภณัฑห์มุนเวียนต่างๆ โปรโตนิกซโีอไลต  ์(protonic 

zeolites) เป็นตัวเร่งปฏิกิรยิาชนิดกรดที่ท างานไดส้องหน้าที่ และมีสมบัติที่โดดเด่น  คือ 

พื ้น ที่ ผิ ว จ า เพ า ะ สู งท า ให ้โม เล กุ ล ข อ งส ารแพ ร่ เข ้า แล ะอ อ ก จ ากรูพ รุน ได ้ ง่ าย 

และสมบตัคิวามเป็นกรดที่สามารถควบคุมไดง่้ายดว้ยกระบวนการหลงัการสงัเคราะหห์รอืกระบ

วนการดดัแปร งานวจิยันีใ้ชซ้โีอไลตเ์กรดการคา้ 3 ชนิด ไดแ้ก่ H-ZSM-5 (อตัราส่วนโดยโมล 

SiO2/Al2O3 เท่ากบั 24), H-USY (อตัราส่วนโดยโมล SiO2/Al2O3 เท่ากบั 6) และ H-Beta 

(อั ต ร า ส่ ว น โ ด ย โ ม ล  SiO2/Al2O3 เ ท่ า กั บ  28) 

เป็นวสัดุตัง้ตน้ส าหรบัการเตรยีมตวัเรง่ปฏิกริยิาชนิดกรดแบบสองหนา้ทีส่ าหรบัปฏิกริยิาดีไฮเด

ร ช ั น โ ด ย ต ร ง ข อ ง ก ลู โ ค ส แ ล ะ ก า ร เ ป ลี่ ย น เ ซ ล ลู โ ล ส เ ป็ น 

HMFใน ขั้ น ต อน เดี ย ว ใน ตั วท าล ะล ายสอ งวัฏ ภ าค  (น ้ า /เต ต ร ะไฮ โด รฟิ วแ รน ) 

วั ส ดุ ซ ี โ อ ไ ล ต ์ตั้ ง ต ้ น ถู ก ดั ด แ ป ร ส ภ า พ ก ร ด ด ้ ว ย ส า ร ล ะ ล า ย ก ร ด ไ น ต ริ ก 

และถูกดัดแปรเพิ่มเติมดว้ยดีบุก (tin)  โดยใชส้ารตั้งตน้เป็นทินคลอไรค  ์(SnCl4.H2O) 

แมว่้าการดัดแปรสภาพกรดจะท าใหส้ัดส่วนองคป์ระกอบของธาตุ  สมบัติทางกายภาพ 

แ ล ะ สั ณ ฐ า ณ วิ ท ย า ข อ ง ซี โ อ ไ ล ต ์ มี ก า ร เป ลี่ ย น แ ป ล ง เพี ย ง เ ล็ ก น้ อ ย 

แต่ปรมิาณกรดรวมและการกระจายตัวของต าแหน่งกรดเปลี่ยนแปลงไปอย่างมีนัยส าคัญ 

การดดัแปรสภาพกรดของ H-ZSM-5 ดว้ยสารละลายกรดไนตรกิที่มคีวามเขม้ขน้ 0.1 โมลาร ์

ส กั ด อ ะ ลู มิ เ นี ย ม น อ ก โ ค ร ง ข่ า ย  (non-framework) 

ออ กจ าก ซี โ อ ไลต ์พ ร อ้ ม กัน กับ ก าร เกิ ด ไฮ โด ร ไลซิส ข อ งโค ร งข่ าย ซี โ อ ไล ต  ์

ส่งผลใหส้ดัส่วนของโครงข่ายอะลูมิเนียมที่ไม่อิ่มตวัและปรมิาณต าแหน่งกรดลิวอิสเพิ่มขึน้ 

จ า ก ก า ร วิ เ ค ร า ะ ห ์ ด ้ ว ย เ ท ค นิ ค  UV-vis spectroscopy 

พ บ ว่ า ดี บุ ก ส่ ว น ใ ห ญ่ เ ก า ะ อ ยู่ น อ ก โ ค ร ง ข่ า ย ซี โ อ ไ ล ต  ์

ซึง่ช่วยเพิ่มสภาพกรดอ่อนและปรมิาณกรดรวมของตัวเร่งปฏิกิรยิาซ ีโอไลต  ์H-ZSM-5 

ที่ถูกดดัแปรสภาพกรดดว้ยสารละลายกรดไนตรกิที่มีความเขม้ขน้ 0.1 โมลาร ์(0.1DeAl.H-

ZSM-5) เป็น ตัว เร่งปฏิกิ ร ิยาที่ เหมาะสมส าหร ับการดี ไฮ เดรช ัน กลู โคสเป็น  HMF 

โดยใหก้ารเปลีย่นกลูโคสและผลไดข้อง HMFเท่ากบั รอ้ยละ >99 และ รอ้ยละ 64.7 ตามล าดบั 

นอกจากนั้น การดดัแปรดว้ยการเพิ่มดีบุกในปรมิาณรอ้ยละ 3.84 โดยน ้าหนักของซโีอไลต ์

(3.84wt%Sn-0.1DeAl.H-ZSM-5) ใ น ก า ร สั ง เ ค ร า ะ ห ์  HMFจ า ก ก ลู โ ค ส 

ท าให ้ได ้การเปลี่ยนกลูโคสและผลได ้ของ HMF เท่ากับ  รอ้ยละ 84 และ รอ้ยละ 62.3 

ต า ม ล า ดั บ  ที่ ก า ร เ ลื อ ก จ า เ พ า ะ ข อ ง  HMF เ ท่ า กั บ  ร ้ อ ย ล ะ  74.3 

สามารถน ากลบัมาใชใ้หม่ไดด้ีภายใตส้ภาวะที่เหมาะสม อีกทัง้การดดัแปรซโีอไลต ์H-USY 

ดว้ยการเพิ่มดีบุกในปรมิาณรอ้ยละ 7 โดยน ้าหนักของซีโอไลต  ์(7wt%Sn-0.1DeAl.H-

ZSM-5) ใ น ก า ร เ ป ลี่ ย น แ บ บ ขั้ น ต อ น เ ดี ย ว ข อ ง เ ซ ล ลู โ ล ส เ ป็ น  HMF 

ใหก้ารเปลีย่นเซลลูโลสและผลไดข้อง HMFเท่ากบั รอ้ยละ >99 และ รอ้ยละ 76.1 ตามล าดบั 
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ZEOLITE CATALYSTS IN A BIPHASIC SOLVENT SYSTEM. Advisor: 

Prof. Chawalit Ngamcharussrivichai, Ph.D. Co-advisor: Prof. Umer 

Rashid, Ph.D. 

  

Lignocellulosic biomass mainly composed of cellulose which can be 

transformed through various thermochemical processes such as catalytic 

depolymerization, acid-catalyzed dehydration, pyrolysis, gasification, etc., into 

high-value chemicals for sustainable development and bio-based economy. 5-

Hydroxymethylfurfural (HMF) is one of the potential platform bio-chemicals that 

can be obtained directly from lignocellulosic biomass via catalytic 

depolymerization and/or acid-catalyzed dehydration using a bifunctional catalyst 

for the manufacture of various renewable products. Protonic zeolites are 

bifunctional solid acid catalysts and are well known for their remarkable properties. 

Their large surface area could enable molecules to diffuse in and out of their pore 

systems. Moreso, their acidic properties can be easily controlled by various post-

synthesis or modification procedures.  In this project, three protonic commercial 

zeolites namely, H-ZSM-5 (SiO2/Al2O3 ratio 24), H-USY (SiO2/Al2O3 ratio 6), and 

H-Beta (SiO2/Al2O3 ratio of 28) were used as a starting material for preparing a 

series of acid catalysts with bifunctionality for direct dehydration of glucose and 

one-pot conversion of cellulose to HMF in a biphasic water/tetrahydrofuran system. 

The pristine zeolites were mildly dealuminated by refluxing with dilute nitric acid 

solutions to adjust their acid properties and were further modified with tin metal 

using tin precursor, SnCl4.H2O. Although the acid treatment slightly altered the 

elemental composition, textural properties, and morphology of the zeolites, the total 

acidity and distribution of acid sites were significantly modified. Using 0.1 M acid-

treated H-ZSM-5 as a reference, some non-framework aluminum (Al) oxide 

clusters were removed from the parent zeolite simultaneously with partial 

hydrolysis of the zeolitic framework. An increased fraction of coordinatively 

unsaturated framework Al species enhanced the number of Lewis acid sites. UV-vis 

spectroscopy revealed that tin was incorporated mostly at extraframework sites, 

thereby enhancing the weak acid sites and the overall total acidities of the zeolite 

catalysts. Using 0.1 M solution in the treatment process with H-ZSM-5 zeolite 

provided a suitable catalyst (0.1DeAl.H-ZSM-5) for glucose dehydration to HMF, 

giving the glucose conversion and HMF yield of >99% and 64.7%. Moreso, further 

modification with tin by using a weight of 3.84wt% on the 0.1DeAl.H-ZSM-5 

zeolite provided a selective catalyst (3.84wt%Sn-0.1DeAl.H-ZSM-5) for  HMF 

synthesis from glucose, achieving a glucose conversion and HMF yield of ~84% 

and 62.3% at HMF selectivity of 74.3%, respectively, with good reusability under 

the optimized reaction conditions. 

Using a tin weight of 7 wt% on 0.1 M acid-treated  H-USY zeolite induced 

a very efficient and acidic catalyst (7wt%Sn-0.1DeAl.H-USY) for one-pot 

conversion of cellulose to HMF, obtaining a total cellulose conversion and HMF 

yield of 76.1%. These results explain the industrial potential of the proposed 

methods for the simple but efficient post-synthesis of protonic zeolite catalysts for 

producing HMF from cellulose and glucose 
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CHAPTER 1 

INTRODUCTION 

1.1. Background 

Fossil feedstock has been the primary energy source in the chemical and 

petrochemical industries and everyday life since the 18th century. The chemical and 

petrochemical industries utilize the raw materials arising from this feedstock such as 

crude oil, natural gas, coal, etc., and transform them into essential products for 

modern utilization.  They originate from the anaerobic decomposition of remains of 

dead plants and animals which are processed to generate heat energy, electricity, 

transportation, jet fuels, chemicals, etc. 

According to the year 2019 reports, fossil fuels account for eighty-four (84%) of the 

major energy consumption and sixty-four (64%) of electricity worldwide and they 

have also been reported to cause severe environmental consequences. Carbon dioxide, 

which is a major greenhouse gas is generated from their utilizations, which accounts 

for 80% proportion, and has been estimated around thirty-five (35) billion tons that 

are emitted into the atmosphere per year [1]. 

The major cause of global warming and climate change emanates from fossil fuel 

consumption, coupled with environmental and air pollution arising from their 

particulates and noxious gas emissions. From a global sustainability perspective, apart 

from their recognition of global warming and climate crisis impacts, they have been 

projected to go into extinction or limited supply in the future and have led to world-

spread research for sustainable energy as an alternative, to put halt to their utilization. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2 

Biomass feedstocks have drawn a lot of attention as a potential alternative for 

producing high-value chemicals and liquid fuels to address these concerns and lessen 

reliance on fossil feedstock. One of the ways to solve this challenge is the 

development of modern biorefineries. Interestingly, through photosynthesis, this 

biomass feedstock utilizes carbon dioxide that converts it to sugars and their 

polymers.  

Biomass consists mainly of lignocellulose which can be classified into three (3) 

categories, and other components. 

❖ Cellulose accounts for 40–50% and makes up the higher percentage of 

lignocellulosic biomass, consisting of linear chains of numerous hundreds to 

thousands of units of glucose monomers. They are an important structural 

component of the plant cell that provides rigidity and support, which are mainly 

connected by intra-molecular hydrogen bonds. Most of this feedstock is derived 

from plants such as cotton, woody trees, grasses, crops, etc., and partly from animal 

waste, municipal solid waste, etc. Through conventional processes such as acid or 

enzyme hydrolysis, fermentation, pyrolysis, gasification, etc., they can be 

transformed into fuels like ethanol, and biodiesel; power such as heat and 

electricity; chemicals products like plastics, resins, foams, solvents, adhesives, 

paints, chemical intermediates, etc.  

❖ Hemicellulose makes up 16–33% of plant cells and is a branched short-chain 

polymer consisting of five hundred to three thousand units of diverse sugar 

monomers such as glucose, xylose, galactose, mannose, arabinose, etc. They 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 3 

contribute to the plant cell by providing strength and serve as middle-ground 

support by interacting with cellulose and lignin. 

❖ Lastly, lignin makes up 25-30% of plant dry matter and is mostly found in wood. 

They are majorly organic polymers cross-linked by phenolic precursors such as 

coniferyl alcohol, sinapyl alcohol, etc., and help in providing rigidity to plant cell 

walls. 

 

 

Figure 1.1. Diagrammatic representation of lignocellulosic biomass composition. 

 

The minor components of biomass include oils, terpenes, and other minerals. Plants 

such as flax or sunflowers produce seeds where oil can be easily extracted by 

transforming them into biodiesel through a process known as transesterification. 

An important step towards creating a potential alternative to the current fossil-based 

products is the development of efficient bio-refineries to produce high-value 

chemicals. One of these platform chemicals is 5-hydroxymethylfurfural, which has 

piqued the interest of many researchers.  
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Due to the advantageous effects of the active functional groups present, the US 

Department of Energy reported 5-hydroxymethylfurfural (HMF) as a major platform 

chemical to various high-value chemicals and biofuels derived from lignocellulosic 

biomass in 2004. Figure 1.2 shows how hydrogenation and/or hydrodeoxygenation of 

HMF can be used to produce 2,5-dimethylfuran, a biofuel, and high-quality liquid fuel 

additive. Hydration of HMF can be used to produce levulinic acid, which is used in 

pharmaceuticals and is a precursor to ethyl levulinate, a fuel additive [2,3]. 

Furthermore, via aldol condensation of furfural and HMF with cyclic ketones [4,5], 

among other methods, bio-derived or bio-jet oil could be created directly. 

 

 

 

Figure 1.2. Schematic representation of high-value chemicals derived from HMF. 

The synthesis of HMF involves three reaction steps from cellulose, as shown in 

Figure 1.3. The first step involves cellulose hydrolysis or depolymerization which is 

promoted by Brønsted acid sites and results in the production of glucose. The second 

step involves the isomerization of glucose to fructose, via 1,2-intramolecular hydride 
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shift, which Lewis acidity promotes, and the third step requires the dehydration of 

fructose to HMF, through the removal of three (3) molecules of water, also promoted 

by Brønsted acid [6,7].  

 

Figure 1.3. Reaction pathways to produce HMF from cellulose. 

A growing interest has been shown in heterogeneous solid acid catalysts for the 

selective transformation of lignocellulosic biomass to high-value chemicals due to 

their simplicity in product separation, ease of recovery, and lack of equipment 

corrosion over other catalytic systems. Additionally, these catalytic systems allow for 

the performance of reactions in benign circumstances. Among the family of these 

catalysts is zeolite.  

Zeolites are hydrated aluminosilicate materials that have a tetrahedral structure made 

of four oxygen atoms surrounding either aluminum or silicon cation. They are 

superior to other catalytic systems in many ways. They have the advantage of 

exhibiting or producing mesoporosity, which facilitates the diffusion of desired 

molecules inside their framework. They are known to be highly ordered microporous 

materials. They exhibit excellent ion-exchange capacity, which enables the use of 

various techniques to adjust their acid ratios, they possess good hydrothermal 
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stability, and the benefit of easy regeneration after thermal treatment. They also 

possess both Brønsted and Lewis acidity, which are necessary for lignocellulosic 

biomass degradation to value-added chemicals. Due to these qualities, they are highly 

sought-after in heterogeneous catalysis for the socio- and economically viable use of 

biomass for the synthesis of platform chemicals such as 5-hydroxymethylfurfural. 

1.2. Research objectives and scope of work 

This thesis aims to study the catalytic efficiency of zeolite catalysts namely, H-ZSM-

5, H-Beta, and H-USY, for the conversion of glucose and cellulose into 5-

hydroxymethylfurfural for industrial applications. 

The objective is to prepare the modified forms of commercial zeolites for high-yield 

synthesis of HMF from glucose and cellulose. Furthermore, using the modified zeolite 

catalysts to investigate the effects of reaction conditions on glucose and cellulose 

conversion into HMF in a biphasic solvent system. 

First, the post-synthesis of H-ZSM-5, H-Beta, and H-USY zeolites with different 

Si/Al mole ratios will be studied by acid dealumination and tin incorporation. 

Second, the physicochemical properties of the catalysts will be characterized using 

Powder XRD, WDXRF, NH3-TPD, Nitrogen Physisorption, Solid-state NMR, Py-

FTIR, UV visible spectroscopy, and SEM. 

Third, the optimum reaction conditions (catalyst loading, reaction temperature, 

reaction time, and substrate weight) will be investigated over the most effective 

catalyst(s). 

Finally, the data will be analyzed, and the results will be concluded. 
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1.3. Thesis structure 

The remaining chapters 2 to 7 discuss the development and utilization of zeolite 

catalysts, specifically the three selected zeolite samples (H-ZSM-5, H-Beta, and H-

USY) for the catalytic conversion of glucose and cellulose into 5-

hydroxymethylfurfural, detailing the new findings obtained from this work. 

❖ Chapter 2 discusses zeolites as solid acid catalysts, their types, properties, 

structures, and utilization together with their synthesis and post-synthesis routes, 

and physiochemical characterizations. Furthermore, this chapter includes literature 

reviews of some of the works that have been done on glucose dehydration and 

cellulose hydrolysis to HMF utilizing zeolite catalysts. 

❖ Chapter 3 contains the experimental work, materials, and chemicals used, 

procedures used in preparing and synthesizing the zeolite catalysts together with 

the techniques used for their characterizations. 

❖ Chapters 4–6 detail the result and discussion of the new findings discovered from 

this study and the data obtained.  

❖ Lastly, chapter 7 presents the conclusion drawn from this study and future 

recommendations on the new findings relevant to the aim of this research. 
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CHAPTER 2 

THEORY AND LITERATURE REVIEW 

2.1. Zeolites  

In the year 1756, the word zeolite was first used by a Swedish researcher, Axel 

Fredrik Cronstedt, when a certain amount of steam was generated from a material 

during the process of fast rapid heating. The material was known to be stilbite. The 

release of the vapor was concluded to emanate from the adsorption of water that 

initially took place on the material. As a result of this observation, the mineralogist 

device the name zeolite, which originates from the Greek word “zeo” which means 

“to boil” and “lithos” which refers to “stone”. After the discovery by Axel, forty (40) 

other types of natural zeolites e.g., chabazite, clinoptilolite, natrolite, analcime, 

Phillipsite, etc. (Table 2.1). have been discovered, where most have low Si/Al mole 

ratios because of the absence of structure directing agents necessary for siliceous 

zeolites formation. More so, more than two hundred zeolites have been artificially 

synthesized because of these discoveries. Mordenite (MOR) and Clinoptilolite (HEU) 

are the two natural zeolites that have found application in industries. They find use in 

soil remediation, horticulture, and agronomy to ameliorate the physical and chemical 

properties of soil, they are used in treating effluents containing radioactive pollutants 

or as molecular sieves or other heavy metals. Naturally occurring zeolites can be 

utilized as catalysts but due to their high content of impurities and low surface areas, 

their catalytic activity is limited. 
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Table 2.1. Some natural zeolites and their properties. 

Name 
IZA 

code 

Si/Al 

ratio 

Channel 

size 
Cations Crystal shape 

Chabazite CHA 1.4 – 4.0 0.38 Na, K, Ca Rhombohedral or triclinic 

Clinoptilolite HEU 4.0 – 5.7  0.31 x 0.75 Na, K, Ca Monoclinic 

Analcime ANA 1.5 – 2.8  0.16 x 0.42 Na Cubic 

Phillipsite PHI 1.1 – 3.3  0.38 Na, K, Ca Monoclinic 

Erionite ERI 2.6-3.8 0.36 x 0.51 Na, K, Ca Hexagonal 

Ferrierite FER 4.9 – 5.7 0.42 x 0.54 Ca Orthorhombic 

Laumontite LAU 1.9 – 2.4 0.40 x 0.53 
Na, K, 

Mg 
Monoclinic 

Mordenite MOR 4.0 – 5.7  0.65 x 0.70 Na, K, Ca Orthorhombic 

Faujasite FAU 1.0 – 2.8 0.74 
Na, K, 

Mg 
Cubic 

 

The special nature of zeolite structures gave them unique attributes that are not 

commonly found in other materials. They possess excellent adsorption capacity for 

some target molecules, they can readily act as an ion exchanger, and due to their sizes 

and shapes, they can be used as molecular sieves for selective adsorption of some 

molecules. 

Zeolite structure generally can be regarded as an inorganic polymer that originates 

from TO4 tetrahedral units, where the T could be Al3+ or Si4+ and also P, Ge, Ti, B, 

Zn, Sn, etc. The two T atoms shared an oxygen atom that stands as a bridge between 

them.  

2.1.1. Framework structure of zeolites 

The zeolite framework’s structure is mainly based on the two structural units (known 

as the primary building block) established by aluminum or silicon atoms and or other 

elements that are bonded to four O atoms. The primary building unit (PBUs) of 

zeolites has a tetrahedral structure while the secondary building units (SBUs) are 

composed of tetrahedral atoms arranged geometrically e.g., a polyhedral structure 
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such as hexagonal prisms, cubic or cuboctahedra structure. By repeating the 

secondary building blocks (SBUs), the structures can be formed and as a result, they 

are divided into different groups as shown below. 

 

 

 

 

 

Figure 2.1. Zeolites’ primary building unit (Left) and a typical chemical structure of 

zeolite (Right) [8]. 

 

 

Figure 2.2. Zeolite’s secondary building units. The black dots denote silicon or 

aluminum atoms while the colored line is the bridging oxygen atom [9]. 
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Large numbers of secondary building units can be combined to develop the shape and 

structure of several different zeolites, frequently generating interconnected voids or 

cages. The International Zeolite Association's Structure Commission recognized 218 

zeolite-type framework structures as existing as of March 2014, and they are 

identified by a three-capital letter code (IZA). Both the IZA website and the book by 

Baerlocher et al., edited by IZA and Elsevier, which is available online, provide a 

thorough description of the structure of each zeolite type and its code [10].  

Zeolites, according to their pore system, can be roughly classified into three (3) 

different categories, namely. 

√ Small pore zeolite: Consists of channels bound by 8-member rings with a pore 

diameter of 4Å. 

√ Medium pore zeolite: Consists of channels bound by 10-member rings with a pore 

diameter range of 5-6Å. 

√ Large pore zeolite: Consists of channels bound by 12 or more member rings with a pore 

diameter of 7Å and or above. 

The results of some common zeolite framework types and their properties according 

to the International Zeolite Association (IZA) are shown in Table 2.2. 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 12 

Table 2.2. Some common zeolite types and properties 

Name 
IZA 

code 
T-member Ring 

Diameter of 

Cage (Å) 

Dimen

sion of 

Chann

els 

Diameter of 

Channels (Å) 

Clinoptilolite HEU 8 and 10 - 2D 
3.6 x 4.6, 2.8 x 4.7, 

3.1 x 7.5 

Erionite ERI 8 15.1 x 6.3 1D 3.6 x 5.2 

Chabazite CHA 8 9.4 3D 3.8 x 3.8 

Ferrierite FER 8 and 10 8.3 2D 3.5 x 4.8, 0.4 x 4.2 

Mordenite MOR 12 (12 and 8) 2.6 x 5.7  
1D 

(2D) 
6.5 x 7.0 (2.6 x 5.7) 

Faujasite (Linde 

X and Y) 
FAU 12-rings 12x 12 x 12 3D 7.4 x 7.4 

ZSM-5 MFI 10 8.6 3D 5.1 x 5.5, 5.3 x 5.6 

ZSM-12 MTW 12 - 1D 5.6 x 6.0 

ZSM-22 TON 10 - 1D 4.6 x 5.7 

ZSM-23 MTT 10 - 1D 4.5 x 5.2 

ZSM-48 *MRE 10 - 1D 5.6 x 5.3 

MCM-22 MWW 10 + large cages 
7.0 x 7.0 x 

18.7 
2D 4.0 x 5.5, 4.1 x 5.1 

Beta *BEA 12 and 12 13.9 3D 5.6 x 5.6, 6.6 x 6.7 

Omega MAZ 12 and 8 - 1D 3.1 x 31, 7.4 x 7.4 

Linde A LTA 8 13 3D 4.0 x 4.0 

Linde L LTL 12 -  1D 7.1 x 7.1 

 

The ratio of silicon to aluminum atoms in the framework is frequently used to 

describe the elemental composition of zeolites. Due to charge limitations, AlO4 

tetrahedra PBUs naturally tend to avoid one another. As a result, the minimal Si: Al 

ratio that can occur in zeolites is 1: 1, which is found in structures where SiO4 and 

AlO4 are present in different ways. The behavior is referred to as Loewenstein's Rule 

[11]. The same criterion does not hold for silicon, hence zeolites with high Si: Al 

ratios are frequently seen. 

The aluminum atom becomes negatively charged whereas the silicon atom remains 

neutral when silicon and aluminum atoms are covalently bound to four oxygen atoms. 

