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ABSTRACT 

 

 

 
This research investigates the synthesis and application of Losod-zeolite (LOS-Z), a 

crystalline hydrated sodium aluminosilicate (Na12Al12Si12O48.xH2O) as a potential 

photocatalyst for dye degradation and H2 production from dye-degraded water. The 

photocatalytic properties are enhanced by impregnating molybdenum (Mo) into LOS-Z 

(Mo@LOS-Z). XRD, FTIR, SEM, EDX, and elemental mapping were used to study the 

physiochemical properties of synthesized materials while UV-vis and PL were employed 

to explore the optoelectronic properties. The photocatalytic activities for dye degradation 

and H2 production were evaluated using methylene blue (MB) under visible light 

irradiation. An enhancement in the efficiency of dye degradation (56% to 82%) and H2 

production rate was demonstrated due to the competitive photocatalytic performance of 

10% Mo@LOS-Z compared to the pristine LOS-Z and CFA-BFA blend. It exhibited 2.5 

times higher (~1200 µmol g-1h-1) H2 production than the LOS-Z (~480 µmol g-1h-1) due to 

the synergistic effects of narrowed band gap and recombination rate. This study could pave 

the way forward into the synthesis of waste-derived photocatalysts for efficient dye 

degradation and H2 production. 

 

Keywords:    Dye degradation, Losod type Zeolite, Photocatalysis, H2 production 
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Chapter 1: Introduction 
 

 

 

 

1.1 Background 

 

A substantial increase in population and industry can be seen in the last few years, 

significantly elevating the quest for renewable and sustainable substitutes for energy to 

address global energy challenges and concerns. Hydrogen (H2) brings a transformative 

pathway towards a greener future, addressing this problem, due to its high energy density, 

high energy conversion, large storage capacity, and versatile energy carrier [1, 2]. H2 being 

considered an essential raw material, does not present naturally as a molecule [3]. Instead, 

several natural and synthetic materials, such as water, metal hydrides, formic acid 

ammonia, carbohydrates, and hydrocarbons can be converted into H2 using different 

synthetic routes [4]. Over 96% of the world’s H2 production is from fossil reserves. Among 

these, 48% is formed from steam reforming, 30% from naphtha reforming, and 18% from 

coal gasification [5]. 

Unfortunately, most of the conventional H2 production approaches result in 

significant energy consumption and environmental pollution [6]. Consequently, there is a 

prominent emphasis on novel technologies utilization from renewable resources, in tandem 

with rigorous global environmental protection standards, for H2 production [7]. 

In many smaller projects, drinking water networks are used for H2 production. 

However, it has become necessary to explore alternative water resources as this is an 

unsustainable approach for large H2 production plants [8]. Reportedly, approximately 380 

billion m3 per year, with a 51% increase by the year 2050 global wastewater production 



2  

has been estimated [9]. The main contributor to water pollution is the textile industry 

because of the dyes dissolved in water bodies while also being a major consumer of 

freshwater, estimated at around 3-308 L kg-1 [10, 11]. The textile industry frequently uses 

methylene blue (MB) dyes in their processes [11]. Therefore, using dye-degraded water for 

H2 production is a sustainable option. MB dye is well-known for its deep blue colour, good 

solubility, and cationic properties. It exhibits major absorption of visible light, with a 

maximum absorption peak at around 664 nm which decreases with increasing irradiation 

in photocatalytic degradation. Resultantly, the dye is mineralised to CO2 and H2O as a result 

of the breakdown of its N-S heterocyclic structure. It also reduces the colour and toxicity 

of MB which can be further used for H2 production [12]. Owing to its natural characteristics 

of high absorption capacity and removal percentage rate, MB is widely used for 

photocatalysis among other dyes [13]. Different studies have been performed on MB 

degradation and its utilization in H2 production using catalysts [14-18]. 

 

1.2 Problem Statement 

 

Excessive consumption of fossil fuel resources has played a significant role in 

advancing the current industrial society. As a result of this dependence, concerns regarding 

the adverse effects of fossil fuels on the environment are slim, leading to continuous usage 

and exhaustion of these scarce resources. It is important to note that governments, experts, 

and the public are beginning to understand the constant lingering demand for clean energy 

sources [1]. 

 

Regarding the textile industry, the primary concern is the production of wastewater 

from its operations. Unfortunately, large amounts of wastewater end up in landfills or 
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oceans, damaging our ecosystem. Therefore, utilizing wastewater in some value-added 

applications significantly lowers the harmful effects of unsustainable practices. Hydrogen 

production via wastewater treatment is an eco-friendly technique to utilize the wastewater 

instead of allowing it to pollute our water systems. 

 

Among the various methods of photocatalytic hydrogen synthesis, this method is 

one of the most promising. This technology is useful in achieving future energy demands 

without causing environmental pollution as hydrogen is the clean energy carrier. This 

process involves a catalyst for the photochemical reaction to occur. It occurs when the 

energy absorbed is equal to or more than the bandgap energy [2]. When the photocatalyst 

absorbs a photon, an electron is excited and transfers from the valence band to the 

conduction band, leaving a hole in the valence band. This creates a radical anion that 

interacts with the electron acceptor while the hole at the valence band engages with the 

organic molecules to form hydroxide radicals [3]. 

 

Furthermore, the use of zeolites have paved the way for a new avenue for 

photocatalytic applications. Zeolites have a strong electric field around the cations and 

aluminosilicate framework which does not allow the recombination of the electron-hole 

pairs and enhances the charge transfer and separation [4]. The specificity of zeolites is that 

they can exchange cations, raising its surface acidity and non-uniform distribution of 

protons in the zeolite structure. These protons or Brønsted acidic sites are one of the sources 

for photocatalytic hydrogen production [5]. 

 

Nevertheless, to this date, these processes have failed to serve as a practical 

technique in real-life contexts despite their laboratory success. This is due to the limitations 
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surrounding the existing types of semiconductors including TiO2, ZnO, and SrTiO3. The 

performance of some of these semiconductors is limited by charge carrier recombination 

in the photo-excited electron-hole pairs and or photo-degradation. [6]. 

 

Scientists have focused on several approaches to solve these problems, among 

which is the incorporation of elements like Pt, Au, or Pd into the photocatalytic system to 

enhance light capturing and adjustment of redox potentials. These catalysts enhance charge 

separation, provide active sites, and decrease overpotential [7]. However, noble metals are 

rare and expensive, and thus there is a need to implement the use of cheaper metals like 

molybdenum, sulfur, selenium, or tellurium [8]. This research thesis seeks to address these 

issues and contribute to advancing commercially viable and environmentally friendly 

photocatalytic systems. 

 

1.3 Research Hypothesis 

 

According to the research hypothesis, incorporating a cheap transition metal, 

especially molybdenum as the heteroatom dopant in photocatalysis will improve the 

photocatalytic hydrogen production performance, stability, and cost-effectiveness [9]. This 

work is based on the understanding of the role of photocatalytic hydrogen production as a 

long-term solution to the world's energy problems. Transition metals are presented as 

viable alternatives because of their availability and advantages in price and efficiency. 

 

The hypothesis deals with the limitations of photocatalysis, including their limitations 

on absorption of light, electron-hole pair recombination, and photo-corrosion. The goal of 

the research is to contribute to the manufacture of photocatalytic systems that are 

commercially feasible and ecologically sustainable by investigating the potential of 
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non-noble metals supported with losod-type zeolite as catalysts. Ultimately, this project 

aims to increase the viability of photocatalytic hydrogen generation as a sustainable energy 

alternative. 

 

1.4 Objectives of the study 

 

The current study seeks to advance photocatalytic hydrogen formation through 

photocatalytic dye degradation by creating innovative materials utilizing different 

formation techniques. With extensively scattered transition metals, such as Mo, the losod 

type zeolite photocatalytic activities are predicted to increase further. In this perspective, 

the objectives of this dissertation are further divided into three sub-objectives. 

✓ Synthesized Mo@LOS-Z using a 2 step hydrothermal method 

✓ Characterized morphological, compositional and structural properties of CFA-BFA 

blends, LOS-Z and Mo@LOS-Z using XRD, SEM, FTIR, and EDX techniques. 

