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Abstract 

Zeolites play a crucial role in the various fields, but their synthesis rely on expensive 

organic templates and the subsequent removal of these templates through calcination 

generates environmentally detrimental gases. Therefore, research efforts are needed to 

enhance the efficiency and cost-effectiveness of zeolites synthesis. 

As hydroxyl free radicals (•OH) are able to accelerate the crystallisation process of 

zeolites and cellulose nanocrystals (CNCs) can be green templates for zeolites 

syntheses, this dissertation developed a novel method for Silicalite-1 zeolites synthesis 

with less organic template usage through the incorporation of •OH generated by sodium 

persulfate (SPS) and CNCs. The effects of the organic template usage, •OH and CNCs 

on the yield, crystalline structure, pore structure and morphology of the produced 

Silicalite-1 zeolites were investigated. The presence of •OH could increase the yield of 

Silicalite-1 zeolites but reduce the specific surface area significantly, and the presence 

of CNCs was able to mitigate the loss of specific surface area. It was found that the 

presence of •OH and CNCs promoted the synthesis of Silicalite-1 with only 50% usage 

of the organic template, achieving higher Silicaclite-1 yield of 74% and higher relative 

crystallinity of 85% compared to the conventional Silicalite-1 synthesis with 100% 

usage of the organic template (the yield was 44% and the relative crystallinity was 72%). 

In addition, the optimal surface area of using 50% TPAOH with the synergy effect of 

•OH and CNCs was higher than the case that synthesized with 100% TPAOH (460 m2/g 

vs. 401m2/g). Si-O-Si bond-breaking and bond-remaking were identified in the 

Silicalite-1 synthesis process and no significant difference was observed in the absence 

and presence of •OH and CNCs. The developed Silicalite-1 zeolites were used as the 

supports for making Ni supported catalysts for carbon dioxide (CO2) hydrogenation to 

methane (CH4). And comparable CO2 conversion (i.e., 80% vs. 82%) were achieved for 

both catalysts (supported with Silicalite-1 zeolites synthesised using 50% of the organic 

template in the presence of •OH and CNCs and synthesised using 100% of the organic 

template in the absence of •OH and CNCs, respectively). 
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1. Introduction   

1.1 Introduction of zeolites 

Porous materials have attracted much attention in various fields owing to their regular 

pore structures, large specific surface areas and diverse versatility (regarding 

functionalities and applications). The International Union of Pure and Applied 

Chemistry (IUPAC) has classified porous materials into three categories based on pore 

size [1] (Figure 1.1): materials with pore sizes less than 2 nm are referred to as 

microporous materials, with zeolites and Metal Organic Frameworks (MOFs) being the 

most representative examples in this category. Materials with pore sizes of 2-50 nm are 

called mesoporous materials, and materials with pore sizes bigger than 50 nm are 

known as macroporous materials [2]. The performance of porous materials in a particular 

application is directly influenced by the distribution of void spaces in terms of sizes, 

shapes, and volumes [3]. 

 

Figure 1.1  Classification of porous materials by IUPAC [4]. 

So far, a wide range of porous materials such as zeolites, ordered mesoporous materials, 

MOFs, covalent organic framework (COFs) and polymers of intrinsic microporosity 

(PIMs) have found extensive applications in various fields such as catalysis, adsorption, 

separation, purification, and energy storage. Among them, zeolites are among the most 

extensively investigated and topical of inorganic materials. 
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Zeolites are highly crystalline aluminosilicates with complex three-dimensionally 

extended framework structures. These frameworks are typically constructed by corner-

sharing of TO4 (T = Si, Al, P) tetrahedra [5]. These tetrahedra form the fundamental 

building blocks in the framework of zeolite, referred to as the Primary Build Units 

(PBUs, as indicated in the left side of Figure 1.2). However, in the connection between 

PBUs, Lowenstein's rule is imperative: two Al atoms in tetrahedral positions cannot be 

adjacent [6].  

 

Figure 1.2 Primary and secondary building units of zeolites. 
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These tetrahedra can also form Secondary Building Units (SBUs, as shown in Figure 

1.2) through the interlinkage of oxygen atoms to generate rings, prisms, and various 

sizes [7]. The commonly observed ring structures encompass four-membered, five-

membered and six-membered rings, as well as double four-membered and double six-

membered rings. Currently, a total of 18 distinct types of SBUs have been identified 

(Figure 1.3) [7]. 

 

Figure 1.3 SBU in zeolite framework structure and their symbols [2]. 

Furthermore, these tetrahedra can also be interconnected in various manners to form 

zeolites with different topologies. Currently, the International Zeolite Association (IZA) 

has identified over 250 distinct zeolite framework types, each designated by a three-

letter code [8]. 
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Figure 1.4 The 255 zeolites topologies currently included [8]. 

Porous zeolites have made significant contributions to society so far, which play a 

crucial role in traditional domains such as adsorption, separation and catalysis due to 

their regular and abundant pore structure, diverse element composition of the 

framework, tuneable acidity and high thermal/hydrothermal stability [9-11]. The 

utilisation of zeolites as catalysts began in the 1960s, when they were initially utilized 

as solid acid catalysts in the procedure of breaking down and refining raw petroleum to 

produce fuels for transportation [12]. Subsequently, value-added chemicals can be 

produced through the use of shape-selective catalysis [13]. The invention of the initial 

titanosilicate (TS-1) broadened the scope of application in selective oxidation [14,15]. The 

subsequent applications of zeolites include their utilisation in mitigating environmental 

pollution, including the reduction of NOx through selective catalytic reaction and the 

elimination of organic sulfuric compounds via catalysts [15]. At the same time, zeolites 

have been employed as catalysts in fuel production, including hydrogen (H2) and CH4 

[16]. Moreover, they exhibit significant contribution in emerging areas including carbon 

dioxide conversion, oil-water separation, energy storage, nuclear waste treatment and 

biomass conversion [17]. (As shown in Figure 1.5)  
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Figure 1.5 Application of zeolites in many fields [17]. 

In spite of the various benefits and valuable contributions to chemical processes, 

zeolites also have limitations. The preparation of zeolites mostly needs to be carried out 

under strong alkali conditions, alongside high temperatures and prolonged 

crystallisation periods, resulting in substantial energy consumption [18]. The utilisation 

of expensive organic templates, which guide the assembly pathway and ultimately 

occupy the pore space, is another crucial factor that demands significant attention. 

Which not only escalates the expense of zeolite but also leads to the generation of 

hazardous (NOx) as well as greenhouse gases (CO2) during the high-temperature 

combustion process employed for removing these organic templates [19]. Additionally, 

the associated energy released, in combination with the formed water (H2O), can cause 

damage to the inorganic structure of zeolites [20]. 

Moreover, the mass production of zeolite catalysts also give rise to significant 

environmental challenges due to the release of wastewater during hydrothermal 

synthesis [21]. This contradicts  the concept of green chemistry, which aims to mitigate 

adverse environmental impacts, minimize waste emissions and enhance efficiency in 

chemical manufacturing [22]. Therefore, due to the gradual increase in the demand for 
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zeolite in both the chemical industry and daily life, there is a pressing need to explore 

rapid and environmentally friendly approaches for synthesising zeolites, making it an 

ongoing focal point of scientific research and practical production applications within 

this field. 

1.1 Research objectives 

To alleviate the aforementioned limitations of conventional methods for zeolite 

synthesis, such as prolonged reaction time, alternative approaches have been proposed 

and explored to enable zeolite synthesis in an environmentally friendly, rapid and 

sustainable manner. These are exemplified by microwave-assisted synthesis, seeded 

synthesis, template-free synthesis (e.g., without organic structure-directing agent, SDA) 

and solvent-free synthesis [23]. Additionally, the introduction of •OH into the 

crystallisation process has been confirmed to significantly enhancing the rate of 

crystallisation and consequently reduce the synthesis time. Simultaneously, the 

presence of •OH in the crystallisation process can effectively reduce the reaction 

temperature [24]. Such discovery paves the way for more advanced and environmentally 

friendly approaches to synthesising zeolites. 

Moreover, due to the cost, safety and environmental issues associated with the 

utilisation of organic templates, many researchers have directed their attention towards 

employing inexpensive materials/templates for zeolite synthesis as well. For example, 

using multi-organic amines, sugar cane biomass, sucrose and cellulose [25-28]. Among 

them, cellulose has gained significant attention for its potential applications in the fields 

of energy, chemicals, and materials, which is the most abundant inedible biomass in 

nature. In specific, nanosized cellulose has high aspect ratios (length vs. diameter), and 

abundant surface hydroxyl groups, is expected to be compatible with the conventional 

zeolite synthesis system, being the potential primary or secondary template for 

preparing zeolites with different porous structured. 

Inspired by the previous research efforts, this project aims to develop an efficient 
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synthesis strategy for synthesising Silicalite-1 zeolite. The proposed approach involves 

the introduction of •OH for accelerating the cleavage and reformation of Si-O-Si bonds, 

thereby facilitating the crystallisation process. Simultaneously, cellulose will be 

employed as the hard template to modulate the porous structure of Silicalite-1 zeolite 

in the hydrothermal method. In addition, the developed zeolites were used as the carrier 

to prepare CH4 synthesis catalysts to be applied in carbon dioxide (CO2) hydrogenation 

for CH4 synthesis, as the demonstration of the potential application, which is of great 

significance for valorisation of the carbon emissions. The specific objectives of this 

project are detailed as below: 

1. Synthesis of Silicalite-1 zeolites using the proposed method. Parametric studies 

will be carried out by systematically varying key process parameters such as (ⅰ) 

crystallisation time, (ⅱ) amount of Tetrapropylammonium hydroxide (TPAOH), 

•OH and CNCs, (ⅲ) ratios between them.  

2. Characterisation of the prepared zeolitic materials. The physical and chemical 

properties of the obtained materials will be characterized using various 

techniques, including (ⅰ) morphology by emission scanning electron microscopy 

(SEM); (ⅱ) porosity by transmission electron microscopy (TEM); (ⅲ) 

crystallinity by X-ray diffraction (XRD); (ⅳ) porosity nitrogen (N2) adsorption-

desorption analysis; and (ⅴ) structural information by Fourier-transform 

infrared spectroscopy (FT-IR). 

3. Establishment of the synthesis-property correlation. Information/data from (1) 

and (2) will be systematically investigated to establish the relevant synthesis-

property relationships, which can be used for further optimization of the 

synthesis conditions for controlling the quality of the resulting zeolitic materials. 

4. Catalyst preparation and catalysis. The selected zeolites will be used as the 

catalyst carriers for making supported Ni catalysts via impregnation. The 

resulting catalysts will be characterized using relevant techniques and assessed 
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in a packed bed catalytic reactor for their activity in CO2 hydrogenation for CH4 

synthesis.   
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2. Literature review  

The concept of zeolites was proposed by McBain in 1932 [29]. As a member of the family 

of inorganic porous materials, zeolites are solid materials with nanoscale pores or 

cavities that enable selective molecules separation based on their pore sizes. Zeolites 

are highly crystalline silicates with well-defined pores, tuneable acidities (i.e., 

concentration and strength), as well as high thermal and hydrothermal stabilities. Owing 

to these remarkable attributes, they have found extensive applications in the fields of 

catalysis (i.e., catalytic cracking, alkylation, and isomerization), separation, ion-

exchange, gas storage and sensing [30]. 

2.1 Synthesis methods for zeolites 

Zeolites are commonly divided into two categories: natural zeolites and synthetic 

zeolites [31]. The main sources of natural zeolites are volcanic and sedimentary rocks 

like chabazite and mordenite. Conversely, synthetic zeolites are synthesised by 

calcining materials such as China clay, feldspar, soda ash, and other sources [32].  

 The formation process of natural zeolite takes from a few days to decades, whereas 

synthetic zeolites can be synthesised in the laboratory within a timeframe ranging from 

several hours to a few days. The laboratory synthesis of zeolites provides the benefits 

of controllable pore size and surface properties for the zeolites, while also exhibiting 

exceptional thermal stability. Up to now, different approaches have been employed for 

the development of zeolites, including solvothermal synthesis, fluoride synthesis, dry 

gel conversion synthesis, ionic thermal synthesis, microwave-assisted synthesis, co-

template synthesis, green synthesis and other approaches [20].The subsequent 

subsections delineate distinct synthetic pathways for zeolites production using diverse 

raw materials. 
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2.1.1 Solvothermal method 

Solvothermal synthesis method refers to the utilisation of a solvent for zeolites synthesis, 

and the solvent used in this method can be nonpolar or hydrophobic. Till now, water 

has played a crucial role as the primary solvent, leading to a unique term “hydrothermal” 

to describe its application in zeolites synthesis. Ionothermal is designated when 

employing ionic solvents, also known as ionic liquids. Therefore, hydrothermal and 

ionothermal methods can be classified as subcategories of solvothermal method [33]. 

Nevertheless, the key difference is that solvents maintain their molecular structures 

throughout both solvothermal and hydrothermal synthesis methods, while solvents 

adopt their ionic states during ionothermal synthesis. The hydrothermal, solvothermal, 

and ionothermal methods share similarities except for utilizing different solvents. A 

general schematic illustration of solvothermal processes is depicted in Figure 2.1 [34]. 

   

Figure 2.1 General solvothermal methods for zeolite synthesis [34]. 

In 1985, the pioneering work by Bibby et al. demonstrated the achievement of 

synthesising of SOD zeolites. This remarkable accomplishment was accomplished by 

employing glycol or propyl alcohol as solvents, without the addition of water, and 
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utilizing tripropylamine as a directing agent for structure formation [35]. This type of 

zeolite is difficult to be synthesised under conventional hydrothermal conditions. 

Subsequently, the solvothermal synthesis method was further developed. Huo et al. 

employed ethylene glycol, butanol and glycerol as solvents to synthesise Silicalite-1 

(MFI), ZSM-39 (MTN) and ZSM-48 (*MRE) respectively [36]. However, the extensive 

reliance on organic solvents in the solvothermal synthesis method significantly restricts 

the industrial application of zeolites due to the safety risks associated with high 

autogenous pressures and potential toxicity resulting from large-scale usage of organic 

solvents. Despite the success achieved in certain aspects, the utilisation of various 

organic solvents in this method remains problematic due to their negative impact on the 

environment and their high energy and time requirements. 