The presence of non-framework cations balances the overall negative charge that the 
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inclusion of aluminum in the framework causes to the zeolite crystal lattice. These 

cations, which are present with absorbed water molecules and are free to permeate 

through the pores and may be exchangeable under specific circumstances, are 

generally alkali metal or alkaline earth metal ions. The unit-cell formula can be used 

to explain the zeolite's final composition, which is represented as Mx/n 

[(AlO2)x(SiO2)y]·zH2O, where M represents an alkaline-earth or alkali cation, x and y 

denotes the total tetrahedral unit cell number, n is the cation’s valency, and z 

represents the number of moles of water per unit cell and it’s specifically based on 

their crystallographic unit cell. 

As shown in Figure 2.3, Brønsted acid sites are created close to Si-O-Al clusters by 

exchanging the cations for protons (hydrogen atoms). These locations may serve as 

active catalytic sites with shape selectivity for a variety of acidic processes. Lewis 

acid sites, a different sort of acid site, can also arise because of lattice defects and the 

presence of extraframework aluminum. The creation or neutralization of such sites on 

the original catalyst might be further promoted during post-synthesis processes like 

steaming, which increases shape selectivity [12,13]. Zeolites are excellent candidates 

to take the role of traditional mineral acids in industrial applications because of the 

abundance of these active sites within the zeolite's pores. 

 

Figure 2.3. Brønsted and Lewis acid centers in protonic zeolite. 
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2.2. Properties of zeolites 

Zeolites exhibit remarkable properties which make them unique in various chemical 

synthesis. Some of these properties include:  

Adsorption capacity: They possess remarkable adsorption capacities as a result of 

their high surface area and excellent selective adsorption characteristics. Their pore 

structure can accommodate wide variety of molecules, including ions, liquid, and 

gases. Their adsorption capability can be adjusted by varying the size of the channels 

and cavities, allowing for specific applications in fields such as gas separation, water 

purification, and pollutant removal.  

Porosity: They are highly porous materials with a high surface area. Their structural 

framework is made up of molecularly sized pores and cavities that give a large 

specific surface area for adsorption and catalytic processes. Because of their porosity, 

zeolites may selectively trap and release molecules based on their size and shape.  

Molecular sieving: Zeolites' regular and well-defined pore structure allows for 

molecular sieving ability. They have the ability to selectively adsorb molecules based 

on their size and shape, allowing smaller molecules to enter while excluding bigger 

ones. This property is very beneficial in separation processes and catalysts because 

zeolites can distinguish between molecules of comparable size. 

Ion exchange: Ion exchange capacity is the ability of zeolites to exchange ions inside 

their structure. This feature is owing to the presence of exchangeable cations inside 

the zeolite framework, often sodium (Na+), potassium (K+), or calcium (Ca2+) or 

magnesium (Mg2+). These cations can be replaced by other ions in a solution, 
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allowing them to be used in water softening, wastewater treatment, and selective ion 

removal. 

Catalytic activity: Because of their unique features, zeolites are commonly utilized as 

catalysts. The constricted spaces within the zeolite structure, in combination with its 

ion-exchange and molecular sieving characteristics, provide an excellent environment 

for catalytic processes. The inclusion of particular cations within the framework can 

also improve zeolites' catalytic activity. They are used in a variety of activities, 

including petrochemical refining, organic synthesis, and environmental remediation. 

 Selectivity: In a variety of applications, zeolites demonstrate remarkable selectivity. 

During synthesis, their pore size and shape can be adjusted to match certain target 

molecules, allowing for precise separations and reactions. This selectivity is critical in 

industries such as gas separation, petroleum refining, and the manufacturing of 

specialty compounds.  

Thermal stability: Zeolites have unique thermal stability, making them ideal for 

high-temperature applications. The zeolite framework's strong covalent connections 

between aluminum, silicon, and oxygen atoms contribute to its structural integrity 

even at high temperatures. Because of their stability, zeolites can be used as catalysts 

in a variety of high-temperature industrial processes. 

These properties make them highly valuable materials in a variety of applications, 

such as adsorbents, catalysts, ion exchangers, and molecular sieves. The nature and 

properties of some zeolites such as the ones used in this work are discussed below. 

2.2.1. Nature and properties of some specific zeolites 
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The protonic form of zeolites is usually generated from parent zeolites using various 

synthesis processes and or post-treatments, to improve their stability and catalytic 

activity. For instance, H-USY zeolite, commonly known as the proton form of ultra-

stable Y zeolite is generated from the HY zeolite (FAU framework type) via 

hydrothermal treatment of H-Y zeolite, H-ZSM-5 zeolite is created from cation form-

ZSM-5 zeolite with MFI framework-type by cation exchange. H-Beta zeolite is also 

generated by cation exchange from cation form of Beta zeolite with BEA framework 

type etc. The properties and nature of some zeolites such as the ones described above 

and used in this project are summarized in Table 2.3. 

Table 2.3. Nature and properties of some specific zeolites 

Properties 
Zeolite 

H-USY H-ZSM-5 H-Beta 

Structure 

Has a 3D framework 

consisting of 12-membered 

rings with large supercages, 

interconnected channels, 

and pore size of 0.90 nm. 

Has a 3D framework consisting of a 

10-membered ring with one-

dimensional channels with a pore 

size of about 0.56-0.58 nm, giving it 

a narrow and uniform pore structure. 

Has a 3D framework consisting of 

a 12-membered ring with a large 

pore size of 0.65 nm. 

SiO2/Al2O3 

ratio 

Silica/alumina ratio is very 

low. Possesses a high 

content of aluminum in its 

framework. 

High silica-to-alumina (Si/Al) ratio. 

Moderate content of aluminum in its 

framework. 

Typically has a high silicon-to-

aluminum (Si/Al) ratio. 

Acidic 

properties 

Exhibit strongest acidity in 

the presence of framework 

and extraframework 

aluminum atoms. Exhibits 

high Lewis acidity. 

Possess strong acidity. Exhibit 

moderate-to-high Brønsted acidity. 

Possess strong acidity. Exhibit 

high Brønsted acidity. 

Hydrothermal 

stability 

Good hydrothermal 

stability. 

Good hydrothermal stability. Good hydrothermal stability. 

Surface area 

Possess high surface area 

due to extensive network of 

pores and channels. 

High specific surface due to its 

intricate pore network and channels. 

Possesses a high specific surface 

area. 

Shape 

selectivity 

High shape selective ability. Excellent shape selectivity. Its 

narrowed pore structure allows the 

diffusion and adsorption of small to 

medium-sized molecules while 

restricting the entry of larger 

molecules. 

Has a notable characteristic of 

shape selectivity.  

Ion exchange 

capacity 

Possess a high ion-exchange 

ability that allows cation 

exchange within its 

framework 

High ion exchange capacity High ion exchange capacity 
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 2.3. Applications of zeolites 

Zeolites find application in various fields, such as science, engineering, and 

environments, etc., however, their applications vary depending on the properties with 

which they are needed, and a clear difference must be made between synthetic 

zeolites which are synthesized for specific applications under well-controlled 

conditions and natural zeolites that are extracted in every part of the world. 

Synthetic zeolites find use in industries as catalysts, desiccants, gas separation and 

storage, ion exchange and softeners, detergents, solar energy storage, and many more 

while natural zeolites due to their reduced cost are mostly used in mineral 

applications, building materials, in agriculture as a soil treatment, as filter additives in 

aquaria, and many more [9,14,15].  

2.3.1. Zeolites’ application in catalysis 

Zeolites have proven to be an effective catalyst for so many applications due to their 

numerous advantages over other catalytic systems. The major advantages over other 

catalytic systems include. 

» They possess excellent catalytic properties e.g., high surface area and pore volumes. 

» Their acidity can be easily tuned through different processes e.g., dealumination, 

metal incorporation, ion exchange, etc. 

» They are thermally and hydrothermally stable under elevated conditions e.g., 

temperature. 

» They are favorable for reactions at lower and higher temperatures. 

» They are selective for specific products. 

» They have a unique pore structure. 
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» They exhibit high ion-exchange capacity. 

» They can be easily regenerated upon thermal treatment. 

» They are highly ordered material with good shape selectivity. 

» They can act as a bifunctional catalyst depending on their synthesis mode. 

» They are easy to handle, do not oxidize, are non-toxic, and are safe to store for a 

long time. 

Zeolites catalysis can be classified into three different categories. 

(i) Organic reactions e.g., cyclohexane (oxidation, aromatization, ring 

opening, isomerization), Aromatization of C4 hydrocarbons, alkylation 

reaction (naphthalene, benzene, ethylbenzene, polyaromatics, biphenyl, 

aniline, etc.), aromatics (oxidation, hydrogenation, nitration, 

hydroalkylation, disproportionation, oxyhalogenation, hydroxylation, etc. 

(ii) Inorganic reaction e.g., water splitting, oxidation, and reduction of CO, 

NO reduction of ammonia 

(iii) Hydrocarbon conversion e.g., cracking, Friedel-craft alkylation, 

dehydrogenation, Fischer-Tropsch synthesis, hydrocracking, 

hydrogenation, alkylation, dehydration, hydrodealkylation, methanation, 

shape-selective reforming, isomerization, methanol to gasoline, etc. 

2.3.2. Acidity of zeolites 

The metal cations or hydroxyl protons on zeolites' extra-framework are what give 

them their acidic nature. The +4 charges on the framework silicon atoms at tetrahedral 

positions (T position) and the -2 charges on the coordinating oxygen atoms in 

aluminosilicate-type zeolites result in neutral SiO4 tetrahedra. When silicon atoms in 

the framework are replaced with aluminum atoms, the matching tetrahedra's charges 

can be changed from neutral to 1. The extra-framework metal cations or hydroxyl 

protons balance these negative framework charges by generating weak Lewis acid 
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sites or strong Brꬾnsted acid sites, respectively, which are responsible for the zeolite 

materials' catalytic activity. 

The first class of hydroxyl protons is those found on oxygen bridges that connect the 

silicon and aluminum atoms in the framework. These hydroxyl groups, also known as 

Si-OH-Al, are frequently donated to structural or bridging OH groups (Figure 2.4a). 

The silanol groups Si-OH, also known as terminal OH groups, are found on the 

outside of crystal particles and are the second most significant form of hydroxyl 

groups in zeolites (Figure 2.4a). The main cause of the creation of these silanol 

groups is the dealumination of the zeolite structure through calcination, hydrothermal 

treatment, or treatment with strong acids. Depending on the treatment circumstances, 

aluminum extra-framework may experience silicon migration, silanol group 

formation, and hydroxyl group production (Figure 2.4c). 

 

Figure 2.4. Different kinds of acid sites and hydroxyl groups in zeolites. (a) Si-OH-Al 

group (b) silanol group, Si-OH (c) Al-OH group, and (d) extraframework species [15] 

 
 

Figure 2.5. Framework aluminum species (Left) and non-framework aluminum species 

(Right) in zeolite [15]. 
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2.3.3. Zeolites synthesis 

Zeolites are commonly synthesized commercially via two major methods to make 

them available in their pure form, be reproducible, have a uniform pore size and 

channels, and to be able to be post-synthesized according to their specific needs:  

❖ The synthesis from gels  

❖ The synthesis from silicate materials.  

They utilize a wide variety of silica and aluminum sources, and the cation can be one 

or more alkali metal cations, an alkaline earth cation, or an organic cation in certain 

unique configurations. The same zeolite with various silica-alumina ratios can be 

synthesized by changing the concentration of specific chemicals. The chemical 

sources of zeolite synthesis and their functions are summarized in Table 2.4. 

Table 2.4. Chemical sources of zeolite synthesis and their functions [24,25]. 

Sources Function 

AlO2
- Origin of the charge in the framework 

SiO2 PBU(s) of zeolite framework 

OH- Guest molecule, mineralizer 

Water Guest molecule, solvent 

Alkaline cations/template* Guest molecule, counter-ion for AlO2
- 

*Categorized as organic or inorganic templates. Organic cations assist in the 

nucleation of zeolite as an additional template while the inorganic cations are mostly 

provided by alkali metals or alkaline earth hydroxides, and they mostly produced Al-

rich zeolites. 
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The templates are also known as structure directing agents (SDA) and they serve as 

molecularly scaled scaffolds necessary for the presence of specific structures. These 

fall into the freshly formed pores and encourage the development of distinctive 

structures. A zeolite with big pores is frequently formed when a large template is 

used. A template-removing phase is necessary after the zeolite has been created. The 

x-ray diffraction patterns of some zeolite are shown in Figure 2.6. 

 

 

 

 Figure 2.6. X-ray diffraction patterns of some zeolites [25]. 

2.3.4. Post-synthesis/modification of zeolites 

Zeolite can be post-synthesized through numerous techniques to adjust its operational 

efficiencies and or properties. Some of these techniques include steaming or 

hydrothermal treatment, dealumination techniques, cation, or ion exchange processes.  
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2.3.4.1. Dealumination of zeolites 

Dealumination is a post-synthesis technique that is used in removing some portions or 

parts of the framework and or extraframework aluminum atoms from the zeolite 

network, thus increasing the silica-alumina ratio of the zeolite. This technique, 

however, may not necessarily remove the aluminum atoms in the zeolite, as portions of 

aluminum might be present as amorphous extraframework forms in the channels, 

cages, pores, or aggregates on the surface of the zeolite crystals. This technique is 

often used for synthetic zeolites that cannot be synthesized in high silica-aluminum 

ratio [9,27,28].  

This technique is often used to: 

❖ Increase accessibility to Brønsted acid sites and acid strength. 

❖ Create Lewis acid sites in the zeolite framework and or extraframework. 

❖ Increase hydrophobicity of zeolites. 

❖ Create secondary channel systems e.g., mesopores to enhance diffusion 

limitations. 

The most often used dealumination techniques are: 

➢ Steaming or hydrothermal treatment 

➢ Acid-leaching technique 

Dealumination is frequently followed by a further structural rearrangement stage in 

which the defect sites are filled with silica and the integrity of the structure is restored, 

producing a very stable and silicious framework [29]. Figures 2.7 and 2.8 

demonstrate the two steps that cause the zeolites to become more stable, with the first 
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demonstrating the dealumination step caused by high temperatures in the presence of 

steam and the latter showing the framework stabilization.  

To explain the structural rearrangement that occurs, three mechanisms have been 

proposed. 

❖ As postulated by Barrer [30], the elimination of the water close to the 

hydroxyl nests established by the loss of aluminum atoms causes a new Si-O-

Si to be formed. 

❖ According to Meher et al.'s [31], the silica that fills the defect sites comes 

from the crystal framework's fragments that collapsed as a result of the 

treatment's severity. Under steam and high temperature, the silica will migrate 

to the defect sites and take the place of the removed aluminum atom, 

rearranging the framework. 

❖ According to Von Ballmoos [32], the created vacancies slowly migrate to the 

external structure and would be filled by a T-atom in the vicinity (where T is 

an aluminum or silicon atom). This process is referred to as T-jump. The 

zeolite framework is restored when this process occurs multiple times. 

Figure 2.7. Dealumination steps caused by steam at high temperature [33]. 
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Figure 2.8. Stabilization of zeolite framework induced by silica [33]. 

Steaming or hydrothermal treatment: This technique involves the use of steam or 

water vapor at high temperatures to bring about the dealumination of zeolites. During 

steaming at high temperatures, the Si-O-Al bonds undergo hydrolysis and lead to the 

removal of aluminum in the framework or non-framework sites. The produced non-

framework or extra-framework aluminum can be neutral or catalytically active in the 

form of Lewis acids, and it can exist within the pores or on the crystal's surface. Using 

hydrothermal treatment can result in up to 50% dealumination [34]. This technique 

shapes the cationic non-framework aluminum and produces defect sites by hydrolyzing 

the Al-O bonds. When silicon atoms fill the defect sites, the zeolite framework 

stabilizes, which leads to a higher silicon fraction being incorporated into the 

zeolite framework. A loss in crystallinity is typically associated with this process 

because silica species fill up these defect sites more slowly than the rate of aluminum 

species removal from the framework [35]. Because framework stabilization cannot be 

initiated in the beginning, a predominant collapse of the structure occurs, with the 

effect being much more pronounced in aluminum-rich areas [35].  
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Steaming or hydrothermal treatment of Y-type zeolite: Steaming or hydrothermal 

treatment is majorly used in transforming Y-type zeolite to its ultra-stable form (USY) 

in the petrochemical industry. The proton form of USY zeolite could be generated 

either by subjecting HY zeolite to hydrothermal treatment or directly from its 

ammonium form after deammoniation. The USY zeolite form has a much lower unit 

cell volume than the H-form due to the structure's propensity to shrink. The 

mechanism of steaming or hydrothermal treatment in transforming ammonium form of 

Y-type zeolite to H-USY zeolite is shown in Figure 2.9. 

 

Figure 2.9. Mechanism of steam treatment of ammonium form of Y-zeolite. (1) 

Transformation of ammonium form to H-form (2 – 4) influence of water vapor during 

steaming or hydrothermal treatment (5) stabilization of the framework with silicon 

atoms [35] 
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In the steaming process, the removed aluminum atoms remain as extra-framework 

aluminum species inside the zeolite structure, where they may break hydroxyl bridges 

and lead to the creation of Lewis acid sites. While the extraframework species that 

form during the steaming process can block zeolite surface pore openings and 

potentially cause catalyst deactivation, this problem can be easily solved by additional 

treatment with an acid solution to remove these partially linked extraframework 

species from the zeolite structure. 

Acid leaching technique: This technique involves the removal of aluminum atoms in 

the framework and or extraframework sites by using mineral acids such as nitric acid 

(HNO3), hydrochloric acid (HCl), oxalic acid (H2C2O4), tartaric acid, etc. The most 

used mineral acid is oxalic acid due to its ability to form stable complexes with 

aluminum and most metal ions. Due to its small size, it easily diffuses through and 

enters the zeolites' structure, where it removes aluminum from the crystal lattice 

effectively. A complex of aluminum ions with several water ligands and one oxalate 

ion is formed and can be easily removed [36]. This procedure is frequently carried out 

at room temperature. 

Barrer and Makki proposed that the first step was the substitution of the aluminum ion 

with the hydronium ion, H3O
+, in a strong acid solution, such as HCl, followed by the 

removal of Al3+ and H3O
+ to create the hydroxyl nest during hydrolysis, as shown in 

Figure 2.10. This process, after the extraction of aluminum from the silicate 

matrix, results in the generation of hydroxyl nests through the zeolite framework. 
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Figure 2.10. Framework’s aluminum atom extraction using acid treatment [25] 

The removal of neighboring aluminum ions from the zeolite's framework and 

replacement with silicon atoms, which introduces mesopores into the structure and 

enhances porosity, is the acid treatment's greatest advantage. 

The two processes are being utilized in the chemical industry to enhance and increase 

the catalytic performance of zeolites for specific applications. Examples of such 

zeolites are mordenite for the paraffin hydroisomerization process, zeolite Y or FAU to 

generate ultra-stable zeolite Y (USY zeolite) [37], and MFI, which is used for octane 

boosting in the FCC process[38]. 

2.3.4.2. Ion or cation exchange process 

To neutralize the overall negative charge caused by the presence of aluminum inside 

the framework, cations are necessary within the pores of zeolites. These cations can be 

incorporated into the zeolite framework during their synthesis or formation and may be 

positively charged organic molecules that serve as structure-directing scaffolds often 

known as templates, or alkali metals or alkaline earth metals [39]. The cations are free 

to diffuse through the structure if the size of the pores permits it and are capable of 
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diffusing into or out of the zeolite under specific conditions. The presence of the 

cations neutralizes the acid sites necessary for the zeolite's catalytic activity, hence the 

cations must be removed and replaced by protons in order to use the zeolite as a 

catalyst. The zeolite can create Brønsted or Lewis acid sites inside the structure by 

undergoing an ion exchange process in which the cations are exchanged for protons. 

Treatments involving ion exchange often involve the use of ammonium salts with a 

high concentration, such as ammonium nitrate, in an aqueous solution. Ammonium 

nitrate can diffuse through the zeolite's structure and take the place of the existing 

cation. After the treatment, the protonated acid site is left behind and the ammonia is 

released during the calcination process. These two processes, in which sodium is 

exchanged for a proton [28], are shown in equations 2.1 and 2.2. 

NaZ(s) + NH4
+

(aq)  NH4Z(s) + Na+
(aq)                    2.1 

                         NH4Z(s)                         HZ(s) + NH3(g)                                     2.2 

When the template is too large to easily diffuse through the pores of the zeolite during 

the ion exchange treatment, a Detemplation process prior to ion exchange may be 

necessary. Direct exchange with a mineral acid like HCl is an alternate technique. 

However , this procedure has the potential to cause dealumination of the framework, 

partial loss of its crystal structure, or possibly collapse completely. 

2.3.4.3. Detemplation technique 

Zeolites such as ZSM-5, USY, and Beta during their syntheses involve the use of 

templating agent otherwise called a structure-directing agent to coordinate and direct 

silica and alumina groups. These templates after their syntheses may block the pores 

calcination 
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and accessibility to acid sites within the zeolite network or channels if present. Thus, it 

is imperative to remove the templates, and can be done via calcination, the Fenton 

process, or by using pyrolysis. 

Calcination: This is the most widely used procedure for removing organic molecules 

or deposits within the channels of zeolite. It involves progressively heating the zeolite 

to a temperature until the organic template oxidizes and is transformed into CO2 and 

steam. Typical heating rates between 1 and 10 ℃/min and temperatures between 500 

and 700 ℃ are commonly employed. The formation of water in the form of steam, 

which can cause localized dealumination of the framework and damage to the structure 

when combined with high temperatures, is one of the disadvantages of calcination. For 

instance, after the calcination step of some synthetic zeolites such as Beta zeolite, the 

fragile structures may partially or completely collapse [40].  

According to He et al. [41], calcination successfully removes Beta zeolite’s template, 

but at the expense of a 25–30% crystallinity loss. Furthermore, Corma et al.[42] 

discovered that high-temperature calcination during detemplation led to the removal of 

aluminum and other hetero-atoms from the structure, which had a negative impact on 

the surface acidity and the catalytic performance. 

Fenton Process: This process involves the use of hydrogen peroxide (H2O2) which 

results in the formation of a catalytic amount of Fe or OH radicals that chemically 

oxidizes the templates at a lower temperature (< 80 ℃). This process results in larger 

micropore, and mesopore volumes and a high Brønsted acid density while maintaining 

the structure when compared to samples detemplated by the calcination technique 

[9,43]. 
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Pyrolysis: Like calcination, pyrolysis also requires high temperatures to break down 

the template, but it is performed in the absence of oxygen. As a result, the template is 

converted to coke instead of oxidizing. The coke may increase the zeolite's 

hydrophobicity, which will increase its affinity for organic molecules that are 

hydrophobic and may also cause a partial blockage of the pores and acid sites. 

2.3.4.4. Desilication 

This post-synthesis technique is usually done to selectively remove silicon atoms 

(secondary building units) from zeolite to enhance mesoporosity in a microporous 

zeolite system [44], with additional improvement in the diffusivity (mass transport) 

during the catalytic reaction process, seen as a function of pore size of catalyst [45]. 

This technique is seen to be particularly attractive and often applied to silicon-rich 

zeolites such as ZSM-5. An interconnected network of micropores and mesopores may 

be created by dissolving silicon atoms in an aqueous alkaline solution such as NaOH 

or Na2CO3. This technique ensures that the Si-O-Al bond hydrolysis in the presence of 

OH- ions proceeds more slowly than the Si-O-Si bond cleavage in the absence of 

negatively charged AlO4 - tetrahedra. As demonstrated in Figure 2.11, only small 

fractions of the surrounding Si-atoms can be dissolved because an increase in the 

number of neighboring aluminum ions in the framework stabilizes them. 
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Figure 2.11. Diagrammatic illustration of the influence of desilication technique on 

aluminum content of MFI zeolite (ZSM-5) in NaOH solution [46]. 

A successive combination of treatments, such as desilication-dealumination or 

dealumination-desilication, is of great importance in catalyst design and optimization 

since they aid in the dissolution of amorphous silica from zeolites. Figure 2.12 

provides a general explanation of how dealumination and desilication approaches can 

be compared. 
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Figure 2.12. Diagrammatic illustration of post-synthesis techniques for creating 

mesoporosity in zeolite structure: Effect of dealumination by steaming or acid 

treatment and desilication by base treatment [47]. 

2.4. Characterization of zeolites and analytical techniques  

As a result of the complex properties of various synthetic zeolites, it is imperative to 

characterize their properties to effectively assess the structural attributes and their 

interactions with other molecules. The information from these characterizations is 

crucial in heterogeneous catalysis to obtain the relationship between their 

physicochemical properties such as structure and morphology of the zeolite material, 

adsorption ability, chemical composition, and catalytic properties. Some of the 

characterization techniques used for zeolite are summarized in Table 2.5 
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Table 2.5. Some analytical techniques used for zeolite characterization. 