✓ Evaluated the photocatalytic performance of Mo@LOS-Z for the MB dye 

degradation under 35W Xe lamp 

✓ Investigated the impact of Mo doping on the photocatalytic dye degradation and 

hydrogen production of LOS-Z 

✓ Optimized the synthesis parameters of Mo@LOS-Z to achieve maximum 

efficiency for photocatalytic hydrogen production 

 

1.5 Scope of the study 

 

Based on the research accomplishments and current advancements in 

photocatalysis discussed above, it is demonstrated that there must be more studies and 

evident that there is a requirement for more study and development in the field of 

photocatalysis, specifically focusing on the production of hydrogen through photocatalytic 

dye degradation. 
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Blends-derived losod type zeolite was produced, dried at 100 °C to remove the 

moisture, and calcined at 700 °C to remove the volatile matter. The particular size of 0.2mm 

was obtained after grinding for smooth characterizations [10]. Different factors affected 

the required results including catalyst morphology, particle size, composition, reaction 

mechanism, reactor design, and light absorption efficiency [11]. These photocatalysts were 

synthesized with co-loading of Mo catalyst via physical mixing to improve conductivity 

and hydrogen yield and narrow the energy band gap. The photocatalyst was demonstrated 

for hydrogen production via water dissociation using sunlight under a nearby UV region 

and employing eco-friendly hole scavenger as methanol. The reaction mechanism was 

performed in a photo reactor, and the photocatalyst was tested. Figure 1.1 below shows the 

scope of the research. XRD was used to test the photocatalyst for crystal structure, FTIR 

for different functional groups and chemical bonding, and SEM for morphology. 

Photochemical testing such as UV-viz for light absorption and band gap determination 

through Tauc plot, PL spectroscopy to study the charge recombination effect, and GC to 

see the hydrogen yield were performed. 
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Figure 1.1: Scope of the study 
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1.6 Flow chart 

 

The flow chart of the thesis is shown in Figure 1.2. The aim of this study is to evaluate 

the synthesis of photocatalyst from waste material; blends of coal and biomass fly ash 

instead of discarding it and then employing elemental doping to improve the properties of 

photocatalyst. For this purpose, an existing literature review was studied. Mo@LOS-Z was 

prepared and then characterized using XRD, FTIR, and SEM, while UV-vis, GC and PL 

measured photocatalytic activity. The data was thoroughly reviewed from results and 

discussions. 
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Figure 1.2: Flow chart of thesis 
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Chapter 2: Literature review 

 

 

 
2.1 Hydrogen as a Future Fuel 

 

Fossil fuel has been the main source of energy for many years. It has enabled the 

Industrial Revolution to occur, facilitating economic and technological developments. 

However, the excessive use of fossil energy resources has adverse effects on the natural 

environment, which threatens our planet. The most adverse consequence of fossil fuel use 

is the emission of GHGs, mainly carbon dioxide, during extraction, transportation and 

consumption. These are known to cause the greenhouse effect, increasing global 

temperatures and leading to climate change. This has serious ecological and economic 

concerns [12]. These drastic environmental effects include painting, pollution, 

deforestation, and destruction of habitats. Spills and accidents caused during the 

transportation of fossil fuels are known to cause catastrophes on both animals and human 

life. Additionally, supply systems of fossil fuels are volatile, due to the elements of risk 

and instability, especially if there are changes in the geopolitics or value factors in today’s 

global economy [13]. 

 

Demands for H2 production and storage would be paramount to address the energy 

requirements of the transport sector where the majority of the generated H2 would be used 

to power homes, businesses, plants, and other industrial uses. Hydrogen, in its liquid and 

gaseous state, is produced in industrial processes. There are several approaches to free 

hydrogen from its compounds but to ascertain whether commercial production of hydrogen 

is financially viable would require further research and development [14]. 
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Currently, hydrogen is manufactured from natural gas using the method known as steam- 

reforming accounting for 90-95% of hydrogen production. However, new methods are 

being studied, giving rise to clean fuel, as steam reforming releases carbon dioxide in large 

amounts [15]. The majority of these methods consist of splitting water into two 

components: hydrogen and oxygen. While some of these techniques are suitable for a 

hydrogen economy and safe for the environment, not all of them are. Some are explained 

below. 

 

2.1.1 Steam Reforming 

 

Steams methane reforming popularly known as SMR has become more significant 

since it was developed in 1930. Methane, mostly derived from natural gases, and other 

chemicals that are composed of hydrogen can be brought into hydrogen through the process 

of steam methane reforming (SMR). Hydrogenation of methane and steam occurs in SMR, 

which forms the products hydrogen, carbon monoxide, and carbon dioxide with the help 

of a catalyst. Later, carbon monoxide and dioxide are then removed by a process known as 

water-gas shift [16]. SMR is the most widely used technique for hydrogen generation – 

approximately 95% of global hydrogen production employs this method. This is so because 

its feed, natural gas which is the raw material used in processing this type of hydrocarbon 

is fairly available and cheap. In addition, SMR does produce hydrogen with a fairly high 

purity and general efficiency. Through the use of carbon capture and storage (CCS) 

technology or operation of the necessary process on renewable energy sources, SMR is in 

the process of reducing the overall carbon footprint [17]. The schematic diagram of the 

generation of hydrogen via SMR is shown in Figure 2.1. 
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Figure 2.1: Hydrogen Production through Steam Methane Reforming [18]. 

 
Although this method is important, it has certain limitations. 

 

✓ Due to the reversibility of the reaction, the generation of hydrogen is limited to the 

equilibrium conversion of methane. 

✓ CO2 is produced as a by-product, which contributes to climate change. 

✓ Catalyst deactivation occurs due to carbon formation, limiting the catalyst's 

lifetime. 

✓ Lastly, this process is reliant on the use of a fossil fuel (methane) [19]. 

 
2.1.2 Electrolysis 

 

Many processes are known for the production of hydrogen which is a flexible and 

clean source of energy, for instance, electrolysis. Electrolysis can also be defined as the 

process through which electricity is used to decompose water into hydrogen and oxygen. 

Examples of electrolysis techniques that use the mentioned SOECs include the following: 

alkaline electrolysis solid oxide electrolysis cells polymer electrolyte membrane (PEM). 

There are several methods of electrolysis, but the most widely used method for hydrogen 
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generation is called alkaline electrolysis. It has a long operation history and ranging from 

well-known, but low efficiency, and no coordination with other units when it works under 

high pressure and temperature. PEM electrolysis seems to be more efficient than alkaline 

electrolysis mainly because it effectively operates under lower pressures and temperatures. 

It can therefore be used with other sources such as solar and wind energy and is most 

appropriate for small systems [20]. 

 

A relatively newer innovation in high-temperature technology, SOECs are 

advantageous in fuel cell and hydrogen production. Although they demonstrate very good 

possibilities for energy input flexibility and efficiency, they are still in the development 

stage and are expensive [21]. Figure 2.2 shows a typical diagram for the electrolysis process 

of producing hydrogen. 
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(𝑎𝑞) 

(𝑎𝑞) 

 
 

 
Figure 2.2: Schematic representation of Hydrogen production through Electrolysis [22]. 

 
The following equations represents how electrolysis works: oxygen is generated at 

the anode by the process of oxidation while, hydrogen is generated at the cathode through 

reduction. 

 

Cathode (Reduction): 2𝐻2𝑂 + 2𝑒− → 𝐻2(𝑔) + 2𝑂𝐻− (1) 

Anode (Oxidation): 4𝑂𝐻− → 𝑂2(𝑔) + 2𝐻2𝑂 + 4𝑒− (2) Overall 

reaction: 2𝐻2𝑂 → 2𝐻2(𝑔) + 𝑂2(𝑔) (3) 

Further, even though electrolysis generates hydrogen, it has been known that this is still an 

 

expensive method. It is also important that practical problems of the endurance and 

efficiency of the electrolysis equipment are also discussed. 
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2.1.3 Bio-Photolysis 

 

Among them, the process of hydrogen production, known as biological hydrogen 

generation, holds the potential to produce renewable and sustainable hydrogen [23]. This 

makes it a better solution compared to that obtained by the industrial processes like the 

coal gasification as well as the SMR due to their adverse impacts on greenhouse gases. 

Here are some of the biological processes that are used in the production of hydrogen, as 

illustrated in Figure 2.3. 

 

 

Figure 2.3: Production of Hydrogen through Biological Methods [24]. 

 
In oxygen-free conditions, there are specific groups of bacteria that convert organic 

compounds and are referred to as ‘dark fermentation’. The other observable outcome of 

bacterial activity is the disintegration of organic substrates as in the case of glucose [25]. 

Some bacterial species that are often utilized in this approach are Clostridium species and 

Enterobacter aerogenes. When light is present, so-called “photofermentation” yields 



16  

hydrogen in the form of gas by using photosynthetic microorganisms. Bacteria are known 

to metabolize organic electrons in the presence of light energy. An electrical current flows 

because the electrons are shifted to the anode part of the tissue. After that, water is 

decomposed into two components: hydrogen and oxygen with the help of electric currents 

[26]. 

 

2.1.4 Thermochemical Process 

 

Heat is used to manipulate a chain of chemical reactions which results in the 

production of hydrogen in thermochemical processes. Even though various types of 

thermochemical processes exist, one should admit that the potential of the sulfur-iodine 

(SI) cycle to produce large-scale commercial hydrogen seems to be the highest. Regarding 

Nadwa's current cycle, there are three stages within the SI cycle. 