2.1.1.1 Hydrothermal method  

Notably, the majority of zeolites are typically synthesised via hydrothermal methods 

from silicate or aluminosilicate gel in alkaline media at temperatures ranging from 

around 60 to 200℃ for 1-20 days [20,37]. The groundbreaking synthesis method of 

zeolites was discovered by Union Carbide in the 1950s, thereby pioneering a new realm 

of technological advancements.  

The hydrothermal synthesis method of zeolites consists of two stages: (i) the aging stage, 

wherein the mixture dissolves in water to form an aluminosilicate gel, and (ii) the 

crystallisation stage. The crystallisation stage also consists of three steps: (i) 

polymerisation, involving the condensation of poly-silicate and aluminate anions to 

generate an amorphous gel through the formation of Si,Al-O-Si,Al bonds; (ii) 

depolymerisation, where the amorphous gel dissolves to form aluminosilicates and 

silicates that are soluble via breaking Si,Al-O-Si,Al bonds; (iii) repolymerisation, where 

the Si,Al-O-Si,Al bonds surrounding the hydrated cation species are remade, commonly 

referred as structure directing agent. The nucleation and crystal growth stage of the are 

encompassed by crystallisation steps [24]. In short, the synthesis processes are shown in 
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Figure 2.2. 

 

 

Figure 2.2 Steps in zeolite synthesis. 

Although the hydrothermal synthesis of zeolites is a convenient one-step process, it 

poses significant environmental concerns due to its low yield of zeolite products, high 

energy consumption during calcination, and subsequent pollution. Additionally, the 

hydrothermal method relies on organic templates that are ultimately removed through 

high-temperature calcination or extraction with an organic solvent [37]. Therefore, 

alternative synthesis approaches are desirable to overcome these challenges. 

2.1.1.2 Ionothermal method 

Ionic liquids are non-molecular compounds primarily consisting of ions, characterised 

by their relatively low melting points (below 100℃) [38]. Therefore, ionic liquids 

possess the ability to simultaneously function as a solvent and a potential template or 

structure directing agent during the formation of solids. As an emerging synthesis 

method, the utilisation of ionic thermal synthesis has gained significant popularity in 

the formation of functional materials, including zeolites, MOFs and other 

inorganic/organic hybrid materials. In 2004, Cooper and colleagues made a noteworthy 

advancement in this field by successfully synthesising zeolites using an ionic thermal 

system. By employing the ionizing liquid of imidazole compounds (e.g. 1-ethyl-3-
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methylimidazolium bromide, [EMIm]Br) as both the solvent and the template, zeolites 

structures (SIZ-n) with diverse phosphorus and aluminium compositions, as well as 

metallic phosphorus and aluminium frameworks, were successfully synthesised [39]. 

The ionic thermal synthesis system opens up a new pathway for zeolites synthesis. 

2.1.1.3 Microwave-assisted method  

The energy transfer of microwave radiation occurs due to the interaction between 

dielectric molecules, positioning it within the electromagnetic spectrum between 

infrared and radio waves. In contrast to the traditional hydrothermal method, 

microwave radiation is generated through intermolecular movement and friction, 

subsequently transforming into uniformly distributed heat energy [40]. Microwave-

assisted synthesis of zeolites is commonly employed in conjunction with other 

methodologies, such as solvothermal, hydrothermal and ionothermal methods. 

Microwave-assisted synthesis method can shorten the crystallisation time, accelerate 

nucleation, obtain products with uniform particle sizes and different morphologies, and 

reduce the generation of impurity. The diagram illustrating the microwave method is 

shown in Figure 2.3 [41]. 

 

Figure 2.3 Microwave methods for synthesis of zeolites [34]. 

Le et al. employed microwave-assisted heating techniques to expedite the liquid-phase 
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synthesis of Y-type zeolites under high-temperature conditions [42]. The synthesis 

process of Y-type zeolites was thoroughly examined by analysing the effects of different 

temperatures used for microwave heating, durations of crystallisation, and the ratio 

between silica and alumina.  The utilisation of microwave methods offers numerous 

advantages. For instance, it facilitates precise time control, resulting in the attainment 

of higher purity zeolites with smaller particle sizes [43]. 

2.1.2 Solvent-free method 

The traditional synthesis of zeolites involves aqueous liquid and solid raw materials, 

which subsequently undergo gelation or suspension formation during the process. 

However, in the dry gel conversion (DGC) synthesis method, the solid raw material 

remains separated from the aqueous liquid and does not directly contact with water [44]. 

The DGC method consists of a vapor-phase transport (VPT) method and a steam-

assisted conversion (SAC) method, as shown in Figure 2.4. The VPT method involves 

the required volatile structure directing agent for zeolites synthesis with water at the 

bottom of a kettle, and subsequently reacts it with dry gel present in the upper layer 

under high-temperature conditions. The SAC method involves initially blending of the 

structure directing agent with dry gel and subsequently placing the mixture in the upper 

layer of the kettle. 
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Figure 2.4 Schematic diagram of DGC synthesis method. A: VPT method, B: SAC method [45]. 

In 1990, Xu et al. employed VPT and SAC methods to synthesise zeolites for the first 

time. The silica-aluminium amorphous gel was obtained through evaporation of the 

prepared hydrated gel, then suspended in the mixed steam formed by water and organic 

amines. Subsequently, this gel transformed into ZSM-5 zeolites under high-temperature 

conditions [45]. However, the goal of achieving a completely solvent-free synthesis has 

not yet been achieved, as preparing xerogels still requires significant amounts of 

solvents.  

In 2012, Xiao et al. developed a solvent-free method for zeolite synthesis through 

mechanical grinding and thermal treatment of raw materials without the addition of 

water or other solvents [46]. This is followed by direct heating in a sealed container to 

facilitate the crystallisation process of zeolite (as presented in Figure 2.5). In 2012, Ren 

et al. applied solvent-free method for the first time to synthesise a series of zeolites, 

including ZSM-5, ZSM-39, SOD, MOR, Beta, and FAU [46,47]. Compared to the 

hydrothermal method, the solvent-free approach offers distinct advantages, including 

higher yields of zeolites, enhanced utilisation of high-pressure reactors and a significant 

reduction in pollutants. Moreover, this process is characterised by simplicity, low 

energy consumption, and a substantial decrease in required reaction pressure [21]. The 

proposed methodology presents a novel avenue for the synthesis of zeolites, holding 

significant potential for their widespread industrial application. The solvent-free 

method offers a wider range of applications, shorter crystallisation time, reduced 

structure directing agent usage, and higher yield compared to the traditional 

hydrothermal synthesis method.  
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Figure 2.5 Solvent-free synthesis of zeolites [21]. 

2.2 Green strategies for zeolites synthesis 

The conventional synthesis via hydrothermal method is not regarded as 

environmentally sustainable due to the requirement of a large amount of organic 

templates, which can play a role of structure directing or space filling in zeolites 

synthesis [2]. The removal of organic templates at high temperature is necessary during 

the application of zeolites, resulting in the generation of various nitrogen oxides and 

greenhouse gases. The removal of organic templates results in the release of energy, and 

this energy, along with its association with the formed water, causes damage to the 

inorganic structure [48]. In order to address the limitations of the traditional 

hydrothermal method for zeolites synthesis, it is crucial to choose an environmentally 

friendly and sustainable approach, including using sustainable materials, reducing 

reliance on organic templates, and using radicals.  

2.2.1 Zeolites synthesis with sustainable materials 

The recent attention towards the utilisation of natural minerals as sustainable sources 

for zeolites synthesis stems from their cost-effectiveness, presenting an economically 

viable substitute to traditional precursors. Li et al. employed attapulgite, a natural clay 

as an economical and environmentally friendly source of Si/Al to directly synthesised 

ZSM-5 zeolites via a vapor transformation method. Attapulgite is abundantly present 

in the zeolites crystallisation recipe, exhibiting a pristine crystal structure and resulting 
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in remarkable zeolites yield of 96%. The obtained zeolites demonstrate exceptional 

crystallinity and porosity, comparable to those synthesised using conventional chemical 

Si/Al sources in terms of their chemical properties [49]. In addition to natural minerals, 

the residues of silicon or aluminium-containing natural resources have also garnered 

significant attention. For example, Missengue et al. employed fused coal fly ash extracts 

as the silicon source to synthesis ZSM-5 zeolites with high purity [50]. 

The development of low-toxic or biodegradable organic templates derived from 

biomass materials also holds great potentials for zeolites synthesis. Biomass, defined 

as materials derived from plants or animals, has garnered tremendous scientific 

attentions due to its renewable attributes in addressing energy security [51]. Cellulose 

(as shown in Figure 2.6) is the most prevalent and abundant biopolymers found in 

nature. It serves as the principal component of plant cell walls and is primarily derived 

from diverse plant sources such as trees, cotton, bamboo, ramie, and flax [52]. Cellulose 

is a homopolymer composed of glucose units, which are arranged in a linear, 

unbranched structure with relatively high molecular weight [53]. Due to its widespread 

availability, cost-effectiveness, biodegradable and biocompatibility of polymers, as 

well as its interesting chemical and physical properties, cellulose represents a promising 

resource for the development of environmentally friendly products across various 

applications. For instance, cellulose is extensively used in its naturally purified state 

and also serves as a primary ingredient for the manufacturing of paper, food processing 

and as additives within the optical and pharmaceutical industries [54]. In addition, 

cellulose has high plasticity and can take a variety of material forms such as fibre, film, 

powder, aerogel, hydrogel and sphere. Its structure and performance are controllable, 

and it has the characteristics of high strength, good biocompatibility and stable chemical 

properties, making it suitable as the matrix material of nano-catalyst. It can meet the 

needs for different applications in production and life [55].  
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Figure 2.6 The basic structural formula of a cellulose chain. 

The abundance of hydroxyl groups in cellulose results in the creation of robust 

hydrogen bonds, formed internally within the polymeric chains as well as externally 

between them. Due to the presence of many intramolecular and intermolecular 

hydrogen bonds in its network structure, cellulose molecules are tightly bound to each 

other. Additionally, the polyhydroxy structure imparts excellent hydrophilicity to 

cellulose, making it an outstanding material for providing structural guidance in the 

process of  zeolites synthesis [26].  

Tao et al. utilised a biodegradable and environmentally friendly mesoporous template 

consisting of soluble starch and sodium carboxymethyl cellulose (CMC) to synthesise 

single crystals with various types of mesopores zeolites (Silicalite-1, ZSM-5 and TS-

1).The prepared zeolites exhibit large surface areas and possess mesopores within the 

zeolitic framework, making them highly advantageous for diverse applications such as 

catalysis and adsorption and so on [56]. Yu et al. incorporated microcrystalline cellulose 

(MCC) as a co-template during the hydrothermal synthesis of zeolites. These modified 

ZSM-5 catalysts were employed in the catalytic decomposition of High-Density 

Polyethylene (HDPE)and Polypropylene (PP). The incorporation of MCC in ZSM-5 

results in an increase in mesopore volume and acid sites, resulting in the maximum oil 

yields: 21.5% for HDPE and 32.1% for PP. Furthermore, a significant enhancement in 

light aromatics selectivity was observed, with values reaching 87.6% [57]. Nie et al. 
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added quaternary ammonium cationic hydroxyethyl cellulose into the synthesis gel of 

zeolites. This modification resulted in the formation of   ZSM-5 nanoparticles (20-80 

nm) with hollow structure. These modified nanoparticles were utilised as the catalyst 

in the process of benzene alkylation with ethanol. The obtained ZSM-5 demonstrated 

improved catalytic efficiency, exceptional selectivity and remarkable stability 

(deactivation rate constant of -0.06%/h) in the alkylation process of benzene with 

ethanol [58]. Zhang et al. employed CNCs and microcrystal cellulose (MCC) as the hard 

templates to synthesise mesoporous ZSM-5 zeolites, which were then used as the 

support to prepare the supported nickel (Ni) catalysts for catalytic cellulose conversion. 

The relevant Ni on mesoporous ZSM-5 catalysts were used for cellulose conversion to 

hexitols, and the good catalytic activity of the catalysts was ascribed to the presence of 

mesopores and strong acidity, which was tuned by the addition of CNCs [25]. 

2.2.2 Zeolites synthesis with less organic templates 

Numerous efforts have been undertaken to decrease organic templates for zeolites 

synthesis. Alternative approaches, such as the template-free method, have also been 

developed, including adjusting the initial ratios of aluminosilicate gel, incorporating 

structure directing agents and introducing seeds for crystallisation [37]. Awala et al. 

successfully synthesised the nanosized FAU-type zeolites without any organic 

structure-directing agents (namely through the template-free method), achieving 

exceptional high yields of 80%. The obtained zeolites exhibited extremely small 

crystallites with a narrow distribution of particle sizes (10-15 nm) and possessed 

micropore volumes of 0.30 cm3g−1, comparable to their conventional counterparts 

(micrometre-sized crystals). Additionally, they demonstrated excellent colloidal 

stability [59].  

Xie et al. achieved a significant breakthrough in the field of utilizing calcined Beta 

zeolites seeds as the template without any organic compounds in the initial 

aluminosilicate gel for Beta zeolites synthesis [60]. The seeds not only facilitated the 
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growth of Beta zeolites but also significantly decreased the crystallisation time. Liu et 

al. used nanoscale amorphous protozeolites seeds possessing zeolite-like embryo 

structures, employed a minimal quantity of structure directing agents and conducted the 

synthesis of single-crystalline ZSM-5 zeolites at mild temperatures. The presence of 

amorphous nanosized seeds facilitated the formation of numerous nucleation sites, 

effectively accelerating the crystallisation process of surrounding nutrients. 

Subsequently, oriented assembly and merging of crystallites occurred, ultimately 

leading to the formation of a hierarchical ZSM-5 structure (mesopore volume of 0.51 

cm3g-1).The obtained ZSM-5 zeolites exhibited a highly completed framework, 

demonstrating an exceptionally extended lifespan of 443.9 hours and a remarkable 

selectivity to propylene at a weight hourly space velocities (WHSV) of 2h-1 during the 

methanol-to-propylene (MTP) reaction [61]. 

2.2.3 Zeolites synthesis with •OH   

2.2.3.1 Introduction of •OH  

Radicals refer to atoms or molecules that can possess one or more unpaired electrons, 

such as superoxide radicals, hydroperoxides, hydroxyl free radicals, alkoxy radicals. 