Technique 

Acronym 

Functional 

Groups 

Chemical 

Composition 

Pore 

size 

Structure Coordination 

state 

X-ray diffraction XRD  √  √  

X-ray fluorescence XRF  √    

Nitrogen physisorption   √  √   

Nuclear magnetic resonance 

(Magic angle spinning) 

MAS 

NMR 

√ √    

Electron microscopy FE-SEM 

HRTEM 

EDX 

 √ √ √  

Temperature-programmed 

desorption 

NH3-TPD √ √    

Fourier-transform infrared 

Spectroscopy (pyridine 

adsorption) 

FTIR 

Py-FTIR 

√ √    

Ultraviolet-visible 

spectroscopy 

UV-vis    √ √ 

Thermogravimetry, 

Differential scanning 

calorimetry 

TGA/DSC √ √ √   

Vibrational spectroscopy  √ √ √ √  

X-ray absorption spectroscopy XAS  √  √  

X-ray photoelectron 

spectroscopy 

XPS √ √    
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2.5. Synthesis of 5-hydroxymethylfurfural from lignocellulosic biomass 

5-Hydroxymethylfurfural (HMF) is a versatile platform chemical that is directly 

produced from C6 monosaccharide fructose by acid-catalyzed dehydration. It can also 

be synthesized in varying yields from a variety of monomeric C6 sugars such as 

glucose or by successive hydrolysis/dehydration of polysaccharides, including 

cellulose. Its potential lies in its ability to reduce our reliance on fossil-derived 

compounds, providing a green alternative to the petrochemical-based industry if 

available in large quantities. HMF, on the other hand, is currently unable to compete 

with conventional compounds due to the high costs associated with both its production 

and the starting materials. 

HMF has the potential to be used as a general base chemical to derive several useful 

diverse compounds. This has the potential to transform the chemical industry by 

introducing new families of renewable molecules. A variety of value-added 

compounds derived from HMF are represented in Figure 1.2 (in Chapter 1) amongst 

others may include: 

❖ Polymers: 2,5-furandicarboxylic acid produced from HMF has the potential to 

be used as a monomer to produce a furan-based polymer. A suitable 

replacement for terephthalic acid in the production of polyesters, polyamides, 

and polyurethanes [48]. 3,5-dihydroxymethylfuran derived from HMF has 

found application on an industrial scale to produce polyurethane foams [49]. 

❖ Biofuels: 2,5-dimethylfuran produced from HMF finds application as biofuel or 

biofuel additive, with 40% energy density higher than that of ethanol and 

gasoline [50,51]. 
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❖ Pharmaceuticals: Compounds derived from HMF can be modified further to 

produce bio-active molecules with good medicinal properties. 

❖ Other value-added products: Levulinic acid produced from HMF serves as a 

potential precursor to nylon-like polymers, plastics, and synthetic rubber [52]. 

Due to numerous applications involved with HMF as a sustainable and renewable 

platform, a lot of researchers have been exploring various methods to synthesize 

this product in large quantities. 

Following the mechanism proposed by Antal et al [53] in 1990, where HMF could 

be easily produced through the dehydration of D-fructose using an acid catalyst, 

the mechanism involving one-pot glucose conversion to HMF was proposed [54]. 

Zhao et al proposed that HMF can be directly produced from glucose via two 

reaction pathways. First, glucose under isomerization reaction to fructose, and the 

formed fructose is dehydrated to HMF. This opens the door to numerous research 

where glucose can be directly utilized for HMF synthesis using an acid catalyst. 

Glucose is an abundant feedstock that is less competitive in the food industry when 

compared to fructose as a source for HMF production. 

2.5.1. Dehydration of glucose to HMF 

HMF can be directly obtained from hexose sugars such as glucose and fructose, 

through isomerization and dehydration reactions steps. The mechanism of glucose 

dehydration to HMF was explained by Zhao and co-workers in an ionic liquid-

catalyst system, as shown in Figure 2.13 [54]. He proposed that the dehydration of 

glucose to HMF mainly occurs via isomerization and dehydration steps with the 

formation of some reaction intermediates. Although Zhao and coworkers’ 
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discovery was based on an ionic liquid-catalyst system, since then a vast number of 

researchers have tested numerous homogeneous and heterogeneous acid catalysts 

with the aim of finding an efficient and effective way for HMF production. This 

has resulted in vast numbers of reported articles and reviews related to HMF 

production in the last 20 years. 

 

Figure 2.13. Mechanism of HMF production from glucose in ionic liquid-catalyst 

system [54]. 

The presence of an acid catalyst promotes the dehydration reaction, and various 

catalysts have been tested with varying degrees of success. Effective comparative 

studies on the kinetics of different catalysts are, however, hindered by the diverse 

range of reaction conditions used by the various research groups. Furthermore, in 

most reported studies, HMF was obtained in solution and the yield was determined 

using HPLC or GC, with the emphasis of the research being on optimizing the 

synthesis and the catalyst used. However, developing effective isolation or 

extraction methods is equally important. 

The yield and effectiveness of the reaction of glucose to HMF are influenced by 

the following factors: 
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❖ Starting material or substrate: Various sources of biomass such as 

fructose, glucose, sucrose, inulin, galactose, cellobiose amongst others for 

HMF production have been studied with glucose and cellulose currently 

being sought after. 

❖ Catalyst: Several catalysts have been used for HMF synthesis from the 

literature. Recently, bifunctional catalysts have been developed and have 

been on the increase to induce Lewis and Brønsted acid sites in a single 

catalyst for the synthesis of HMF. Various catalysts used are summarized 

as follows:  

• Mineral acids such as HCl, H3PO4, H2SO4  [50,55-57, 59] 

• Organic acids such as levulinic and oxalic acid [56] 

• Transition metals [54,58,59,62] 

• Metal chlorides,  sulfates and phosphates [54, 60,61,63] 

• Acidic resins [50,57] 

• Protonic zeolites [64-68] 

• Heteropolyacid salts [69] 

❖ Reaction temperature and time: The conversion of glucose and yield of 

HMF is strongly correlated to the reaction temperature and time used. The 

reaction temperature and time control the reactivity of the starting material 

within the practical limit of catalyst concentration. Higher temperatures 

may promote higher yields and selectivity of HMF. 

❖ Solvent system: The solvent system promotes the contact between the 

substrate and the catalyst while inducing fluidity at the same time. One of 

the most used solvents is water as it acts as a good solvent for reactants and 
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products. The dehydration reaction releases three water molecules for every 

HMF formed and as a result a water separation step will be required during 

large-scale production, regardless of whether water is used as a solvent. 

However, the presence of water as a solvent will shift the dehydration 

equilibrium and increase reaction times because water is one of the 

products formed. In addition, the formed HMF may react with water at high 

temperatures to produce levulinic acid and formic acid, which makes the 

conventional separation via distillation not practical. Several researchers 

have proposed an aqueous-organic solvent system that can retain the 

solvent properties of water while shifting the reaction equilibrium to the 

dehydration step and inhibiting further HMF hydrolysis. Most polar organic 

solvent have shown to be promising towards HMF synthesis, some of 

which include: 

• Water 

• Tetrahydrofuran (THF) 

• Methyl tetrahydrofuran (MeTHF) 

• Dioxane  

• Dimethyl sulfoxide (DMSO) 

• 2-butanol  

• Methyl isobutyl ketone (MIBK) amongst others. 

❖ Biphasic Solvent System: A biphasic system is a two-phase 

liquid system that is made up of aqueous and organic solvents, 

as shown in Figure 2.14. It is used to extract compounds such as 

HMF from the aqueous or organic phase using the liquid-liquid 
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extraction method. The system is unique by its low viscosity, 

ease of recovery, and short settling time. The biphasic solvent 

system method provides advantages over traditional extraction 

techniques such as environmental friendliness, low cost, 

simplicity of scaling-up, and efficiency for many types of 

experiments, particularly the concentration and purification of 

biochemical products. 

 

Figure 2.14. Biphasic solvent system. 

❖ Influence of the addition of inorganic salt to the solvent 

system: Inorganic salts have been reported to have a significant 

influence on the HMF synthesis process. In a biphasic solvent 

system, the addition of inorganic salts to the aqueous phase 

greatly enhances HMF partitioning into the organic phase. The 

electrolytes alter the intermolecular bonding interactions 

between liquid components, increasing the immiscibility of the 

aqueous and organic phases. Some inorganic salts used in HMF 

synthesis include sodium chloride (NaCl), magnesium chloride 

(MgCl2), potassium bromide (KBr), potassium chloride (KCl), 

The Organic phase acts as 

“Extraction phase”

The Aqueous phase acts as 

“Reaction phase”
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sodium ethanoate (CH3COONa), sodium nitrate (NaNO3), 

sodium sulfate (Na2SO4), Lithium chloride (LiCl), Lithium 

ethanoate (CH3COOLi), Lithium nitrate (LiNO3), and Lithium 

sulfate (Li2SO4) [93,94]. Among these salts, NaCl has the 

highest extraction coefficient, resulting in the most efficient 

extraction of HMF from the aqueous to the organic phase [94]. 

2.5.1.1. Zeolite-catalyzed dehydration of Glucose  

Several zeolite catalysts have been reported to show great potential for the effective 

dehydration of lignocellulosic biomass to HMF. Although, with numerous advantages 

of zeolite as one of the promising solid acid catalysts over a homogeneous system, the 

yield of HMF is still lower. Some zeolite-containing catalysts used in the synthesis of 

HMF from glucose and cellulose as reported in the literature are summarized in Table 

2.6. 

The major aim of this work, utilizing zeolite catalysts, is to determine whether 

different modification procedures or post-synthesis treatments could enhance the 

conversion and yield of HMF. 
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Table 2.6. Some of the work done by other researchers with zeolite catalysts. 

Entry Catalyst Substrate and Conditions 
Conversion 

(%) 

HMF 

Yield 

(%) 

Reference 

1 Bimodal-HZ-5 0.25 g Cellulose | H2O, 190 ℃, 4 h 67 46 [70] 

2 Hf/ß 
100 mg Cellulose | H2O-NaCl/THF, 

200 ℃, 4 h 
86.3 53.4 [71] 

2 H-ZSM-5  
 Glucose,H2O/THF/NaCl, 160 ℃, 90 

min 
94 61 [67] 

3 ZSM-5 Comm Glucose, Water/Dioxane, 120 ℃, 24 h 59.4 17 [72] 

4 H-ZSM-5 Glucose, H2O/MIBK, 195℃, 30min 80 42 [66] 

5 Sn-ß-F, HCl 
Glucose, Water/THF/NaCl, 190 ℃, 70 

min 
90 53 [73] 

6 5%Hf-HZSM-5 Cellulose, H2O/THF/NaCl, 190 ℃, 2 h Not reported 67.5 [68] 

7 Cr-ZSM-5 Glucose, [BMIM]Cl, 130 ℃, 60 min - 54.5 [62] 

8 Cu-Cr-ZSM-5 Glucose, DMSO, 140 ℃, 4 h 57.5 50.4 [74] 

9 Cr-USY Cellulose, BMIMCl, 140 ℃, 60min Not reported 37 [62] 

10 Cr-USY Cellulose, BMIMCl, 160 ℃, 90min Not reported 35% " 

11 Cr-Beta Cellulose, BMIMCl, 130 ℃, 60min Not reported 34.1 " 

12 Cr-ZSM-5 Cellulose, BMIMCl, 130 ℃, 60min Not reported 4.1 " 

13 H-USY  Glucose, BMIMCl, 130 ℃, 60min Not reported 21.5 " 

14 H-Beta Glucose, BMIMCl, 130 ℃, 60min Not reported 13.60 " 

15 H-ZSM-5  Glucose, BMIMCl, 130 ℃, 60min Not reported 15.3 " 

16 Cr-USY  Glucose, BMIMCl, 130 ℃, 60min Not reported 54.5 " 

17 Cr-Beta  Glucose, BMIMCl, 130 ℃, 60min Not reported 58.5 " 

 

2.5.2. Cellulose and its derivatives 

Cellulose is the most abundant polymer on the earth’s crust. It is a complex 

carbohydrate that forms the primary structural component of plant cell walls. It is a 

glucose polymer with a long chain, made up of repeating units of glucose molecules 

linked together by ß-1,4 glycosidic bonds. Because cellulose is insoluble in water, it is 
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a very stable and durable material. Cellulose is formed in plants as a result of 

photosynthesis, and nature is estimated to be capable of producing a global annual 

yield of 1.3 x 109 metric tons of cellulose, with one average-sized tree capable of 

producing approximately 13.7 g of cellulose daily [75]. Cellulose fibers are relatively 

stiff, and their primary function is to provide plants with the structural rigidity they 

require. Cellulose fibers are held together by lignin and hemicellulose. The percentage 

of cellulose derived from biomass varies greatly. Table 2.7 shows the composition of 

some sources of cellulose. 

Table 2.7 Percentage composition of some lignocellulosic biomass [76]. 

Source Cellulose Hemicellulose Lignin 

Wheat straw 38.2 21.2 23.4 

Corn fiber 14.3 16.8 8.4 

Poplar 49.9 17.4 18.1 

Corn stover 37.5 22.4 17.6 

Pinewood 46.4 8.8 29.4 

Wheat straw 38.2 21.2 23.4 

Paper (pulp) 68.6 12.4 11.3 

The number did not add up to 100% due to minor components that are not listed. 

Wood pulp remains the most important source of cellulose for industrial applications, 

with the vast majority being processed for paper and cardboard production, and only 

about 2% of the processed cellulose being chemically modified into cellulose esters 

and ethers [77]. These can then be used for a variety of purposes, including coatings, 

laminates, optical films, and sorption media, among many others, ranging from 

building materials to pharmaceuticals and cosmetics. 
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Chemically, cellulose is made up of glucose monomers that are linked together by 

(1,4) glycosidic bonds. Each glucose unit is oriented in the same direction and is 

arranged in a linear chain. Cellobiose is the repeating unit of cellulose, and it is a 

dimer that is composed of two glucose molecules linked together by ß-1,4 glycosidic 

bonds.  

It is a homopolymer, which means it contains only one type of monomer, glucose. 

Strong hydrogen bonds between the hydroxyl (-OH) groups on adjacent glucose 

molecules hold the glucose molecules in cellulose together. Because of these 

hydrogen bonds, cellulose has a high tensile strength and is resistant to chemical and 

biological degradation. 

The rigidity of cellulose is caused by the long linear chains on glucose units that are 

held together by a series of intra- and inter-molecular hydrogen bonds. Despite being 

significantly weaker than the covalent bonds that hold the monomer units together, 

the former is present in such large numbers that they allow for the formation of 

crystalline domains, making the material more resistant. As a result, cellulose 

solubility is highly dependent on the degree of polymerization. Cellulose with 1 to 6 

glucose units dissolves easily in water, 7 to 13 glucose units dissolve partially in hot 

water, and chains larger than 30 glucose units form a dense network of intramolecular 

hydrogen bonds, which gives cellulose its characteristic properties such as resistance 

to chemical and biological degradation and insolubility in most known solvents [78]. 

These two factors significantly impede the process of catalytic depolymerization of 

cellulose to its glucose units, and the cellulose may require a pre-treatment to expose 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 44 

the chemical bonds to the catalyst and increase reactivity. The chemical structure of 

cellulose is represented in Figure 2.15. 

 

Figure 2.15 Cellulose structure [79] 

2.5.2.1. Acid-catalyzed degradation of cellulose to HMF 

The degradation of lignocellulosic biomass through catalysis has been the center of 

attraction for the past few decades, which has resulted in the development of 

techniques and knowledge in this aspect. Due to the emergence of these techniques, 

cellulose can be easily hydrolyzed by inorganic acids such as sulfuric acid (H2SO4), 

hydrochloric acid (HCl) [80-84], etc. These techniques, however, have not been 

applied industrially for large-scale applications due to complications accompanying 

the usage of these catalysts. Equipment corrosion, catalyst recovery, intensive energy 

demands, and decomposition of saccharides formed occur [105], with H2SO4 having 

to be neutralized with a CaO/CaSO4 mixture, resulting in the formation of large 

amounts of gypsum as waste [86]. 

By using heterogeneous catalysts, the drawbacks of the catalysts on the process 

become less severe; however, using solid acid catalysts introduces a new set of 

challenges due to the nature of cellulose, which is not easily solubilized in the 
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reaction medium. The crystalline nature of cellulose greatly limits the effectiveness of 

heterogeneous catalysts, and this becomes a critical limitation on the effectiveness of 

solid catalysts. Physical barriers such as crystallinity, morphology, and surface area, 

among others, have a significant impact on the catalyst's effectiveness [87]. 

To resolve this, cellulose depolymerization can be performed in a reaction medium 

capable of breaking down the crystalline structure of the cellulose, or the cellulose 

must be subjected to a pre-treatment to disrupt the cellulosic material's 

supramolecular structure. Both options have the potential to increase the reactivity of 

cellulose to hydrolysis. These two fields have gradually evolved into their own 

research topics, with research groups choosing only one type of solvent or cellulose 

pretreatment and testing the catalytic performance of the chosen heterogeneous 

catalyst under the chosen conditions. 

❖ Reaction Media: Since cellulose is insoluble in most solvents used in the 

chemical industry, research into new solvent types for this particular 

application is now possible. A solvent must be able to disrupt the cellulose 

fibers and make the hydroxyl groups and β- glycosidic linkages available for 

catalytic attack in order to be used with a heterogeneous catalyst. From the 

perspective of "Green" processes and sustainability, additional requirements 

are imposed, where solvent and catalyst recovery are preferred along with ease 

of product separation without the need for energy-intensive processes. 

❖ Pretreatments of cellulose: Many studies have been conducted on various 

strategies to encourage the disintegration of cellulose apart from employing 
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solvents to disrupt the crystalline structure of cellulose. They can be divided 

into the following three categories: 

• Partial degradation with chemicals such as formic acid where cellulose 

is allowed to react with formic acid without the use of a heterogeneous 

catalyst [88]. 

• Swelling: By treating cellulose with salts where the hydrogen bonds in 

cellulose can be degraded. 

• Mechanical comminution such as ball-milling: Here cellulose can be 

ground mechanically by ball-milling and allowing the crystalline 

cellulose to be converted to an amorphous form [89]. 

2.5.2.2. Hydrolysis of cellulose catalyzed by solid acids 

Research into the use of solid acid catalysts for cellulose hydrolysis has been the main 

area of focus by various groups in recent years, primarily due to their numerous 

advantages over homogeneous catalyst systems. However, the yields obtained by 

utilizing these catalysts are lower when used in the same reaction condition as their 

homogeneous counterparts, due to diffusion limitation caused by the solid acid 

catalysts. The cellulose microfibrils are significantly larger than the micropores in the 

solid material, forcing the reaction to occur only at the solid's surface, with some 

authors proposing that the catalytic reaction occurs as a result of the formation of 

H3O
+ species, which is released into the reaction medium [90]. Table 2.5 shows 

several used zeolite catalysts for cellulose hydrolysis, their conversion, and HMF 

yields. References are made particularly to zeolite-containing catalysts as part of the 

family of solid acid catalysts for the relevance of this work. 
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In addition, Onda et al. [91] tested several acid catalysts under comparable reaction 

conditions and discovered that materials with sulfonated active groups outperformed 

other solid acids, even when their acid site densities were equivalent. This was 

explained as a result of the density of the -SO3H sites, which are assumed to be 

concentrated primarily on the catalyst's surface, whereas the acid-active sites of 

zeolites are concentrated within the pores and channels. Onda et al.'s work was 

followed by Sels et al. [92], who expanded the work to incorporate more catalysts 

such as zeolite USY, among others. Figure 2.16 shows the results of his investigation, 

which shows the yield of glucose along with other components. He demonstrated that 

heterogeneous catalysts containing sulfonated groups were highly active and effective 

for this reaction in his work.  

The basis of this research follows the observation from various literature reported on 

inducing strong acid density of zeolite-containing catalyst for the transformation of 

cellulose to HMF. 

 

Reactions conditions: Ball-milled cellulose 0.05 g, catalyst 0.05 g, water 5 mL, 

reaction temperature 150 ℃, time 24 h. 

Figure 2.16. Hydrolysis of cellulose over solid acids [92] 
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CHAPTER 3 

EXPERIMENTAL 

All chemicals used in this project were of analytical grade without purification or 

further treatments. The zeolite materials used in this project were purchased 

commercially and were further post-synthesized and modified for the purpose of this 

research. 

3.1. Post-synthesis/modification process of the commercial zeolites  

3.1.1. Materials  

Protonic form zeolites (H-ZSM-5, SiO2/Al2O3 = 24, H-USY, SiO2/Al2O3 = 6, H-Beta, 

SiO2/Al2O3 = 28) were purchased from TOSOH Corporation Limited, Japan. 

Ammonium chloride (99.8%)  and tin (IV) chloride pentahydrate (98%) were 

purchased from Sigma-Aldrich, USA. Nitric acid (65%) was supplied by QRëC, New 

Zealand.  

3.1.2. Catalyst preparation 

Dealumination: Acid-leaching technique was employed for the dealumination of 

commercial zeolites, by treating 3 g of the commercial zeolites with 120 mL of x M 

nitric acid solution (x = 0.1, 0.2, 0.3 & 0.4). The treatment was performed using a 

single-necked round bottom flask with a magnetic stirrer and refluxed at 80 ℃ for 2 h 

using an oil bath connected with a proportional-integral-derivative thermocouple. 

After acid treatment, the samples were cooled, filtered, washed to neutral pH, and 

dried overnight at 80 ℃.  
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Impregnation (ion exchange): Excess water impregnation technique was employed 

for the metal incorporation. 1 g of each uncalcined dealuminated zeolite sample was 

impregnated with a certain mass of the metal precursor in 15 mL of deionized water 

and stirred mechanically for 30 min. After ion exchange, the resulting mixture was 

dried at 80 ℃ overnight and denoted as xwt%Sn-0.1DeAl.H-K, where x is equivalent 

to 1 wt%, 3.84 wt%, 5 wt%, 7 wt%, and 10 wt% of the metal (based on the relative 

percentage of tin in SnCl4.5H2O) and K is the zeolite. 

Calcination: Calcination was performed in a muffle furnace to remove impurities or 

contaminants and ensure the pure form of the catalysts. The dried solids obtained after 

both dealumination and impregnation procedures were calcined in a crucible at 550 

℃ for 6 h at a heating rate of 5 ℃/min. 

Hydration: This technique was employed for the solid-state NMR analysis of the 

dealuminated zeolites to keep the samples in their hydrated forms for analysis capture. 

The samples were hydrated with saturated NH4Cl solution before analysis. In a typical 

hydration procedure, a saturated solution of Ammonium Chloride was prepared at 

room temperature and kept in a desiccator along with 1 g of the sample for 3 d. After 

hydration, the samples were sealed and taken for analysis. 

3.1.3. Analytical techniques  

XRD: Powder x-ray diffraction was employed to determine the crystallinity of the 

catalysts, by using Bruker Model D8 ADVANCE diffractometer, operated at 40 kV 

and 30 mA with Cu-Kα radiation (λ=1.541Å). X-ray diffractograms were recorded at 

a 2-theta angle from 5⁰ to 80⁰. 
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XRF: Elemental compositions of the catalysts were recorded on Wavelength 

Dispersive X-ray Fluorescence, Rigaku Model ZSX Primus III+. 

Nitrogen Physisorption: The textural properties of the catalysts were analyzed with 

Micromeritics 2020 ASAP Surface Area and Porosity Analyzer. The samples were 

degassed at 300 ℃ for 60 min before analysis. Subsequently, the nitrogen 

physisorption analysis was examined at -196 ℃.  The BET surface area was 

calculated in the relative pressure (P/Po) range of 0.05 to 0.25 from the adsorption 

data, employing the BET equation. The adsorption branch at P/Pₒ = 0.99 was used to 

obtain the total volume of the pore. The t-plot method from the adsorption data was 

used to quantify the surface area of the micropore. 

SEM: Field emission scanning electron microscopy (FE-SEM) was employed to 

determine the morphology and particle sizes of the commercial and modified zeolite 

catalysts. The images were captured on JEOL JSM-7610F instrument, conducted at 

5.0 kV, at a magnification of 30,000 - 150,000. Prior to capturing, the samples were 

carefully dispersed on carbon tape, and afterward, they were sputter-coated with gold 

to enable image capturing. 

Solid-state MAS NMR: The chemical environments of aluminum (Al) and silicon 

(Si) in the zeolite catalysts were respectively investigated by solid-state 27Al and 29Si 

magic-angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy. The 

NMR spectra were recorded on a BRUKER/AVANCE III HD/Ascend 400 WB 

Fourier transform NMR spectrometer at room temperature. The chemical shifts of 

27Al and 29Si MAS NMR spectra are represented in parts per million (ppm) using 

aluminum chloride hexahydrate (AlCl3.6H2O) and sodium 
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trimethylsilylpropanesulfonate (DSS) as reference standards, respectively. The 

samples were hydrated with saturated ammonium chloride (NH4Cl) solution for 3 d 

before the analysis. 

UV-vis spectroscopy: UV-vis near-infrared spectroscopy was performed on PERKIN 

ELMER LAMBDA 950 to determine the coordination states of tin species in the 

zeolite catalyst after successful incorporation. 

Ammonia-TPD: NH3-TPD analysis was conducted to determine the distribution and 

amount of acid sites of the catalysts. The analysis was carried out by using the 

following procedure: the catalysts were calcined for 6 h at 550 ℃ before analysis. 

Then, ~80 mg of the catalyst sample in a quartz U-tube was pretreated at 550 ℃ for 

30 min under helium gas flow (50 mL/min), at a ramp rate of 10 °C/min. After 

pretreatment was completed, the sample was allowed to cool down to 50 ℃ and 

afterward, it was equilibrated with ammonia gas (10 vol.% NH3 in He) for 30 min. 