 

In the first step, we apply heat to sulfuric acid (H2SO4) to begin catalyzing the 

breakdown of sulfur and oxygen atoms and the creation of sulfur dioxide (SO2), oxygen 

(O2), and water (H2O). This reaction needs to be of the order of 850°C high because the 

enthalpy of this reaction is extremely positive. 

 

>800 °𝐶 1 

𝐻2𝑆𝑂4 →−−−−→ 
2
 𝑂2 + 𝑆𝑂2 + 𝐻2𝑂 (4) 

 

 

In the second step, sulfur trioxide (SO3) is created when oxygen oxidizes the SO2 

produced in the first step in the presence of a catalyst. 

 

<120 °𝐶 

𝐻2𝑆𝑂4 + 2𝐻𝐼 ←−−−−− 𝐼2 + 𝑆𝑂2 + 2𝐻2𝑂 (5) 
 
 

>300 °𝐶 

2𝐻𝐼 →−−−−→ 𝐼2 + 𝐻2 (6) 
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In the third step, sulfur dioxide combine with water to form sulfuric acid which can 

be recycled to the first step. It can use all sorts of heat, nuclear and solar, and fossil fuels 

and its theoretical efficiency is approximately 50% [27]. The hydrogen production from 

the SI cycle is shown in Figure 2.4 below. 

 

 

Figure 2.4: SI cycle for Hydrogen Production [28]. 

 
There are several obstacles and potential future developments in the thermochemical 

production of hydrogen [29]. One of the primary disadvantages of this approach is 

✓ Its high energy requirements. When compared to other methods, the production of 

hydrogen through thermochemical processes may be more expensive because it 

requires higher temperatures and energy inputs. 

✓ Issues with material compatibility and corrosion: It occurs when producing 

hydrogen through thermochemical processes. The elevated temperatures and acidic 

nature of certain chemicals utilized in these procedures may result in material 

compatibility issues and corrosion, shortening the lifespan of equipment and raising 

maintenance expenses. 
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(𝐻2𝑂) 

✓ The complexity of thermochemical processes: It means that exact control over a 

range of parameters is required to optimize the yield of hydrogen. Lower yields or 

lower-quality hydrogen can be the result of process variability or errors. 

 

2.1.5 Photolysis 

 

The water-splitting photochemical synthesis that resulted in the production of 

hydrogen generated significant attention two decades back. In this process, photolysis or 

photodecomposition of water is done using photons to split the liquid into two components; 

hydrogen and oxygen [30]. Put differently, it is the process through which photon energy 

is transformed into chemical energy and then stored as hydrogen fuel. 

 

𝐻2𝑂 + ℎ𝑣 → 𝐻2(𝑔) + 1/2𝑂2(𝑔) (7) 

 

When the potential difference is 1.23 eV or higher, this reaction takes place, which 

can be derived from the following eqs. 

 

𝐸 = ∆𝐺𝑜 /2𝑁𝐴 (8) 

 

Where the Gibbs free energy is 237. 2kJ/mol (2. 46eV) at room temperature and 

the value of Avagadro’s constant which is equal to this particular reaction also has an 

enthalpy change of 2.96 eV. This number is equal to the wavelength of light at λ = 420 nm, 

which is in the blue light range of the electromagnetic spectrum. UV light is defined as 

light with wavelength λ < 200 nm, while the solar spectrum extends from the near-infrared 

to the near UV [31]. 
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2.1.6 Overview of all Hydrogen Production Technologies 

 

Figure 2.5 explains various ways of synthesizing hydrogen and different 

applications of hydrogen in different fields. From the aforementioned discussion, it can be 

deduced that the current popular technology in use is the thermochemical conversion. A 

majority of hydrogen is derived from nonrenewable sources such as fossil carbon 

feedstocks including coal, oil, and natural gas. Hydrogen can still be an innovative material 

in reaching carbonless energy though its production is still challenging without releasing 

carbons. This is why the energy sector has the rational to look for sustainable hydrogen 

production technologies that are expected to originate from sources other than carbon in 

the future [32]. 

 

 

Figure 2.5: Hydrogen production technologies and their applications [33] 
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2.2 Photocatalytic Dye Degradation 

 

Contamination of water is one of the most monumental environmental problems, 

especially in the textile and processing industry. The industry uses large volume of water, 

reportedly between 3 to 308 litres per kilogram of textiles produced and discharges high 

number of litres of polluted water comprising dangerous dyes and chemicals. They still 

remain significant for a modern world concerning the problem of environmental protection 

and facing new trends of hydrogen production. With the current global production rates of 

wastewater estimated to rise and reach around 380 billion cubic meters every year by 2050, 

there is need to look into various effective wastewater treatment approaches [34]. 

 

The photocatalytic dye degradation seems to be emerging as a good solution to this 

problem. This process involves a photocatalyst that facilitates a reaction through the action 

of light to decompose dye particles in wastewater. It begins when the energy of light that 

has been absorbed corresponds to the bandgap energy of the photocatalyst. A photon is 

absorbed bringing an electron from the valence band to the conduction band and forming 

an electron-hole pair. The electron in the conduction band reacts with an electron acceptor 

and forms a radical anion, while the hole within the valence band reacts with water 

molecules producing hydroxide radicals. These radicals are very active and can reduce the 

large size of organic dye molecules hence providing a good platform for other advanced 

water treatment processes [35]. 

 

The effectiveness of photocatalytic dye degradation depends upon such factors as 

nature of photocatalyst, light intensity and light wavelength, and characteristics of dye and 

wastewater. Some of the widely used photocatalysts includes titanium dioxide (TiO2) and 
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zinc oxide (ZnO) because of their high oxidative ability, chemical inertness, and 

economical nature. When these photocatalysts are exposed to ultraviolet (UV) or visible 

light, electrons and holes are produced, which will cause the oxidation of dye molecules. 

The process can further be improved by increasing the surface area of the photocatalyst 

and the addition of dopants which aids in enhancing the light absorption capacity as well 

as separating the charges that are formed [36]. 

 

Beyond the environmental aspect, it is crucial to understand the significance of 

effective purification of wastewater through methods such as photocatalytic dye 

degradation. For clean energy solutions, treated wastewater can be a useful source for 

making hydrogen, which is a useful reactant. The conventional techniques of hydrogen 

production from wastewater are biological, adsorption, and oxidation which are capital and 

energy-comprehensive, as well as chemically demanding. Conventional photocatalytic 

systems can be overcome by using more advanced and efficient photocatalytic systems 

which have less chemical and energy demands [37]. 

 

2.2.1 Photocatalytic Production of Hydrogen 

 

Photocatalysis is widely discussed in recent literature as it is based on two of the 

most available, clean, green, and natural energy resources available to mankind today. 

Thus, the photocatalytic generation of hydrogen has been considered as an effective 

solution to the challenges arising from the use of fossil fuels including overuse, low 

reserves, and the negative impact on the environment. As photocatalysis harness light 

energy and produces hydrogen cleanly without any greenhouse gas emissions, it can be 

beneficial to the environment as well as the economy [38]. 
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2.2.2 Mechanism and Evolution Reaction 

 

For a civilization to be considered sustainable hydrogen must presumably be 

produced from renewable sources. Photocatalytic water splitting (H2O/H2 + 1/2 O2) is 

among the best methods of producing hydrogen from water by using solar power. After the 

Honda-Fujishima effect was first reported in 1972, research on this technology has been 

conducted in many countries. Figure 2.6 illustrates the breakdown of water over a 

photocatalyst into oxygen and hydrogen [39]. 

 

To successfully produce hydrogen from water, three essential steps must be taken: 

The h+-e- pairs are produced in the semiconductor when it absorbs light with energy equal 

to or higher than the bandgap energy of the semiconductor through the following processes: 

(i) absorption of light with similar or greater energy than the bandgap of the semiconductor 

to create the h+-e- pairs; (ii) parting of photo charges by major transfer to the surface of 

semiconductor; and (iii) reaction with surface-adsorbed species. The photocatalytic activity 

of these materials is also affected by the recombination of the photo charges. Another 

common suppressing factor is back-reaction whereby the produced hydrogen and oxygen 

recombine with water to hinder photocatalytic water splitting [40]. 
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Figure 2.6: Schematic representation of photocatalytic hydrogen production [41]. 