•OH, one of the most powerful oxidizing agents, is widely distributed in natural 

environments, including water, the atmosphere, biological system, and interstellar 

space [62]. •OH  has garnered significant attention due to its important role in advanced 

oxidation technology for wastewater treatment: (i) degradation of man-made, toxic and 

non-biodegradable aromatic compounds (phenols, chlorophenols, nitrophenols) [63]; (ii) 

degradation of dyes that are toxic to microorganisms, aquatic organisms and humans 

[64]; (iii) degradation of wastewater containing drugs (antipyretics, antibiotics, anti-

depressants) [65]; (ⅳ) degradation of common residues of pesticides (herbicides, 

insecticides, fungicide) in surface and groundwater [66]. Treatment of •OH has also been 

applied to some other pollutants, such as carboxylic acids, pathogens and industrial 

effluents. 
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•OH consists of an oxygen atom bonded with a hydrogen atom, making them highly 

reactive and prone to snatching hydrogen atoms from other molecules in order to form 

water. Feng et al. made an observation that •OH was detected during the hydrothermal 

synthesis of zeolites and also found that the introduction of •OH in the synthesis system 

significantly expedited the crystallisation process [24]. This achievement provides a 

novel perspective in the application of •OH in the synthesis of porous materials. 

2.2.3.2 Methods of producing •OH  

The Fenton technique is a widely recognized chemical approach for generating •OH. In 

this method, ferrous ions serve as a catalyst to break down hydrogen peroxide, and •OH 

are generated through the reaction described in chemical equation 2.1:  

The Fenton method is usually combined with some physical methods such as ultraviolet 

irradiation, ultrasonication and electrochemical methods to generate •OH with higher 

efficiency and lower cost [67].  

In addition to hydrogen peroxide, persulfate can also be used as an initiator to generate 

•OH. Persulfates can be catalysed to produce sulphate radicals by transition metals, 

ultraviolet irradiation and heating. The sulphate radicals are a strong oxidizing agent 

that can generate •OH through the chemical reactions described in equations 2.2 to 2.4 

[68]. 

Fe2+ + H2O2 → Fe3 + + •OH + OH- (eq.2.1) 

S2O8
2- +Heat/UV → 2SO4

- • (eq.2.2) 

All pH: 2SO4
- •+ H2O → SO4

2- + •OH + H+ (eq.2.3) 
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In short, in the synthesis systems of zeolites and other porous materials, •OH are mainly 

generated through physical methods such as radiation, ultrasonication and photolysis, 

as well as chemical method like Fenton method, ozone method. The methods are shown 

in Figure 2.7. 

 

Figure 2.7 Methods to generate of •OH. 

2.2.3.3 •OH assisted synthesis 

In the process of hydrothermal crystallisation of zeolites in alkaline conditions, the 

presence of hydroxide ions (OH–) facilitates the depolymerisation of aluminosilicate 

gel by breaking Si,Al–O–Si,Al bonds. At the meantime, •OH also facilitates the 

formation of polymerized aluminosilicate anions surrounding the hydrated cation 

species by reestablishing the Si,Al–O–Si,Al bonds. According to this, Feng et al. 

introduced •OH to replace part of OH– in the zeolites hydrothermal process for the first 

time [24]. The presence of •OH, generated by ultraviolet irradiation or Fenton's reagent, 

has been reported to play a significant role in the crystallisation process of various 

zeolites (e.g., Na–A, Na–X, NaZ–21, and Silicalite-1), effectively accelerating the 

crystallisation process by promoting the nucleation.  According to Density Functional 

Theory (DFT), it was observed that the presence of •OH in alkaline media resulted in 

lower activation energies. This observation further supports the notion that •OH exhibits 

Alkaline pH: 2SO4
- •+ OH- → SO4

2-+ •OH (eq.2.4) 
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higher catalytic activity compared to OH–, facilitating the breaking of Si,Al−O−Si,Al 

bonds and formation of new Si,Al–O–Si,Al bonds [24]. 

Since the discovery of the role of •OH in zeolites synthesis, •OH assisted synthesis has 

attracted extensive attention. Chen et al. introduced •OH into zeolite synthesis process 

through Gamma rays (γ-rays) irradiation for the first time [69]. The γ-ray irradiation 

significantly enhanced the crystallisation process of zeolite NaA, NaY, Silicalite-1, and 

ZSM-5. Remarkably, at room temperature, the crystallisation time of NaA zeolites was 

reduced to 18 hours compared to the conventional method which required 102 hours. 

Furthermore, more mesopores and higher surface area were generated during this 

process, leading to an unexpected 6-fold and 4-fold increase in the adsorption capacity 

of CO2 compared to the NaA and ZSM-5 zeolites prepared without γ-rays irradiation, 

respectively [69].  

Cheng et al. employed sodium persulfate as a radical promoter to generate high activate 

•OH in the crystallisation process of zeolites. The presence of sodium persulphate as a 

catalyst in the hydrothermal synthesis process resulted in a reduction of the 

crystallisation time for highly crystalline Silicalite-1 from 24 hours to 16 hours. This 

catalyst facilitated the depolymerisation and repolymerisation of Si-O-Si bonds. 

Furthermore, the employment of sodium persulfate as a catalyst can also effectively 

produce Silicalite-1 with significantly reduced usage of organic structure-directing 

agents while maintaining its high crystallinity [23]. 

Apart from the methods mentioned above, •OH can be produced in the synthetic system 

through the utilisation of crystals that have undergone radicalization. The zeolite 

crystals can be milled and heated to form the surface non-bridging oxygen hole centre 

(≡Si–O•). Cheng et al. employed the active ≡Si–O• radicals to react with water, 

resulting in the generation of •OH, thereby accelerating the crystallisation process of 

Na-A and nanosized Silicalite-1 compared to the non-radicalized seeds. The utilisation 
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of radicalized seeds facilitated the crystallisation and production of solid products 

compared to non-radicalized seeds [70]. 

The synthesis routes assisted by •OH can also be combined with other synthetic 

pathways. Han et al. proposed a unique strategy that involves the integration of a 

solvent-free technique with Fenton's reagent to produce Fe-ZSM-5 zeolite. This 

innovative approach resulted in remarkable improvements in crystallinity, while also 

reducing the duration of high-temperature crystallisation. The Fe-ZSM-5 zeolite 

obtained was utilised as a catalyst for phenol hydroxylation, exhibiting considerably 

improved catalytic efficiency compared to the reference catalyst prepared through 

traditional solvent-free techniques. The improved performance of the Fe-ZSM-5 

catalyst was ascribed to its large surface area, increased mesoporous volume, as well as 

its enrichment towards phenol [71]. Wang et al. employed a combination of the hydroxyl 

free radical-assisted route and post-synthesis treatment to form the Y zeolites with a 

high SiO2/Al2O3 ratio (SAR), which was extensively utilised in the fluidized catalytic 

cracking process. The utilisation of DFT calculations demonstrated that the presence of 

•OH selectively promoted the formation of Si-O-Si bonds, leading to an improved SAR 

value of 6.35 [72]. 

2.3 Catalytic hydrogenation of CO2 by zeolites 

2.3.1 CO2 hydrogenation to valuable products 

CO2 is the primary component of greenhouse gases, posing a significant threat to the 

world due to its contribution to irreversible changes of the world’s climate. Currently, 

annual CO2 emission approach approximately 230 million tons, but the utilisation of 

CO2 is less than 1% of the its emissions [73]. Undoubtedly, the reduction of CO2 

emission has emerged as an imperative concern, with carbon capture and storage (CCS) 

widely regarded as the most effective technology in addressing this challenge [74]. 

However, the process of capturing and storing CO2 faces numerous technical and 

economic challenges, such as the need for liquefaction, transportation, and burial of 
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CO2, which significantly increases the cost of CCS [75]. Hence, a related alternative 

concept of carbon capture and utilisation (CCU) has gained significant interest for its 

ability to convert the waste CO2 into valuable products. Considering the high levels of 

fuels consumption, producing fuels such as CH4, methanol or dimethyl ether should be 

regarded as the optimal approach for mitigating their usage. The methanation of carbon 

dioxide following the Sabatier reaction is considered as the most thermodynamically 

advantageous reaction among various hydrogenation reactions. In addition, the 

transportation of CH4, being the primary constituent of natural gas (NG), can be safely 

facilitated through existing NG infrastructures [76]. 

The recent advancements in the conversion of CO2 into C2+ products through 

hydrogenation have also demonstrated remarkable improvements in energy densities 

and economic values. For example, the production of dimethyl ether (DME) through 

the hydrogenation of CO2 has witnessed significant advancements through the 

integration of methanol synthesis catalysts with methanol coupling catalysts [77]. Bonura 

et al. utilised a combination of CuZnZr methanol catalyst and two different zeolites, 

specifically ferrierite (FER) and mordenite (MOR), to examine the catalytic 

performance in the "one-step" hydrogenation reaction to convert CO2 into DME. The 

hybrid FER-based catalyst exhibited excellent CO2 conversion, achieving a maximum 

conversion of 29% at 280℃. Moreover, it also demonstrated remarkable DME 

productivity (more than 62%), without any coke formation under the conducted 

experimental conditions [78]. Bansode et al. also successfully enhanced the selectivity 

to DME (89%) in a one-step conversion of CO2 into DME  by utilizing a mixed bed 

consisting of Cu/ZnO/Al2O3 and H-ZSM-5 catalysts and maintained a high level of CO2 

conversion (over 30%) [79]. Singh et al. employed a Cu-ZnO-ZrO2/hierarchical ZSM-5 

catalyst for the one-step production of DME through CO2 hydrogenation. The DME 

selectivity achieved a remarkable value to 60% with CO2 conversion of 14% at 260℃ 

[80].  

Gao et al. employed a bifunctional catalyst, comprising of partially reduced In2O3 and 



26 

 

HZSM-5, which demonstrate remarkable selectivity towards value-added products. The 

selectivity of hydrocarbons in the gasoline range reached 78.6% while containing only 

1% CH4, and the CO2 conversion rate was 13.1%. The activation of CO2 and H2 was 

facilitated by the existence of oxygen vacancies on the surface of In2O3, resulting in the 

production of methanol. Subsequently, zeolite pores facilitated C−C coupling reactions 

to generate high-octane number gasoline-range hydrocarbons [81].  

In addition to the production of gasoline, CO2 hydrogenation has been utilised for the 

formation of aromatic compounds including benzene, toluene, and xylene. Ni et al. have 

achieved an impressive aromatic selectivity of 73.9% while maintaining a remarkably 

low CH4 selectivity of 0.4% and achieving a CO2 conversion rate of 9.1% in the absence 

of CO during the process of CO2 hydrogenation over ZnAlOx/H-ZSM-5 catalysts [82]. 

The production of olefin products typically involves the utilisation of zeolites with 

smaller pore sizes, as opposed to the commonly used ZSM-5, HY, and HBeta zeolites 

in gasoline and aromatic production [83]. The SAPO-34 zeolites, which has a pore 

opening size of 0.38 nm, exhibited a remarkable selectivity to C2-C4 olefins (about 90%) 

[84]. Tong et al. employed different metals (Zn, Zr, or Mn) to finely tune the acidity of 

zeolites in the composite catalyst ZnO-ZrO/M-SAPO-34, where M represented the 

metal used for acidity modification. The modified zeolites with Mn metal achieved the 

highest CO2 conversion rate of 21.3%, effectively suppressing the selectivity of CO and 

CH4 to below 43% and 4%, respectively. The light olefin selectivity was 61.7% and the 

CH4 selectivity remained below 4% [85]. 

Metal–zeolite catalysts present numerous benefits for CO2 conversion, showing 

promising outcomes in terms of both efficiency and selectivity owing to their distinctive 

properties including large surface area, unique pore size and tuneable acidity. The 

framework topology of zeolites is also a significant factor affecting the distribution of 

production by regulating the access and diffuse of molecules in the pores. In addition 

to the zeolite topology, the selectivity of products is significantly affected by the acidity 
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type (Brønsted or Lewis), density, and strength of acid sites in zeolites [86,87].  

 

Figure 2.8 The structures of zeolites and their corresponding preferences for products [83]. 

The conversion of CO2 into various products, such as methanol, dimethyl ether, ethanol, 

olefins, aromatics, and long-chain pathways is summarized in Figure 2.9. 

 

Figure 2.9 Illustration of metals and zeolites employed for hydrogenation of CO2 to selectively 

product [88]. 

2.3.2 Zeolites for direct CO2 hydrogenation to CH4 

The production of CH4, also known as the Sabatier reaction, is the catalytically 
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hydrogenation of CO2 and by H2 to produce CH4. The process of methanation can also 

utilise alternative reactions, such as the CO methanation reaction and reverse dry 

reforming reaction, to synthesise CH4 
[89]. The methanation of CO2 can occur via two 

distinct pathways, as shown in Figure 2.10. 

 

Figure 2.10 Potential routes for the reaction of CO2 hydrogenation to CH4 [89]. 

One possible approach is the direct hydrogenation of CO2, resulting in the formation of 

CH4 and H2O (as shown in eq. 2.5). Another pathway involves converting CO2 into CO 

firstly through eq. 2.6, followed by hydrogenation of CO to produce CH4 using either 

eq. 2.7 or eq. 2.8. The RWGS reaction (eq. 2.6), which generates CO as by-products at 

high temperatures. Additionally, the coke formation is also observed under elevated 

temperatures. Therefore, to optimize CH4 yield and reduce coking, it is essential to 

conduct the methanation reaction at lower temperatures. 

CO2 + 4H2 ↔ CH4 + 2H2O ΔH298 K = −165.03 kJ/mol (eq.2.5) 

CO2 + H2 ↔ CO + H2O ΔH298 K = 41.17 kJ/mol (eq.2.6) 

CO + 3H2 ↔ CH4 + H2O ΔH298 K = −206.19 kJ/mol (eq.2.7) 
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In order to optimize the efficiency and precision of CO2 conversion into CH4 (e.g., 

achieving elevated  CO2 conversion, selectivity towards CH4 and space time yield, etc.), 

significant efforts have been devoted to the development of innovative catalysts [90].  

Various metals have exhibited activity in the process of CO2 methanation, including 

nickel (Ni), ruthenium (Ru), rhodium (Rh), platinum (Pt), palladium (Pd), cobalt (Co) 

and iron (Fe) [89]. According to Fischer et al., the catalytic activity of unsupported metal 

catalysts under methanation conditions was ranked as follows: Ru > Ir > Rh > Ni > Co > 

Os > Pt > Fe > Mo > Pd > Ag [91]. However, when evaluating the catalyst's activity, it is 

crucial to consider the accessible metal surface area. According to the findings, the trend 

in activity was ranked as follows: Ru > Fe > Ni > Co > Rh > Pd > Pt > Ir [92]. 