Following equilibration, the catalyst was flushed with helium for 30 min to remove 

the physisorbed NH3 gas.  Finally, ammonia desorption was measured with a thermal 

conductivity detector (TCD) at a temperature region of 50 ℃ to 800 ℃ (10 ℃/min 

heating rate). The data were quantified by deconvoluting the temperature-

programmed desorption profiles with external software (OriginPro). 

FTIR spectroscopy: In-situ FTIR spectroscopy was used for pyridine adsorption (Py-

FTIR), with the aid of Thermo-Fisher Scientific NICOLET iS10 FTIR spectrometer, 

to determine the Brønsted and Lewis acid contents of the catalysts, using a 

wavenumber range of 400 - 4000 cm-1 at spectra recording of 96 scans. The fresh 

catalyst powder was formed into a 2-cm diameter self-supported wafer and then 
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placed in a quartz cell. The catalyst was then pretreated at 500 ℃ for 1 h in a vacuum 

atmosphere to remove contaminants. Thereafter, the cell was cooled to 50 ℃ and was 

exposed to pyridine vapor at 500 Pa for 30 min. Finally, degassing was done from 100 

℃ to 500 ℃ at 15 min intervals. 

3.2. Glucose dehydration to HMF 

3.2.1. Materials 

D (+) Glucose was supplied by Kemaus, Australia. D-Fructose was provided by 

LOBA Chemie, India. 2,5-furan dicarboxylic acid (97%), levulinic acid (98%), HMF 

(analytical grade), and furfural (99%) were all purchased from Sigma-Aldrich, USA. 

Tetrahydrofuran (99.5%) and ethyl methyl ketone (also called 2-butanone, 99.5%) 

were supplied by QRëC, New Zealand. Sodium chloride crystals (99%) was provided 

by J.T Baker, USA. 

3.2.2. Apparatus and instruments used 

• Autoclave reactor: Reactions were performed in stainless-steel autoclave 

reactors that are lined with Teflon. The autoclave, as shown in Figure 3.1 has 

a capacity of 60 ml and offered the possibility of performing a reaction up to a 

heating temperature of 200 – 250 ℃.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 53 

 

Figure 3.1. Stainless-steel autoclave reactor used in this research work. 

• Hot-plate equipped with a mechanical stirrer and proportional-integral 

thermocouple – Served as a heat source for reaction, as depicted in Figure 3.2. 

 

 

Figure 3.2. Heat source for reaction. 

• Reflux condenser: As shown in Figure 3.3, the apparatus was used to cool the 

vapor that the heated mixture of the acid-treated zeolites emits over 

dealumination time.  
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Figure 3.3. Reflux condenser set-up for acid dealumination. 

• Refrigerator – used as a cooling system for reflux condenser. It was also used 

as a storage system for reaction products for HPLC analysis. 

• Glassware – Beakers, volumetric flask, round-bottom flask, analytical bottles, 

glass bottles, measuring cylinders. 

• Centrifuge machine– used in separating catalyst from liquid products. 

• Heat-box jacket – used in preventing heat dissipation during reactions. 

• Screwdriver – used to seal autoclave reactors. 

• Suction machine – used for mechanical filtration. 

• Oven – used to dry samples or material. 

• Muffle furnace – used for calcination. 

• Fume hood – For keeping used and hazardous chemicals. 

• Others – Silicone oil bath, micro-pipette, 0.2 μL PTFE syringe filter, 0.2 μL 

PTFE syringe filter, magnetic stirrer, syringe, suction, suction tubes, pH paper, 

nitrile gloves, weighing balance and paper, Whatman Filter paper, test tubes, 

ceramic crucibles. 

3.2.3. Catalytic test procedure 
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The catalytic dehydration of glucose to HMF was conducted in water: THF system, 

saturated with sodium chloride, at a 1:2 volume ratio using an autoclave reactor. An 

aqueous solution composing 3.6 wt% anhydrous glucose and 20 wt% NaCl was made 

by dissolving 3.6 g of glucose and 20 g of NaCl in 100 mL deionized water. Then, 10 

mL of an aqueous solution of glucose was mixed with 20 mL of THF and introduced 

into the autoclave, as well as 0.5 g of freshly prepared catalyst. Thereafter, it was 

pressurized with 10 bar nitrogen gas. The temperature of the reaction was regulated 

with a silicone oil bath on a hot plate equipped with a proportional-integral-derivative 

thermocouple and stirrer. The starting reaction time was recorded when the target 

temperature was attained. The reactor was quenched in a bath containing ice after 

reaction time, and the liquid product was recovered by centrifugation. The experiment 

was also performed thermally without a catalyst with the procedure described above. 

3.2.4. Product analysis 

The organic and aqueous products were analyzed by HPLC using an Agilent HPLC 

1100 Series fitted with a Bio-Rad HPX87-H column. A Diode Array Detector (DAD) 

operating at a wavelength of 240 nm was used to analyze the organic phase product-

containing internal standard (2,5-furan dicarboxylic acid). The analyte from the 

aqueous phase containing internal standard (2-butanone) was analyzed with a 

refractive index detector (RID), by using a column temperature of 60 ℃, a mobile 

phase of 5 mM H2SO4, a flow rate of 0.5 mL/min, and an injection volume of 10 µL 

at an analysis (retention) time of 60 min. The experiments were run on multiple 

occasions and their average and standard deviation values were determined. Glucose 
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conversion, yields of products, and selectivity of HMF were determined based on the 

following equations. 

𝐺𝑙𝑢𝑐𝑜𝑠𝑒 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%)  

=
(𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 − 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑙𝑒𝑓𝑡 𝑎𝑓𝑡𝑒𝑟 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛) 𝑥 100

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
 

𝑌𝑖𝑒𝑙𝑑 (%)  =  
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑥 100

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
 

𝑂𝑡ℎ𝑒𝑟 𝑏𝑦𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (%) = 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) − 𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑦𝑖𝑒𝑙𝑑 (%) 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝐻𝑀𝐹 (%)  =  
𝑌𝑖𝑒𝑙𝑑 𝑜𝑓 𝐻𝑀𝐹 𝑥 100

𝐺𝑙𝑢𝑐𝑜𝑠𝑒 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛
 

3.3. Cellulose conversion to HMF 

3.3.1. Materials 

Microcrystalline cellulose powder, 2,5-furan dicarboxylic acid (97%), levulinic acid 

(98%), HMF (analytical grade), furfural (99%), and tin (IV) chloride pentahydrate 

(98%) were all obtained from Sigma-Aldrich, USA. Tetrahydrofuran (99.5%) and 

ethyl methyl ketone (also called 2-butanone, 99.5%) were supplied by QRëC, New 

Zealand. Sodium chloride crystals (99%) was provided by J.T Baker, USA. D (+) 

Glucose was supplied by Kemaus, Australia. D-Fructose (extra pure) was purchased 

from LOBA Chemie, India. 

3.3.2. Apparatus and instruments used 

Same as above. 

3.3.3. Catalytic test procedure  

The degradation of cellulose to HMF was conducted in an autoclave reactor as 

follows: 0.18 g of microcrystalline cellulose was accurately weighed into the 
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autoclave. 5 mL of deionized water saturated with 1 g of sodium chloride, and 10 mL 

of THF, as well as 0.25 g of freshly prepared catalyst, were then introduced. 

Thereafter, the reactor was sealed and pressurized with 10 bar N2 gas. The reaction 

temperature was controlled by a heat-box jacket on a hotplate equipped with a stirrer 

and proportional-integral-derivative thermocouple. Reaction time was recorded when 

the target temperature was reached. After the reaction time, the autoclave was 

quenched in an ice bath and the liquid product, unreacted cellulose, and catalyst were 

recovered by centrifugation technique. The experiment was performed thermally 

without a catalyst with the same procedure described above. 

3.3.4. Product analysis 

The aqueous and organic liquid products were analyzed with HPLC with the same 

procedure described above. The reactions were run on multiple occasions and their 

mean & standard deviation values were determined, owing to experimental errors. 

Cellulose conversion was calculated based on the weight difference of cellulose 

before and after the reaction, with an experimental error of ±2%. The yield and 

selectivity of products were calculated based on the equations described by 

Nandiwale et al. [70]. 

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 = 𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 − 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 

% 𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
(𝑀𝑎𝑠𝑠 𝑜𝑓 𝑐ℎ𝑎𝑟𝑔𝑒𝑑 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 − 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒) 𝑥 100

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑐ℎ𝑎𝑟𝑔𝑒𝑑 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒
 

% 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑥 100

𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
 

% 𝑌𝑖𝑒𝑙𝑑 =
% 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑥 % 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

100
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RESULTS AND DISCUSSION 

The result and discussion section is divided into three chapters, chapters 4–6. Chapter 

4 and 5 discuss the results obtained from glucose dehydration to HMF with modified 

zeolite catalysts while Chapter 6 details the conversion of cellulose to HMF over the 

modified zeolite catalysts.  
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CHAPTER 4 

4. Glucose dehydration to HMF 

This part was conducted via three steps. 

❖ First, a preliminary study was carried out to evaluate the catalytic performance 

of the commercial zeolites and their similar modified forms for glucose 

dehydration to HMF. 

❖ Second, the most effective acid-treated zeolite from the first category above 

was selected for further study by acid dealumination with higher nitric acid-

concentration solutions. 

❖ Finally, the reaction conditions over the best-modified zeolite catalyst were 

optimized, and optimum reaction conditions were determined. 

4.1. Preliminary studies of the catalytic performance of commercial zeolites and 

their modified forms 

Studies were conducted without catalysts and with commercial zeolites and their 

similar modified forms for glucose dehydration, as shown in Table 4.1. The result 

without a catalyst was poor and confirmed the significant role of bifunctional 

heterogeneous catalyst in glucose conversion to HMF. The yield of fructose was seen 

to be high without a catalyst, indicating that the rate of dehydration was slow. 

Out of the three commercial zeolites and their dealuminated forms, 0.1DeAl.H-ZSM-

5 exhibited the superior catalytic performance owing to its suitable acidity, as 

depicted in Table 4.2. Meanwhile, among the metal-modified dealuminated zeolite 

catalysts, 3.84wt%Sn-0.1DeAl.H-ZSM-5 exhibited the highest selectivity for HMF 
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due to improved total acid sites. H-USY and 0.1DeAl.H-USY zeolite possessed the 

highest acidity among the commercial and acid-treated zeolites. High acidity has been 

demonstrated to promote the formation of by-products by deteriorating HMF yield, 

and this led to the high content of other products observed with the two catalysts.  

From this study, acid-treated H-ZSM-5 and tin-modified-acid-treated H-ZSM-5 

zeolites were further investigated for glucose dehydration to HMF. 

Table 4.1. Catalytic studya of the three commercial zeolites and their modified forms for glucose 

dehydration. 

Entry Sample 

Glucose 

conversion 

(%) 

Yields [%] 

HMF 

selectivity 

(%) 

Fructose LAb Furfural HMF Othersc 
 

1 No catalyst 38.0 13.2 1.5 0.2 17.1 5.1 
- 

2 

Commercial H-Beta 98.5 0.0 0.0 0.8 63.8 31.6 
- 

0.1DeAl.H-Beta 77.3 2.6 0.0 0.8 65.5 6.1 
- 

3.84wt%Sn-0.1DeAl.H-Beta 77.9 2.4 0.0 0.6 51.3 21.8 
65.9 

3 

Commercial H-USY 98.6 0.0 1.2 0.0 48.8 48.7 
- 

0.1DeAl.H-USY 100.0 0.0 0.0 0.6 53.1 44.5 
- 

3.84wt%Sn-0.1DeAl.H-USY 100.0 0.0 0.0 1.0 14.7 81.4 
14.7 

4 

Commercial H-ZSM-5 97.8 0.0 0.0 0.6 59.6 35.6 
- 

0.1DeAl.H-ZSM-5 99.0 0.4 0.9 0.8 64.7 30.0 
- 

3.84wt%Sn-0.1DeAl.H-ZSM-5 83.9 3.2 1.5 0.7 62.3 14.1 
74.3 

 

a Reaction conditions: catalyst loading, 0.25 g; glucose concentration, 3.6 wt%; reaction 

temperature, 170 ℃; reaction time, 60 min. 

b Levulinic acid 

c Mainly humins 
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Table 4.2. Comparison of the acidities of commercial zeolites and their modified 

forms for glucose dehydration.  

S/n Catalysts 
Total aciditya 

(mmol/g) 

Si/Al mole ratiob Sn contentc 

1 

Commercial H-Beta 1.065 26.00 n/a 

0.1DeAl.H-Beta 
0.737 

 

54.33 

 

n/a 

3.84wt%Sn-0.1DeAl.H-Beta 
0.993 

 

51.64 

 

3.751 

2 

Commercial H-USY 
1.191 

 

5.52 

 

n/a 

0.1DeAl.H-USY 
1.279 

 

8.92 

 

n/a 

3.84wt%Sn-0.1DeAl.H-USY 
1.041 

 

9.47 

 

3.464 

3 

Commercial H-ZSM-5 
1.134 

 

21.07 

 

n/a 

0.1DeAl.H-ZSM-5 
1.189 

 

22.09 

 

n/a 

3.84wt%Sn-0.1DeAl.H-ZSM-5 
1.336 

 

22.11 

 

3.666 

a obtained from ammonia-TPD analysis 

b-c obtained from XRF analysis 

n/a means not available 

4.2. Acid dealumination of commercial H-ZSM-5 zeolite 

Acid dealumination was studied on commercial H-ZSM-5 zeolite to adjust its Si/Al 

mole ratio and to correspondingly adjust its physicochemical properties for efficient 

glucose dehydration to HMF. Commercial H-ZSM-5 was mildly dealuminated with a 

nitric acid solution (ranging from 0.1 – 0.4 M) and tested for glucose dehydration to 

HMF. The results of the characterization methods used for the catalysts before and 

after preparation are discussed below. Their catalytic performances for glucose 

dehydration to HMF are also discussed in detail. 
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4.2.1. Physicochemical properties of dealuminated catalysts 

The X-ray diffraction patterns of the commercial and acid-treated H-ZSM-5 zeolite 

samples are shown in Figure 4.1. The result confirmed that the MFI structure of 

commercial H-ZSM-5 was preserved after acid treatment with different 

concentrations. The crystallinity of the commercial H-ZSM-5 zeolite was also 

maintained after the dealumination processes. 

The result of the XRF analysis is reported in terms of Si/Al mole ratio as shown in 

Table 4.3. The parent zeolite’s silica and alumina mole ratio increased slightly after 

acid treatment, indicating that a certain degree of dealumination occurred. There was 

no notable difference in the aluminum content based on the concentration of the nitric 

acid solution used (0.1 – 0.4 M). This observation is attributed to the recalcitrant 

nature of the H-ZSM-5 zeolitic framework to low acid concentrations [95]. The result 

obtained follows the work reported in the literature by Triantafillidis et al. where the 

alumina content of commercial H-ZSM-5 zeolite (Si/Al ratio = 27) decreased by just 

7 wt% following the dealumination with 1.5 M hydrochloric acid at 90 ℃ for 24 h 

[96]. 
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Table 4.3. Textural properties and Si/Al ratio of commercial and acid-treated H-ZSM-5 

zeolites. 

Sample   
SBET 

a 

(m2/g)  

Smicro 
b (m²/g) 

Sext. c 

(m²/g)  

Dp 
d  

(nm) 

Vmicro 
e 

(cm3/g) 

Vmeso 
f 

(cm3/g) 

Vpore 
g 

(cm3/g) 

SiO2/Al2O3 

ratio h 

Crystallinity 
i (%)   

Comm. H-ZSM-5 343 253 90 2.76 0.133 0.105 0.238 21.07 100 

0.1DeAl.H-ZSM-5 377 261 116 2.78 0.128 0.135 0.263 22.09 100 

0.2DeAl.H-ZSM-5 318 218 100 2.99 0.115 0.123 0.238 22.13 100 

0.3DeAl.H-ZSM-5 276 210 66 2.8 0.111 0.082 0.193 22.04 100 

0.4DeAl.H-ZSM-5 362 259 103 2.89 0.137 0.125 0.262 22.16 100 

a BET surface area 
b Micropore surface area   
c External surface area    
d Pore diameter obtained by the BJH method  
e Volume of the micropore 
f Volume of mesopore (Vmeso = Vpore – Vmicro.)  
g Total pore volume  
h Determined by XRF  
i Calculated from XRD patterns at 2-theta angles of 14.81º, 23.10º, 23.86º, and 24.37º 

 

 

Figure 4.1. X-ray diffraction patterns of commercial and acid-treated H-ZSM-5 

zeolite. 

The N2 physisorption isotherms of the commercial and acid-treated H-ZSM-5 zeolites 

are shown in Figure 4.2. All the H-ZSM-5 zeolite catalysts display the type I 

isotherm of a typical microporous material. The presence of the hysteresis loop at P/P0 
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> 0.4 indicates the mesoporosity of the zeolite samples [67]. The origin of mesopores 

is related to the interparticle voids located between the H-ZSM-5 zeolite particles 

and/or inside its particles agglomerate. As shown in Table 4.3, the commercial H-

ZSM-5 zeolite exhibited the BET surface area and total pore volume of 343 m2/g and 

0.238 cm3/g, respectively. The acid treatment with 0.1 nitric acid solution slightly 

increased the textural properties of the commercial zeolite, possibly due to a 

decreased degree of particle agglomeration. 0.1DeAl.H-ZSM-5 possessed the highest 

surface area and porosity. By increasing the acid concentration further, up to 0.3 M, 

the surface area and total pore volume of the catalysts decreased whereas the surface 

area and total pore volume slightly increased at a higher concentration (0.4 M). 

 

Figure 4.2. N2 adsorption-desorption isotherms of commercial and acid-treated H-

ZSM-5 catalysts. 

The FE-SEM image of the commercial and acid-treated (0.1 – 0.3 M) H-ZSM-5 

zeolites are shown in Figure 4.3. The commercial H-ZSM-5 zeolite has a rectangular-
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shaped nanoparticle agglomerate, similar to the observation of Hoff et al. [97]. The 

shape and size of the primary H-ZSM-5 zeolite particles were maintained after the 

acid treatment, but the degree of agglomeration changed, particularly at a high 

concentration of the acid solution. A decrease in the agglomeration nature was 

observed after the dealumination process, which explained the changes in the textural 

properties of the H-ZSM-5 catalysts. 

 

Figure 4.3. FE-SEM images of the commercial and acid-treated H-ZSM-5 catalysts at 

100,000X magnification. 

The solid-state 27Al NMR was conducted to investigate the chemical shift that 

occurred in the aluminum environment of the commercial H-ZSM-5 after acid 

treatment. The 27Al MAS NMR spectra of the commercial and 0.1 M acid-treated H-

ZSM-5 zeolites are shown in Figure 4.4A. Three chemical shifts were observed at 54 

ppm, 37 ppm, and 0 ppm. They are ascribed to the aluminum species in the tetrahedral 
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(AlIV), pentahedral (AlV), and octahedral (AlVI) coordinations in the H-ZSM-5 zeolite 

network, respectively [98,99]. The pentahedral and octahedral species can be present 

in the commercial H-ZSM-5 zeolite as coordinatively unsaturated aluminum atoms 

attached in its framework and/or extraframework aluminum (EFAL) species [98]. The 

broad signal at -30 ppm is assigned to non-framework aluminum species in the form 

of a three-coordinated cationic Al3+ in the distorted environment and or charged 

neutral alumina (Al2O3) clusters [96,98]. The distributions (area%) of the aluminum 

species determined for the commercial and acid-treated zeolites are summarized in 

Table 4.4. The acid treatment removed some tetrahedral aluminum species, while the 

relative fraction of the pentahedral aluminum atoms notably increased. This outcome 

is in agreement with the work of You et al. [98]. As earlier discussed, the framework 

of the commercial H-ZSM-5 zeolite was not significantly perturbed with 0.1 M nitric 

acid solution. The change in the aluminum environment on the mild dealumination 

should be mostly attributed to the partial removal of extraframework aluminum 

species via hydrolysis and ion-exchange processes [100]. The work of Kooyman et al. 

demonstrated that the dealumination process was a facile method to control the types 

of aluminum species, and thus the acid properties of H-ZSM-5 catalysts [95]. 

Table 4.4. Distribution of aluminum species in the commercial and acid-treated H-ZSM-5 catalysts. 

Catalyst 

Alᴵⱽ a Alⱽ b Alⱽᴵ c Distorted EFALd Total 

peak 

area  Peak 

area 

Fraction 

(%) 

Peak 

area 

Fraction 

(%) 

Peak 

area 

Fraction 

(%) 

Peak 

area 

Fraction 

(%) 

Comm. H-ZSM-5 2823580 62.96 539993 12.04 750786 16.74 370188 8.25 4484547 

0.1DeAl.H-ZSM-5 3512800 63.11 793055 14.25 793055 14.25 467586 8.40 5566497 

a Tetrahedral aluminum species at 54 ppm  
b Pentahedral aluminum species at 37 ppm 
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c Octahedral aluminum species at 0 ppm  
d Distorted extraframework aluminum (EFAL) at -30 ppm  

The solid-state 29Si MAS NMR spectra of the commercial and acid-treated H-ZSM-5 

zeolite are shown in Figure 4.4B. The spectra were deconvoluted into four (4) 

components, resonating at -85 ppm, -95 ppm, -105 ppm, and -111 ppm, corresponding 

to the silicon (Si) atoms in different coordinations with aluminum atoms; Si(3Al), 

Si(2Al), Si(1Al), and Si(0Al) species, respectively [98,100-101]. In addition, these 

chemical shifts can be assigned to Si(OSi)4-n(OR)n, where n is equivalent to 0,1,2, or 

3, and R is a proton [98,101]. The relative distributions of different silicon species are 

summarized in Table 4.5. The treatment with 0.1 M acid solution predominantly 

increased the fraction of the band at -85 ppm, while other silicon coordinations were 

not significantly altered. 

The result is ascribed to the increase in the number of silanol groups (≡Si–OH) due to 

the partial hydrolysis of the H-ZSM-5 aluminosilicate framework during the acid 

treatment [93]. This was evident by the FTIR spectra of these samples thermally 

treated at 500 ⁰C, Figure 4.5. The absorption bands at ca. 3740 cm−1correspond to the 

silanol groups [104], while the absorption band at ca. 3680 cm−1 is assigned to the 

hydroxyl groups attached to aluminum debris and/or partially hydrolyzed framework 

aluminum (FAL) [105]. It was obvious that the content of silanol groups increased by 

the mild acid treatment, and the absorption band of the bridging hydroxyl groups 

became sharp. The overall results obtained from the solid-state NMR and FTIR 

analysis indicated that low concentration of acid solution removed some 

extraframework aluminum (EFAl) species from the commercial H-ZSM-5 zeolite and 

slightly hydrolyzed its zeolitic framework. 
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Table 4.5. Fractions of silicon species in the commercial and acid-treated H-ZSM-5. 

Catalyst 

Si(0Al) a  Si(1Al) b Si(2Al) c Si(3Al) d 
Total 

peak 

area Peak 

Area 

Fraction 

(%) 

Peak 

Area 

Fraction 

(%) 

Peak 

Area 

Fraction 

(%) 

Peak 

Area 

Fraction 

(%) 

Comm. H-ZSM-5 229551 37.79 250494 41.24 101948 16.79 25380 4.18 607372 

0.1DeAl.H-ZSM-5 236797 36.76 256296 39.79 104601 16.24 46446 7.21 644140 

a Silicon bonded with no aluminum atom or Si(OSi)4 species at -111 ppm. 

b Silicon bonded to one aluminum atom or Si(OSi)3(OH) in the range of -104 to -105 ppm. 

c Silicon bonded to two aluminum atoms or Si(OSi)2(OH)2 in the range of -92 to -95 ppm. 

d Silicon bonded to three aluminum atoms or Si(OSi)(OH)3 in the range of -84 to -85 ppm. 

 

Figure 4.4. Solid-state (A) 27Al and (B) 29Si MAS NMR spectra of (a) commercial H-

ZSM-5 and (b) 0.1DeAl.H-ZSM-5. 
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Figure 4.5. FTIR spectra of the commercial H-ZSM-5 and 0.1DeAl.H-ZSM-5 in the 

O–H stretching region. 

The distribution of the total acidity and acid sites of the commercial and acid-treated 

H-ZSM-5 zeolites were characterized by the NH3-TPD analysis. The weak, moderate, 

and strong acidity corresponded to the ammonia desorption that occurred in the 

temperature region of 50–200 ℃, 200–350 ℃, and 350–500 ℃, respectively, as 

depicted in Figure 4.6A. By treating the commercial H-ZSM-5 with various nitric 

acid solutions, the area under the TPD profiles, relative to the total acidity, was 

increased. The acid site distribution with different strengths is shown in Table 4.6. 

The acid treatment with 0.1 M acid solution particularly enhanced the strong acidity. 

Since the temperature-programmed desorption technique cannot differentiate the type 

of acid sites, the FTIR for pyridine adsorption was carried out to determine and 

quantify the Brønsted and Lewis acidity (Figure 4.6B). The absorption bands at 1545 

cm-1 and 1455 cm-1 are attributed to the pyridine molecules adsorbed onto the 

Brønsted and Lewis acid sites of the catalysts, respectively, meanwhile the 

superimposition obtained from the vibration of the pyridine molecules that interacted 
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with both acid types was located at 1490 cm-1 [104]. Following acid treatment, the 

amount of Brønsted and Lewis acidity was 1.5-fold and 5.5-fold increase, 

respectively. As suggested by the solid-state MAS NMR analysis, this outcome was 

explained by partial hydrolysis of non-framework alumina (Al2O3) clusters as well as 

zeolitic framework, resulting in a diverse coordination of aluminum atoms. The 

extraction of some cationic extraframework aluminum (EFAL) species through ion-

exchange process rendered the Brønsted acidity increased [104]. 