 
2.3 Selection of Photocatalyst 

 

The vast majority of catalysts are not efficient enough to harvest photons in the high- 

energy range, including UV and at times, portions of the visible light spectrum. One of the 

related restrictions is their band gap and the need to split water. Collection of energy within 

the visible part of solar spectra is critical to the utilization of solar energy. Photocatalytic 

research aims at finding a photocatalyst that is cheap, reactive, abundant, selective, and 

non-corrosive, and capable of operating on both the visible and ultraviolet portions of the 

electromagnetic spectrum. Over the years, many experiments have been carried out in the 

last few decades to create and intercalate new photocatalysts that could use both the UV 

and visible light spectrum to split water into hydrogen and oxygen. In some experiments, 

photocatalysts were tested in previous experiments using UV radiation and numerous 

materials displayed high quantum efficiencies [42]. 

 

However, the photocatalysts available in the market today present one major problem in 

that their efficiency is often very low. For the process to be efficient it has to have several 

factors, these include the band gap that will allow maximum use of solar spectrum, correct 
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placement of CB and VB so that oxidization and reduction reactions happen, stability at 

redox state, low cost of production and operation, reusability, availability in plenty, no 

vulnerability to corrosion, and suitability for large scale production. Figure 2.7 lists the 

basic requirements for photocatalysts for hydrogen generation as follows: 

 

 

Figure 2.7: Properties of Photocatalyst for Hydrogen Production [43]. 

 
2.3.1 Coal Fly Ash and Biomass Fly Ash Overview 

 

Coal fly ash and biomass fly ash are phosphate-silicate glass particles which are 

produced as a result of combustion processes in power plants and other industrial plants. 

These wastes, despite being classified as waste, have great potential uses such as in 
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construction products, for the improvement of soil structure, and for the extraction of rare 

earth metals. The knowledge of the characteristics and application of coal and biomass fly 

ash is important [44], especially when considering their combined use in innovative blends. 

Coal fly ash is a byproduct that results from the combustion of coal in thermal 

electricity generation plants. Worldwide, the generation of coal fly ash alone is more than 

750 million tons per annum with China, India, and the USA as the main producers. This 

ash mainly contains fine particles, the chemical composition of which includes silica, 

alumina, and iron oxides, thus it is well utilized in cement and concrete industries. 

Nevertheless, the management of coal fly ash results in land degradation and water 

pollution due to the leaching of heavy metals and toxic elements [45]. 

 

The usage of coal has triggered the recycling procedure possibility of the fly ash of 

coal in different areas. In construction, it is applied as a SCM which can be incorporated 

into the concrete to increase the durability of the concrete structures [46]. Further, coal fly 

ash has potential uses in the fabrication of geopolymers and zeolites, materials that could 

be used for environmentally friendly applications such as environmental cleanup and as 

catalysts. Nonetheless, a considerable amount of coal fly ash is not presently used, thereby 

highlighting the need to develop additional applications to assist in its beneficial reuse [47]. 

 

Biomass fly ash is a by-product of biomass combustion which includes agricultural residues 

and wood chip and municipal solid wastes. However, the production of biomass fly ash has 

been on the rise as countries look to biomass for renewable energy. For example, Pakistan 

produces about 220 billion tons of biomass and municipal solid waste in a year, thus the 

prospect of biomass fly ash production is significant [48]. 
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Biomass fly ash contains many beneficial minerals like calcium, potassium, and 

magnesium, among others, suggesting that the material can be used to enhance the fertility 

of the soil and the output of the crop. The other difference between the two is in the content 

of toxic heavy metals in which biomass fly ash has lesser amounts and thus can be used for 

agricultural purposes safely [49]. 

 

2.3.2 Structure and Composition 

 

Coal fly ash and biomass fly ash therefore characteristically have different chemical 

compositions and physical properties or structures thus their appropriate uses. The coal fly 

ash commonly consists of SiO2, aluminum oxide (Al2O3), iron oxide (Fe2O3), and small 

amounts of calcium oxide (CaO). Most of the fuller particle shapes are generally spherical 

and amorphous in nature [50]. On the other hand, fly ash obtained from biomass power 

plants comprises calcium oxide (CaO), silicon dioxide (SiO2), potassium oxide (K2O), and 

magnesium oxide (MgO). The ashes of biomass are constituted by particles with more 

capillary irregular surfaces and more porous than fly ash and containing higher proportions 

of organic remains [51]. 

 

2.3.3 Blending Coal and Biomass Fly Ash 

 

The incorporation of coal fly ash with biomass fly ash is of paramount importance in 

the course of preparing Losod Zeolite (LOS-Z) mainly because the two types of ash have 

unique characteristics. It was noticed that mineralogical composition of the fly ash disposed 

of at the studied power plants contains high proportion of silica (SiO2) associated with 

aluminum oxide (Al2O3) that are crucial for formation of zeolite structures. When mixed 

with biomass fly ash rich in nutrient substances, the blend provides a suitable chemical 
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environment for the formation of zeolite. As a result, this synergy facilitates the 

crystallization process and the generation of highly effective adsorption and ion exchange 

capacities for LOS-Z [52]. 

 

2.4 LOS-Z Production and Structure 

 

The production of LOS-Z was achieved using a hydrothermal treatment process, a 

method renowned for its efficiency and effectiveness in synthesizing crystalline zeolites. 

Hydrothermal treatment involves the reaction of raw materials in an aqueous solution at 

elevated temperatures and pressures, facilitating the formation of highly ordered crystalline 

structures. This method is particularly advantageous for producing zeolites due to its ability 

to control the crystal size, purity, and uniformity of the final product [10]. 

 

In this research, a blend of coal fly ash and biomass fly ash was subjected to 

hydrothermal treatment. The high silica (SiO2) and aluminum oxide (Al2O3) content in coal 

fly ash, combined with the calcium oxide (CaO) and other nutrients in biomass fly ash, 

created a favorable chemical environment for zeolite synthesis. The hydrothermal 

conditions facilitated the dissolution of these oxides and their subsequent reorganization 

into the zeolite framework, ensuring a high degree of crystallinity and optical properties 

for LOS-Z. 

 

LOS-Z, which is otherwise called Linde Type A (LTA) zeolite, consists of a carnal 

framework of cubes and contains a high degree of porosity [53]. This structure consists of 

a three-dimensional network of SiO4 and AlO4 tetrahedral, linked by oxygen atoms. The 

basic structural units are the sodalite cages or beta cages, defined as truncated octahedral 

formed by 24 tetrahedral siting at vertices. These cages are linked by double four-ring 
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(D4R) units to form a more extensive three-dimensional rectangular grid with a unit cell 

[54]. The unit cell of LOS-Z has a lattice parameter of approximately 12. 75 Å [55]. 

 

The blending of coal fly ash and biomass fly ash played a crucial role in the 

successful synthesis of LOS-Z. The high silica and alumina content from coal fly ash 

provided the necessary precursors for the zeolite framework, while the presence of calcium 

oxide and other minerals from biomass fly ash contributed to the stabilization and 

crystallization process. The balanced chemical composition achieved through blending 

ensured that the hydrothermal treatment conditions were optimized for zeolite formation, 

leading to a product with superior structural and functional properties. 

 

2.5 Tailoring the Properties of Selected Photocatalysts for H2-Production 

 

The structure and properties of LOS-Z significantly influence its performance as a 

photocatalyst for hydrogen production. The effectiveness of LOS-Z in photocatalytic 

applications is affected by factors such as crystallinity, pore size distribution, surface area, 

and the presence of functional groups. These properties can be meticulously controlled to 

optimize photocatalytic activity. 

 

LOS-Z has a cubic crystalline structure with high order which gives a high surface 

area with regular pore size [56], crucial for effective photocatalytic reactions. 

 

The presence of surface roughness and oxidation functional groups is found to 

improve the photocatalytic activity of LOS-Z. These functional groups can act as 

nucleation sites for the growth of semiconductor particles like TiO2 or ZnO so that the 

particles are uniformly dispersed through the entire matrix and have good interfacial 
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adhesion. This is important in the formation of heterojunctions, which enhances the charge 

separation process and at the same time reduces recombination rates hence increasing the 

efficiency of hydrogen production [57]. 

The addition of coal fly ash and biomass fly ash during the preparation of LOS-Z 

results to a balanced chemical composition that is useful in photocatalytic reaction. The 

high silica and alumina content of fly ash produced from the combustion of coal provide 

the needed framework of the structure while the calcium with other nutrient content in fly 

ash produced from the burning of biomass are effective in the stabilisation and 

crystallisation processes [58]. This synergy results in a zeolite with enhanced structural 

properties and a higher density of functional groups, which are crucial for efficient 

photocatalytic hydrogen production. 

 

2.5.1 Doping/Loading Effect 

 

Incorporation of some other elements or compounds into LOS-Z can dramatically 

increase its photocatalytic activity. This process is defined as the process of adding new 

elements within the zeolite structure or on the outer shells to enhance the zeolite properties. 