Furthermore, Mills et al. summarized the activity and selectivity of supported metal 

catalysts as follows: Ru > Fe > Ni > Co > Mo for activity, and Ni > Co > Fe > Ru for 

selectivity [93]. Among them, Ni-based catalysts have garnered significant attention for 

industrial applications because of their remarkable selectivity, good activity, low cost 

and ease of availability. 

Additionally, the performance of catalysts was influenced by several factors, including 

the dispersion of metals, alkalinity, and the interaction between metals and their support. 

Therefore, various supports such as Al2O3, TiO2, ZrO2 and CeO2 have been utilised for 

the purpose of CO2 methanation. Presently, there has been a growing interest in utilizing 

various innovative catalysts like mesoporous materials, carbons, hydrotalcite-derived 

materials, and zeolites for CO2 methanation [94]. 

Among them, MFI-type zeolites (e.g., ZSM-5, Silicalite-1) are commonly used for CO2 

methanation due to their potential environmental and economic benefits compared to 

commercial Ni/Al2O3 catalysts, such as high surface area, improved metal dispersion, 

unique acid-base properties, tailored pore structure, good resistance to coke formation 

2CO + 2H2 ↔ CH4 + CO2 ΔH298 K = −247.36 kJ/mol (eq.2.8) 
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and enhanced selectivity.  [95]. Specifically, the high surface area of MFI-type zeolites 

plays a crucial role in improving the dispersion of metallic nanoparticles, thereby 

reducing their susceptibility to high-temperature sintering [96]. The porosity of MFI-type 

zeolites facilitates the diffusion of CO2 and promotes the conversion of CO2. In addition, 

the high alkalinity of MFI-type zeolites enhances the adsorption and hydrogenation of 

CO2 while the surface hydrophobicity suppresses deactivation due to the lower affinity 

to H2O generated during CO2 methanation [97]. These advantages make MFI-type 

zeolites promising catalytic supports for CO2 methanation and Silicalite-1 can be a good 

candidate as it possesses highest alkalinity and hydrophobicity among MFI-type 

zeolites. 

According to the findings of Guo et al., among all the support materials tested, including 

SBA-15, Al2O3, SiO2 and MCM-41, the catalytic activity of Ni supported on ZSM-5 

was found to be the highest. Remarkably, Ni/ZSM-5 exhibited high stability without 

any deactivation for up to 100h. The excellent ability to convert CO2 and selectivity to 

CH4 can be attributed to the finely dispersed Ni particles present on the highly porous 

structure with an ordered arrangement in ZSM-5. Additionally, the methanation 

reaction is further enhanced by the presence of abundant weak and medium basic sites 

in Ni/ZSM-5 [98]. 

Scirè et al. investigated the effect of supports on the performance of Ru-supported 

catalysts for CO2 methanation using FT-IR analysis.  The researchers loaded 2 wt% Ru 

onto two different types of silica materials and H-ZSM-5 zeolites. They proposed that 

the process of CO2 methanation is a consecutive reaction, starting with the dissociation 

of CO2 into adsorbed CO, followed by the hydrogenation of CO. The scientists noted 

improved outcomes when utilizing the catalysts based on zeolites, which they attributed 

to the enhanced interactions between Ru and ZSM-5 materials. These interactions were 

found to have an influence on the selectivity of CH4 
[99]. 

Delmelle et al. employed impregnation method to improve the water uptake capacity of 
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5 wt.% Ni-based 13X and 5A zeolites. The two catalysts exhibited comparable CO2 

conversion rates and selectivity towards CH4 
[100]. Furthermore, Borgschulte et al. 

conducted an ion-exchange method to prepare Ni-5A catalysts containing less than 6 

wt.% of Ni. Doubling the stoichiometric ratio of H2 to CO2 to 8:1 led to approximately 

complete conversion of CO2 into CH4 
[101]. Additionally, Walspurger et al. discovered 

that incorporating hydrophilic 4A zeolites into a Ni-based commercial catalyst, the 

sorption-enhanced methanation process was successfully demonstrated under 

atmospheric pressure, achieving nearly 100% conversion at temperatures ranging from 

250 to 350°C [102]. The significant performance of these catalysts was attributed to the 

water-absorbing properties of the zeolites used, which facilitated the shift towards CH4 

formation during reaction. 

In conclusion, Ni is a highly effective catalyst for the hydrogenation of CO2 to CH4. 

However, Ni-based catalysts can potentially undergo oxidation to form NiO in CO2 

methanation, leading to the catalyst deactivation (i.e., reduced CO2 conversion and 

methane selectivity). Using appropriate catalytic supports, such as zeolites, can 

optimise the physical and chemical properties of catalysts and suppress the formation 

of NiO, improving the catalytic performance of Ni-based catalysts. Zeolites serve as 

exceptional support materials for metal active sites, characterised by their uniform pore 

structures, high specific surface areas, and remarkable hydrothermal stability. Ni-

zeolites have been extensively utilised as the catalysts in the research field of CO2 

conversion to CH4. The combination of the Ni and zeolites can significantly enhance 

the efficiency and precision of CO2 conversion into CH4. 
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Table 2.1 Summary of Ni-based catalyst with various supports. 

Catalyst H2: CO2 ratio temperature (°C) pressure (MPa) 𝑋𝐶𝑂2
(%) 𝑆𝐶𝐻4

(%) Ref. 

Ni/ZrO2 12.5 377 0.1 ~100 ~100 [103] 

Ni/CeO2 5 450 0.1 ~80 ~100 [104] 

Ni/CeO2-ZrO2 4 275 0.1 55 99.8 [105] 

Ni/TiO2 4 450 0.1 ~70 ~99 [104] 

Ni/Al2O3 4 250 0.1 39 97 [106] 

Ni/γ–Al2O3 3 210 2 80 99.5 [107] 

Ni/Al2O3-ZrO2 4 300 0.1 77 ~100 [108] 

Ni/SiO2 4 450 0.1 36.8 81.8 [109] 

Ni/NaY 4 500 0.1 67 94 [110] 

Ni/MCM-41 4 400 0.1 ~63 ~63 [98] 

Ni/SBA-15 4 400 0.1 ~70 ~65 [98] 

Ni/USY 4 450 0.1 72.66 95 [111] 

Ni/ZSM-5 4 400 0.1 76 99 [98] 

Ni/CeO2/ MCM-41 4 380 0.1 85.6 99.8 [112] 
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3. Experimental 

3.1 Materials and reagents 

Table 3.1 Materials and chemical reagents used in this experiment. 

Name Grade Chemical 

formula 

Manufacturer 

Tetrapropylammonium 

hydroxide solution 

(TPAOH) 

25% in water C12H29NO Shanghai Macklin Biochemical Co. 

Ltd.,China 

Tetraethyl orthosilicate 

(TEOS) 

99.99% 

metals basis 

(C2H5O)4Si Aladdin Reagent Co. Ltd., Shanghai, 

China 

Sodium persulfate AR Chemical 

Reagent  

Na2S2O8 Shanghai Macklin Biochemical Co. 

Ltd.,China 

Nickel nitrate AR, 99% Ni (NO3)2·6H2O Shanghai Macklin Biochemical Co. 

Ltd.,China 

3.2 Synthesis of Silicalite-1 materials 

3.2.1 Synthesis of Sililcalite-1 via conventional route 

Different amounts of tetrapropyl ammonium hydroxide (TPAOH) aqueous solution 

(10.047, 7.5353 and 5.0235 g) were first mixed with deionized water (22.66, 20.15 and 

17.64 g) for 10 minutes. Subsequently, under continuous stirring, 8.03 g of tetraethyl 

orthosilicate (TEOS) was added dropwise into the solution and stirred for 5 hours. The 

resulting solution was transferred to a Teflon-lined stainless-steel autoclave with a 

capacity of 100 mL and heated in an oven at 90℃ for crystallisation. After hydrothermal 

crystallisation for 24h, the product was separated by centrifugation at 10506 rpm and 

washed with water till the pH reached neutral, and subsequently dried overnight at 70℃. 
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The dry product was calcined at 550℃ in a muffle furnace for 5h to remove the template. 

The TPAOH usage is defined as 100% when it weighed 10.047 g, 75% when it weighed 

7.5353 g, and 50% when it weighed 5.0235 g. The corresponding samples were named 

as 100%S1-0M-0 when the TPAOH concentration was 100%, while they are labelled 

as 75%S1-0M-0 and 50%S1-0M-0 for concentrations of 75% and 50% respectively.  

3.2.2 Syntheses of Silicalite-1 in the presence of •OH 

Different amounts of TPAOH aqueous solution (10.047, 7.5353 and 5.0235 g) were first 

mixed with deionized water (22.66, 20.15 and 17.64 g) for 10 minutes. Subsequently, 

under continuous stirring, 8.03 g of tetraethyl orthosilicate (TEOS) was added dropwise 

into the solution and stirred for 5 hours. The resulting solution was transferred to a 

Teflon-lined stainless-steel autoclave with a capacity of 100 mL. Various volumes of 

SPS solution (0, 0.5 and1mL) were added into the resulting solution to make the final 

concentrations of SPS 0 M, 0.01 M and 0.02 M. The mixture was then heated in an oven 

at 90℃ for crystallisation, The subsequent procedures were identical as described in 

section 3.2.1. The zeolites with SPS were correspondingly denoted as XS1-Y-0, where 

X represented the TPAOH usage (50%, 75% and 100%) and Y represented the SPS 

concentration (0, 0.01 and 0.02). 

3.2.2 Synthesis of Silicalite-1 in the presence of •OH and CNCs 

Different amounts of TPAOH aqueous solution (10.047, 7.5353 and 5.0235 g) were first 

mixed with deionized water (22.66, 20.15 and 17.64 g) for 10 minutes. Subsequently, 

under continuous stirring, 8.03 g of tetraethyl orthosilicate (TEOS) was added dropwise 

into the solution and stirred for 4.5 hours.  The amount of CNCs (0, 0.33, 0.65, 0.825, 

1, 1.15, 1.3) were added into the Silicalite-1 precursor and kept stirring for additional 

0.5 hours in order to facilitate the separation of CNCs. The resulting solution was 

transferred to a Teflon-lined stainless-steel autoclave with a capacity of 100 mL. t arious 

volumes of SPS solution (0, 0.5 and1mL) were added into the resulting solution to make 

the final concentrations of SPS 0 M, 0.01 M and 0.02 M. The subsequent procedures 
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were identical as described in section 3.2.1. Silicalite-1 zeolites containing only CNCs 

were designated as XS1-0M-Z, containing both CNCs and SPS were designated as 

XS1-Y-Z, X represented the TPAOH usage (50%, 75% and 100%), Y represented the 

SPS concentration (0, 0.01 and 0.02) and Z represented the CNCs contents (0, 0.33, 

0.65, 0.825, 1, 1.15, and 1.3). The designated names for all the samples in this study are 

summarised in Table 3.2. 

Table 3.2 Table of Silicalite-1 zeolites. 

Sample name 

(XS1-Y-Z) 

X= TPAOH usage 

 

Y=SPS usage 

(mol/L) 

Z=CNCs usage 

(wt%) 

100%S1-0.02M-0 100% 0.02  0 

100%S1-0.02M-0.65 100% 0.02 0.65 

100%S1-0M-0.65 100% 0 0.65 

100%S1-0M-0 100% 0 0 

75%S1-0.02M-Z 75% 0.02  0, 0.33, 0.65, 0.825, 1, 1.15, 1.3 

75%S1-0M-0.65 75% 0 0.65 

50%S1-0.02M-Z 50% 0.02  0, 0.33, 0.65, 0.825, 1, 1.15, 1.3 

50%S1-0.01M-Z 50% 0.01 0, 0.33, 0.65, 0.825, 1, 1.15, 1.3 

50%S1-0M-Z 50% 0 0, 0.33, 0.65, 0.825, 1, 1.15, 1.3 

3.2.3 Synthesis of Ni/Silicalite-1 catalysts 

The wet impregnation method was employed to prepare the Ni/Silicalite-1 catalyst. A 

solution containing 0.07 5g of Ni (NO3)2·6H2O dissolved in 10 mL of deionized water 

was prepared, followed by the addition of 0.1 g of Silicalite-1 powders into the solution. 

Subsequently, the dry product was calcined in a muffle furnace at 550℃ for 5h at a 

heating rate of 1℃/min. The Ni/Silicalite-1 catalyst was in-situ reduced at 500°C for 

3h in an H2/N2 environment (with a flow rate of 10.0/10.0 mL/min) before use for CO2 
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hydrogenation. The theoretical Ni content in the catalyst was 15 wt%.  

3.3 Characterisations 

3.3.1 X-ray Diffraction (XRD)  

XRD technique is extensively employed as a characterisation method to examine the 

physical attributes of various samples, encompassing powder, solid, and liquid 

materials. It enables the analysis of phase composition, crystal structure, and sample 

orientation. In this study, XRD tests were undertaken by a Bruker D8 advance, as 

presented in Figure 3.1. This instrument consists of three crucial elements: an X-ray 

generator, a specimen holder, and a detector for XRD. For each XRD test, 0.02 g of 

sample was weighed and placed in the sample holder. The specific conditions for XRD 

tests were as follows: 2θ: 5─90°, 0.02°/step, 0.58 s/step.  

 

Figure 3.1 The image of XRD (Bruker D8 advance). 

3.3.2 N2 adsorption-desorption  

The specific surface area and the pore size distribution were characterised by N2 

adsorption at 77K, based on the physical adsorption phenomenon of gases on the inner 

and outer surfaces of the porous material. The N2 adsorption-desorption equipment and 

degas equipment are depicted in Figure 3.3. The procedure for sample preparation in 
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this measurement is as follows: Firstly, an empty tube was weighed and referred to as 

M1, then 0.2~0.3 g of a dried sample was placed into the tube, and the total weight of 

the sample and the tube was measured and referred to as M2; finally, the sample was 

degassed overnight at 350℃. After degassing, the tube and the sample were weighed 

and referred to as M3. The values of M1 and M3 were inputted into the software, 

followed by selecting the micropore method to initiate the test. The correct degassing 

process is indicated when M3≤M2, signifying the successful removal of moisture or 

absorbed pollutants from the sample. These tests were conducted on micromeritics 

3FLEX equipment. 