By increasing the nitric acid concentration further, the amount of weak and moderate 

acid sites increased, while the strong acidity was slightly changed. The content of the 

Lewis acid sites increased by only 2.6-fold and 3.5-fold at higher concentrations of 

the acid solution (0.2–0.3 M). The decreased Lewis acidity observed after further acid 

treatment at higher concentration of nitric acid (0.4 M) implies that both framework 

and extraframework aluminum were extracted by the acid solution. Yang and co-

workers [137] demonstrated that the Lewis acid content of a commercial H-USY 

zeolite decreased significantly after the acid treatment of the zeolite with 0.5–8 M 

nitric acid solutions. Meanwhile, the Brønsted acid content was maintained around 

1.5-fold increase after treatment with 0.2 M acid solution, whereas with 0.3 – 0.4 M 

acid solution, the content of Brønsted acid increased concomitantly, Table 4.6. As 

evidenced by the X-ray diffraction and X-ray fluorescence analysis, the crystallinity 

and elemental composition of the acid-treated zeolites were not significantly altered at 

high concentrations of the acid solution. However, the degree of particle 

agglomeration and the interparticle void volume of the modified catalysts changed 

significantly. Losch et al. [106] from their work demonstrated that the H-ZSM-5 

zeolite with highly dispersed crystallites had superior acid properties to the 
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agglomerate ones. The total acidity of the acid-treated zeolite remained high even at 

0.4 M acid solution.  

Table 4.6. Distribution and type of acid sites of commercial and acid-treated H-ZSM-5 

catalysts 

Catalysts 
Acid sites distribution (mmol/g)a 

 
Type of acid sites (mmol/g)b 

Weak  Moderate Strong Total 
 

L B B/L ratio 

Comm. H-ZSM-5 
0.735 0.233 0.166 1.134 

 
0.020 0.176 7.35 

0.1DeAl.HZSM-5 
0.711 0.255 0.224 1.189 

 
0.109 0.261 2.39 

0.2DeAl.HZSM-5 
1.008 0.291 0.210 1.509 

 0.051 0.264 5.20 

0.3DeAl.HZSM-5 
0.976 0.257 0.199 1.432 

 0.069 0.374 5.39 

0.4DeAl.H-ZSM-5 
1.019 0.307 0.152 1.477 

 
0.018 0.289 15.90 

a Determined by Ammonia-TPD analysis (Weak: 50–200 ℃, Moderate: 200–350 

℃, Strong: 350–500℃) 

b Determined by Py-FTIR analysis (L – Lewis acidity, B – Brønsted acidity)  

 

Figure 4.6. (A) NH3-TPD profiles and (B) Py-FTIR spectra of (a) commercial H-

ZSM-5, (b) 0.1DeAl.H-ZSM-5, (c) 0.2DeAl.H-ZSM-5, (d) 0.3DeAl.H-ZSM-5, and (e) 

0.4DeAl.H-ZSM-5. 
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4.2.2. Glucose dehydration to HMF over commercial and dealuminated H-ZSM-

5 zeolite 

Reaction pathways for glucose dehydration to HMF: The plausible reaction 

pathways for the conversion of glucose to HMF and other by-products are illustrated 

in Figure 4.7. Glucose isomerization to fructose is facilitated by Lewis acid sites 

through 1,2-intramolecular hydride shift [107]. The fructose formed is then 

dehydrated at the Brønsted acid centers, removing three molecules of water to form 

HMF. It has been demonstrated that a high Brønsted acidity could deteriorate the 

yield of HMF formed by promoting its rehydration to levulinic acid (LA) and formic 

acid (FA) [66]. In this study, furfural was also observed as a by-product. It is a xylose 

dehydration product from the retro-aldol condensation of fructose intermediates, 

which is catalyzed by Brønsted acid sites [68]. Soluble or insoluble (polymeric) 

humins are inevitably formed via condensation among glucose, fructose, furans, as 

well as other reactive intermediates, such as 2,5-dioxo-6-hexanal (DHH) [108]. 

Previous works have shown that the formation of humins can be retarded, and could 

increase the selectivity of HMF, by optimizing not only the total number of acid sites 

but also a molar ratio of Brønsted/Lewis (B/L) acidity [108,109]. 

 

Figure 4.7. Reaction pathways for glucose dehydration to HMF 
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Effect of mild acid dealumination of H-ZSM-5 zeolite:  As earlier stated, the 

dehydration of glucose without any catalyst was examined to understand the influence 

of bifunctional heterogeneous catalysts on HMF synthesis. As shown in Table 4.7, 

the yield of HMF was not encouraging (17.1%), while fructose yield remained high 

(13.2%) at 38.0% glucose conversion. The introduction of commercial H-ZSM-5 into 

the reaction increased glucose conversion and HMF yield significantly to 97.8% and 

59.6%, respectively. The combined Lewis and Brønsted acid centers of the 

commercial zeolite actively promoted the isomerization and dehydration steps, 

respectively. Moreover, the bifunctional nature of the catalyst suppressed pentose 

intermediate formation as deduced from a low furfural yield (less than 1%). No trace 

of fructose and levulinic acid was detected. Meanwhile, a high amount of humins and 

other by-products (soluble oligomers) was observed, as deduced from the dark brown 

color of the spent catalyst and the reaction mixture. A high amount of polymeric 

products in the reaction suggests that the acid properties of the commercial H-ZSM-5 

needed optimization for more efficient synthesis of HMF. 

Table 4.7. Glucose dehydrationa over commercial and dealuminated H-ZSM-5 

catalysts.  

Catalyst 

Glucose 

conversion  

(%) 

Yield (%)  

Fructose LA HMF Furfural Othersb 

No catalyst 38.0 13.2 1.5 17.1 0.2 5.1 

Comm. H-ZSM-5 97.8 0.0 0.0 59.6 0.6 35.6 

0.1DeAl.HZSM-5 99.0±1.3 0.4±0.0 0.9±1.1 64.7±0.1 0.8±0.3 30.0±3.5 

0.2DeAl.HZSM-5 96.4±2.6 1.2±0.6 6.5±5.6 60.4±0.6 0.8±0.1 25.1±1.4 

0.3DeAl.HZSM-5 95.6±2.0 1.5±0.6 2.2±0.1 61.7±0.6 0.8±0.1 27.1±3.3 

0.4DeAl.H-ZSM-5 97.3±1.0 1.0±0.1 3.9±2.0 63.1±2.1 0.9±0.0 25.8±5.0 

a Reaction conditions: catalyst loading, 500 mg; glucose concentration, 3.6 wt%; 

reaction temperature, 170 ℃; reaction time, 60 min. 

b Mainly humins 
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When 0.1DeAl.H-ZSM-5 was used as a catalyst, HMF yield notably increased to 

64.7% at a near complete conversion of glucose. As depicted in Table 4.7, this result 

was attributed to an increased content of total acid sites, especially in the strong 

acidity, from 0.166 mmol/g to 0.224 mmol/g for the commercial and 0.1 M acid-

treated zeolite catalysts, respectively. Khumho et al. [110] in their work investigated 

the catalytic conversion of glucose into HMF with niobium oxides supported on 

carbon/silica nanocomposite. They found out that the catalyst with the highest amount 

of strong acid sites gave the highest yield of HMF. Besides, the mild dealumination 

process reduced the yield of humins by 5.6%. This result should be related to a 

decreased B\L molar ratio of the commercial zeolite from 7.35 to 2.39 after the 

dealumination (Table 4.7). Yousatit et al. [111] from their work demonstrated that the 

catalyst with a higher proportion of isomerization active sites was more suitable than 

that of Brønsted acid sites in the selective synthesis of HMF. This is related to the fact 

that glucose isomerization to fructose is the rate-determining step [112], and Brønsted 

acid sites are responsible for the aldol addition and condensation of HMF to humins 

[113]. It is worth noting that the suitable B/L ratio of the bifunctional catalysts used in 

the direct conversion of glucose was significantly different from the ones reported in 

the literature [113–115]. It should be attributed to the difference in other 

physicochemical properties of the catalysts, such as specific surface area, pore size, 

and hydrophobicity, as well as the difference in the reaction conditions studied.   

The glucose conversion dropped slightly to 96.4%, 95.6% and 97.3% in the presence 

of 0.2DeAl.H-ZSM-5, 0.3DeAl.H-ZSM-5 and 0.4DeAl.H-ZSM-5 catalysts, 

respectively. Although the yield of HMF was still maintained at higher than 60%, 

there was a significant change in the distribution of other products. The outcome of 
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this result was attributed to the acid properties of the dealuminated catalysts. 

0.2DeAl.H-ZSM-5, 0.3DeAl.H-ZSM-5, and 0.4DeAl.H-ZSM-5 exhibited an 

increased content of weak-to-moderate acidity, while the strong acid sites were 

reduced (Table 4.7). This should lower their catalytic activity in glucose 

isomerization and fructose dehydration. Obviously, the high B/L ratio observed with 

the three catalysts was not suitable for higher HMF formation, and in turn, promoted 

hydrolysis of HMF to levulinic acid. This result is explained by an increased content 

of weak-acidic silanol groups (≡Si-OH) in the zeolites treated with high 

concentrations, which increased the catalyst hydrophilicity and affinity for water 

required for the rehydration of HMF to obtain levulinic acid. Due to the high catalytic 

performance of dealuminated catalysts, reaction conditions were optimized over 

0.1DeAl.H-ZSM-5 zeolite to obtain the highest yield of HMF. 

4.2.3. Effect of reaction conditions on HMF synthesis over 0.1DeAl.H-ZSM-5 

catalyst 

Effect of reaction temperature: The acid-catalyzed dehydration of glucose was 

optimized over 0.1DeAl.H-ZSM-5 from a temperature of 150 – 180 ℃ to obtain the 

highest yield of HMF, owing to its superior catalytic performance over the 

commercial H-ZSM-5 and other acid-treated zeolite catalysts. As shown in Figure 

4.7A, the glucose conversion and yield of HMF were low, 62.5% and 31.2%, 

respectively, when the reaction was conducted at 150 ℃. The yield of fructose 

remaining in the solution at this temperature was 15%. It indicates that the energy 

available in the system was not sufficient for glucose dehydration to HMF. An 

increase in the reaction temperature to 170 ℃ drove the glucose conversion to near 
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completion (>99%) at which the yield of HMF reached 64.7% since the isomerization 

and dehydration steps are endothermic processes [116,117]. Meanwhile, other by-

products formed at low temperatures were reduced above 160 ℃, except for humins. 

It was demonstrated that the formation of humins through the condensation of glucose 

and/or fructose has comparable activation energy (114–127 kJ/mol) to the fructose 

dehydration to HMF [119]. Therefore, both catalytic routes are accelerated 

proportionally at elevated temperatures. Further increasing the temperature above 170 

℃ enhanced the formation of polymeric products by consuming HMF since there was 

no glucose and fructose available in the reaction system. Hence, the reaction 

temperature of 170 ℃ was selected as the optimum one for screening other reaction 

parameters. 

Effect of reaction time: Since the direct conversion of glucose to HMF is a 

consecutive reaction process accompanied by various side reactions, the reaction time 

is an important parameter to control the products’ selectivity and enhance the yield of 

HMF. The effect of reaction time was studied in the range of 40–80 min (Figure 

4.7B). At 40 min, the HMF yield of 56.1% was obtained at 88.0% glucose conversion, 

along with the fructose and LA yield of 3.8% and 2.0%, respectively. As the reaction 

time was prolonged to 60 min, the conversion of glucose jumped to >99% and the 

yield of HMF was achieved at 64.7%. There was no significant change in the glucose 

conversion and HMF yield at 80 min, but the distribution of by-products was altered. 

Atanda et al. [63] reported that the transformation of HMF to humins at a certain 

temperature was a function of time. Recently, the acid concentration-dependent 

kinetic study demonstrated that the condensation and polymerization of HMF 

proceeded at different reaction rates to the rehydration of HMF to levulinic acid [109]. 
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In a strong acid-catalyzed system without any glucose and fructose, the rate of HMF 

conversion into levulinic acid was larger than that of HMF-derived humins formation. 

Considering the HMF yield and ease of product separation, the reaction time of 60 

min was a suitable period for the HMF synthesis in this study. 

Effect of substrate concentration: Primarily, the concentration of substrate not only 

controls the yield of formed products but also determines the desired product 

throughput and economic feasibility of the process. In this study, the glucose 

concentration in the aqueous phase was varied from 3.6–10 wt% (Figure 4.7C).  It 

was found that 3.6 wt% of glucose was the suitable substrate concentration by which 

both the glucose conversion and the HMF yield became the highest values, >99% and 

64.7%, respectively. Around 6–9 % of glucose remained in the reaction system once 

the weight of the substrate was increased above the suitable concentration. The HMF 

yield dropped, while the humins formation was enhanced, proportionally to the 

glucose concentration. An increased availability of HMF and other reactive 

intermediates formed at a high concentration of substrate induced the 

polycondensation routes to the unwanted oligomers. This result also implied the cause 

of catalyst deactivation due to various organic compounds depositing on the surface 

of the zeolite catalyst. Hence, the glucose concentration of 3.6 wt% was suitable for 

the HMF synthesis in this study. 
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Figure 4.8. Effects of (a) reaction temperature (b) reaction time (c) substrate concentration 

(d) catalyst loading in the conversion of glucose to HMF over 0.1DeAl.H-ZSM-5 (Central 

reaction conditions: catalyst loading, 500 mg; glucose concentration, 3.6 wt%; reaction 

temperature, 170 ℃; reaction time, 60 min. 

Effect of catalyst loading: Optimizing the catalyst loading level is a facile approach 

to increase the amount of acid sites responsible for the glucose dehydration, and thus 

selectively control the HMF formation. When the amount of 0.1DeAl.H-ZSM-5 

catalyst in the reaction was extended from 360 mg to 500 mg, the glucose conversion 

and HMF yield were increased from 89.3% and 49.7% to >99% and 64.7%, 

respectively. However, using higher levels of catalyst loading deteriorated the HMF 
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yield concomitantly with an enhanced humins yield. The observed trend was similar 

to the recent study by Ramesh and co-workers [119]. Zhang et al. [120] found out that 

the surplus catalyst provided an excess amount of active sites responsible for the 

HMF hydrolysis and polycondensation to form humins. Based on the result obtained, 

the loading level of 500 mg was suitable for the direct conversion of glucose into 

HMF over 0.1DeAl.H-ZSM-5. 

4.2.4. Reusability study of 0.1DeAl.H-ZSM-5 catalyst 

The reusability of heterogeneous catalysts generally reflects their catalytic stability 

and potential application for industrial chemical processes. In the direct conversion of 

glucose to HMF, the acidic catalysts developed so far have suffered from serious 

deactivation due to the presence of various reactive intermediates and oligomers that 

competitively adsorbed on the catalyst surface. To verify the reusability of 

0.1DeAl.H-ZSM-5 as the suitable catalyst, the spent catalyst recovered from the 

reaction mixture was thoroughly washed with hot water (~80 ℃), and then toluene 

(twice each). Subsequently, the washed sample was dried at 80 ℃ overnight, followed 

by calcination at 500 ℃ for 4 h to ensure the removal of all organic deposits. Once 

the regenerated catalyst was reused in the reaction under the optimized conditions, the 

glucose conversion and HMF yield dropped remarkably from >99% to 60.4% and 

from 64.7% to 32.0% respectively (Figure 4.9). On one hand, this result might be 

associated with the existence of humins that remained adsorbed on the strong acid 

sites of the catalyst. On the other hand, some strong acid sites in the form of 

extraframework aluminum species were removed from the fresh catalyst during the 

first run. Other organic solvents with different polarities (THF, ethanol, and 
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isopropanol) were tried in the washing step based on the hypothesis that an increased 

polarity of solvent could facilitate the removal of oxygenated organic deposits. 

However, using toluene with the least polarity index gave better results. It is worth 

noting that the performance of catalysts reused in the second and third cycles was not 

significantly different from the first reuse. It implied that the change in the 

characteristics of 0.1DeAl.H-ZSM-5 catalyst occurred just in the first contact with the 

reaction mixture, and then this catalyst could be reused in the HMF synthesis without 

noticeable loss of activity. It should be also addressed that the yield of HMF obtained 

over the reused catalyst was 2-fold higher than the reaction without any catalyst. 

 

Figure 4.9. Reusability study of 0.1DeAl.H-ZSM-5 in the glucose dehydration to 

HMF. Reaction conditions: catalyst loading, 5 wt%; glucose concentration, 3.6 wt%; 

reaction temperature, 170 ℃; reaction time, 60 min (except for the 1st–3rd reuse, 

reaction time was 90 min). 

4.2.5. Comparison of the performance of 0.1DeAl.H-ZSM-5 catalyst to other 
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The catalytic performance of 0.1DeAl.H-ZSM-5 catalyst was compared to other 

zeolite-based catalysts in the direct dehydration of glucose into HMF as shown in 

Table 4.8. Based on the results obtained with this catalyst and the literature reported 

so far, 0.1DeAl.H-ZSM-5 is a good zeolitic catalyst for the synthesis of HMF from 

glucose, especially in a biphasic solvent system. Compared to large pore zeolites, the 

MFI zeolite is of great benefit for glucose dehydration to HMF due to its smaller 

microporous channels that limited the condensation degree of reactive intermediates 

to oligomers. Several attempts have been made to adjust the total acidity and the B/L 

ratio of zeolite catalysts through different techniques, such as modified synthesis 

procedures [73], metal doping [62,74], high-temperature calcination [114]. However, 

there have been some difficulties to control the distribution, type, and strength of 

newly generated acid sites. The reaction ended up with an HMF yield of <60 % in 

most cases. Furthermore, some of these approaches are associated with dangerous 

chemicals or excessive energy use. The proposed dealumination procedure herein is a 

simple and effective method for modifying the acid characteristics of commercial H-

ZSM-5. Using mild HNO3 acid solution in the dealumination process increased the 

content of Lewis acid sites in the resulting acid-treated H-ZSM-5 with the preserved 

microporous MFI framework and consequently promoted glucose–fructose 

isomerization.  
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Table 4.8. Comparison of 0.1DeAl.H-ZSM-5 with other zeolite-based acid catalysts. 

Entry Catalyst Solvent Temp. 

 (℃) 

Time  

(h) 

Glucose 

conversion (%) 

HMF 

yield (%) 

Ref. 

1 H-ZSM-5 NaCl-H2O/THF 160 1.5  94.0 61.0 [67] 

2 H-ZSM-5  H2O/Dioxane 120 24  59.4 17.0 [72] 

3 H-ZSM-5 H2O/MIBK 195 0.5  80.0 42.0 [66] 

4 H-ZSM-5 [BMIM]Cl 130 1  n.d.a 15.3 [62] 

5 Cr-ZSM-5 [BMIM]Cl 130 1  n.d. 11.2 [62] 

6 Cu-Cr-ZSM-5 DMSO 140 4  57.5 50.4 [74] 

7 H-Beta-Cal750 H2O-DMSO/THF 180 3  78.0 43.0 [114] 

8 Sn-ß-F, HCl NaCl-H2O/THF 190 1.1  90.0 53.0 [73] 

9 H-USY [BMIM]Cl 130 1 n.d. 21.5 [62] 

10 0.1DeAl.H-USY NaCl-H2O/THF 170 1 100 53.1 This work 

11 0.1DeAl.H-ZSM-5 NaCl-H2O/THF 170 1 99.0 64.7 This work 

a n.d. means no data. 
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CHAPTER 5 

Glucose dehydration to HMF - Acid dealumination of commercial H-ZSM-5 

zeolite and metal incorporation 

The acid property of the commercial H-ZSM-5 zeolite was further studied by using 

both acid treatment and metal incorporation processes to find a suitable acidity 

(Brønsted & Lewis acidity) needed to selectively synthesize a high yield of HMF 

from glucose. The commercial zeolite was treated with 0.1 M nitric acid solution, 

followed by tin impregnation at different weights. The catalysts were appropriately 

characterized and tested for glucose dehydration to HMF. The results obtained from 

their characterizations and catalytic tests are discussed below. 

5.1. Physicochemical properties of catalysts 

After catalysts preparation, the xSn-modified-acid-treated H-ZSM-5 samples were 

analyzed with an X-ray diffractometer. Their profiles are presented in Figure 5.1A. 

All the modified samples have a similar diffraction pattern as the commercial H-

ZSM-5. With a low and high content of tin, loaded on the surface of dealuminated H-

ZSM-5 zeolite, no bulk phase of tin oxide was observed, indicating that the metal was 

fully dispersed without any structural damage of H-ZSM-5. From the peak 

enlargement at 2ϴ angle from 6⁰ to 10⁰  shown in Figure 5.1B, the parent peak 

position was maintained after acid treatment. Following modification with the metal, 

the peak position shifted moderately to a higher angle at 1 – 3.84 wt% loading, 

whereas at higher loading, the peak position was maintained. The unit cell values of 

the acid-treated and tin-modified-acid treated H-ZSM-5 showed that the cell 

contracted moderately at low loading of the metal, Table 5.1. The shift in the 

diffraction peak is a result of the expansion or contraction of the zeolite framework 
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that emanated from the diameter difference of the framework T atoms after metal 

insertion [121]. The relative crystallinity of the commercial and modified samples 

was determined by their peak intensities at two-theta angles of 7.8⁰, 8.8⁰, 22.9⁰, 23.8⁰ 

& 24.3⁰ respectively. As summarized in Table 5.1, the result showed that the crystal 

structure of the commercial H-ZSM-5 zeolite was maintained after acid treatment, 

however, the intensity of the peaks increased at different weights of the metal. This is 

attributed to the ion-exchange of some extraframework species in the H-ZSM-5 by 

the acidic metal precursor [122]. Huang et al. demonstrated that the dimension of the 

metal incorporated could also contribute to the crystallinity effect of the zeolite [123]. 

 

Figure 5.1. (A) Diffraction patterns and (B) peak enlargement of (a) commercial H-

ZSM-5 (b) acid-treated H-ZSM-5 (c) 1wt%Sn-0.1DeAl.H-ZSM-5 (d) 3.84wt%Sn-

0.1DeAl.H-ZSM-5 (d) 5wt%Sn-0.1DeAl.H-ZSM-5 (d) 7wt%Sn-0.1DeAl.H-ZSM-5 

The Si/Al mole ratio of the commercial and modified H-ZSM-5 catalysts was 

determined by X-ray fluorescence spectroscopy and is presented in Table 5.1. As 

previously explained in Section 1A, the result of the commercial and dealuminated H-

ZSM-5 showed that the degree of dealumination occurred slightly after acid 
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treatment. Meanwhile, the Sn-modified catalysts showed a similar silica-alumina ratio 

as the acid-treated H-ZSM-5 zeolite, indicating that no notable degree of 

dealumination occurred after impregnation with the metal precursor solution. 

Table 5.1. Textural properties of the commercial and modified catalysts. 

Samples 

SBET a Smicro
b Dp

c Vmicro 
d Vmeso

e Vpore
f Unit cell g (Å) Si/Al 

ratio 
h 

Sn i 

(wt%) 

Rel. 

Cry. 
j  

[%] 
(m2/g) (m2/g) (nm) (cm3/g) (cm3/g) (cm3/g) a b c 

Comm. HZ 343 253 2.76 0.133 0.105 0.238 20 20.02 13.46 21.07 - - 

DHZ 377 261 2.78 0.128 0.135 0.263 19.95 19.98 13.46 22.09 - 100 

1wt%SDHZ 311 214 3.11 0.113 0.128 0.241 19.91 19.90 13.40 22.4 1.04 179 

3.84wt%SDHZ 331 221 2.88 0.117 0.121 0.238 19.89 19.90 13.38 22.11 3.67 207 

5wt%SDHZ 307 204 3.12 0.108 0.131 0.239 19.93 19.98 13.42 21.9 4.83 270 

7wt%SDHZ 315 210 2.88 0.112 0.115 0.227 19.95 19.98 13.42 22.14 7.09 299 

 

a surface area obtained by BET method. 

b Surface area of micropore 

c Average pore diameter 

d Micropore volume   

 e Mesopore volume (Vmeso = Vpore – Vmicro.)  

f Total pore volume  

g Calculated from XRD at lattice plane 040, 200 and 002 

h-i Determined by XRF.  

j Relative crystallinity obtained from XRD at 2Ɵ degree (7.8⁰, 8.8⁰, 22.9⁰, 23.8⁰ & 24.3⁰) 

HZ means H-ZSM-5; DHZ means Dealuminated H-ZSM-5; SDHZ mean Sn-0.1DeAl.H-ZSM-5 

 

The result obtained from the nitrogen physisorption analysis is shown in Table 5.1. 

The textural properties of the commercial zeolite moderately increased after acid 

treatment. The BET surface area of the commercial zeolite increased by 34 m2/g while 

its pore volume increased by 0.025 cm3/g and more mesopores were created. The 

zeolite’s textural properties subsequently decreased after metal incorporation, 

possibly due to the accumulation of the metal on the zeolite’s surface. This 
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observation is consistent with the work of Oozeerally et al. [124] and Gautham et al. 