Doping can change the electronic properties of the zeolite, increase the number of active 

sites, and promote the interaction between zeolite and reactants. Loading normally refers 

to the deposition of photocatalytically active nanoparticles including metal oxides and 

noble metals on the outer surface of the zeolite to improve the adsorption of light and its 

separation into charges [59]. 

 

Doping and loading are crucial for optimizing the photocatalytic activity of LOS- 

 

Z. By carefully selecting the dopants and loading materials, it is possible to tailor the 
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zeolite's properties to specific photocatalytic applications, such as hydrogen production, 

pollutant degradation, and water splitting. These modifications can lead to improved 

efficiency, higher reaction rates, and better stability of the photocatalyst. The impact on 

photocatalytic properties is discussed below: 

 

Doping and loading dependencies of LOS-Z, exposure makes it possible to use a 

greater portion of the spectrum, including the visible one. This enhances the photocatalytic 

processes and rate better by using or absorbing more light [60]. 

Specifically, the introduction of the dopants and loaded nanoparticles leads to an 

increase in the number of active sites on the surface of the zeolite which in turn improves 

reactivity. Increased active site results in enhanced photocatalytic reaction rates thus 

enhancing the photocatalytic performance [61]. 

 

2.6 Role of Sacrificial Agent 

 

In this study, it is revealed that the most frequently used sacrificial reagents for oxide, 

carbon, and sulfide photocatalysts is methanol. The following is a brief description of 

some of the sacrificial agents mentioned above [62]. 

 

2.6.1 Methanol 

 

In photocatalytic hydrogen production, methanol is taken to be the benchmark 

molecule. Being regarded as the best active electron donor, newly developed materials are 

usually evaluated with this substance [63]. 
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When compared with a water molecule which has a polar bond and a dipole moment 

of 1. For example, in the case of methanol, the fragment has a less polar dipole moment 

equal to 1.69D. Moreover, the presence of methanol dissolved in water reduces the 

hydrogen bonding between water molecules and thus opens the water structure for 

photochemical cleavage. It is the strong oxidizers popularly referred to as holes that force 

the splitting of water and the formation of hydrogen gas, which is represented as H2 [64]. 

 

The reaction mechanism for methanol is given as follows. 

 

𝐻2𝑂 + ℎ+ → • 𝑂𝐻 + 𝐻+ (R1) 

 

𝐶𝐻3𝑂𝐻   + • 𝑂𝐻 →• 𝐶𝐻2𝑂𝐻 + 𝐻2𝑂 (R2) 

 

• 𝐶𝐻2𝑂𝐻 → 𝐻𝐶𝐻𝑂 + 𝐻+ + 𝑒− (R3) 

 

2𝐻+ + 2𝑒− → 𝐻2 (R4) 

 

𝐻𝐶𝐻𝑂 + 𝐻2𝑂 → 𝐻𝐶𝑂𝑂𝐻 + 𝐻2 (R5) 

 

𝐻𝐶𝑂𝑂𝐻   → 𝐶𝑂2 + 𝐻2 (R6) 

The overall reaction is written as 

𝐶𝐻3𝑂𝐻 +𝐻2𝑂 → 𝐶𝑂2 + 3𝐻2 (R7) 

 

2.6.2 Ethylene glycol 

 

The maximum values of hydrogen production were obtained while the overall 

mineralization values in this particular case had reached their maximum points, and among 
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the intermediates that were analyzed, tendencies similar to that of hydrogen production 

were evident. The maximum value of CO2 is observed at the range corresponding to the 

maximum values of methanol and ethanol. However, even though it generates less 

hydrogen than ethanol, ethylene glycol mineralization rates are significantly higher. This 

is because, unlike ethylene glycol, other hydrocarbons such as ethane and methane possess 

reduction products. Also, in this case, the use of a pure sacrificial agent leads to little or no 

photocatalyst deactivation [65]. 

 

The reaction mechanism for ethylene glycol is given below. 
 
 

𝑇𝑖𝑂2,ℎ𝑣 

𝑂𝐻𝐶𝐻2 − 𝐶𝐻2𝑂𝐻 + 𝐻2𝑂 →−−−→ 𝑂𝐻𝐶𝐻2 − 𝐶𝐻𝑂 (R8) 
 
 

• 𝑂𝐻 

𝑂𝐻𝐶𝐻2 − 𝐶𝐻𝑂 →−→ 𝑂𝐻𝐶𝐻2 − 𝐶𝑂𝑂𝐻 (R9) 

 

𝑂𝐻𝐶𝐻2 − 𝐶𝑂𝑂𝐻 → 𝐶𝐻3𝐶𝑂𝑂𝐻 (R10) 

 

𝑂𝐻𝐶𝐻2 − 𝐶𝑂𝑂𝐻 → 𝐻𝑂𝑂𝐶 − 𝐶𝑂𝑂𝐻 (R11) 

 

𝐻𝑂𝑂𝐶 − 𝐶𝑂𝑂𝐻 → 𝐻𝐶𝑂𝑂𝐻 (R12) 

 

𝐻𝐶𝑂𝑂𝐻 (𝑜𝑟) 𝐶𝐻3𝐶𝑂𝑂𝐻 (𝑜𝑟) 𝐻𝑂𝑂𝐶 − 𝐶𝑂𝑂𝐻 → 𝐶𝑂2 + 𝐻2 + 𝐶𝐻4 + 𝐶2𝐻4 + 𝐶2𝐻6 + 
 

𝐻2𝑂 (R13) 

 

2.6.3 Glycerol 

 

In fact due to the size of the glycerol molecule and its viscosity it is not possible to 

have 100% (v/v) sacrificial agent therefore its approach towards the catalyst surface is 

restricted. Due to the fact that glycerol is a complex alcohol other intermediates may be 
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produced which are difficult to predict. The formation of some compounds has been 

observed such as acrolein, acetone, glyceraldehyde, glycolaldehyde, ethanol, acetic acid, 

methanol, CO2, CO, acetol, acetaldehyde and ethanol [66]. 

 

The reaction mechanism for glycerol is given as 

 

𝐶3𝐻8𝑂3 + 3𝐻2𝑂 + 14ℎ+(𝑉𝐵) → (𝐶2𝐻4𝑂2, 𝐶2𝐻2𝑂3, 𝐶2𝐻4𝑂3, 𝐶3𝐻6𝑂3, 𝑒𝑡𝑐) → 3𝐶𝑂2 + 

14 𝐻+ (R14) 

𝐻+ + 14𝑒−(𝐶𝐵) → 7𝐻2 (R15) 

 

2.7 Role of Light Source 

 

Analyzing the experimental results, it is possible to increase the efficiency of 

photocatalytic water splitting: increasing the light intensity of radiation with energies 

higher than the activation threshold. Currently, there are two models describing the UV- 

photon flux and the photocatalytic reaction. The half-order regime, however, is regarding 

higher intensities and the rate of recombination is usually predominant and does not affect 

the rate of reaction to a great extent. The spectrum of adsorption for the catalyst has a 

threshold equal to the band energy, with the change in the rate of reaction as a function of 

the wavelength in the figure below [67]. 

 

When heterogeneous photocatalysis occurs then the required energy source can be 

calculated in terms of the band gap energy of a photocatalyst such as TiO2 λ ≤ 387. The 

method of luminescence of excited atoms or molecules with the electron transition in the 

excited higher states of atoms or molecules to the ground state of the atoms or the molecules 

with the simultaneous emission irradiations is the basic physical phenomenon of all 
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irradiation sources. Arc lamps, incandescent lamps, fluorescent lamps, and lasers are some 

of the classifications of lamps that are classified based on the working principle [68].. The 

substantial energy savings are the main benefit of using a UV-LED lamp. 

Specifically, LEDs are more advantageous as less expensive, compact, lightweight, 

and highly efficient radiation sources in comparison with the traditional light sources. They 

also work at lower temperatures compared to the other types of refrigeration systems. 

Another form of irradiation source that can yield monochromatic light additionally with 

the restricted emission profile is a UV LED. This represents a remarkable improvement 

over the traditional mercury vapor lamps and is already within a sphere of visible LEDs. If 

the likes of visible light LEDs are anything to go by, it is expected that their efficiency will 

increase in the following years and if incorporated in photocatalytic water treatment, the 

increase in efficiency will also be greatly realized [69]. 
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Chapter 3: Methodology and Material Preparation 

 

 

 
3.1 Collection of Raw Materials 

 

ASTM coal fly ash and biomass fly ash were collected from Fauji Power Plant Ltd., 

Sodium hydroxide (NaOH) pallets, sodium aluminate (NaAlO2), molybdenum (99.5%, 

<150 µm), ethylenediaminetetraacetic acid disodium salt (EDTA, 98.5-101.5%), L- 

Ascorbic Acid (99%), Iso-propanol (IPA, 99.8%), and Cupric nitrate trihydrate (puriss. 

p.a., 99-104%) were purchased from Sigma Aldrich. MB dye (dye content ~82%) was 

obtained from SD Fine Chem. The precursors acquired were not prepared preliminary and 

were of analytical grade quality. 