 

Figure 3.2 N2 adsorption-desorption equipment and degas equipment (3 FLEX). 

3.3.3 Scanning Electron Microscope (SEM) 

SEM (as shown in Figure 3.6) is a technique that involves raster scanning the surface 

of a sample by focusing an electron beam emitted from an electron gun. The 

composition, morphology, and structure of the sample surface can be analysed through 

the detection of signals generated from electron-sample interactions. It comprises three 

primary components: an electro-optical column, a sample chamber, and a 

computer/electronic controller for SEM. SEM and EDS were undertaken by a Gemini 

SEM 360 using a work distance of 10-15 mm and an accelerating voltage of 20 kV. The 

specific operational procedures were as follows: firstly, samples were dispersed using 
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ethanol; secondly, a droplet was extracted using an eyedropper onto the sample table 

coated with conductive glue; thirdly, the sample was gold-coated to achieve a thickness 

of approximately 10 nm.  

 

Figure 3.3 The image of SEM-EDS equipment (Gemini SEM 360). 

3.3.4 Transmission Electron Microscopy (TEM) 

TEM is a method of analysis used to observe the tiniest structures in substances. Unlike 

optical microscopes that utilise visible light, TEM has the capability to reveal 

remarkable atomic-level intricacies by enlarging nanometre structures up to 50 million-

fold. It comprised by an electron optical system, a vacuum system, and a power supply 

and control system. The TEM micrographs were acquired using a FEI Tecnai G2 F20 

electron microscope operated at 200 kV in this study, which was tested at Shenyang 

National Laboratory for Materials Science. 

3.3.5 Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) 

The ICP-OES technique is a highly robust, versatile, and cutting-edge analytical 

method that is widely recognized for its exceptional detection capabilities. It enables 

the determination of all metallic elements as well as some non-metallic elements. ICP-



39 

 

OES was undertaken by a SPECTROBLUE equipment. 

 

Figure 3.4 The image of ICP-OES equipment (SPECTROBLUE). 

3.4 Mechanism study 

In this study, Fourier Transform Infrared Spectroscopy (FT-IR) spectroscopy was 

employed to identify changes in functional groups in molecules for Silicalite-1 

synthesis in the presence of •OH and CNCs. Additionally, Thermogravimetric Analysis 

(TGA) tests were conducted to infer the decomposition of CNCs in the reaction system. 

FT-IR analysis is a method used to explore the molecular composition and chemical 

bonding of materials. The detection principle of FTIR is theoretically based on the 

Lambert-Beer law. The main components of the system include an infrared light emitter, 

a diaphragm, an interferometer (comprising a beam splitter, a mirror in motion, and a 

stationary mirror), a sample enclosure, a sensor, different infrared mirrors, lasers, 

control circuitry boards, and power sources. Figure 3.3 illustrates the FTIR equipment. 

The sample preparation procedure for FTIR measurement was as follows: 0.002 g of 

the sample and 0.2 g of KBr were accurately weigh, then the mixture was transferred 

into a mortar for thorough blending. Subsequently, the mixture was transferred into the 

designated mould and firmly insert it into the tablet press under a pressure of 10 MPa 



40 

 

for a duration of 1 minute. Upon removal, the resulting specimen manifests as a 

translucent sheet, facilitating unhindered transmission of diverse infrared wavelengths 

to generate distinct peak curves for subsequent analysis. These tests were conducted on 

BRUKER INVENIO S equipment. 

 

Figure 3.5 The image of FT-IR (BRUKER INVENIO S). 

TGA works by measuring the change in mass of a sample as a function of temperature 

(or time) under controlled conditions. The equipment typically consists of a 

thermobalance, a heating furnace, a programmed temperature control system, and an 

atmosphere control system. These components work together to create a controlled 

environment in which the sample's mass changes can be precisely monitored as the 

temperature increases. The TGA equipment and the loading position for samples are 

depicted in Figure 3.6. TGA measurement sample preparation was as follows: the 

desiccated samples were accurately weighed at a dosage range of 5 to 10 mg before 

being transferred into the crucible. The temperature was then gradually increased at a 

controlled rate of 1°C/min until it reaches 550°C, with an airflow rate of 10 mL/min. 

These tests were conducted on SDTQ600 equipment.  
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Figure 3.6 The image of TGA equipment and the loading position for samples (SDTQ600). 

3.5 Catalytic tests 

The catalytic test for CO2 hydrogenation was performed in a fixed-bed reactor, as 

presented in Figure 3.7. In a typical experiment, 0.1 g of pelletized Ni-Silicalite-1 

catalyst (pellets size of 208~354 µm) was packed in the reactor. The operational 

procedure was as follows. Firstly, the reactor was purged with argon gas to remove the 

air in the reactor, while the outlet tubing was placed in a beaker filled with water to 

observe the bubble generation for checking the pipeline connectivity. Secondly, the gas 

flowrates for the reaction were set with a molar ratio of H2: CO2: N2 as 16:4:2, once the 

gas flow was stabilized, the reactor temperature was increased at a rate of 10℃/min. 

Thirdly, when the temperature reached 400℃, the catalytic activity of the CO2 

methanation was performed and monitored by online GC gas analysis.  



42 

 

 

Figure 3.7 The fixed-bed reactor for catalytic tests. 

GC technique is commonly employed in the field of analytical chemistry for the 

separation and analysis of compounds that can be vaporized without undergoing 

decomposition. GC relies on the separation of compounds based on their vaporization 

and interaction with a stationary phase inside a separation column. The sample is 

injected into the instrument and introduced into a gas stream (commonly helium), which 

serves as the carrier gas. The sample components travel through the column at different 

rates, depending on their interaction with the stationary phase, resulting in separation. 

The GC instrument typically includes detectors such as the Flame Ionization Detector 

(FID) and Thermal Conductivity Detector (TCD). FID is sensitive to organic 

compounds and its response is proportional to their molecular weight. TCD, on the 

other hand, detects both organic and inorganic samples based on variations in thermal 

conductivity between components and the carrier gas. 

GC test process is described as follows: Connect the air bag to the [Inlet] port, gradually 

apply pressure to the air bag, and observe a steady bubbling of the air outlet tube in the 

beaker. Then, initiate [Start] on the chromatograph, maintain a constant speed while 

pressing the air bag, listen for an audible indication of sample injection, and continue 

pressing the air bag at a consistent rate for 3-5 seconds. After the completion of sample 
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injection, remove the air bag and await the generation of the gas analysis report. Figure 

3.5 shows the GC equipment used in this study. These tests were conducted on FULI 

INSTRUMENTS GC9720PLUS. 

 

Figure 3.8  The image of GC equipment (FULI INSTRUMENTS GC9720PLUS). 

These equations represent the calculation of CO2 conversion (XCO2) and methane 

selectivity (SCH4) in a reaction system: 

𝑋𝐶𝑂2
=

𝑉𝑖𝑛 × 𝐹𝑖𝑛,𝐶𝑂2
− 𝑉𝑜𝑢𝑡 × 𝐹𝑜𝑢𝑡,𝐶𝑂2

𝑉𝑖𝑛 × 𝐹𝑖𝑛,𝐶𝑂2

× 100%          
(eq.3.1) 

𝑆𝐶𝐻4
=

𝑉𝑜𝑢𝑡 × 𝐹𝑜𝑢𝑡,𝐶𝐻4

𝑉𝑖𝑛 × 𝐹𝑖𝑛,𝐶𝑂2
− 𝑉𝑜𝑢𝑡 × 𝐹𝑜𝑢𝑡,𝐶𝑂2

× 100%          
(eq.3.2) 

Where Vin (mL/min) represents the volumetric flow rate at the inlet, Fin, CO2 (%) 

represents the CO2 fraction in inlet, Vout (mL/min) represents the outlet flowrate, Fout, 

CO2 (%) represents the CO2 fraction in outlet. 
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4. Results and discussions 

4.1 Effect of TPAOH usage on conventional Silicalite-1 synthesis  

As TPAOH is expensive and not environmentally friendly, efforts have been made to 

reduce the usage of TPAOH as the template for Silicalite-1 synthesis. In this study, a 

typical Silicalite-1 synthesis recipe was used as the reference (considering as 100% 

TPAOH) and effects of reduced amounts of TPAOH (75% TPAOH and 50% TPAOH) 

on Silicalite-1 synthesis were investigated. The XRD patterns of the products 

synthesised with various amounts of TPAOH are shown in Figure 4.1 (a), showing the 

characteristic peaks of the MFI structure at 2θ ≈ 8.1, 8.9, 23.1, 24, and 24.5°. These 

peaks indicate the successful synthesis of Silicalite-1 with both the referenced and 

reduced usage of TPAOH [113].  

Figure 4.1 (b) illustrates the effect of TPAOH usage on the yield and crystallinity of 

synthesised Silicalite-1 zeolites. Relative crystallinity was determined based on the 

characteristic peaks at 23.1, 24 and 24.5° [114]. The sample with the highest peak area 

was considered as the reference for crystallinity comparison, and its relative 

crystallinity was set at 100%. Notably, compared to the case of 100% TPAOH usage, a 

significant enhancement was observed in both yield (44% for 100% TPAOH usage and 

78% for 75% TPAOH usage) and relative crystallinity (72% for 100% TPAOH usage 

and 81% for 75% TPAOH usage) when the TPAOH usage was reduced to 75%. This 

observation suggests the overdose of TPAOH can hinder the synthesis of Silicalite-1. 

The synthesis of Silicalite-1 mainly consist of two processes: nucleation and 

crystallisation. The excessive amount of TPAOH promoted the formation of nucleus 

due to supersaturation and increased the usage of silicon source for nucleation, which 

led to less silicon source available for the further crystallisation [115]. Meanwhile, the 

high TPAOH content may partially dissolve the formed Silicalite-1 zeolites due to its 

high alkalinity, which may also hinder the formation of zeolites. 
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Figure 4.1 (a) XRD patterns and (b) yield and relative crystallinity of the products synthesised 

with different usage of TPAOH (The error of yield and crystallinity was 5.6% and 3.5%). 

However, further reduction of TPAOH usage from 100% to 50% resulted in the 

decreased yield from 44% to 11%, while the relative crystallinity slightly increased 

from 72% to 77%. When the amount of TPAOH was reduced to 50%, the low 

concentrations of TPA+ weakened the guiding effect of TPAOH and resulted in less 

formation of zeolite crystal nucleus, resulting in a lower yield of Silicalite-1. 

Figure 4.2 shows the SEM images of the obtained Silicalite-1 zeolites, which exhibited 

spherical morphology with loose aggregations. The average crystal sizes of 75%S1-

0M-0 and 50%S1-0M-0 samples were about 149 and 146 nm respectively, while the 

average crystal size of 100%S1-0M-0 sample was approximately 115 nm. The overuse 

of TPAOH led to the decrease in crystal size, further confirming that large amount of 

crystal nucleus was produced when excessive TPAOH was present, which consumed 

high quantity of silicon source and leaded to the hindered growth of the crystals as less 

silicon source was left in the synthesis solution.  
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Figure 4.2 SEM images of (a) 100%S1-0M-0;(b) 75%S1-0M-0;(c) 50%S1-0M-0. 

The N2 adsorption-desorption isotherms and the micropore pore size distributions of 

these samples are depicted in Figure 4.3. All samples presented the type IV isotherms 

with associated H2-type hysteresis loops occurring at a relative pressure around 0.9, 

implying the existence of mesoporous structures [87]. The micropore distributions using 

the DFT model demonstrated that micropores (pore sizes were around 0.6 nm) were 

predominantly in these samples.  

 

Figure 4.3 (a) N2 adsorption-desorption isotherms and (b) micropore size distributions of the solid 

products synthesised with different usage of TPAOH. 

The textural properties of the aforementioned samples are summarized in Table 4.1. 

When 75% and 50% TPAOH were used, both specific surface areas (463 m2/g for 
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75%S1-0M-0 and 475 m2/g for 50%S1-0M-0) and pore volumes (0.58 cm3/g for 

75%S1-0M-0 and 0.61 cm3/g for 50%S1-0M-0) increased compared to the case with 

100% TPAOH (SBET=401 m2/g and Vtotal=0.543 cm3/g), indicating the hindering effect 

of excessive TPAOH in the synthesis solution, which was consistent with the results in 

terms of yield, crystal structure and morphology.    

Table 4.1 Textural properties of Silicalite-1 synthesised with different usage of TPAOH. 

 

Surface Area (m2/g) Pore Volume (cm3/g) 

Sample Stotal Smicro Vtotal Vmicro 

100%S1-0M-0 401 232 0.54 0.12 

75%S1-0M-0 463 302 0.58 0.17 

50%S1-0M-0 475 234 0.61 0.13 

4.2 Effect of •OH on Silicalite-1 synthesis 

Recently, Yu’s group has found that •OH can participate in the depolymerisation and 

condensation of silicate during the crystallisation process, accelerating the synthesis of 

Silicalite-1. The catalysis of SPS can be achieved through heating, exposure to 

ultraviolet radiation, and the presence of transition metals, ultimately resulting in the 

generation of •OH. In the depolymerisation and condensation of silicate during the 

crystallisation process and accelerate the synthesis of Silicalite-1 synthesis [23]. Given 

the ability of •OH to substitute a portion of OH– in the zeolites synthesis without 

increasing alkalinity, whether the usage of organic template could be reduced with the 

addition of •OH was investigated in this study. 

Figure 4.4 (a) shows the XRD patterns of the obtained solid products synthesised with 

various amounts of TPAOH in the presence of •OH and the characteristic peaks of MFI-

type structure were observed in all samples. Figure 4.4 (b) illustrates the effect of 

TPAOH usage in the Silicalite-1 synthesised with the presence of •OH on the yield and 

crystallinity of the obtained Silicalite-1 zeolites. When 100% TPAOH was used, the 

Silicalite-1 yield remarkably increased from 44% to 69%, while maintaining 
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comparable relative crystallinity (72% vs. 75%) in the presence of 0.02 M of SPS. When 

the TPAOH usage was reduced to 75%, the enhancement in the yield with the presence 

of •OH was insignificant (78% vs. 82%) as well as the relative crystallinity (78% vs. 

74%). When the TPAOH usage was further reduced to 50%, the presence of •OH leaded 

to a twofold increase in the yield (11% vs. 23%), while significant increase on the 

crystallinity was observed as well (77% vs. 87%).  