[125]. The nitrogen physisorption isotherms of the commercial and modified H-ZSM-

5 catalysts are shown in Figure 5.2. The adsorption-desorption isotherms of all the 

catalysts follow a type I isotherm, attributed to a microporous material exhibiting 

mesopore. The mesopore observed with the commercial H-ZSM-5 at P/Pₒ > 0.45 is 

related to the interparticle space (or void) located in the zeolite particle and or particle 

agglomerates. The mesopore however decreased after tin incorporation indicating that 

some secondary pore systems were blocked by tin species after impregnation.  

 

Figure 5.2. N2 physisorption isotherms of (a) commercial H-ZSM-5 (b) acid-treated 

H-ZSM-5 (c) 1wt%Sn-0.1DeAl.H-ZSM-5 (d) 3.84wt%Sn-0.1DeAl.H-ZSM-5 (e) 

5wt%Sn-0.1DeAl.H-ZSM-5 (f) 7wt%Sn-0.1DeAl.H-ZSM-5 

The results of the FE-SEM image of the commercial and modified catalysts are shown 

in Figure 5.3. The commercial H-ZSM-5 and the acid-treated H-ZSM-5 exhibit a 

typical nanoparticle agglomerate with a rectangular-shaped morphology. The surface 
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of the zeolite became rougher after the metal was incorporated and the degree of 

agglomeration of primary particles increased at higher loading of the metal. The 

change noted in the textural properties of the xwt%Sn-0.1DeAl.H-ZSM-5 catalysts 

could be due to this observation. 

 

Figure 5.3. SEM images of (A) commercial H-ZSM-5 (B) acid-treated H-ZSM-5 (C) 

1wt%Sn-0.1DeAl.H-ZSM-5 (D) 3.84wt%Sn-0.1DeAl.H-ZSM-5 (E) 5wt%Sn-

0.1DeAl.H-ZSM-5 (F) 7wt%Sn-0.1DeAl.H-ZSM-5. 

The coordination of tin species in the H-ZSM-5 frameworks, analyzed by UV-vis 

near-infrared spectroscopy, is shown in Figure 5.4. Absorption bands were observed 

at a wavelength of 231 nm, and 271 nm with a shoulder at 201 nm, and are 

characteristic frameworks of zeolite [124,130,131]. The absorption bands at a 

shoulder of ca. 201 nm and 231 nm are characteristic of catalytic active species in the 
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tetrahedral environment, while the band at ca. 271 nm is attributed to extraframework 

coordinated species [132]. From Figure 5.4, after acid treatment, the intensity of the 

commercial H-ZSM-5 spectrum at the tetrahedral position (ca. 231 nm) slightly 

increased due to the hydrolysis/ion exchange process in the zeolite framework. From 

the acid-treated H-ZSM-5 spectrum, the peaks at bands 231 nm and 271 nm are all 

sharp, with a shoulder at ca. 201 nm. After metal incorporation, the peak intensity of 

the band at 201 nm slightly extended in the shoulder, while the peak intensity of the 

bands at 231 and 271 nm was well broadened. This implies that some isolated Sn4+ 

atoms were successfully incorporated as framework coordination and also at the 

extraframework sites [125].  The extraframework tin species could also occur as Sn-

O-Sn coordination group in the  zeolite [94,124]. No peak was observed at 340 nm, 

which is a characteristic absorption band for SnO2 species[125,133]. 

 
Figure 5.4. UV-visible spectra of commercial and modified catalysts. 
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The result obtained from ammonia temperature-programmed desorption analysis for 

all the catalysts is shown in Table 5.2 and Figure 5.5A. The commercial zeolite 

possessed a weak, moderate, and strong acidity of 0.735 mmol/g, 0.233 mmol/g, and 

166 mmol/g respectively, with an overall acidity of 1.134 mmol/g. After acid 

treatment, the weak acidity of the commercial zeolite slightly decreased from 0.735 

mmol/g to 0.711 mmol/g, whereas its moderate, and strong acidity moderately 

increased, having an overall acidity of 1.189 mmol/g. The partial hydrolysis of 

alumina clusters as well as the zeolitic framework in H-ZSM-5 after acid treatment 

resulted in an increased silanol group which contributed to the increased acidity. From 

the NH3-TPD profiles shown in Figure 5.5A, after tin incorporation, the acid strength 

of the dealuminated zeolite shifted to a lower desorption temperature, up to 5 wt% of 

the metal loading, implying that the strong acid sites were suppressed, and the tin 

atoms were mostly incorporated as weak acid sites (WAS). As computed in Table 

5.2, at 1 wt% of the metal loading, the weak acidity of the dealuminated H-ZSM-5 

zeolite notably increased from 0.711 mmol/g to 0.743 mmol/g, whereas the moderate 

and the strong acidity decreased with a decreased total acidity.  Saenluang et al. [72] 

synthesized Sn-β zeolite and reported a decrease of 12.1% in the overall acidity of β-

zeolite at a low weight of tin incorporation. The weak acidity significantly increased 

to 0.962 mmol/g when 3.84 wt% of the metal was loaded, with increased total acidity. 

Meanwhile, the moderate acidity slightly decreased while the strong acid sites (SAS) 

were significantly suppressed, implying that most of the tin atoms loaded at 3.84 wt% 

were also incorporated as weakly acidic sites.  Strong acid site emanates from the 

interaction of aluminum atoms with the framework -OH group of zeolites [96]. Most 

of the tin species were incorporated as extraframework species, as evident from the 
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UV-vis spectroscopy in Figure 5.4.  Subsequent loading of the metal at 5 wt% caused 

the weak, moderate, and strong acidity to decrease. Further loading at a higher weight 

(7 wt%) increased the weak acidity slightly by 0.006 mmol/g, but not the moderate 

and strong acidity. The total acidity at higher weights of the metal was obviously 

lowered. Song et al.[126] reported that the strength of zeolite acid site could be 

weakened at increasing concentrations of the tin precursor solution. At higher 

concentrations of the metal loading, increased accumulation of the tin species might 

have blocked some acid sites of the catalyst resulting in lowered acidity. This feature 

can however be controlled at a suitable proportion of metal loading. 

The acid density in Table 5.2 measures the acidity of the tin-modified catalysts per 

unit surface area. The acid density of the commercial H-ZSM-5 was lowered after 

acid treatment, due to hydrolysis/ion exchange process. Meanwhile, the acid density 

of acid-treated zeolite moderately increased after tin incorporation. 3.84wt%Sn-

0.1DeAl.H-ZSM-5 possessed the highest acid density. 
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Table 5.2. Distribution of acid sites for commercial and modified catalysts from NH3-

TPD analysis. 

Catalysts 

Acid site distribution (mmol/g)a 
Nature of acid site 

(mmol/g)b 
Acid 

densityc 

(mmol/m2) Weak Moderate Strong  Total L B 
B/L 

ratio 

Comm. HZ 
0.735 0.233 0.166 1.134 0.020 0.176 7.35 

3.31 

DHZ 
0.711 0.255 0.224 1.189 0.109 0.261 2.39 

3.15 

1wt%SDHZ 
0.743 0.191 0.121 1.055 n.d n.d n.d 

3.40 

3.84wt%SDHZ 
0.962 0.186 0.189 1.336 0.045 0.106 2.37 

4.04 

5wt%SDHZ 
0.705 0.196 0.148 1.049 n.d n.d n.d 

3.42 

7wt%SDHZ 
0.717 0.207 0.149 1.073 n.d n.d n.d 

3.40 

Regen. catalystd 
0.993 0.387 0 1.380 n.d n.d n.d 

n.d 

 
a Determined by NH3-TPD (Weak: 50 – 200 ℃, Moderate: 200 – 350 ℃, Strong: 350 

– 500 ℃) 

b Determined by Py-FTIR (L – Lewis acid, B – Brønsted acid) 

c Acid density = Total acidity /SBET 

d regenerated 3.84wt%Sn-0.1DeAl.H-ZSM-5 catalyst after 4th reaction run  

n.d – not determined 

HZ means H-ZSM-5; DHZ means dealuminated H-ZSM-5; SDHZ means Sn-0.1DeAl.H-

ZSM-5; Regen. means regenerated 

The results obtained from the in-situ FTIR study and in-situ FTIR of pyridine 

adsorption are shown in Figures 5.5B & C. The Brønsted and Lewis acid content of 

the commercial H-ZSM-5, acid-treated H-ZSM-5, and 3.84wt%Sn-0.1DeAl.H-ZSM-5 

zeolite were determined and quantified, Table 5.2. The bands at 1455 cm-1, 1545 cm-

1, and 1490 cm-1 correspond to the adsorption of pyridine that took place at the Lewis 

acid center, Brønsted acid center, and both Lewis and Brønsted acid center of the 

catalysts, respectively, at a degas temperature of 150 ℃. The commercial H-ZSM-5 

exhibits a Lewis acidity of 0.020 mmol/g, Brønsted acidity of 0.176 mmol/g, and a 
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B/L acid ratio of 7.35. After acid treatment with the commercial zeolite, the Lewis 

and Brønsted acid content increased by 5.45-fold and 1.5-fold  and gave a significant 

adjustment to the B/L acid ratio, Table 5.2. The result of the in-situ FTIR studies 

shows that all three (3) samples have a distinct absorption band at 3680 cm-1, and 

3740 cm-1. These bands are attributed to the extraframework hydroxyl group and 

silanol group ((≡Si–OH) in the zeolite frameworks [104, 127]. The silanol group of 

the commercial zeolite increased after acid treatment as a result of the partial 

hydrolysis of alumina clusters in the zeolitic framework. This feature gave rise to the 

increased Brønsted and Lewis acidity respectively. 

Following metal insertion on the acid-treated zeolite (at 3.84 wt%), the content of 

Lewis and Brønsted acid decreased significantly (by 2.4-fold for the former, and 2.5-

fold for the latter). The decrease observed proportionally contributed to a lower B/L 

acid ratio. Tin interaction with framework T atoms is known to induce strong Lewis 

acidity. Meanwhile, tin inserted at the extraframework sites coupled with the terminal 

Sn-OH is known to induce Brønsted acidity in zeolite [128,129]. However, the 

intrinsic properties of the medium pore MFI zeolite could, however, counter this 

effect [125].  From Figure 5.5C, it is clearly seen that the bands for the silanol and 

the extraframework hydroxyl group of this catalyst were all weakened after metal 

insertion, implying that Sn condensed with Si-OH groups to form Si-O-Sn linkages 

which resulted in the decreased content of the Lewis and Brønsted acidity observed 

(Table 5.2). 
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Figure 5.5. (A)  deconvoluted TPD Profile of all catalysts (B) Py-FTIR spectra and 

(C) FTIR study of (a) commercial H-ZSM-5 (b) acid-treated H-ZSM-5 

(c)3.84wt%Sn-0.1DeAl.H-ZSM-5 catalysts. 
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5.2. Effect of tin incorporation with acid-treated H-ZSM-5 zeolite on glucose 

dehydration to HMF 

The results obtained with different weights of tin on the acid-treated H-ZSM-5 zeolite 

for glucose dehydration to HMF are shown in Table 5.3. Glucose conversion 

decreased progressively with all weights of the metal used (1 – 7 wt%). At 1 wt% 

metal loading, the yield of HMF was similar to that of the commercial zeolite but the 

selectivity of HMF slightly increased, and humins/other byproducts reduced. 

When the metal was loaded at 3.84 wt%, the yield and selectivity of HMF increased, 

with a lower formation of other byproducts. The improved HMF selectivity is 

attributed to the high acid density possessed by this catalyst. At higher weights of the 

metal insertion, the yield and selectivity of HMF dropped progressively. The 

decreased conversion observed with all metal weights used is associated with the 

agglomeration that occurred on the zeolite covering the active sites [126] while the 

trend in the decreased HMF yield (at 5 – 7 wt%) and the increased fructose trend (1 – 

7 wt%) is a a result of limited accessibilities to Brønsted active sites of the catalysts. 

Levulinic acid yield, a product from HMF’s rehydration, varies from 1 - 1.6% while 

furfural yield was observed from 0 – 1% for all weights. The formation of other by-

products decreased with all metal weights. Song et al. [126] and Ordomsky et al. 

[134] demonstrated that a strong correlation exists between zeolite’s ability to 

catalyze glucose dehydration to HMF and the nature of their acidities. Therefore, 

3.84wt%Sn-0.1DeAl.H-ZSM-5 exhibited a suitable acidity and showed a good 

catalytic performance towards HMF synthesis. 
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Table 5.3. Glucose dehydrationa to HMF over commercial and Sn-modified acid-

treated H-ZSM-5 catalysts 

s/n Sample 
Conversion 

[%] 

Fructose  

Yield 

[%] 

LA 

Yield 

[%] 

HMF [%] Othersb 

[%] 

   Yield  Selectivity 

1 Comm. HZ 97.8 0.0 0.0 59.6 61.0 35.6 

2 1wt%SDHZ 93.7±3.3 1.9±0.8 1.2±1.0 58.8±1.0 62.5±0.7 28.2±3.2 

3 3.84wt%SDHZ 83.9±0.1 3.2±0.6 1.5±0.2 62.3±1.9 74.3±2.1 14.1±3.0 

4 5wt%SDHZ 81.7±4.3 3.5±0.8 1.6±0.6 53.6±5.7 68±0.00 18.7±0.1 

5 7wt%SDHZ 79.2.09±8.2 4.1±1.8 1.0±0.0 49.26±6.8 62.5±2.1 21.6±3.2 

a Reaction conditions: catalyst loading, 250 mg;  glucose concentration, 3.6 wt%; 

reaction temperature, 170 ℃; reaction time, 60 min; Pressure, 10 bar N2 gas. 

b Mainly humins 

HZ means H-ZSM-5; DHZ means dealuminated H-ZSM-5; SDHZ means Sn-

0.1DeAl.H-ZSM-5 

5.3. Effect of reaction conditions on HMF synthesis over 3.84wt%Sn-0.1DeAl.H-

ZSM-5 catalyst 

Effect of reaction temperature and time: The effects of reaction temperature and 

time were systematically studied for efficient dehydration of glucose to HMF with the 

modified catalyst. It has been widely demonstrated that energy consumption and 

length of reaction are crucial for the conversion of hexose sugars to HMF [135].  The 

reaction was carried out from a range of temperature of 160 – 180 ℃ at a fixed 

reaction time. Subsequently, the reaction was conducted from 40 – 80 min after a 

suitable temperature was obtained. 
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As depicted in Figure 5.6A, the conversion of glucose significantly increased from 

68.7% to 99% as the reaction temperature was increased from 160 – 170 ℃, which 

was favorable for more HMF formation, obtaining an increased yield of 62.3% from 

52%. Fructose dehydration notably accelerated as the temperature was increased from 

160 – 180 ℃. 

By extending the temperature further (at 180 ℃), the yield and selectivity of HMF 

dropped to 56% and 55% respectively. Other by-products (mainly humins) were 

notably high in this medium. It was also clearly observed in the organic phase of the 

reaction mixture and in the color of the spent catalyst. It implies that high temperature 

accelerated unwanted product formation through polymerization and or condensation 

routes  by consuming HMF to form humins or soluble oligomers. This outcome is 

consistent with the work of Song et al. [126] who demonstrated that higher 

temperatures deteriorate the yield of HMF to humins formation. The yield of levulinic 

acid was found between 1.4% to 1.7% as the reaction temperature increased from 160 

– 180 ℃ while furfural was seen in traces (<0.7%). 

Figure 5.6B shows the results obtained when the reaction time was optimized. The 

conversion of glucose increased from 80% to 88% as the reaction time was increased 

from 40 to 80 min. HMF yield and its selectivity increased from 57% and 71% to 

62.3% and 74.3% for the first 20 min interval from 40 min. Meanwhile, no notable 

change in the yield and selectivity of HMF when the time was increased further, 

whereas byproducts distribution changed. Levulinic acid yield was found between 1.5 

– 3% as the reaction time progressed. Furfural as a byproduct was seen in traces 
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(<1%). By considering HMF yield and selectivity, 60 min reaction time was chosen as 

the suitable period for the synthesis of HMF in this study. 

 

Figure 5.6. Effects of (a) reaction temperature (b) reaction time (c) substrate concentration (d) catalyst 

dosage in glucose dehydration to 5-hydroxymethylfurfural over 3.84wt%Sn-0.1DeAl.H-ZSM-5 (Central 

reaction conditions: catalyst loading, 250 mg; glucose concentration, 3.6 wt%; reaction temperature, 170 

℃; reaction time, 60 min). 

Effect of substrate concentration: Studies were carried out by using 3.6 – 10 wt% of 

the substrate concentration. As shown in Figure 5.6C, 3.6 wt% substrate 

concentration gave the highest conversion, HMF yield, and selectivity (84%, 62.3%, 
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and 74.3%). Subsequent studies with higher concentrations caused a decline in the 

conversion, yield & selectivity of HMF. A high amount of the substrate concentration 

in the reaction system was more than what the catalyst required, and the limited 

amount of the active sites (Brønsted and Lewis acid sites) slowed down the 

isomerization and dehydration rate. Hence, the trend of the decrease observed with 

glucose conversion and the increase observed with fructose yield. Side reactions were 

also accelerated at higher concentrations, giving rise to a darker polymeric product 

known as humins or soluble oligomers. The yield of levulinic acid and furfural varies 

from 0.8 – 1.4% as the substrate concentration was increased from 3.6 – 10 wt%.  

From this study, 3.6 wt% of substrate concentration was selected as optimum for 

further study. 

Effect of catalyst dosage: Glucose conversion and HMF yield were studied with 

different catalyst dosages, ranging from 180 – 500 mg, as shown in Figure 5.6D. The 

conversion of glucose increased from 73% to 99% as the catalyst weight was 

increased from 180 – 500 mg, implying that the Lewis acid amount increased as the 

catalyst dosage increased. Fructose dehydration was simultaneously accelerated as the 

dosage increased. HMF yield and selectivity increased from 43% and 59% to 62.3% 

and 74.3% as the catalyst weight was increased from 180 – 250 mg. Subsequent 

loading at a higher dosage (350 – 500 mg) caused HMF yield and selectivity to drop. 

Higher catalyst dosage in the system deteriorated the yield of HMF simultaneously 

and enhanced humins generation. Levulinic acid and furfural yield varies from 0.7 – 

2% as catalyst dosage increased. Based on these outcomes, 250 mg of catalyst dosage 

was suitable for HMF synthesis for glucose conversion. 
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5.4. Reusability study of 3.84wt%Sn-0.1DeAl.H-ZSM-5 catalyst 

The reusability of the catalyst was done following the procedure reported in Chapter 

4. However, the catalytic result of the regenerated catalyst under optimized reaction 

conditions was not encouraging, achieving a glucose conversion and HMF yield of 

46% and 26.68% respectively. The reduced catalytic performance may be associated 

with polymeric humins that remain adsorbed on the strong acid sites of the catalyst or 

as a result of metal leaching [126]. 

To achieve high catalytic performance as the freshly prepared catalyst, the reaction 

temperature was raised to 190 ℃ for the regenerated catalyst, keeping all other 

reaction parameters constant. From Figure 5.7, the conversion of glucose was greatly 

enhanced (~99%) with the regenerated catalyst at a slight increase in HMF yield 

(~33%).  Meanwhile, the selectivity was very low (at 33.5%) with a high content of 

humins/other by-products. Glucose conversion was maintained around ~98% while 

the yield and selectivity of HMF increased progressively after the 4th run, reaching an 

HMF yield of 62.34% at a selectivity of ~64%. Other byproducts notably decreased 

following each run. It implies that the catalyst characteristics changed during contact 

with the reaction mixture at each run. The total acid content of the regenerated 

catalyst after the 4th reaction run notably increased, as summarized in Table 5.2. 
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Figure 5.7. Reusability study of 3.84wt%Sn-0.1DeAl.H-ZSM-5 catalyst for glucose 

conversion to HMF. Reaction conditions: catalyst loading, 5 wt%; glucose 

concentration, 3.6 wt%; reaction temperature, 170 ℃ (excluding 1st – 4th reuse, 

reaction temperature was 190 ℃); reaction time, 60 min. 

5.5. Catalyst stability and deactivation study  

The x-ray diffraction patterns of the fresh and the regenerated 3.8wt%Sn-0.1DeAl.H-

ZSM-5 catalyst are shown in Figure 5.8. The crystal structure of the catalyst was 

preserved after the fourth reaction run at 190 ℃, which implies that the stability of the 

catalyst was maintained. 

NH3-TPD analysis of the regenerated catalyst after the 4th reaction cycle (Table 5.2) 

revealed that the strong acid sites of the catalyst disappeared. This implies that metal 

leaching occurred in the reaction mixture. The weak and moderate acid sites increased 

from 0.962 and 0.186 mmol/g to 0.993 and 0.387 mmol/g with a total acidity of 1.380 

mmol/g. Some catalytic active species might have been superficially hydrolyzed 
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during the course of the reaction, which increased the acid content [147]. In addition, 

the ion exchange of protons present in the catalyst with sodium ions from the salt 

solution could also have shifted the catalyst’s acidity. The formation of other 

byproducts (humins) decreased progressively, Figure 5.8. This indicates that the 

degree of catalyst deactivation was suppressed. 

 

Figure 5.8. (A)XRD patterns of fresh and regenerated catalysts (B) NH3-TPD profile of 

regenerated catalyst. 

5.6. Comparison of the performance of the 3.84wt%Sn-0.1DeAl.H-ZSM-5 

catalyst to other zeolite-based catalysts 

The catalytic activity of 3.84wt%Sn-0.1DeAl.H-ZSM-5 was compared to other metal-

containing zeolite catalysts, as shown in Table 5.4. Based on the literature reported so 

far and our results, 3.84wt%Sn-0.1DeAl.H-ZSM-5 exhibited superior catalytic 

performance for selective synthesis of HMF from glucose under a biphasic solvent 

system.  Several procedures were utilized by other researchers to introduce the metal 

into the frameworks of zeolites with the aim of adjusting the distribution of the acid 

sites and B/L acidities. Some of the methods used include the incipient wetness 

technique [124], solid-state ion exchange method [92,94], solid-gas reaction [143] wet 
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impregnation technique [7,126], in-situ hydrothermal procedures [72]. However, most 

of these procedures come along with some demerits such as high degree of 

agglomeration after metal insertion, limiting diffusion rates and acid distributions. 

Meanwhile, in most of the cases, HMF selectivity was achieved at <72%. Our study 

pointed out that, mild dealumination of zeolite and tin insertion via excess water 

impregnation could lower the degree of metal agglomeration. Using excess water 

impregnation with the tin precursor resulted in a decreased content of Lewis and 

Brønsted acid sites of the catalyst which aided the suitable B/L acidity needed for 

glucose dehydration to HMF significantly. 

Table 5.4. Comparison of 3.84wt%Sn-0.1DeAl.H-ZSM-5 with other zeolite-based acid 

catalysts. 

Entry Catalyst Solvent 
Temp. 

(°C) 

Time 

(h) 

Glucose 

conversion 

(%) 

HMF 

Yield 

(%) 

HMF 

Selectivity 

(%) 

Ref. 

1 Sn-deAl-HY DMSO 140 3 70 22.0 n.d [124] 

2 Sn-Beta-HCl Water-THF/NaCl 180 1.1 79 56.9 72.0 [94] 

3 Sn-Beta Water-Dioxane 120 24 98.4 42.0 42.7 [72] 

4 Hier-Sn-0.06-Beta DMSO/THF 160 2.5 99 41.6 42.0 [143] 

5 Sn-SAPO-34 NaCl-H₂O/THF 150 1.3 98.5 64.4 n.d [126] 

6 Sn-Mon THF/DMSO 160 3 98.4 53.5 n.d [7] 

7 Sn-Al-Beta-4-8 [C4MIM]Cl 120 2 81 54.0 n.d [102] 

8 Cr-ZSM-5 [BMIM]Cl 130 1  n.d. 11.2 n.d [62] 

9 Cu-Cr-ZSM-5 DMSO 140 4  57.5 50.4 n.d [74] 

10 3.84wt%SDHB H₂O-NaCl/THF 170 1 77.9 51.3 65.9 
This 

work 

11 3.84wt%SDHZ H₂O-NaCl/THF 170 1 84 62.3 74.3 
This 

work  

a n.d. means no data. 

SDHB means Sn-0.1DeAl.H-Beta; SDHZ means Sn-0.1DeAl.H-ZSM-5 
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CHAPTER 6 

Cellulose conversion to HMF 

The part was carried out in four distinct steps. 

❖ First, a preliminary study was conducted to determine the catalytic 

performances of the commercial zeolites under a reaction temperature of 170 

℃. 

❖  Second, further investigation was conducted to determine the catalytic 

efficiency of the commercial zeolites and their similar modified forms at a 

higher temperature. 

❖ Third, the best zeolite from the second step was then selected for further study 

through metal modification procedure and tested for cellulose conversion to 

HMF. 

❖ Finally, the reaction conditions over the best-modified zeolite catalyst were 

optimized, and optimum reaction conditions were determined. 

6.1. Preliminary study of the catalytic performance of commercial zeolites under 

a reaction temperature of 170 ℃. 

Studies were conducted without a catalyst and with the three commercial zeolites for 

cellulose conversion to HMF under a reaction temperature of 170 ℃, as shown in 

Table 6.1. The results obtained with cellulose conversion and HMF yield using the 

three commercial zeolite catalysts were very low. The parent H-USY gave the lowest 

catalytic performance in this medium. This could be attributed to the lowest acid 

strength of H-USY compared to the other zeolites. Moreso, it could also be related to 
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the energy supplied that was not capable of breaking down cellulose units even with 

the presence of the catalytic acid sites. Based on these results, the reaction was further 

conducted at 190 ℃ to further evaluate their performances. 