 

3.1.1 Catalyst synthesis 

 

LOS-Z was prepared by a 2-step hydrothermal treatment method. To synthesize 

zeolite, 30 g of CFA-BFA blend powder was introduced into a 5 M NaOH solution (ACS 

reagent) in a 700 mL beaker. The non-stop stirring at 300 RPM using a magnetic stirrer at 

100 °C maintained the dissolution temperature. Afterwards, filtration using a Whatman 

filter paper having a pore size of 0.2 µm, a clear solution was separated from the mixture. 

Next, 100 mL of NaAlO2 solution was added to the clear filtrate to adjust the molar ratio 

to SiO2/Al2O3 ≈ 1, Na2O/SiO2 ≈ 1-2, and H2O/Na2O ≈ 40 for LOS-Z synthesis. The 

solution was again stirred for 30 min at 500 RPM at room temperature. The obtained milky 

solution was left overnight for 12 h to help the gel formation and aging. The aged sample 

was then kept in Teflon autoclaves (heat-resistant templates) and kept in an oven under 

variable crystallization temperatures and time. The optimized temperature (90-95 °C) and 
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time (1.5-2.5 h) were used to synthesize LOS-Z. After two-step crystallization temperature, 

the saturated solution was kept at room temperature to facilitate crystal growth for the next 

12 h. DI water was used to filter and wash out the precipitates to remove excess Na ions. 

The product was then dried at 100 °C for 12 h [42]. 

Mo@LOS-Z (5 wt% and 10 wt%) were synthesized using an impregnation method 

in ethanol. Initially, pure Mo was added to 100 mL of ethanol to create a solution. For the 

5 wt% Mo@LOS-Z catalyst, 2.5 mg of Mo and 47.5 mg of LOS were used while 5 mg of 

Mo and 45 mg of LOS were used for 10 wt% Mo@LOS-Z. The respective amounts of Mo 

and LOS were added to ethanol and stirred for 3 h. The solid residue was calcined at 700 

°C for 5 h after overnight drying at 120 °C [43]. The synthesis of Mo@ LOS-Z is shown 

in Figure 3.1. 

 
Figure 3.1: Schematic Diagram of catalyst synthesis 
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3.1.2 Photocatalytic dye degradation 

 

Catalysts CFA-BFA blend, LOS-Z, 5% Mo@LOS-Z, and 10% Mo@LOS-Z 

photocatalysts were used for different experiments with a catalyst dose of 2 mg mL-1 and 

5 ppm (5 mg mL-1) MB solution. These conditions were selected based on both literature 

and the hit-and-trial approach. Among all the photocatalysts, 10% Mo@LOS-Z exhibited 

better photocatalytic performance comparatively. 

 

After 75 min, the samples for photocatalytic degradation were examined using UV-vis 

spectroscopy and results were analyzed at 664 nm (max) [44]. The source of visible light 

used to measure the photocatalytic degradation was a 35 W Xenon lamp having an intensity 

of 20 mW cm-2 with a 6000 K colour temperature [45]. The solution (3 mL) was taken after 

every 15 min intervals. The concentrations of residual organic compounds were measured 

using a UV-vis at the maximum absorbance wavelength. Using the following Eq. 9, the 

photodegradation efficiency (%DE) was computed [73]: 

 

%𝐷𝐸 = 
𝐴0−𝐴

 
𝐴0 

× 100 (9) 

 

 

Where the initial concentration of MB and the concentration that is left over are represented 

by A0, respectively. 

Moreover, different parametric studies were performed using different catalyst dosages and 

MB concentrations and reusability analysis. 
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3.2 Photocatalytic H2 production 

 

For the photocatalytic H2 production test, 100 mg of photocatalyst was dissolved in 

a 50% v/v methanol-containing aqueous solution. The suspension was purged with N2 gas 

in the dark for 30 min and then illuminated using 35 W of Xenon lamp under continuous 

stirring. Using a syringe, 10 mL of gas was extracted every half an hour (the total time of 

reaction was 3 h). To analyze the products, a system of gas analysis consisting of a gas 

chromatograph (GC-2010 Pro by Shimadzu Japan) fitted with a thermal conductivity 

detector (TCD) column (RT-MS5A, 30 m × 0.32 mm ID, 30 μm) was used. The 

experimental setup for photocatalytic dye degradation and H2 production is presented in 

Figure 3.2(a-c). The first experiment in Figure 2(a) comprised dye degradation of MB 

solution in the presence of light exposure. The degradation efficiencies of four samples 

were calculated using UV-vis spectrometry. The degraded dye water was tested for H2 

application (experiment 2) in Figure 3.2(b-c) and subjected to GC chromatography to 

calculate H2 production. 

The experimental setup for photocatalytic dye degradation and hydrogen production is 

presented in Figure 3.2. 
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Figure 3.2: Experimental setup of photocatalytic dye degradation and hydrogen production 

 
3.3 Material Characterizations 

 

To determine the structure and purity of the synthesized powders, XRD were recorded 

on a D8-Advanced Bruker, Germany instrument using Cu K radiation at = 0.15418 nm and 

a 2θ angle range of 20°-80°. The morphology of the samples was determined using the 

TESCAN MIRA3 of Oxford Instruments INCAx-act, model 51-ADD0007, as well as the 

elemental mapping and field emission scanning electron microscopy (FESEM). Samples 

were sonicated in an ethanol solution for 20 minutes before the FESEM and then placed on 

a glass slide for examination. The photocatalytic activities of the catalyst, as well as the dye 

degradation, were measured using a Shimadzu UV-3600 Plus spectrophotometer. As a 

visible-light source, a 35 W Xenon lamp having an intensity of 20 mWcm-2 was used for 

photocatalytic dye degradation and subsequently hydrogen evolution. To identify 

functional groups and chemical bonds, FTIR analyses was performed. The equipment 

model used was Cary 630 FTIR (Agilent Technologies, USA). The recombination effect 

of e--h- was examined by the photoluminescence emission (PL) at the excitation 

wavelength of 325 nm using HORIBA LPS221B. 
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Chapter 4: Results and Discussion 

 

 

 
4.1 Catalyst Characterization 

 

The crystallographic phases of different materials synthesized are shown in Figure 

4.1(a). The XRD spectrum of the CFA-BFA blend constituted the characteristic peaks of 

both the parent materials due to their physical blending without any chemical change. The 

major peak at 2θ = 26.5° represents SiO2 (PDF#46-1045), while the minor peaks are at 2θ 

= 31° and 2θ = 33° for Al2O3 (PDF#46-1131) and Fe2O3 (PDF#16-0653) respectively. 

These metal oxides exhibited properties that favour zeolite formation and catalyst synthesis 

[47]. 

 

The XRD of LOS-Z confirms the formation of different phases of zeolite including 

zeolite A (a metastable state) and LOS-Z which is thermodynamically more stable than 

zeolite A. The pattern displays characteristic peaks of zeolite A (PDF# 039-0222) at 2θ of 

20° and 27.1° corresponding to the (210) and (212) respectively [48]. However, the 

conversion of zeolite A to LOS-Z phase (Na12Al12Si12O48xH2O) with (PDF# 31-1269) can 

also be observed, suggesting that the CFA-BFA blend consists of multiple components 

other than Si and Al, e.g. Ca and Mg, that are related closely to the LOS-Z production [49, 

50]. 

The characteristic peaks of LOS-Z are observed at 2θ of 23.9°, 26.5°, and 33.1° 

corresponding to the (211), (103), and (401) respectively [48]. However, the transformation 

of zeolite A phases into LOS-Z can be minimized by removing Ca and Mg content from 

the precursors [49]. This transformation can be further explained by using Oswald and Van 
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Santen’s hypothesis based on non-equilibrium thermodynamics which has shown that the 

total entropy production is minimized during a phase change by following the “law of 

successive transformations” [51]. In this case, zeolite A is initially formed and is further 

converted into LOS-Z with the 2 steps hydrothermal treatment at 95 °C [49]. Thus, the 

given statement explicates the formation of zeolite A, a metastable state [52] that tends to 

transform thermodynamically into LOS zeolite. 

 

The XRD pattern of 5% Mo@LOS-Z indicated additional peaks of Mo (PDF# 78- 

0390) at 40.5°, 58.6°, and 73.7° corresponding to the (110), (200), and (211) respectively. 