Silicalite-1 zeolites are usually hydrothermally synthesised in basic media, where OH– 

can catalyse the Si-O-Si bonds cleavage to depolymerize the silicate gel as well as 

catalyse the Si-O-Si bonds reassembly to polymerize the silicate anions around the 

hydrated cation. Compared to OH–, •OH species are more effective to catalyse Si-O-Si 

bonds dissociation and re-formation [24]. In this study, when insufficient TPAOH (50% 

TPAOH) was used for the synthesis of Silicalite-1, the presence of •OH promoted the 

breakage and re-formation of Si-O-Si bonds, thus increasing the utility of TPAOH and 

resulting in a higher yield of Silicalite-1. When excessive TPAOH (100% TPAOH) was 

in the synthesis solution, the presence of •OH increased the yield of Silicalite-1 due to 

the lower selectivity in Si-O-Si breaking and remaking via •OH for Silicalite-1 

nucleation. Namely when excessive TPAOH was presented in the synthesis solution, 

though more Si-O-Si bonds were broken in the presence of •OH and OH– species, some 

of them were unable to attached to TPA+ cations for nucleation. As a consequence, there 

were more silicon species available for the crystallisation process, resulting in a higher 

yield of Silicalite-1 compared to the case with excessive OH– species alone. In 

conclusion, the presence of •OH in the synthesis solution was able to enhance the yield 

of Silicalite-1 with comparable crystallinity, especially when the TPAOH content was 

insufficient or excessive. 
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Figure 4.4 (a) XRD patterns and (b) yield and relative crystallinity of the solid products 

synthesised in the absence and presence of •OH with different usage of TPAOH (The error of yield 

and crystallinity was 5.6% and 3.5%). 

The N2 adsorption-desorption isotherms and micropore pore size distributions of these 

samples are depicted in Figure 4.5, and all the samples showed that the predominant 

size of micropores was around 0.6 nm, which was comparable to the pore size of typical 

Silicalite-1 zeolites (~0.55 nm). 75%S1-0.02M-0 and 50%S1-0.02M-0 presented the 

type IV isotherms with H4-type hysteresis loops occurring at relative pressure around 

0.2. This type of hysteresis loops is linked to the transition of N2 from a localized fluid-

like phase to a crystalline-like solid phase, which is specific to MFI-type zeolites and 

often results in apparent mesopores with a size of 2 nm due to the interaction between 

N2 quadrupolar moment and the MFI framework, thus cannot indicate any real 

mesopority [116-118]. From another perspective, hysteresis loops occurring at relative 

pressure around 0.2 are usually observed in high-quality crystals, suggesting that 

Silicalite-1 zeolites with high crystallinity were successfully synthesised with the 

presence of •OH, which was consistent with the XRD results [118]. All samples presented 

H2 type hysteresis loops- occurring at relative pressure around 0.9 (less significant for 

75%S1-0.02M-0 and 50%S1-0.02M-0) and this type of hysteresis loops is typical for 

capillary condensation in mesopores [119]. The presence of a significant uptake of N2 

observed in adsorption, combined with the occurrence of hysteresis, unequivocally 
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confirmed the existence of a certain amount of mesopores in these samples. 

  

Figure 4.5 (a) N2 adsorption-desorption isotherms and (b) micropore size distributions of the solid 

products synthesised in the absence and presence of •OH with different usage of TPAOH. 

The textural properties of the aforementioned samples are summarized in Table 4.2. 

When 75% or 50% TPAOH was used for synthesis, the produced Silicalite-1 zeolites 

had lower specific surface areas (347 m2/g for 75% TPAOH and 343 m2/g for 50% 

TPAOH) and pore volumes (0.27 cm3/g for 75% TPAOH and 0.26 cm3/g for 50% 

TPAOH) compared to the case with 100% TPAOH (specific surface area of 401 m2/g 

and pore volume of 0.54 cm3/g). In the case of 100%TPAOH usage, the presence of 

•OH insignificantly affected both specific surface area and pore volume. Therefore, the 

specific surface areas and pore volumes of Silicalite-1 zeolites mainly depended on the 

usage of TPAOH. Though the presence of •OH was able to increase the yield of 

Silicalite-1 zeolites when less TPAOH was present, it was less effective on creating 

pores compared to TPAOH. 
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Table 4.2 Textural properties of Silicalite-1 synthesised with different usage of TPAOH. 

 

Surface Area (m2/g) Pore Volume (cm3/g) 

Sample Stotal Smicro Vtotal Vmicro 

100%S1-0M-0 401 232 0.54 0.12 

100% S1-0.02M-0 422 249 0.53 0.14 

75% S1-0.02M-0 347 121 0.27 0.06 

50% S1-0.02M-0 343 231 0.26 0.12 

4.3 Effect of CNCs and •OH on Silicalite-1 synthesis  

CNCs can serve as suitable auxiliary species or secondary templates in zeolites 

synthesis, while the presence of OH- in the aluminosilicate gel can accelerate the 

cleavage of hydrogen bonds in CNCs and intensity the nucleation process [25,26,120,121]. 

As highly active •OH species can act as OH- in the depolymerisation and condensation 

of silicate and accelerate the synthesis of Silicalite-1 [23], whether •OH can also act as 

OH- to break hydrogen bonding in CNCs to further promote Silicalite-1 synthesis with 

different amounts of TPAOH was investigated in this study. 

4.3.1 100% TPAOH 

Figure 4.6 (a) shows the XRD patterns of the resultant Silicalite-1 zeolites synthesised 

with 100% TPAOH and the characteristic peaks of MFI-type structure were observed 

in all samples. When CNCs alone were added in the synthesis solution, the yield and 

relative crystallinity of Silicalite-1 were 62% and 77%, which were higher than the case 

when CNCs and •OH were absence (44% for yield and 72% for crystallinity). The 

promoting effect was related to the abundance of hydroxyl groups in CNCs, which can 

interact with silicon species, serving as the favourite sites for zeolite nucleation [26]. The 

incorporation of •OH and CNCs further improved the yield to 71% with a high relative 

crystallinity (79%) of Silicalite-1 zeolites, as presented in Figure 4.6 (b). However, 

when only •OH was present, the yield and crystallinity were comparable with the case 

that both •OH and CNCs were present, which indicated that the promoting effect of 
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CNCs on the synthesis of Silicalite-1 was insignificant when •OH was present with 100% 

TPAOH. 

 

Figure 4.6 (a) XRD patterns and (b) yield and relative crystallinity of Silicalite-1 synthesised in 

the absence and presence of CNCs and •OH when100% TPAOH was present (The errors of yield 

and relative crystallinity were 5.6% and 3.5%). 

The N2 adsorption-desorption isotherm of sample 100%S1-0.02M-0.65 is shown in 

Figure 4.7. Silicalite-1 synthesised in the presence of •OH and CNCs with 100% 

TPAOH exhibited a H2-type hysteresis loop at a relative pressure of approximately 0.9, 

along with the presence of hysteresis loops at a relative pressure around 0.2. This 

sample exhibited a steep uptake of N2 at relatively low pressure, which was associated 

with the filling of N2 within the narrow micropores [113]. This indicates that the original 

micropore structure remained after the utilisation of •OH and CNCs. The hysteresis 

between adsorption and desorption is typical for capillary condensation in mesopores 

[119].  
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Figure 4.7 N2 adsorption-desorption isotherms of the solid product with the presence of CNCs and 

•OH when 100% TPAOH was present. 

More textural properties of the obtained Silicalite-1 zeolites are presented in Table 4.3 

and Table S1. The addition of CNCs alone had insignificant effect on specific surface 

area compared to the case in the absence of •OH and CNCs (422 cm2/g for 100%S1-

0.02M-0 and 401 m2/g for 100%S1-0M-0), while the presence of •OH alone slightly 

increased the specific surface area (456 cm2/g for 0.65-CNCs-100%S1-0M-0). 

However, the presence of both CNCs and •OH with 100% TPAOH led to the remarkable 

decrease in surface area (303 cm2/g for 0.65-CNCs-100%S1-0.02M-0). Similar rules 

were observed regarding pore volume. 

This can be speculated as follows: When sufficient TPAOH was present in the synthesis 

solution, 1) the presence of •OH alone stimulated the cleavage of Si-O-Si bonds and 

promoted the utilisation of TPA+ template, resulting in the increased yield of Silicalite-

1. As there were no other templates in the synthesis solution, the pore structure changed 

insignificantly; 2) the presence of CNCs alone acted as another template and provided 

more nucleation sites for synthesis, leading to the increase in yield and slight 
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enhancement in surface areas; 3) the presence of both •OH and CNCs stimulated the 

cleavage of bonds in CNCs by •OH (•OH might favour the cleavage of bonds in CNCs 

than Si-O-Si cleavage) and produced smaller molecules which were less effective for 

pores generation, resulting in significant decrease in surface area.   

Table 4.3 Textural properties of Silicalite-1 synthesised when 100% TPAOH was present. 

 Surface Area (m2/g) Pore Volume (cm3/g) 

Sample Smeso Stotal Vmeso Vtotal 

100%S1-0M-0 169 401 0.42 0.54 

100%S1-0.02M-0.65 103 303 0.26 0.36 

The pore distributions for the aforementioned samples are depicted in Figure S3, and 

the micropore distributions using the DFT model demonstrated that the micropores of 

these Silicalite-1 zeolites were predominantly centred at around 0.6 nm. The results 

were consistent with the sample 100%S1-0M-0, indicating that the addition of •OH and 

CNCs had insignificant effects on pore distributions. 

4.3.2 75% TPAOH  

To investigate whether the co-presence of •OH and CNCs was able to promote 

Silicalite-1 synthesis with less organic templates, the usage of TPAOH was reduced to 

75%. Figure 4.8 (a) shows the XRD patterns of the resultant Silicalite-1 zeolites 

synthesised with •OH and different amounts of CNCs in the presence of 75% TPAOH, 

and the characteristic peaks of MFI-type structure were observed in all samples. When 

only •OH or CNCs (0.65 wt%) was added in the synthesis solution, the yield increased 

insignificantly (81% for CNCs alone and 82% for •OH alone, while 78% for the absence 

of both CNCs and •OH) and the relative crystallinity was slightly reduced (73% for 

CNCs alone and 74% for •OH alone, while 81% for the absence of both •OH and CNCs).  

The reduced crystallinity may be attributed to the accelerated cleavage of Si-O-Si bonds 

and reformation crystallisation process via •OH, which led to some rapid 
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polymerisation of the silicon source to form amorphous when TPAOH was insufficient, 

resulting in decreased crystallinity. When only CNCs were present with 75% TPAOH, 

the crystallinity decreased because CNCs were less effective working as the template 

compared to TPAOH. 

Interestingly, when both CNCs and •OH were present in the synthesis solution, the yield 

and crystallinity of the obtained Silicalite-1 were generally increased (as shown in 

Figure 4.8 (b), demonstrating the promoting effect of the presence of both •OH and 

CNCs on silicalite-1 synthesis. When both •OH and CNCs were present, some •OH 

species stimulated the crystallisation process, while some •OH species reacted with 

CNCs. Consequently, the polymerization of silicon source was less likely to occur, 

resulting in higher yield of Silicalite-1 zeolites with high crystallinity.  

 

Figure 4.8 (a) XRD patterns and (b) yields and crystallinities of the solid products synthesised 

with the presence of •OH and CNCs when 75% TPAOH was present (The errors of the yields and 

crystallinities were 5.6% and 3.5%). 

The N2 adsorption-desorption isotherms and micropore size distribution of these 

samples are depicted in Figure 4.9. All these samples presented the type IV isotherm 

with an H4-type hysteresis loop occurring at a relative pressure around 0.2 and H2-type 

hysteresis loop occurring at a relative pressure around 0.9. The presence of a significant 
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uptake observed in adsorption, combined with the occurrence of hysteresis at relative 

pressure around 0.9, suggested the presence of mesopores. The DFT model was 

employed to analyse the micropore distribution, revealing that the micropores of these 

Silicalite-1 zeolites were predominantly centred at around 0.6 nm. 

 

Figure 4.9  (a) N2 adsorption-desorption isotherms and (b) micropore size distributions of the solid 

products synthesised with the presence of •OH and CNCs when 75%TPAOH was present. 

More textural properties of the obtained Silicalite-1 zeolites are listed in Table 4.4. The 

addition of CNCs alone had an insignificant effect on specific surface areas (447 m2/g 

vs. 463 m2/g) and pore volumes (0.57 cm3/g vs. 0.58 cm3/g) compared to the case in the 

absence of •OH and CNCs. However, the presence of •OH alone led to a decrease in 

both specific surface area and pore volume. Furthermore, in the presence of both CNCs 

and •OH, similar reductions in specific surfaces area and pore volumes were observed 

compared to the case where neither •OH nor CNCs were present. 
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Table 4.4 Textural properties of Silicalite-1 synthesised with the presence of •OH and CNCs when 

75%TPAOH was present. 

 

Surface Area (m2/g) Pore Volume (cm3/g) 

Sample Stotal Smicro Vtotal Vmicro 

75%S1-0M-0 463 302 0.58 0.17 

75%S1-0.02M-0 347 121 0.27 0.06 

75%S1-0.02M-0.33 292 122 0.26 0.07 

75%S1-0.02M-0.65 325 146 0.36 0.09 

75%S1-0.02M-0.825 334 181 0.34 0.10 

75%S1-0.02M-1 333 241 0.29 0.12 

75%S1-0.02M-1.15 307 181 0.29 0.10 

75%S1-0.02M-1.3    359  184 0.45 0.10 

This can be speculated as follows: When 75% TPAOH was present in the synthesis 

solution, 1) the presence of •OH alone stimulated the cleavage and reformation of Si-

O-Si bonds, which may have caused some rapid polymerisation of silicon source to 

form amorphous, leading to the decrease of specific surface area; 2) the presence of 

both •OH and CNCs stimulated the cleavage of bonds in CNCs by •OH and produced 

smaller molecules that were less effective for pore generation, resulting in a significant 

decrease in specific surface area.   

4.3.3 50% TPAOH  

It has been demonstrated that Silicalite-1 was successfully synthesised with 75% 

TPAOH usage. The presence of •OH alone stimulated the cleavage and reformation of 

Si-O-Si bonds while possibly causing the rapid polymerisation of silicon source, 

resulting in high Silicalite-1 production with high crystallinity. However, the specific 

surface area of the obtained Silicalite-1 was reduced to some extent. As CNCs can be 

used as a zeolites synthesis templates and hinder the rapid polymerisation of silicon 

source caused by •OH, further reduced organic template usage to 50% was applied for 

Silicalite-1 synthesis. Additionally, the effect of CNCs usage at different •OH contents 
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(via using different amounts of SPS) on Silicalite-1 synthesis was investigated to 

promote the synergic effect of CNCs and •OH on zeolites synthesis with reduced 

organic template. 