Table 6.1. Preliminary studya of commercial zeolites for cellulose conversion to HMF 

at 170 ℃. 

Entry Sample 

Cellulose 

conversion 

(%) 

Products Yield [%] HMF 

selectivity 

(%) Glucose Fructose LAb FFc 5-HMF 

1 Thermal 24.2±2% 12.0 0.0 0.0 3.5 8.7 36.1 

2 Parent H-Beta 44.5±2% 7.9 2.0 5.1 5.1 24.5 55.1 

3 Parent H-USY 36.0±2% 9.9 2.3 10.2 2.9 10.7 29.7 

4 Parent H-ZSM-5 38.7±2% 4.8 0.0 0.0 5.1 28.8 74.3 

a Reaction conditions: catalyst loading, 0.25 g; microcrystalline cellulose, 0.36 g; 

NaCl, 2 g; Water, 5 ml; THF, 10 ml; reaction time, 60 min. 

b Levulinic acid 

c Furfural 

The results obtained at 190 ℃ for the commercial zeolites and their modified forms 

are shown in Table 6.2. The conversion of cellulose increased from 44.5%, 36%,  and 

38.7% to 87.9%, 64.1%, and 74.8% while HMF yield increased from 24.5%, 10.7%, 

and 28.8% to 54.3%, 46.3%, and 52.9% with commercial H-Beta, H-USY, and H-

ZSM-5, respectively. At 190 ℃, the degradation of cellulose was significantly 

enhanced in the presence of catalytic acid sites (Table 6.2). Cellulose, due to its 

strong intermolecular hydrogen bonding, has a rigid structure. Although a strong 

correlation exists between zeolites’ acidity and the conversion of cellulose to HMF, 

the availability of suitable energy in the systems is also crucial. Using a temperature 

of 190 ℃ caused responsive hydrolysis of cellulose to glucose and subsequent 
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dehydration of glucose formed to HMF at the Brønsted acid sites of the zeolite 

catalysts.  

The conversion of cellulose and HMF yield increased further after the zeolites were 

dealuminated, excluding H-Beta. The removal of aluminum atoms rendered their 

Brønsted acidity increased and in turn promoted the rate-limiting step (hydrolysis) 

and dehydration step. The conversion of cellulose and HMF yield were further 

ameliorated as their dealuminated forms were modified with tin, with H-USY zeolite 

achieving the highest. Tin is an acidic metal, and its insertion further enhanced their 

acidities and improved their catalytic performances. Meanwhile, the HMF yield 

obtained with acid-treated and tin-modified-acid-treated H-Beta might be a result of 

limited Lewis and Brønsted acid contents after dealumination and metal 

incorporation. Beta zeolite has been mostly investigated in the catalytic conversion of 

carbohydrates into HMF due to its large micropore size, 3-dimensional porous 

channel connectivity, and high Bronsted acidity. However, the low content of Lewis 

acid sites limits its activity in the glucose isomerization step [145], and consequently, 

cellulose conversion to HMF. Based on this outcome, acid-treated H-USY was 

selected and was further studied with different weights of the metal for cellulose 

conversion to HMF. 
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Table 6.2. Catalytic study of the commercial zeolites and their similar modified 

forms for cellulose conversion to HMF. 

Sample 

Cellulose 

conversion 

(%) 

Products Yield [%] HMF 

selectivity 

(%) Glucose Fructose LAb FFc HMF 

Comm. H-Beta 87.9±2% 18.8 4.8 9.9 0.0 54.3 61.8 

0.1DeAl.H-beta  75.1±2% 23.8 2.1 3.4 4.8 41.1 54.7 

3.84wt%SDHB 84.2±2% 35.5 3.0 4.1 4.0 37.6 44.7 

Comm. H-USY 64.1±2% 9.8 1.2 6.8 0.0 46.3 72.3 

0.1DeAl.H-USY 88.7±2% 11.4 0.0 7.4 5.3 64.6 72.9 

3.84wt%SDHU >99% 7.1 1.7 17.1 5.9 68.2 68.2 

Comm. H-ZSM-5 74.8±2% 11.1 1.3 5.7 3.8 52.9 70.7 

0.1DeAl.H-ZSM-5  81.7±2% 7.5 1.7 7.6 6.0 58.9 72.2 

3.84wt%SDHZ 83.1±2% 12.8 1.4 4.7 4.1 60.2 72.4 

a Reaction conditions: catalyst loading, 0.25 g; microcrystalline cellulose, 

0.18 g; NaCl, 1 g; Water, 5 ml; THF, 10 ml; reaction temperature, 190 ℃; 

reaction time, 60 min; Pressure, 10 bar N2 gas. 

b Levulinic acid 

c Furfural 

SDHB means Sn.0.1DeAl.H-Beta; SDHU means Sn-0.1DeAl.H-USY; SDHZ 

means Sn-0.1DeAl.H-ZSM-5 

6.2. Modification of acid-treated H-USY with different weights of tin for cellulose 

conversion to HMF 

The dealuminated H-USY obtained from the acid treatment of commercial H-USY 

with 0.1 M nitric acid solution was modified with the tin precursor at different 

weights, ranging from 1 – 10 wt% of the relative metal content in the metal precursor. 
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The commercial zeolite was treated with the acid solution to remove some aluminum 

in the T atoms and or extraframework of commercial H-USY, where the metal can 

then be inserted. The resulting catalysts were appropriately characterized and 

elucidated for cellulose conversion to HMF. The physicochemical properties and 

catalytic performances of the catalysts are discussed below in detail. 

6.2.1. Physicochemical properties 

The x-ray diffractograms of the commercial, acid-treated, and xSn-modified-acid-

treated H-USY obtained from XRD analysis are shown in Figure 6.1A. The acid-

treated sample follows a similar diffraction pattern as the commercial H-USY, 

indicating no occurrence of structural damage after acid treatment. Meanwhile, the 

crystallinity of the commercial zeolite slightly decreased by 9%. Heda and co-workers 

[136] reported a similar observation with H-USY zeolite (Si/Al ratio of 15) with the 

same acid concentration. The Sn-modified samples have the same diffraction pattern 

as the acid-treated zeolite, which means that tin metal was highly dispersed and no 

appearance of SnO2 peak. By taking the crystallinity index of the dealuminated zeolite 

as 100% (Table 6.3), the crystallinity of the zeolite was maintained at a low weight of 

the metal insertion (1 wt%), however, the crystallinity correspondingly decreased at 

higher weights, as shown in Table 6.3. Huang et al. [143] and Yang et al.[137] 

demonstrated that the dimension of the metal inserted into the framework and the 

degree of dispersion could alter the crystallinity of zeolite. This observation is 

consistent with the work of Wang et al. [138]. From the peak enlargement at 2Ɵ angle 

from 22.4⁰ to 24.8⁰ shown in Figure 6.1B, the diffraction peak of commercial H-USY 

slightly shifted to a higher angle after acid treatment due to hydrolysis/ion-exchange 
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processes. Meanwhile, the peak position of the acid-treated zeolite shifted slightly to a 

higher angle at 1 wt% and moderately at 7–10 wt% of the metal loading whereas at 

3.84 – 5 wt%, the peak shifted to a lower angle. This result can be explained by the 

contraction and expansion of the unit cell in the H-USY crystal lattice, as shown in 

Table 6.3, consistent with the work of Tang et al. [139]. Luo and co-workers [121] 

reported that the expansion or contraction of the zeolitic framework occurs during 

metal incorporation which causes a shift in the diffraction peaks. They explained that 

the phenomenon emanated from the diameter difference of the framework T atoms. 

 

Figure 6.1. XRD pattern of (a) commercial H-USY (b) dealuminated H-USY (c) 

1wt%Sn-0.1DeAl.H-USY (d) 3.84wt%Sn-0.1DeAl.H-USY (e) 5wt%Sn-0.1DeAl.H-

USY (f) 7wt%Sn-0.1DeAl.H-USY (g) 10wt%Sn-0.1DeAl.H-USY. 

The result obtained from XRF analysis showed that the Si/Al mole ratio of the 

commercial zeolite increased by 3.4 (from 5.52 to 8.92) after acid treatment, 

indicating that some framework and or extraframework aluminum atoms were 
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removed. The increased Si/Al mole ratio of the xSn-modified-dealuminated samples 

confirmed that dealumination also occurred with the metal precursor solution, 

although at a low degree. The metal precursor solution exhibited a pH value of 1, 

implying that the metal precursor solution itself is acidic. 

Table 6.3. Textural properties of commercial and modified H-USY zeolites. 

Sample   
SBET 

a 

(m2/g)  
Smicro 

b 

(m2/g)  

Dp 
c  

(nm) 

Vmicro 
d 

(cm3/g) 

Vmeso 
e 

(cm3/g) 

Vpore 
f 

(cm3/g) 

Unit 

cell g 

(Å) 

Si/Al 

ratio 
h 

Sn i 

(wt%)   

Rel. 

Crystallinity 
j (%) 

Comm. H-USY 514 419 2.86 0.220 0.147 0.367 24.42 5.52 - - 

DHU 689 573 2.89 0.302 0.197 0.499 24.35 8.92 - 100 

1wt%SDHU 595 491 2.97 0.258 0.183 0.441 24.26 9.08 0.88 100 

3.84wt%SDHU 621 501 2.87 0.264 0.181 0.445 24.35 9.47 3.46 85 

5wt%SDHU 561 457 2.94 0.240 0.172 0.412  24.37 9.49 4.26 83 

7wt%SDHU 614 470 2.90 0.248 0.196 0.444 24.25 9.64 6.57 73 

10wt%SDHU 588 436 2.80 0.231 0.182 0.412 24.27 9.68 10.44 55 

Regen. catalystk - - - - - - - 9.56 5.95 68 

 
a BET surface area 

b micropore area 

c average pore diameter 

d micropore volume 

e mesopore volume (Vpore – Vmicro) 

f total pore volume 

g obtained from XRD at lattice plane 533 

h - i obtained by XRF 

j relative peak intensities obtained from 2Ɵ angle (6.33⁰, 10.30⁰, 12.08⁰, 15.87⁰, 18.95⁰, 

20.65⁰, 23.96⁰ and 27.41⁰) 

k 7wt%Sn-0.1DeAl.H-USY catalyst after 2nd run of reusability test 

DHU means dealuminated H-USY; SDHU means Sn-0.1DeAl.H-USY 
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The result obtained from nitrogen physisorption analysis is summarized in Table 6.3. 

The commercial H-USY exhibited a BET surface area of 514 m2/g, a micropore 

volume of 0.220 cm3/g, and a total pore volume of 0.367 cm3/g. After acid treatment, 

the textural property of the commercial zeolite significantly increased. This could be 

attributed to the agglomeration of primary particles during acid treatment with 0.1 M 

HNO3 solution. Meanwhile, its pore diameter was not significantly affected. The 

textural property of the dealuminated H-USY decreased respectively following metal 

insertion at different weights. This result indicates that the accumulation of the tin 

atoms occurred on the surface of the zeolite. As shown in Figure 6.2, the nitrogen 

adsorption isotherms of the commercial and modified H-USY samples exhibit a type 

IV isotherm with a hysteresis loop at P/Po > 0.4, which confirms the existence of 

mesopores. This result showed that the commercial H-USY zeolite itself possesses 

both micro and meso pores which is possibly due to interparticle void or agglomerate 

in the zeolite particles. 

 

Figure 6.2. N2 adsorption isotherms of (a) commercial H-USY (b) dealuminated H-USY (c) 1wt%Sn-

0.1DeAl.H-USY (d) 3.84wt%Sn-0.1DeAl.H-USY (e) 5wt%Sn-0.1DeAl.H-USY (f) 7wt%Sn-

0.1DeAl.H-USY (g) 10wt%Sn-0.1DeAl.H-USY 
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The FE-SEM image of the commercial and modified H-USY zeolite is presented in 

Figure 6.3. The morphology of the commercial H-USY did not change following acid 

treatment and metal incorporation.  However, the surface of the commercial zeolite 

became rougher, and the agglomeration of primary particles changed after the acid 

treatment. Small clusters were seen to be deposited on the surface of the zeolite after 

metal insertion at 7 wt%, confirming that some tin species were deposited as 

extraframework species [140]. The walls of the commercial and modified H-USY 

zeolite, coupled with the clusters observed were all crystalline, consistent with XRD 

results. 

 

Figure 6.3. FE-SEM images of (A) commercial H-USY (B) dealuminated H-USY (C) 

1wt%Sn-0.1DeAl.H-USY (D) 7wt%Sn-0.1DeAl.H-USY at a magnification of 30,000 

(Left) and 50,000 (Right) 

The result obtained from UV-vis spectroscopy to determine the coordination states of 

tin in the acid-treated H-USY zeolite is represented in Figure 6.4. The absorption 

band at a wavelength of 205 nm and 231 nm region are typical absorption band for 
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tetrahedrally-coordinated isolated Sn4+ species while the absorption band at 271 nm is 

typical coordination for higher states of tin species in the zeolite [124,137]. The 

spectrum of the acid-treated zeolite became broadened for all after the metal insertion. 

Although, the absorption bands at 205 and 231 nm were slightly broadened whereas 

the band at 271 nm looks completely broadened, implying that the metal was 

somewhat incorporated into the framework position and to a large extent as 

extraframework species, consistent with the SEM result.  

 

Figure 6.4. UV-vis spectra of commercial and modified H-USY zeolites. 

The distribution of acid site and the estimated total acidity for the commercial and 

modified H-USY zeolites obtained from ammonia-TPD analysis are summarized in 

Table 6.4 and their corresponding TPD profiles shown in Figure 6.5A. The acid 

treatment of commercial H-USY zeolite with 0.1 M nitric acid solution increased the 

area under the TPD spectrum, and thus resulted in increased total acidity. The partial 
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hydrolysis of the alumina clusters in the parent H-USY framework/extraframework by 

the acid solution resulted in diverse coordination of aluminum atoms, thus, rendered 

the acidity increased. The weak and strong acidity were particularly enhanced 

following acid treatment, but not the moderate acidity. The metal insertion at 1 – 5 

wt% decreased the total acidity of the acid-treated zeolite, whereas, at 7 – 10 wt% of 

the metal loading, the total acidity notably increased. Besides, the weak and strong 

acidity correspondingly decreased at 1 – 5 wt% of the metal loading. Meanwhile, it 

correspondingly increased at higher weights. It was evidenced from SEM analysis, 

that the degree of particle agglomeration increased with the incorporation of the metal 

precursor at different weights, and tin clusters were seen to be deposited at higher 

weights as extraframework species. The moderate acidity of the dealuminated zeolite 

slightly decreased at 1 wt% loading but increased at higher loading.  It is expected 

that the insertion of tin should correspondingly increase zeolite’s acidity, however, 

partial accumulation or agglomeration of the metal on the surface may render the 

acidity decreased [68]. 

Table 6.4. Distribution and nature of acid sites for commercial and modified H-USY 

catalysts. 

Catalyst 
Acid site distribution (mmol/g)a Nature of acid site (mmol/g)b 

Weak Moderate Strong Total acidity L B B/L ratio 

Comm. H-USY 
0.715 0.324 0.151 1.191 0.128 0.593 4.63 

DHU 
0.798 0.313 0.167 1.279 0.133 0.719 5.41 

1wt%SDHU 
0.768 0.287 0.147 1.202 0.120 0.810 6.73 

3.84wt%SDHU 
0.614 0.352 0.075 1.041 n.d n.d n.d 

5wt%SDHU 
0.649 0.389 0.048 1.086 n.d n.d n.d 

7wt%SDHU 
0.999 0.356 0.239 1.593 0.129 0.787 6.10 

10wt%SDHU 
0.924 0.315 0.142 1.382 n.d n.d n.d 
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a Determined by ammonia-TPD analysis (Weak: 50–200℃, Moderate: 200–350 ℃ 

and Strong: 350–500 ℃) 

b Determined by Py-FTIR analysis (L – Lewis acidity, B – Brønsted acidity) 

n.d – not determined. 

DHU means dealuminated H-USY; SDHU means Sn-0.1DeAl.H-USY 

The in-situ FTIR of pyridine adsorption of the commercial and modified H-USY 

catalysts is presented in Table 6.4 and their recorded spectra in Figure 6.5B. The 

quantification of the acid sites provided an estimate of pyridine consumption at the 

Brønsted acid sites (an absorption band of 1540cm-1) and Lewis acid sites of the 

catalyst (absorption band of 1450cm-1), while the absorption band at 1490cm-1 was 

observed for the superimposed vibration of pyridine that interacted with both acid 

sites. From Table 6.4, after acid treatment, the amount of Lewis and Brønsted acidity 

of the commercial zeolite increased by 0.005 mmol/g and 0.126 mmol/g respectively. 

As evidenced from the TPD data using ammonia as a probe molecule, this outcome is 

due to the partial hydrolysis of framework and extraframework aluminum atoms that 

resulted in various coordination of the aluminum atoms. The ion-exchange process 

during acid treatment rendered the Brønsted acidity increased by the removal of some 

extraframework aluminum species [104]. As shown in Figure 6.6 from the FTIR 

study of the commercial and dealuminated H-USY obtained thermally at 500 ℃ 

before pyridine adsorption, the absorption bands at 3560 cm-1, 3600 cm-1 and 3625 

cm-1 are ascribed to the bridging hydroxyl group (Si-OH-Al) in the zeolite’s sodalite 

cage, the bridging hydroxyl group interacting with extraframework species, and the 

bridging hydroxyl group located in the zeolite’s super-cage.  Meanwhile, the band at 

3670 cm-1 is associated with extraframework hydroxyl groups. The absorption band at 
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3690 cm-1 and 3737 cm-1 are typical bands for unperturbed terminal -OH and silanol 

groups [57,90-91, 104,127,141–142]. After acid treatment, the absorption band at 

3670 cm-1 associated with the extraframework -OH group increased, indicating that 

some extraframework aluminum species were hydrolyzed and the content Al-OHEF 

increased. The band at 3690 cm-1 associated with the terminal hydroxyl group was 

weakened suggesting that some silicon atoms were migrated and condensed with the 

terminal OH group to form Si-O-Si linkage. The silanol group (≡Si–OH), band 3737 

cm-1,  and the bands associated with the bridging hydroxyl groups, 3560 cm-1, 3600 

cm-1, and 3625 cm-1  increased after acid treatment, thus, facilitated the increased 

Brønsted and Lewis acidity. 

Upon metal insertion, the content of Lewis acidity decreased whereas the content of 

Brønsted acidity increased by 0.091 mmol/g and 0.068 mmol/g at 1 wt% and 7 wt% 

of the metal loading. The decreased Lewis acidity indicates that the metal precursor 

resulted in further dealumination of the acid-treated H-USY, as evidenced by the XRF 

data in Table 6.3. The interaction of the bridging and extraframework hydroxyl group 

with Sn atoms occupying the vacant T sites of the acid-treated zeolite enhanced the  

Brønsted acidity [137]. From the FTIR study in Figure 6.6, it was evident that the 

band at 3737 cm-1 assigned to silanol group was slightly weakened at a low weight of 

the metal incorporation (1 wt%) but was highly weakened at a higher weight (7 wt%), 

implying that at higher weights tin condensed more with Si–OH nest to form Si-O-Sn 

linkages, which means that some tin atoms were inserted into framework site [137]. 

Meanwhile, an intense peak was observed at 3670 cm-1 for both weights (1 and 7 

wt%) more than the acid-treated zeolite, indicating that the content of the 

extraframework OH group further increased, due to partial hydrolysis of the 
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extraframework species by the metal precursor solution. There was no significant 

change for the terminal hydroxyl groups at band 3690 cm-1, implying that tin atoms 

were mostly incorporated into the extraframework position, consistent with the result 

obtained from UV-vis analysis. The interaction of terminal Sn–OH  defects in the 

zeolite framework/extraframework has been demonstrated to contribute to the 

Brønsted acidity [129,146]. Hence, the increased Brønsted acidity observed with the 

tin-modified catalysts. 

 

Figure 6.5. (A) NH3-TPD deconvoluted profile of all catalysts (B) Py-FTIR spectra of 

(a) commercial H-USY (b) 0.1DeAl.H-USY (c) 1wt%Sn-0.1DeAl.H-USY and (d) 

7wt%Sn-0.1DeAl.H-USY. 
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Figure 6.6. FTIR study of commercial and modified H-USY catalysts. 

6.2.2. Catalytic study 

Figure 6.7 illustrates the pathway to the one-pot acid-catalyzed conversion of 

cellulose to HMF. Brønsted acid facilitated the hydrolysis or depolymerization of 

cellulose to glucose. The second step involves the isomerization of glucose formed to 

fructose through a 1,2-intramolecular hydride shift, facilitated by Lewis acid. The 

isomerized fructose is then dehydrated at the Brønsted acid centers by removing three 

molecules of water to form HMF. Formic acid (FA) and levulinic acid (LA) have 

been widely investigated to be a product of HMF’s hydration under a high Brønsted 

acid content [66]. Furfural was also observed as a by-product in this study, produced 

from xylose dehydration under the catalysis of Brønsted acid sites [68]. The 

dehydrated xylose is a product of the retro-aldol condensation of fructose 

intermediates. Polymeric or soluble humins are unavoidably formed via 

polycondensation or fragmentation among glucose, fructose, furans, and other 

reactive intermediates [108]. Studies have shown that by optimizing the total number 
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of acid sites and the molar ratio of Brønsted/Lewis acidity, the formation of humins 

can be retarded to enhance the selectivity of HMF [108,109].  

 

Figure 6.7. Reaction pathway for thermocatalytic conversion of cellulose to HMF and 

adverse effect of high acidity. 

6.2.2.1 Catalytic performance of commercial and acid-treated H-USY catalysts  

As earlier discussed, the result obtained from the thermal study of cellulose without a 

catalyst was significantly low. As shown in Table 6.5, cellulose conversion and HMF 

yield increased by 2.7 and 5.3 folds immediately after commercial H-USY zeolite was 

introduced into the reaction system, confirming the significant role of solid acid 

catalysis in lignocellulosic biomass conversion to HMF. The conversion of cellulose 

and HMF yield increased with increasing temperature with the commercial H-USY. 

The glucose and fructose content remaining in the solution as the temperature was 

raised from 170 to 190 ℃ was found between 10 – 16% and 1 – 4% respectively. 

Using acid-treated H-USY as catalyst, both conversion and HMF yield were 

ameliorated. However, the glucose content remaining in the solution was slightly 
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higher than the commercial one at 190 ℃. NH3-TPD and nitrogen physisorption 

results revealed that the dealuminated catalyst exhibited a higher acidity (including 

Brønsted and Lewis acidity) compared to the commercial zeolite. This could have 

effectively cleaved the β-1,4-glycosidic bond in cellulose units to glucose and to HMF 

simultaneously. Xing et al. [71] demonstrated that the effective conversion of 

cellulose to HMF is dependent on the zeolite’s acidity. Wu et al. [68] found out that 

the high acid content of hafnium-containing H-ZSM-5 zeolite promoted the 

degradation of cellulose to HMF. Levulinic acid and furfural yields increased at 

elevated temperatures. Based on this outcome, acid-treated H-USY was selected and 

further modified by metal insertion at different weights for cellulose conversion to a 

higher HMF yield. 

Table 6.5. Catalytic performance of commercial and dealuminated H-USY catalysts 

on cellulose conversiona to HMF. 

Catalyst 
Temp. 

(℃) 

Cellulose 

conversion 

(%) 

Products Yield [%] HMF 

Selectivity 

(%) Glucose  Fructose LAb HMF Furfural 

Thermal 170 24.2±2% 12.0 0.0 0.0 8.7 3.5 36.1 

Comm. H-USY 170 28.7±2% 12.1 4.4 0.6 8.6 3.1 30.0 

Comm. H-USY 180 57.5±2% 15.7 2.2 1.8 33.6 4.4 58.4 

Comm. H-USY 190 64.1±2% 9.8 1.2 6.8 46.3 0.0 72.5 

0.1DeAl.H-USY 190 88.7±2% 11.4 0 7.38 64.6 5.26 72.9 

 
a Reaction conditions: catalyst loading, 250 mg; microcrystalline cellulose weight, 3.6 

wt%; H2O-saturated with NaCl, 5 ml; THF, 10 ml; reaction time, 60 min. 

b Levulinic acid 

6.2.2.2 Effect of tin incorporation on dealuminated H-USY for cellulose 

conversion to HMF 
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Acid amount is largely related to the degree of tin loading in the acid-catalyzed 

conversion of cellulose to HMF and the catalytic performance was mostly influenced 

by the acidity. As a result, the synthesized xSn-dealuminated H-USY catalysts were 

investigated. As shown in Table 6.6, a total conversion of cellulose was obtained with 

all modified catalysts (1 – 10 wt%). The result obtained from Py-FTIR analysis by 

using 1 wt% and 7 wt% metal loading revealed that the Brønsted acidity ultimately 

increased. The mass transfer of cellulose molecules was significantly influenced by 

the high content of the Brønsted acid sites, thus, induced complete hydrolysis. 