This confirmed the successful impregnation of Mo while the characteristic peaks of LOS- 

Z were maintained. A slight shift in the peak position of LOS-Z from 27.1° to 26.9° was 

observed due to the distortion in the crystal lattice. The impregnation of Mo into a LOS-Z 

matrix altered the crystal lattice causing expansion within the lattice and modifying the 

bond angles in the LOS-Z structures [53]. 10% Mo@LOS-Z also shows the same pattern 

as 5% Mo@LOS-Z except for the more prominent Mo peaks that can be observed with an 

increasing Mo loading. There is a noticeable shift observed from 26.9° to 26.7°, 

representing greater distortion as a result of more Mo concentration. 

The FTIR spectra of all the synthesized samples are shown in Figure 4.1(b). The 

spectra clearly show the transition of the CFA-BFA blend to LOS-Z after synthesis. [54]. 

The peak appearance at 2095 cm-1 (N=C=S) can be assigned to the cyanide-containing 

compounds present in traces in the CFA-BFA blend [55]. The major peak corresponds to 

the vibrations of Si-O stretching with wavenumber 1090 cm-1 [56]. Additionally, stretching 

vibrations of C=O at 1420 cm-1 and its bending plane at 880 cm-1 evidence the presence of 

carbonate compounds (CaCO3) in the CFA-BFA blend [54, 57]. A slight peak at 678 cm-1
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confirms the existence of CaSO4 (S-O bending) due to the presence of CFA [54]. In LOS- 

Z, the asymmetric stretching in CFA-BFA blend at 1047.27 cm-1 (T-O asymmetric 

stretching) has changed to a low frequency of 962 cm-1, which is a prominent characteristic 

of the framework of zeolite A [58, 59]. The peak at 962 cm-1 corresponds to the T-O-T (Al 

or Si) tetragonal stretching vibration's characteristic peak. This shift indicates that the 

possible reaction between the vitreous components of the ash and the alkaline activator 

(NaOH) formed the LOS-Z structure. This implies that the framework structure of the LOS-

Z produced may have a lower Si/Al ratio than the feedstock material because some of the 

Si in the Si-O-Si bond has been replaced by Al for the Si-O-Al bond. A similar peak- like 

CFA-BFA blend can also be observed at 673 cm-1 (T-O symmetric stretching) 

corresponding to quartz [42]. The characteristic peaks for bicyclic vibrations in a 

tetrahedron exist at 663 cm-1 majorly for zeolite A [60]. In general, the asymmetric 

stretching mode of the vibrations common to all zeolites occurs between 950 and 1250 cm- 

1 [61]. The FTIR spectra of 5% and 10% Mo@LOS-Z represent the Mo-O peak by the 

presence of an absorption band below 1000 cm-1. A small peak present at 673 cm-1 is the 

same as the peak in zeolite A spectra while the peak at 905 cm-1 is attributed to the Mo-O 

stretching vibrations [62]. It can be seen that the Mo-O peak in the 10% Mo@LOS-Z is 

broader as compared to the 5% Mo@LOS-Z and a clear shift in the spectra indicates 

increased interaction between Mo and LOS-Z by increasing the concentration of Mo that 

promotes the coordination with the LOS-Z [63]. 
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Figure 4.1: (a) XRD and (b) FTIR spectra of CFA-BFA blend, LOS-Z, 5% Mo@LOS-Z, and 10% 

Mo@LOS-Z 

 

The SEM images of the CFA-BFA blend, LOS-Z, 5% Mo@LOS-Z and 10% Mo@LOS-Z 

are shown in Figure 4.2. SEM micrographs revealed that the CFA-BFA blend sample in 
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Figure 4.2(a) is amorphous, hollow, and constitute fractured surfaces. However, Figure 

4.2(b) showed agglomerates due to the conversion of the CFA-BFA blend into LOS-Z with 

a few mild crystals of zeolite A present in the matrix. These agglomerates are described as 

interpenetrating crystallites [64]. In contrast, 5% and 10% Mo@LOS-Z in Figure 4.2(c-d) 

are roughly spherical and show scattered Mo particles over the surface. In 10% Mo@LOS- 

Z, the distribution of Mo particles is uniform over the LOS-Z support in comparison to 

other samples, which can enhance the photocatalytic performance. Microscopic 

examination reveals that silicate and aluminosilicate predominate in the CFA-BFA blend 

as shown in Figure 4.2(a1). It demonstrates that at a particular spectrum, the CFA-BFA 

blend contained 9.81% aluminium, 12.77% silicon, 45.18% oxygen, 19.58% calcium, and 

other minute peaks of several elements. In Fig. 4.2(b1), LOS-Z showed 12% aluminium, 

13.23% silicon and 52.92% oxygen. The high percentage of oxygen with Al and Si revealed 

the successful formation of aluminate and silicate respectively (building blocks of zeolite 

structure). Figure 4.2(c1) confirmed the presence of 5.53 wt% Mo with Si, Al and Ca 

present in significant amounts and their proportions were slightly changed due to the 

modification in crystal structure while introducing Mo. In Figure 4.2(d1), the Mo 

concentration increased to 7.58 wt% expectedly and the higher deposition of Mo on the 

LOS-Z matrix occupies the positions of other elements causing the reduction in their 

concentration [65]. Figure 4.2(e-f) illustrates the elemental mapping of 10% Mo@LOS-Z 

which shows the dispersion of different particles including Si, Al, O, Mo, and Ca on its 

surface. The Mo particles are concentrated and well dispersed on LOS-Z, confirming its 

uniform distribution as shown in Figure 4.2(f). 
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Figure 4.2: SEM analysis and (a1-d1) EDX analysis of CFA-BFA blend, LOS-Z, 5% Mo@LOS-Z, and 

10% Mo@LOS-Z respectively. (e-f) Elemental mapping of 10% Mo@LOS-Z 

 

4.2 Optoelectronic Properties 

 

The optimization of the material’s photocatalytic properties plays a significant role 

in its interaction with light and generating EHP [66, 67]. A material having a lower band 

gap will produce a large amount of EHP and vice versa. Similarly, the recombination effect 

has an inverse relation with EHPs. These characteristics of a material will decide its 

compatibility with applications such as dye degradation and H2 evolution via 

photocatalysis. 

 

The UV-vis spectra shown in Figure 4.3(a) are measured for synthesized samples in 

the range of 240 nm-600 nm. The study was conducted in the dispersed solution and it can 
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be observed that a broad absorption band stretches from 240 nm to 300 nm. It can be seen 

that the absorption of photocatalyst is increased in the order of CFA-BFA blend < LOS-Z 

< 5% Mo@LOS-Z < 10% Mo@LOS-Z. Hence, 10% Mo@LOS-Z has the highest 

absorption, indicating the maximum contribution in enhancing photocatalytic performance 

as evident from XRD and SEM as well. The recombination effect, mobility and entrapment 

of charge carriers of EHPs for LOS-Z, 5% Mo@LOS-Z and 10% Mo@LOS-Z are studied 

by PL spectroscopy shown in Figure 4.3(b). The electrons are excited by using 

monochromatic light of 325 nm (visible region). By absorbance of photons in the valence 

shell results in the creation of EHP. The intensity has a direct relation with the 

recombination of EHP [68]. The CFA-BFA blend has a higher intensity than LOS-Z, 5% 

Mo@LOS-Z and 10% Mo@LOS-Z indicating the highest recombination of EHP. This is 

due to the rough and minimal active sites (as evident from SEM) for EHP separation that 

could help in separating the charge carriers therefore increasing the recombination rate. 

Similarly, for LOS-Z the large cavities trap charge carriers reducing recombination 

compared to the CFA-BFA blend and supporting better charge separation. As soon as Mo 

is introduced into the LOS-Z matrix, a decreasing trend in the intensity was observed that 

suppressed the recombination of the charge while enhancing the composite’s 

photocatalytic efficiency. Mo is an efficient electron acceptor by forming the mid-gap 

states [69]. As the concentration of Mo is increased, the excited electrons are captured by 

Mo atoms therefore preventing recombination with holes. The morphological studies also 

showed the availability of multiple sites of Mo for charge-trapping across the LOS-Z 

matrix. This indicates that optimum loading is a proven strategy to suppress the charge 
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carriers [70] resulting in 10% Mo@LOS-Z photocatalyst being a good candidate in this 

study. 

 

 

Figure 4.3: (a) UV-vis and (b) PL spectra of CFA-BFA blend, LOS-Z, 5% Mo@LOS-Z and 10% 

Mo@LOS-Z 
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Moreover, the UV-vis absorption spectrum calculates the band gap using the direct band 

Tauc’s equation as given in Eq. 10 and listed in Table 4.1. 