4.3.3.1 No SPS 

When TPAOH was sufficient (100% and 75%), the presence of CNCs alone could 

increase in yield and slight enhancement in surface areas of Silicalite-1. We further 

reduced the amount of TPAOH to 50% and added different amounts of CNCs separately 

to explore their effects on the synthesis of Silicalite-1. 

Figure 4.10 (a) shows the XRD patterns of the resultant Silicalite-1 zeolites synthesised 

with different amounts of CNCs in the absence of •OH, and the characteristic peaks of 

MFI-type structure were observed in all these samples. The yield and crystallinity of 

these Silicalite-1 zeolites were generally increased, as presented in Figure 4.10 (b). 

When TPAOH was intensively insufficient in the synthesis system, CNCs acted as 

another template and provided more nucleation sites for the synthesis, leading to 

increased yield 
[26]

. However, with increased CNCs usage to above 1.15 wt% (namely 

1.3 wt%), the Silicalite-1 yield began to decrease, which was due to the aggregation of 

CNCs. When 50% TPAOH was used, the CNCs usage of 1.15 wt% led to highest 

Silicalite-1 yield (53%), which was more than four times of the yield when no CNCs 

were present (11%) and higher than the yield of Silicalite-1 synthesised with 

100%TPAOH (44%).  
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Figure 4.10 (a) XRD patterns and (b) yields and crystallinities of the solid products synthesised 

with the presence of CNCs when no •OH was present (The errors of the yields and crystallinities 

were 5.6% and 3.5%). 

The N2 adsorption-desorption isotherms and micropore size distribution of these 

samples are depicted in Figure 4.11. All these samples presented the type IV isotherm 

with an H2-type hysteresis loop occurring at a relative pressure around 0.9, indicating 

the presence of mesopores. The micropore distributions using the DFT model 

demonstrated that the predominant size of micropores was around 0.6 nm, which was 

consistent with the sample 50%S1-0M-0, indicating that the addition of CNCs had 

insignificant on pore size distributions. 

Figure 4.11 (a) N2 adsorption-desorption isotherms and (b) micropore size distributions of the 
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solid products synthesised with the presence of CNCs when no •OH was present. 

More textural properties of the obtained Silicalite-1 zeolites are presented in Table 4.5. 

The presence of CNCs with 50% TPAOH led to a reduction in specific surface areas 

and pore volumes compared to the sample 50%S1-0M-0(specific surface area of 475 

m2/g and pore volume of 0.61 cm3/g). However, with increased CNCs usage, specific 

surface areas and pore volumes generally increased. This observation can be attributed 

to the presence of CNCs not only providing more nucleation sites but also acting as a 

template for Silicalite-1 synthesis. Therefore, the gradual increase in the CNCs usage 

enabled a greater utilisation of CNCs as templates, enhancing specific surface areas and 

pore volumes. The highest specific surface area (404 m2/g) was achieved when the 

CNCs usage was 0.825 wt%. 

Table 4.5 Textural properties of Silicalite-1 synthesised under 50%TPAOH with the presence of 

CNCs. 

 Surface Area (m2/g) Pore Volume (cm3/g) 

Sample Stotal Smicro Vtotal Vmicro 

50% S1-0M-0 475 234 0.61 0.13 

50% S1-0M-0.33 375 278 0.36 0.21 

50% S1-0M-0.65 401 294 0.40 0.16 

50% S1-0M-0.825 371 268 0.38 0.15 

50% S1-0M-1 395 302 0.34 0.16 

50% S1-0M-1.15 404 310 0.50 0.17 

50% S1-0M-1.3 437 319 0.51 0.17 

4.3.3.2 0.01 M SPS 

The addition of 0.01 M SPS led to higher yield (40% vs. 11%) and higher relative 

crystallinity (94% vs. 77%) compared to the case when CNCs and •OH were absent. 

This could be attributed to the presence of •OH, which stimulated the cleavage of Si-

O-Si bonds and promoted the process of crystallisation, resulting in the increased yield 

of Silicalite-1. Figure 4.12 (a) shows the XRD patterns of the resultant Silicalite-1 
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zeolites synthesised with 0.01 M SPS usage, and the diffraction peaks were consistent 

with the characteristic peaks of MFI-type structure. Figure 4.12 (b) illustrates the 

variations in yield and crystallinity of Silicalite-1 zeolites synthesised with different 

amount of CNCs. When CNCs were added in the presence of •OH, the yield and 

crystallinity increased first and then generally decreased compared to the case when 

•OH alone was present. The addition of 0.33 wt% CNCs with 0.01 M SPS obtained the 

highest yield of Silicalite-1 with high relative crystallinity (58% and 90%). When •OH 

and CNCs were present in the synthesis system simultaneously with insufficient 

TPAOH usage, a portion of •OH facilitated the crystallisation process, while another 

portion reacted with CNCs to generate additional nucleation sites. This intergradation 

accelerated the crystallisation process, thus increasing the yield of Silicalite-1. However, 

as •OH was more effective for bonds cleavage in CNCs than breaking Si-O-Si bonds, 

when the CNCs usage was high (>0.33 wt% in this study), more •OH was used to break 

the hydrogen bonds in CNCs, making less •OH available for Si-O-Si bonds breakage 

and reform, resulting in decreased yields.  

 

Figure 4.12 (a) XRD patterns and (b) yield and relative crystallinity of the solid products 

synthesised with the presence of 0.01 M SPS and CNCs when 50% TPAOH was present. (The 

errors of yield and relative crystallinity were 5.6% and 3.5%). 

The N2 adsorption-desorption isotherms and micropore pore size distributions of these 
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samples are depicted in Figure 4.13. All these samples presented the type IV isotherm 

with H2-type hysteresis loop occurring at a relative pressure around 0.9, which was 

related to the existence of mesopores. Notably, when the amount of CNCs were less 

than 1 wt%, H4-type hysteresis loop was observed at a relative pressure around 0.15, 

which can be attributed to the transition of N2 from fluid-like phase to crystalline-like 

phase. And all the samples showed that the predominant size of micropores was around 

0.6 nm, which was comparable to the pore size of typical Silicalite-1 zeolites (~0.55 

nm).  

 

 Figure 4.13 (a) N2 adsorption-desorption isotherms and (b) micropore size distributions of the 

solid products synthesised with the presence of 0.01 M SPS and CNCs when 50% TPAOH was 

present. 

The textural properties of the aforementioned samples are summarized in Table 4.6. 

The presence of •OH and CNCs resulted in decreases in both specific surface areas and 

pore volumes compared to the case in the absence of •OH and CNCs. However, with 

increasing usage of CNCs, a general increase in specific surface areas and pore volumes 

was observed. The presence of both •OH and CNCs stimulated the cleavage of bonds 

in CNCs by •OH and produced smaller molecules that were less effective for pore 

generation, resulting in a significant decrease in specific surface area. Notably, specific 

surface area and pore volume increased with increasing usage of CNCs. This can be 
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explained as the increased usage of CNCs led to the aggregation of CNCs, which 

protected some CNCs from decomposition to small molecules. And the preserved 

CNCs structure was able to be used as an effective template for pore generation. 

Table 4.6 Textural properties of Silicalite-1 synthesised with the presence of 0.01 M SPS and 

CNCs when 50% TPAOH was present. 

 Surface Area (m2/g) Pore Volume (cm3/g) 

Sample Stotal Smicro Vtotal Vmicro 

50%S1-0M-0 475 234 0.61 0.13 

50%S1-0.01M-0 446 311 0.32 0.17 

50%S1-0.01M-0.33 355 241 0.29 0.12 

50%S1-0.01M-0.65 460 250 0.45 0.13 

50%S1-0.01M-0.825 350 203 0.39 0.11 

50%S1-0.01M-1 378 245 0.37 0.13 

50%S1-0.01M-1.15 437 238 0.40 0.13 

50%S1-0.01M-1.3    400 235 0.45 0.13 

4.3.3.3 0.02 M SPS  

Figure 4.14 (a) shows the XRD patterns of the resultant Silicalite-1 zeolites with 0.02 

M SPS usage and the characteristic peaks of MFI-type structure were observed in all 

samples. Compared to the 0.01 M SPS case, increasing the •OH content in the synthesis 

solution without CNCs led to a decrease in yield (40% vs. 23%) and relative 

crystallinity (94% vs. 87%), as presented in Figure 4.14 (b). The use of 0.02 M SPS 

generated too much •OH in the synthesis solution (when 50% TPAOH was present), 

which caused the condensation of silicon source to form amorphous at the bottom of 

the reactor (see Figure S4). Consequently, this led to a lower yield. With increasing 

CNCs usage, a higher yield was observed as some •OH reacted with CNCs to generate 

additional nucleation sites and reduced the •OH content in the synthesis solution. When 

the CNCs concentration was higher than 0.825 wt%, the aggregation of CNCs became 
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intensive, which made less nucleation sites available for the synthesis and reduced the 

yield of Silicalite-1. 

 

Figure 4.14 (a) XRD patterns and (b) yields and crystallinities of the solid products synthesised 

with the presence of 0.02 M SPS and CNCs when 50% TPAOH was present (The errors of the 

yields and crystallinities were 5.6% and 3.5%). 

The N2 adsorption-desorption isotherms and micropore size distribution of these 

samples are depicted in Figure 4.15. All these samples presented the type IV isotherms 

with H2-type hysteresis loops occurring at relative pressure around 0.9, along with the 

presence of H4-type hysteresis loops at relative pressure around 0.2. The micropore 

distributions using DFT model demonstrated that the predominant size of micropores 

was around 0.6 nm. 
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Figure 4.15 (a) N2 adsorption-desorption isotherms and (b) micropore size distributions of the 

solid products synthesised with the presence of 0.02 M SPS and CNCs when 50% TPAOH was 

present. 

The textural properties of the aforementioned samples were summarized in Table 4.7. 

The addition of 0.02 M SPS significantly reduced the specific surface areas (343 cm2/g 

vs. 446 m2/g) and pore volumes (0.26 cm3/g vs. 0.32 cm3/g) compared to the case when 

0.01 M SPS was used. However, when CNCs were added to the synthesis solution, both 

specific surface areas and pore volumes increased first and then decreased. The highest 

specific surface area and pore volume were achieved when the CNCs usage was 1.15 

wt%. Sever aggregation of CNCs may occur when the usage exceeded 1.15 wt%, 

leading to the less effective utilisation of CNCs as a template for pore generation and 

resulting in a significant decrease in specific surface area and pore volume. 
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Table 4.7 Textural properties of Silicalite-1 synthesised with the presence of 0.02 M SPS and 

CNCs when 50% TPAOH was present. 

 Surface Area (m2/g) Pore Volume (cm3/g) 

Sample Stotal Smicro Vtotal Vmicro 

50%S1-0M-0 475 234 0.61 0.13 

50%S1-0.02M-0 343 231 0.26 0.12 

50%S1-0.02M-0.33 317 219 0.20 0.11 

50%S1-0.02M-0.65 333 135 0.21 0.07 

50%S1-0.02M-0.825 321 141 0.21 0.07 

50%S1-0.02M-1 318 215 0.21 0.10 

50%S1-0.02M-1.15 366 194 0.25 0.10 

50%S1-0.02M-1.3    276  188 0.20 0.09 

Figure 4.16 shows the SEM images of the resultant Silicalite-1 zeolites with 50% 

TPAOH. All these samples were spherical crystals and loosely aggregated. The average 

crystal size of 50%S1-0M-0 was approximately 146 nm (Figure 4.16 (a)), whereas the 

average crystal size of 50%S1-0.02M-0.825 was around 324 nm. And the average 

crystal sizes of 50%S1-0.02M-0 and 50%S1-0.02M-0.825 were about 351 and 405 nm, 

respectively. Increased crystal size can indicate a higher crystallisation rate when 

identical synthesis durations are applied. Both •OH and CNCs were approved to be able 

to accelerate the crystallisation of Silicalite-1, and the synergic effect of •OH and CNCs 

promoted the crystallisation most significantly. 
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Figure 4.16 SEM images of (a) 50%S1-0M-0;(b) 50%S1-0M-0.825;(c) 50%S1-0.02M-0;(d) 

50%S1-0.02M-0.825. 

Figure 4.17 shows the TEM images of the resultant Silicalite-1 zeolites. Some 

mesopores were observed in 50%S1-0M-0 while fewer mesopores were observed when 

either •OH or CNCs were present. 
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Figure 4.17 TEM images of (a) 50%S1-0M-0;(b) 50%S1-0M-0.825;(c) 50%S1-0.02M-0;(d) 

50%S1-0.02M-0.825. 

In conclusion, both •OH and CNCs accelerated the crystallisation of Silicalite-1. When 

there was an insufficient organic template (TPAOH) in the synthesis solution, the 

presence of •OH accelerated Si-O-Si bond break and reform, leading to increase the 

yield and crystallinity. The presence of CNCs provided more nucleation sites and acted 

as another template for Silicalite-1 synthesis, increasing the yield as well. The presence 

of •OH and CNCs had a synergistic effect on Silicalite-1 synthesis, further promoting 

Silicalite-1 production. The optimal yield (74%) and crystallinity (84%) were achieved 

when 0.02 M SPS and 0.825 wt% CNCs were added in the synthesis solution with 50% 

TPAOH usage.   
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5. Mechanism study for Silicalite-1 synthesis 

To analyse the mechanism of Silicalite-1 synthesis with the presence of CNCs and •OH, 

FT-IR analyses of the synthesis gels with different crystallisation time were carried out. 

Figure 5.1 (a) and (b) show IR spectra from 1800 to 400 cm−1 and 4000 to 1800 cm−1, 

which can identify zeolite framework vibrations and surface hydroxyl groups, as 

summarized below: 

(i) A peak at 565 cm-1 was observed in all the spectra, which was attributed to the 

five-ring units within the structures of Silicalite-1[122,123]. The intensities of the 

peaks at around 560 cm-1 increased slightly with prolonged synthesis time from 

1h to 16h during the crystallisation. Significant increase in intensity was 

observed when extending the crystallisation time to 24h, which was related to 

the crystalline perfection. The blue-shift of the peak at 565 cm-1 over time 

further confirmed the crystalline perfection, as well as indicated the growth of 

crystal size [124]. 