HMF yield obtained with various tin loading on acid-treated H-USY is presented in 

Table 6.6. At 1 wt%, the yield of HMF increased from 64.6% (with the dealuminated 

catalyst) to 72.9%. At 3.84 – 5 wt% loading, a similar HMF yield was obtained as the 

acid-treated catalyst, however, lower than the one obtained with 1 wt% due to lower 

total acid content. HMF yield and selectivity reached a plateau of 76.1% when the 

metal was loaded at 7 wt%. The increased yield is attributed to the highest acidity, 

high Brønsted acid content, and suitable B/L acid ratio exhibited by this catalyst 

(Table 6.4). Further loading of the metal at a higher weight on the acid-treated zeolite 

caused HMF yield to decline. The decreased HMF yield may be related to the 

decreased textural properties such as pore diameter, micropore surface and volume 

observed with this catalyst.   

The yield of glucose left in the reaction mixture increased as the total acidity was 

decreased at 3.84 wt% and 5 wt% of tin loading. The improved total acidity and 

Lewis acid content observed at 7 wt% loading accelerated the isomerization step, 

thus, glucose yield was decreased. Although the total acidity slightly dropped at 10 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 121 

wt% of the metal loading, probably due to blockage of some acid sites by tin 

agglomeration, Py-FTIR analysis revealed that the content of Brønsted acidity 

increased after metal insertion. A high B/L acid ratio played a significant role in this 

acid-catalyzed conversion of cellulose to HMF. However, it in turn implies a low 

Lewis acid content. This could have simultaneously affected glucose isomerization to 

fructose, leaving a high content of glucose in the solution. Fructose, an isomerized 

product was found in a limited amount in the reaction mixture from 0 – 2%, implying 

that the Brønsted acidic sites facilitated almost complete dehydration of the formed 

fructose to HMF. From Table 6.6, furfural yields were found in the solution between 

6 – 7% as the metal was loaded from 1–10wt%. Meanwhile, due to the nature of the 

high Brønsted acid content of the xSn-dealuminated catalysts, the levulinic acid yields 

observed were obviously high and were found in the reaction mixture between 12 – 

20%. Humins deposition on the catalyst’s surface increased as the tin content was 

increased from 1–10 wt%.. 

Compared to other weights, 7wt%Sn-0.1DeAl.H-USY possessed the highest total 

acidity and weak-strong acid sites and produced the best catalytic performance. 

Therefore, it was utilized for reaction condition optimizations to achieve a higher 

HMF yield from cellulose. 
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Table 6.6. Effect of tin incorporation on cellulose conversiona and HMF Yield. 

Catalyst 
Conversion 

(%) 

Products Yield (%) HMF 

Selectivity 

(%) Glucose Fructose LA HMF Furfural 

1wt%SDHU >99% 3.3±4.7 0.00 15.8±2.2 72.9±0.8 7.4±2.5 73.3±0.3 

3.84wt%SDHU >99% 7.2±0.1 0.9±1.2 19.6±3.5 66.2±2.7 6.2±0.3 66.2±2.7 

5wt%SDHU >99% 9.5±4.4 1.3±1.8 18.5±2.1 64.5±3.4 6.2±0.7 73.8±3.4 

7wt%SDHU >99% 6.0±4.6 0.00 11.5±2.9 76.1±6.6 6.4±0.9 76.1±6.6 

10wt%SDHU >99% 13.9±1.7 2.3±0.1 13.8±4.3 63.1±6.6 7.0±0.6 63.1±6.6 

a Reaction conditions: catalyst loading, 250 mg; microcrystalline cellulose weight, 

3.6 wt%; H2O-saturated with NaCl, 5 ml; THF, 10 ml; reaction temperature, 190 ℃, 

reaction time, 60 min. 

DHU means dealuminated H-USY; SDHU means Sn-0.1DeAl.H-USY 

6.2.2.3 Effect of reaction conditions on HMF synthesis over 7wt%Sn-0.1DeAl.H-

USY catalyst 

Effect of reaction temperature: Cellulose degradation to HMF over 7wt%Sn-

0.1DeAl.H-USY catalyst was conducted under three different temperatures from 170 

– 190 ℃. As depicted in Figure 6.8A, reaction temperature has a significant influence 

on cellulose depolymerization and HMF yield. Cellulose conversion increased from 

57% to >99% as the temperature was increased from 170 to 190 ℃. Meanwhile, 

glucose dehydration correspondingly accelerated as the temperature was raised. The 

responsive dehydration initiated by the increased temperature simultaneously 

facilitated an increased yield of HMF from 28% to 76.1%. Atanda and co-workers 

[117],  from their work on the kinetic study of cellulose hydrolysis, pointed out that 

the degradation of cellulose to HMF is temperature dependent. Besides, the elevated 

temperature completely drove the yield of fructose. Other products such as levulinic 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 123 

acid and furfural yields showed an increased trend from 3% to 11% and 5% to 6% as 

the temperature increased. Humins depositions on the catalyst surface increased at 

elevated temperatures. Based on this result, the reaction temperature at 190 ℃ was 

found to be a suitable temperature for cellulose degradation to HMF and was used for 

other studies. 

 

 

Figure 6.8. Effect of (a) reaction temperature (b) reaction time (c) cellulose weight and (d) catalyst 

loading in the thermocatalytic conversion of cellulose to HMF with 7wt%Sn-0.1DeAl.H-USY. Central 

reaction conditions: catalyst loading, 250 mg; microcrystalline cellulose weight, 3.6 wt%; 5 mL H2O-

saturated with NaCl, 10 mL THF, reaction temperature, 190 ℃; reaction time, 60 min). 
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Effect of reaction time: The effect of reaction time was investigated for cellulose 

conversion to HMF from 40 – 80 min.  As shown in Figure 6.8B, cellulose 

conversion increased from 83% to >99% as the reaction time was increased from 40 

to 80 min. HMF yield notably increased from 65% to 76.1% for the first 60 min. 

However, HMF yield and selectivity dropped at a higher reaction time. The prolonged 

time promoted HMF deterioration and increased levulinic acid yield from 7 to 13%. 

Besides, the color of the catalyst became darker as the reaction time was increased. 

Glucose dehydration was accelerated as the reaction time was increased from 40 to 80 

min. Furfural as a byproduct was found in the solution between 6% to 9% as the time 

increased. This implies that at higher reaction time, the dehydration rate of xylose 

formation was correspondingly promoted. Reaction time of 60 min was found to be 

suitable for HMF synthesis from cellulose and was used for other reaction studies. 

Effect of cellulose weight: The effect of substrate consumption was also examined by 

using 3.6 – 10 wt% microcrystalline cellulose. As shown in Figure 6.8C, cellulose 

conversion and HMF yield decreased from >99% to 81% and 76.1% to 62% as the 

substrate weight was increased from 3.6 to 10 wt%. The amount of substrate in the 

system was more than what the catalyst required at higher weights which 

concomitantly retarded complete hydrolysis of cellulose and promoted 

polycondensation routes to unwanted oligomers. Humins deposited on the catalyst 

surface and soluble oligomers significantly increased as the substrate weight was 

increased. Glucose dehydration decelerated as the weight of substrate increased and 

the yield of fructose found in the solution was around 2% at higher weights (5 – 10 

wt%). Meanwhile, levulinic acid and furfural yields correspondingly decreased as the 
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substrate weight increased. Based on this result, 3.6 wt% cellulose was the most 

suitable weight and was selected for further study. 

Effect of catalyst loading: The effect of catalyst dosage was studied for high-yield 

synthesis of HMF from cellulose by using a dosage range from 125 to 500 mg, as 

shown in Figure 6.8D. The conversion of cellulose increased from 62% to >99%  as 

the catalyst loading was increased from 125 – 500 mg while HMF yield increased 

from 39 to 76% just at the first increase of the catalyst dosage (250 mg). Increasing 

catalyst dosage implies increasing the content of acid sites which could promote the 

hydrolysis, isomerization and dehydration steps respectively. However, higher dosage 

of the catalyst caused HMF yield and its selectivity to drop, implying that much acid 

sites were more than required by the reactant in the system and excess acid sites 

promoted side reactions such as rehydration, furfural formation, and polycondensation 

routes. Interestingly, levulinic acid and furfural yields notably increased from 2% to 

20% and 3% to 10.4% as the dosage increased from 125 to 500 mg. Glucose 

dehydration was accelerated as the dosage increased and was completely consumed at 

the highest dosage of the catalyst. Based on this outcome, 250 mg was selected as a 

suitable dosage for HMF synthesis from cellulose in this work 

6.2.3. Reusability study of 7wt%Sn-0.1DeAl.H-USY catalyst 

The study was conducted at optimum reaction conditions of 3.6 wt% of 

microcrystalline cellulose, 250 mg of catalyst, 5 mL water–saturated with NaCl, 10 

mL THF, 190 °C, and 1 h reaction time. After the reaction with the fresh catalyst, the 

catalyst was regenerated by washing with hot water and toluene (twice each) and then 

dried at 80 °C overnight. The regenerated catalyst was then calcined at 500 °C  for 4 h 
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to remove organic deposits and reused. The cellulose left after the 1st run with the 

regenerated catalyst decomposed upon calcination. As shown in Figure 6.9, the 

regenerated catalyst was only able to achieve a conversion of 46% and an HMF yield 

of 16% after the second run. 

 The result from XRF and XRD  analysis shown in Figure 6.10 of the regenerated 

catalyst after 2nd run revealed that the degree of leaching only occurred by 9.5% and 

the crystallinity of the catalyst was maintained, Table 6.3. The reduced catalytic 

activity may be attributed to humins species that were adsorbed on the strong acid 

sites of the catalyst. 

 

Figure 6.9. Reusability study of 7wt%Sn-0.1DeAl.H-USY catalyst for cellulose 

conversion to HMF. Reaction conditions: catalyst loading, 5 wt%; microcrystalline 

cellulose weight, 3.6 wt%; H2O-saturated with NaCl: THF, 1:2; reaction temperature, 

190 ℃; reaction time, 60 min. 
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Figure 6.10. Diffraction patterns of fresh and regenerated (spent) 7wt%Sn-

0.1DeAl.H-USYcatalyst. 

6.2.4. Comparison of 7wt%Sn-0.1DeAl.H-USY performance to other zeolite-

based acid catalysts 

The catalytic performance of 7wt%Sn-0.1DeAl.H-USY was compared to other 

zeolite-based acid catalysts for the conversion of cellulose to HMF. As shown in 

Table 6.7, based on the result obtained with 7wt%Sn-0.1DeAl.H-USY and the 

literature reported so far on cellulose conversion to HMF, 7wt%Sn-0.1DeAl.H-USY 

catalyst exhibited superior catalytic performance. This was majorly ascribed to its 

high but moderate acidity, enhanced textural properties, and suitable Brønsted & 

Lewis acid ratio with favorable reaction conditions. 
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Table 6.7. Comparison of 7wt%Sn-0.1DeAl.H-USY performance to other zeolite-

based acid catalysts. 

Entry Catalyst Solvent 
Temp. 

(°C) 

Time 

(h) 

Cellulose 

conversion 

(%) 

HMF 

Yield 

(%) 

Ref. 

1 5%Hf-HZSM-5 
H2O(NaCl)/THF 

190 2  n.d a 67.5 [68] 

2 Bimodal-HZ-5 
H2O 

190 4 67 46 [70] 

3 Cr-USY 
DMSO 

160 1.3 n.d 35 [62] 

4 Hf-β  
H2O(NaCl)-THF 

200 4 86.3 53.4 [71] 

5 Cr/β 
H2O/THF 

150 1.3 n.d 16 [144] 

6 Sn-Mon 
THF/DMSO 

160 3 n.d 39.1 7 

7 3.84wt%SDHZ H2O-NaCl/THF 190 1 83.1 60.2 
This 

work 

8 7wt%SDHU 
H2O-NaCl/THF 

190 1 >99 76.1 
This 

work  

n.d means no data. 

SDHZ means Sn-0.1DeAl.H-ZSM-5; SDHU means Sn-0.1DeAl.H-USY 
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CHAPTER 7 

CONCLUSION AND FUTURE RECOMMENDATION 

The goal of this thesis was to expand the existing knowledge about the possibilities of 

using modified protonic zeolites for two unique acid-catalyzed reactions, namely, the 

dehydration reaction of glucose to HMF and the direct conversion of cellulose to 

HMF. 

7.1 Glucose dehydration to HMF – Acid dealumination of commercial H-ZSM-5 

zeolite  

In summary, a series of acid-treated zeolites were successfully prepared from the 

commercial H-ZSM-5 through mild dealumination using dilute nitric acid solution. 

The resulting dealuminated H-ZSM-5 catalysts exhibited preserved crystallinity and 

morphology. Although the acid treatment slightly affected the aluminum content of 

the zeolite, the 27Al and 29Si NMR analysis revealed that the chemical environment of 

aluminum and silicon atoms was locally altered. The mild dealumination removed 

some extraframework oxide species from the parent H-ZSM-5, and partially 

hydrolyzed the zeolitic framework, resulting in an increased fraction of coordinatively 

unsaturated framework aluminum species. Consequently, the total acidity was 

enhanced after the dealumination process, especially the number of Lewis acid sites in 

0.1DeAl.H-ZSM-5 was 5-fold higher than that of the parent H-ZSM-5. 0.1DeAl.H-

ZSM-5 was the suitable catalyst, giving the HMF yield of 64.7% at near-complete 

conversion of glucose. A relatively high content of strong acid sites and a decreased 

B/L ratio of 0.1DeAl.H-ZSM-5 were crucial for reducing the formation of by-

products, and thus increasing the selectivity to HMF. Due to a good reusability and 
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simple preparation procedure, the mildly dealuminated H-ZSM-5 catalysts found 

potential for industrial production of HMF from glucose.  

7.2 Glucose dehydration to HMF – Acid dealumination of commercial H-ZSM-5 

zeolite and tin incorporation 

A series of xSn-dealuminated H-ZSM-5 catalysts were successfully synthesized by 

acid dealumination of commercial H-ZSM-5 with 0.1 M HNO3 solution, followed by 

metal incorporation via excess water impregnation technique. UV-vis spectroscopy 

revealed that the tin atoms were incorporated into the zeolitic framework and 

extraframework, and consequently enhanced the zeolite’s acidity. Nitrogen 

physisorption and SEM analysis revealed that agglomeration occurred on the surface 

of the dealuminated zeolite after metal impregnation. The result from the pyridine-

FTIR analysis confirmed that both Brønsted and Lewis acid centers decreased by 2.5-

fold, following impregnation with the metal precursor. Glucose conversion of ~84% 

was obtained together with 62.3% HMF yield, at an HMF selectivity of 74.3%, under 

a reaction temperature of 170 ℃ for 60 min with 3.84wt%Sn-0.1DeAl.H-ZSM-5 

catalyst. The reusability study showed that the catalyst can be reused after four runs 

and still maintain its catalytic activity and stability. This study gives an overview of 

the effectiveness of tin incorporation in dealuminated H-ZSM- zeolite for efficient 

transformation of glucose to HMF. 

7.3 Cellulose degradation to HMF – Acid dealumination of commercial H-USY 

zeolite  and tin incorporation 

Series of xSn-0.1DeAl.H-USY catalysts were synthesized via acid treatment (using 

0.1 M HNO3 solution) with commercial H-USY zeolite, followed by metal 
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incorporation using excess water impregnation technique. Mild dealumination with 

0.1 M nitric acid solution was very effective in removing some aluminum atoms from 

the parent’s zeolitic framework and extraframework. The hydrolysis/ion-exchange 

process in the pristine zeolite rendered the Brønsted and Lewis acidity increased and 

enhanced the textural properties of the commercial catalyst. UV-vis analysis revealed 

that tin was incorporated into the zeolitic framework and to a large extent as an 

extraframework species. The result obtained from the FTIR studies confirmed that the 

Brønsted acidic sites were enhanced following tin incorporation, which in turn aided 

cellulose hydrolysis and glucose dehydration to HMF and improved the overall 

performance of the catalyst. The catalyst exhibited excellent catalytic activity in a 

biphasic system involving a water-NaCl/THF system, achieving a total cellulose 

conversion and HMF yield of 76.1%. The reusability study for 7wt%Sn-0.1DeAl.H-

USY showed that the catalytic active sites were mostly deactivated by strong humins 

adsorption. 

7.4 Future recommendation 

From these studies, it can be concluded that mild acid dealumination and metal 

incorporation greatly enhanced the hydrolysis of cellulose and glucose dehydration to 

HMF. The utilization of acidic zeolite catalysts greatly promoted the formation of 

additional products such as levulinic acid, which could be of special interest. Since 

this work was particularly focused on cellulose conversion to HMF, no special 

attention was focused on the conversion of cellulose to levulinic acid. This could 

however be of special interest for future research as the modified H-USY promoted 

the reaction to some extent. 
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APPENDIX 

Calculations and Calibrations for HPLC Analysis 

1. Concentrations of nitric acid 

The concentrations of the nitric acid were calculated by using mass (weight), 

percentage purity, and volume of water, based on the following equation. 

The mass of concentrated nitric acid needed to prepare x M concentration was 

obtained by using: 

𝑚𝑎𝑠𝑠

𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠
=

𝑘𝑛𝑜𝑤𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑥 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟

1000 𝑥 %𝑝𝑢𝑟𝑖𝑡𝑦
  

 

Molar mass of HNO3 = 63.01g/mol 

Required (known) concentration = 0.1 – 0.4 M 

Amount of water used = 250 ml 

%purity of HNO3 = 65% 

The calculated mass of HNO3 required to prepare x M nitric acid was then weighed 

and dissolved in 250 ml water. 

2. Percentage weight of metal impregnated on zeolite. 

The weight of tin loaded on the dealuminated zeolite was calculated based on the 

weight of tin in the tin precursor solution relative to 1 g of the dealuminated zeolite 

solid used. 

%𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑆𝑛 𝑖𝑛 𝑆𝑛𝐶𝑙₄. 5𝐻₂𝑂 =
𝐴𝑡𝑜𝑚𝑖𝑐 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑆𝑛

𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑆𝑛𝐶𝑙₄. 5𝐻₂𝑂
 𝑥 100%  
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𝑊𝑒𝑖𝑔ℎ𝑡 (𝑚𝑎𝑠𝑠) 𝑜𝑓 𝑆𝑛 𝑖𝑛 𝑌 𝑔𝑟𝑎𝑚 𝑜𝑓 𝑆𝑛 𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟

= %𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑆𝑛 𝑥 𝑌 𝑔𝑟𝑎𝑚 𝑜𝑓 𝑆𝑛 𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟  

𝑊𝑒𝑖𝑔ℎ𝑡% 𝑜𝑓 𝑆𝑛 𝑖𝑛 1 𝑔 𝑜𝑓 𝑧𝑒𝑜𝑙𝑖𝑡𝑒 𝑠𝑎𝑚𝑝𝑙𝑒

=
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑆𝑛 𝑖𝑛 𝑌 𝑔𝑟𝑎𝑚 𝑜𝑓 𝑆𝑛 𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑆𝑛 𝑖𝑛 𝑌 𝑔𝑟𝑎𝑚 𝑜𝑓 𝑆𝑛 𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟 + 1
 𝑥 100% 

Atomic mass of Sn = 118.71 g/mol 

Molar mass of SnCl4.5H2O = 350.71 g/mol 

Mass of dealuminated zeolite sample = 1 g 

3. SiO2/Al2O3 mole ratio 

The Si/Al mole ratio was calculated based on the weight (%) of each element obtained 

from the XRF result relative to 1 g (100%) of the sample used for analysis divided by 

their molar masses. 

𝑀𝑜𝑙𝑒 𝑜𝑓 𝑆𝑖 𝑜𝑟 𝐴𝑙 =
𝑚𝑎𝑠𝑠 (𝑤𝑔𝑡%)𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝑓𝑟𝑜𝑚 𝑋𝑅𝐹

𝑎𝑡𝑜𝑚𝑖𝑐 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑆𝑖 𝑜𝑟 𝐴𝑙
 

𝑆𝑖

𝐴𝑙
𝑚𝑜𝑙𝑒 𝑟𝑎𝑡𝑖𝑜 =

𝑚𝑜𝑙𝑒 𝑜𝑓 𝑆𝑖

𝑚𝑜𝑙𝑒 𝑜𝑓 𝐴𝑙
 

 

4. Calibration for HPLC analysis 

HPLC was calibrated by measuring the respective area of the concentrations prepared 

for each chemical standard and internal standard using an HPLC machine. The ratios 

of the areas obtained for each chemical to the internal standard area were then plotted 
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against the ratio of their respective concentrations and internal standard, and the 

calibration equation was obtained. 

Table A1. Preparation of stock solutions for HPLC calibration. 

Stock solution for Aqueous Phase 

Chemical Mass (g) Volume Concentration (M) 

Glucose 1.806 

50ml DI water 

0.2  

Fructose 1.806 0.2  

HMF 1.261 0.2  

Levulinic Acid 1.161 0.2  

 

A single stock solution for aqueous phase products was prepared by weighing the 

mass of the chemicals in 50 ml DI water. Then, a single standard solution of 0.02 M 

containing all the chemicals was made by measuring 2 ml volume from the stock 

solution (Glucose/Fructose/Levulinic acid (LA)/HMF) and mixed with 18 ml of 

water, and subsequently, used in preparing other concentration. 

A similar procedure was followed for organic phase products containing 

HMF/Furfural, but THF was used as the solvent medium and not water. Water was 

not used because furfural does not dissolve in water. 

Table A2. Data for HPLC calibration curve (Aqueous phase) 

Aqueous phase 

  Concentration (M)a Volume used for HPLC  analysis (μL) 

Run Glucose Fructose LA HMF 2-Butanone 
From 0.2M 

solution 

From 0.02M 

solution 

DI 

Water 

2-

Butanone 

R1 0.02 0.02 0.02 0.02 0.1 800 - 0 200 

R2 0.016 0.016 0.016 0.016 0.1 - 640 160 200 

R3 0.012 0.012 0.012 0.012 0.1 - 480 320 200 

R4 0.008 0.008 0.008 0.008 0.1 - 320 480 200 

R5 0.004 0.004 0.004 0.004 0.1 - 160 640 200 

R6 0.002 0.002 0.002 0.002 0.1 - 80 720 200 
a prepared concentration 
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Aqueous phase 

  Area from RIDa Area ratio from RIDb Concentration ratioc 

Run  Glucose Fructose LA HMF 

2-

Butanone Glu/B Fr/B LA/B HMF/B Glu/B Fr/B LVA/B HMF/B 

R1 456,066 464,753 294,036 379,666 122,368 3.73 3.80 2.40 3.10 0.20 0.20 0.20 0.20 

R2 372,243 380,852 237,484 294,371 119,881 3.11 3.18 1.98 2.46 0.16 0.16 0.16 0.16 

R3 275,592 281,600 177,080 232,518 124,382 2.22 2.26 1.42 1.87 0.12 0.12 0.12 0.12 

R4 187,644 187,773 118,865 147,772 106,786 1.76 1.76 1.11 1.38 0.08 0.08 0.08 0.08 

R5 96,022.90 99,391 61,939.20 74,629.20 102,879 0.93 0.97 0.60 0.73 0.04 0.04 0.04 0.04 

R6 51,993.70 52,736.10 32,834.10 41,640.80 110,444 0.47 0.48 0.30 0.38 0.02 0.02 0.02 0.02 
a obtained from HPLC; b-c determined 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure A1. Calibration curve for aqueous phase (chemicals) 
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Table A3. Data for HPLC calibration curve (Organic phase) 

Organic phase 

  
Concentration (M)a Volume (μL) Area from UV detectorb 

Area ratio from UV 

detectorc 

Concentration 

ratiod 

Run HMF FF FDCA 

From 

0.1M 

solution 

THF FDCA 
Total 
(mL) 

HMF FF FDCA H/F FF/F H/F FF/F 

R1 0.1 0.1 0.02 800 - 200 1 163,064.00 238,772.00 26,410.90 6.17 9.04 5 5 

R2 0.08 0.08 0.02 640 160 200 1 137,728.00 199,632.00 27,670.70 4.98 7.21 4 4 

R3 0.06 0.06 0.02 480 320 200 1 101,282.00 145,671.00 27,592.90 3.67 5.28 3 3 

R4 0.04 0.04 0.02 320 480 200 1 70,785.30 101,865.00 28,637.90 2.47 3.56 2 2 

R5 0.02 0.02 0.02 160 640 200 1 26,658.20 37,523.30 28,549.20 0.93 1.31 1 1 

R6 0.01 0.01 0.02 80 720 200 1 17,990.20 24,912.10 27,959.50 0.64 0.89 0.5 0.5 

R7 0.005 0.005 0.02 40 760 200 1 5,918.38 9,621.02 27,685.80 0.21 0.35 0.25 0.25 

R8 0.001 0.001 0.02 8 792 200 1 2,082.46 2,802.35 28,475.70 0.07 0.10 0.05 0.05 
a prepared concentration; b-d determined 

FF or F means furfural; FDCA means 2,5-furan dicarboxylic acid; HMF or H means 5-hydroxymethylfurfural 

 

 

 

 

 

 

 

 

 

 

 

Figure A2. Calibration curve for organic phase (chemicals) 

5. Retention Time of Chemicals 

Table A4. Retention time of chemicals obtained from HPLC calibration. 
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2-Butanone 34.096 

  
Organic Phase Retention Time (min) 

HMF 37.245 

FF 57.083 

FDCA 19.23 

 

 

Figure A3. Example of analysis result obtained from HPLC. 

 

 

Figure A4. XRD patterns of commercial and modified H-Beta Zeolite
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