(ii) All the spectra showed the peaks at 1220, 1055 and 1105 cm-1, corresponding 

to the external and internal asymmetric of Si–O–Si bonds. Furthermore, the 

peaks at 790 and 450 cm-1 were attributed to the external symmetric stretching 

of Si–O–Si bonds as well as the Si–O–Si bending vibration [122,125,126]. The 

intensities of peaks at 1220 and 1105 cm-1 increased with synthesis durations, 

which was attributed to the formation of Si–O–Si bonds by condensation. 

Additionally, a peak at 970 cm-1 was observed in all spectra,  which was linked 

to the stretching vibration of Si–OH groups [127-129]. Normally, a peak at 1055 

cm-1 can be observed in the spectrum of CNCs, which links to the β-1,4-

glycosidic bonds [130]. However, the Si–O–Si stretching bands of zeolites are in 

the range of 1100~1000 cm-1, which may overlap with the β-1,4-glycosidic 

bonds, thus the structure changes of CNCs might not be able to observe 

properly. 
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(iii) All the spectra showed a broad band centred on 3440 cm-1, which was assigned 

to –OH group asymmetric stretching, indicated the presence of water or 

hydroxyl functional groups residual in these samples [131]. In addition, a band at 

1640 cm-1 was attributed to the interlayer stretching and bending vibration 

modes of molecular water. 

(iv) All the spectra showed peaks at 2975, 2940 and 2887 cm-1, corresponding to 

the asymmetric stretching vibrations of –CH3, –CH2 and –CH groups 

respectively. Bands at 1388 and 1475 cm-1 were assigned to the bending 

vibrations of –CH3 and –CH2, respectively [132,133]. 

For comparison, IR spectra of the silica gels for Silicalite-1 synthesis without the 

presence of •OH and CNCs were measured at different crystallisation durations, as 

presented in Figure S5 (a) and (b). The comparable IR analysis results indicated the 

main reaction routs for Silicalite-1 synthesis in the presence and absence of •OH and 

CNCs were identical. However, due to the overlap between Si–O–Si stretching bands 

of zeolites and the characteristic bands assigned to hydroxyl groups in CNCs, it was 

challenging to conclude the role of CNCs for Silicalite-1 synthesis in the presence of 

•OH solely based on the IR analysis.  

  

Figure 5.1 FT-IR spectra for synthesised products with different crystallisation time. 
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To gain a better understanding of the behaviours of CNCs in Silicalite-1 synthesis, TGA 

analyses were carried out to observe the decomposition of CNCs during synthesis, as 

presented in Figure 5.2. For comparison, the decompositions of the CNCs (as shown in 

Figure S6) and the synthesis gel for conventional Silicalite-1 preparation (namely 

without the addition of •OH and CNCs) were also analysed (as shown in Figure S8). 

TGA results and the corresponding differential thermogravimetric analyses showed that 

the decomposition of CNCs occur at temperatures of approximately 200‒300℃ and 

350-400℃, respectively.  

Several mass loss stages were observed for these samples, and the initial mass losses of 

these samples below 100℃ were due to the evaporation of physically adsorbed water 

molecules in the samples during heating [125,134]. TGA results for the conventional 

Silicalite-1 synthesis gel (without the addition of CNCs and •OH) showed the 

decomposition temperatures approximately 100-200℃ and 550℃, respectively. In the 

synthesis gel in the presence of •OH and CNCs, there was mass loss observed at 

between 100 and 350°C, which was attributed to the decomposition of CNCs [125]. It 

was noticeable that a peak for decomposition at 250°C was observed after 

crystallisation for 6h and subsequently shifted towards lower temperatures with 

increased crystallisation durations. After crystallisation for 20h, a new peak was 

observed at around 100°C, indicating the decomposition of CNCs into smaller 

molecules. The remarkable mass loss at 550°C was linked to the decomposition of 

TPAOH. 
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Figure 5.2 (a) TG and (b) DTG curves of Silicalite-1 gels with different crystallisation time. 

The synthesised route for Silicalite-1 with the presence of CNCs and •OH is 

summarized in Figure 5.3 based on the aforementioned results. Some hydroxyl groups 

of CNCs dissociated under alkaline conditions and formed negatively charged ions, 

which attracted the TPA+ ions and promoted some Silicalite-1 nucleuses growth near 

the dissociated CNCs, acting as another type of template for Silicalite-1 synthesis. 

However, if the CNCs were decomposed into smaller molecules, the efficiency of pore 

formation was reduced.  

The presence of •OH can replace some OH- to accelerate the cleavage and reformation 

of Si-O-Si bonds to accelerate the crystallisation [24], and the presence of OH- in the 

aluminosilicate gel has been demonstrated to effectively disrupt hydrogen bonds in 

cellulose.[120] In this study, the •OH was likely not only promoted crystallisation but 

also facilitated the disruption of hydrogen bonds of CNCs, which produced more 

nucleation sites. The synergistic effect of CNCs and •OH improved the utilisation of 

TPA+, promoting Silicalite-1 synthesis when insufficient TPAOH was present.  
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Figure 5.3 Synthesis route for Silicalite-1 with the presence of CNCs and •OH. 
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6. CO2 hydrogenation to CH4 over Ni/Silicalite-1 catalysts 

When the TPAOH concentration for zeolites synthesis was minimized to 50%, the 

presence of 0.02 M SPS and 0.825 wt% CNCs leaded to the highest yield (74%) of 

silicalite-1 with high relative crystallinity (85%), which demonstrated the successful 

synthesis of silicalite-1 under mild conditions using •OH and CNCs, which significantly 

reduced the organic template usage. The prepared silicalite-1 was employed as a 

catalyst support for Ni/silicalite-1 catalyst (referred as Ni/50%S1-0.02M-0.825) and 

tested in CO2 hydrogenation for CH4 production, and the catalytic performance was 

compared with the one synthesised conventionally with 100% TPAOH (referred as 

Ni/100%S1-0M-0). 

6.1 Structural and morphological properties 

Insignificant difference was observed for Ni/50%S1-0.02M-0.825 and Ni/100%S1-0M-

0, as illustrated in Figure 6.1. Characteristic peaks for MFI structure were observed at 

8.1°, 8.9°, 23.1°, 24°, and 24.5° and the crystal planes of NiO (111), (200), (220), and 

(311) were observed at 37.3°, 43.3°, 63.0°, and 75.4° [96]. Figure S8 presented the XRD 

patterns of the catalysts after reduction in H2. Following reduction, a prominent 

diffraction peak corresponding to metallic Ni was clearly discernible in the spectra. 

Notably, peaks observed at 2θ angles of 45˚, 52.3˚, and 77.4˚ confirmed the purity of 

the nickel nanoparticles [135].  
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Figure 6.1 XRD patterns of the Silicalite-1 supports and prepared catalysts. 

The N2 adsorption-desorption isotherms of Silicalite-1 zeolites before and after Ni 

loading were presented in Figure 6.2 (a) and (b), and their textural properties are 

summarized in Table 6.1. The two prepared Ni/silicalite-1 maintained the micropore 

structures of Silicalite-1 zeolites after impregnation while the specific surface areas 

were reduced after impregnation, which implied the successful loading of Ni. 

 

Figure 6.2 N2 adsorption–desorption isotherms of (a) Silicalite-1supports and (b) as-prepared 

catalysts. 

Table 6.1 Textural properties of Silicalite-1 supports and Ni/Silicalite-1 catalysts. 
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 Surface Area (m2/g) 

Sample Stotal Smicro 

50%S1-0.02M-0.825 321 141 

100%S1-0M-0 401 232 

Ni/50%S1-0.02M-0.825 297 88 

Ni/100%S1-0M-0 345 177 

The Ni loading of the two catalysts was investigated by SEM-EDS and ICP analysis. 

The SEM-EDS results (presented in Figure S9 and S10) showed that the Ni contents 

were 12.7 wt% for Ni/50%S1-0.02M-0.825 and 10.36 wt% for Ni/100%S1-0M-0. The 

ICP results indicated that the Ni content was 13.9 wt% for Ni/0%S1-0.02M-0.825 and 

13.70 wt% for Ni/100%S1-0M-0, which was close to the theoretical loading (15.0 wt%). 

6.2 Catalytic performance 

The catalytic performances of Ni/silicalite-1 catalysts were investigated for CO2 

methanation at 400℃ for 5h, and the CO2 conversion and CH4 selectivity were recorded 

every hour and presented in Figure 6.3. It was found that the CO2 conversion for both 

catalysts were comparable (80% for Ni/50%S1-0.02M-0.825 and 82% for Ni/100%S1-

0M-0), while the CH4 selectivity for Ni/50%S1-0.02M-0.825 was lower compared to 

Ni/100%S1-0M-0 (50% vs. 65%). The lower CH4 selectivity was ascribed to the lower 

specific surface area of the silicalite-1 prepared in the presence of •OH and CNCs with 

50% TPAOH. Further study was required to optimize the synergy between •OH and 

CNCs in zeolites synthesis, not only to achieve high yield and crystallinity, but to obtain 

comparable pore structure compared to conventional synthesised zeolites. 
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Figure 6.3 Catalytic tests over the catalyst for CO2 conversion and CH4 selectivity. 
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7. Conclusion and future work 

The unique advantages of zeolites, such as their uniform pore structure, large specific 

surface areas, and exceptional hydrothermal stability, have made them extensively 

utilised in diverse fields including the traditional chemical industry and environmental 

treatment. However, the synthesis of zeolites typically involves the utilisation of an 

excessive amount of expensive and corrosive organic alkylammonium ions as templates. 

In this study, efforts have been made to minimize the usage of TPAOH as the template 

for Silicalite-1 synthesis by using •OH and CNCs. A series of physicochemical 

characterisations were conducted to study the yield, crystalline structure, morphology 

and pore structure of the resulting zeolites, following by testing their performance in 

CO2 hydrogenation.  

Findings can be concluded as follows: (1) The yield of Silicalite-1 was significantly 

reduced when insufficient TPAOH was present in the synthesis solution; 2) the presence 

of •OH could increase the yield of Silicalite-1 but the specific surface area of the 

product was low; 3) the presence of •OH and CNCs could increase the yield of 

Silicalite-1 with higher specific surface area compared to the •OH alone case. Namely, 

the synergic effect of •OH and CNCs could promote the synthesis of Silicalite-1 zeolites. 

The optimal result was obtained when the TPAOH usage was reduced to 50%, with the 

addition of 0.02 M SPS and 0.825 wt% CNCs, the yield of Silicalite-1 increased to 74% 

with high relative crystallinity of 85%, being higher than the yield of conventionally 

synthesised Silicalite-1 with 100% TPAOH usage (the yield was 44% and the relative 

crystallinity was 72%). Mechanism study demonstrated that the synthesis routes of 

Silicalite-1 zeolites in the absence and presence of •OH and CNCs were identical, which 

consisted of the cleavage of Si-O-Si bonds and their re-bonding surrounding the 

template. However, the decomposition of CNCs to small molecules was observed 

during the synthesis when •OH and CNCs were present. 
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Silicalite-1 zeolites synthesised with 50% TPAOH usage and 100% TPAOH usage were 

used as supports for preparing the Ni/Silicalite-1 catalyst for CO2 methanation. 

Comparable CO2 conversion (~80%) were observed, whilst the selectivity to CH4 

achieved by Ni/50%S1-0.02M-0.825 was lower than that by Ni/100%S1-0M-0 (i.e., 50% 

vs. 65%), which might be due to the lower surface area (297 m2/g vs. 345m2/g). 

Although the developed strategy with the synergic effect of •OH and CNCs 

demonstrated the promising potential for improving zeolites synthesis, further 

improvements can be done for future development, for example: 

(1) Although the presence of •OH and CNCs enhanced the yield of Silicalite-1 with 

high crystallinity, lower specific surface areas and pore volumes were observed. 

Therefore, future research should be focused on further optimisation of synthesis 

conditions, such as aging time and crystallisation temperature. 

(2) The synthesis mechanism for Silicalite-1 in the presence of •OH and CNCs is still 

unclear. In-situ FT-IR and in-situ XRD techniques will be used to gain more clues on 

the roles of •OH and CNCs in zeolites synthesis. 
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Appendix 

 

Figure S1(a) XRD patterns and (b) yields and crystallinities of the solid products synthesised 

when 100% TPAOH was present (The errors of the yields and crystallinities were 5.6% and 3.5%). 

 

Figure S2 N2 adsorption-desorption isotherms of the solid products synthesised with CNCs when 

100% TPAOH was present. 
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Figure S3 Micropore size distributions of the solid products when 100% TPAOH present.  
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Figure S4 The gels at the bottom of reactor after crystallisation (Two samples were synthesised in 

the presence of 0.02M SPS, and the sample above the dashed line utilized 1.3wt% CNCs, whereas 

the sample below the dashed line utilized 1wt% CNCs). 

 

Figure S5 FT-IR spectrum for 50%S1-0M-0 with different crystallisation time. 
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Figure S6 (a) TG and (b) DTG curve of CNCs. 

 

Figure S7 (a) TG and (b) DTG curve of 50%S1-0M-0. 
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Figure S8 XRD patterns of Ni/Silicalite-1 catalysts after reaction at 400℃. 

 
Figure S10 (a) SEM image and (b)elemental mapping of Ni/50%S1-0.02M-0.825. 
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 Figure S11 (a) SEM image and (b)elemental mapping of Ni/100%S1-0M-0. 
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Table S1 Textural properties of Silicalite-1 synthesised when 100% TPAOH was present. 

 Surface Area (m2/g) Pore Volume (cm3/g) 

Sample Stotal Smicro Vtotal Vmicro 

100%S1 401 232 0.54 0.12 

100% S1-0.02 422 249 0.53 0.14 

0.65-CNCs-100%S1 456 303 0.57 0.17 

0.65-CNCs-100%S1-

0.02 

303 200 0.36 0.10 

Table S2 The yield of solid products. (- means no solid products but all gel in the reactor) 

sample Yield 

50%S1-0.03 0.48 

0.33-CNCs-50%S1-0.03 0.0059 

0.65-CNCs-50%S1-0.03 - 

0.825-CNCs-50%S1-0.03 - 

1-CNCs-50%S1-0.03 - 

1.15-CNCs-50%S1-0.03 - 

1.3-CNCs-50%S1-0.03    - 

 

 