 

(𝑎ℎ𝑣)1/𝑛 = 𝐾(ℎ𝑣 − 𝐸𝑔) (10) 

 

Here α, h, v, K, n, and Eg represent the adsorption coefficient, Planck’s constant, frequency, 

energy independent constant, nature of transition (direct or indirect band gap), and optical 

band gap energy respectively [71]. In this study, the direct band gap nature of the composite 

was observed, therefore, n = 1/2 was used for all the compositions. The value of band gap 

energy decreases from the CFA-BFA blend to 10% Mo@LOS-Z due to the increasing Mo 

loading [72]. This indicates the shifting of the absorption edge while increasing the 

interfacial charge transfer as the photons will require less energy to generate EHP for 

enhanced photocatalytic performance [73]. The highest band gap of the CFA-BFA blend 

in Figure 4.4(a) corresponds to the higher recombination rate which is evident from PL 

spectra therefore more energy is required to generate EHP for the photocatalytic activity. 

Similarly, LOS-Z in Figure 4.4(b) has a slightly lower band gap than the CFA-BFA blend 

however the recombination rate is still higher. In Figure 4.4(c-d), the narrowing in band 

gap was observed specifically for 10% Mo@LOS-Z (Figure 4.4(d)), indicating better 

photon absorption in the visible region and suppressing the EHP recombination effect. 
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Table 4.1: Band gap of the CFA-BFA blend, LOS-Z, 5% Mo@LOS-Z and 10% Mo@LOS-Z samples 
 

 

Photocatalysts 

 

Band Gap (eV) 

 

CFA + BFA blend 
 

3.37 

LOS-Z 3.3 

5% Mo@LOS-Z 3.24 

10% Mo@LOS-Z 3.15 

 

 
Figure 4.4: The band gap of (a) CFA-BFA blend, (b) LOS-Z, (c) 5% Mo@LOS-Z, and (d) 10% 

Mo@LOS-Z 



50  

The photocatalytic dye degradation efficiency of the CFA-BFA blend, LOS-Z, 5% 

Mo@LOS-Z and 10% Mo@LOS-Z samples are shown in Figure 4.5(a-d). The degradation 

efficiency demonstrates the order of samples as follows: 10% Mo@LOS-Z (82%) > 5% 

Mo@LOS-Z (77%) > LOS-Z (65%) > CFA-BFA blend (56%). The photocatalytic activity 

is enhanced due to the increase in Mo concentration, lower recombination effect and band 

gap. The reactive sites are increased by increasing the amount of Mo while lowering the 

band gap broadening the range of light and helping in the generation of charge carriers 

[74]. The experiments were repeated two times with an error below 5% to confirm the 

reproducibility of dye degradation for each sample. Moreover, when the Mo loading 

exceeded 10%, a significant decline in the properties and performance was observed and 

thus, photocatalyst with higher Mo concentration (15%) is not studied and reported in this 

study. The high instability and agglomeration decrease the catalytic performance as a result 

of excess Mo deposition on the surface of LOS-Z which can reduce the effective area for 

absorbing visible light in the LOS-Z matrix [75]. Therefore, different parametric studies of 

10% Mo@LOS-Z were performed using different catalyst dosages (0.5 mg mL-1 and 1 mg 

mL-1) and MB concentrations (2.5 ppm and 7.5 ppm). 
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Figure 4.5: Photocatalytic dye degradation of MB using (a) CFA-BFA blend, (b) LOS-Z, (c) 5% 

Mo@LOS-Z, and (d) 10% Mo@LOS-Z 

 

The pseudo-first-order kinetics was used to study the photodegradation experiments 

depending on the catalyst and MB degradation concentration. Eq. 11 describes the time 

dependence of MB decomposition using first-order kinetics. 

 

𝑑𝐶 = 𝑘(𝐶 
 

− 𝐶) (11) 

𝑑𝑇 𝑜 

 

Where C, Co and K show the MB concentration, initial MB concentration and rate constant 

respectively. Figure 4.6 presents the pseudo-first-order kinetics and the time vs C/Co (the 

order of reaction) whereas Table 4.2 shows the rate constants k and R2 of MB. Figure 4.6(a) 
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shows the dye degradation over time while the degradation rate constants are calculated in 

Figure 4.6(b) using Eq. 11 which are found to be 7.02 x 10-3 min-1, 1.117 x 10-2 min-1, 1.785 

x 10-2 min-1, and 2.09 x 10-2 min-1 for CFA-BFA blend, LOS-Z, 5% Mo@LOS-Z, and 10% 

Mo@LOS-Z samples respectively. The 10% Mo@LOS-Z sample showed better 

photocatalytic activity (2.09 x 10-2 min-1) while lower activity was observed for the CFA- 

BFA blend sample. The decreasing trend is justified by the rate of creation of holes and 

conduction bands. As described in Table 4.2, the higher recombination of electrons and 

holes lowers the degradation rate, and very low visible light is absorbed by photons to 

degrade MB dye. Additionally, the band gap shift to the visible region caused the increase 

in photocatalytic activity with the increase in the concentration and mid-band formation. 

The dopants' mid-band within the band gap enables the broader light spectrum to be 

absorbed and as a result, more photons were absorbed from visible light illumination. A 

similar study was also reported for Mo-doped anatase photocatalytic activity [76]. This 

resulted in the improvement of 82% photocatalytic dye degradation. 

 

Figure 4.6: (a) photocatalytic degradation vs irradiation time, (b) pseudo-first-order kinetics of synthesized 

samples 
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Table 4.2: Rate constant (k) and R2 of the CFA-BFA blend, LOS-Z, 5% Mo@LOS-Z, and 10% Mo@LOS- 

Z samples 

 

Photocatalysts 

 

k [min-1] 

 

R2 

 

CFA-BFA blend 
 

7.02 x 10-3 
 

0.835 

 

LOS-Z 
 

1.117 x 10-2 
 

0.903 

 

5% Mo@LOS-Z 
 

1.785 x 10-2 
 

0.877 

 

10% Mo@LOS-Z 
 

2.09 x 10-2 
 

0.897 

 

Based on the dye degradation efficiency and kinetic studies, the 10% Mo@LOS-Z shows 

the best results. Therefore, parametric studies were performed to justify the optimum 

catalyst dosage and MB concentration as these are the important parameters that play a 

significant role in the detailed study of various catalysts in dye degradation. 

 

Figure 4.7(a-c) shows the degradation results for 0.5 mg mL-1, 1 mg mL-1, and 2 mg mL-1 

10% Mo@LOS-Z respectively while Figure 4.7(d) illustrates the best degradation result 

for 2 mg mL-1 catalyst therefore it is taken as the best catalyst dosage to be studied further 

for dye degradation experiments. This can be attributed to insufficient active sites that 

restrict MB adsorption at lower doses (0.5 mg mL-1 and 1 mg mL-1), which drops 

degradation efficiency. For optimum photocatalytic efficiency, a dose of 2 mg mL-1 

maximizes active site availability without aggregating or obstructing light penetration [77]. 
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Figure 4.7: Catalyst dosage of (a) 0.5 mg mL-1, (b) 1 mg mL-1, (c) 2 mg mL-1, and (d) % degradation 

efficiency of 10% Mo@LOS-Z in MB dye 

 

Moreover, the experiments were also conducted by varying MB concentrations 

using the 2 mg mL-1 catalyst dosage shown in Figure 4.8. It illustrates a significant change 

when MB concentration is varied. Figure 4.8(a-b) shows 13.98% and 65.7% degradation 

efficiency for 2.5 ppm and 7.5 ppm MB concentration respectively while 82% degradation 

efficiency was shown by 5 ppm MB solution (Figure 4.7(d)). At 2.5 ppm MB 

concentration, the restricted availability and low concentration of MB molecules enable 

low interaction with the catalyst's active sites, which results in low degradation efficiency 

[78]. Conversely, a 7.5 ppm dye solution which is highly concentrated can limit the amount 
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of light entering the system and hinder photon penetration which is required for the 

photodegradation process [79]. To optimize light penetration, produce reactive species 

effectively and attain the optimum degradation efficiency, the ideal concentration of 5 ppm 

shows a balance between the MB molecules that interact with the catalyst efficiently. Thus, 

it can be considered a suitable concentration for further studies. 

 

 

Figure 4.8: Varying MB concentration (a) 2.5 ppm and (b) 7.5 ppm using 2 mg mL-1 catalyst dose 

 
To study the reusability of the photocatalyst, dye degradation was investigated using 2 mg 

mL-1 used 10% Mo@LOS-Z catalyst in 5 ppm MB concentration. The result in Figure 4.9 

shows that the photocatalyst lost its efficiency from 82% to 43.38%. The degradation 

performance drop was due to the sedimentation of MB dye across the repeated run. 

Moreover, contaminants are absorbed on the photocatalyst surface and the number of active 

sites that are already utilized in the first degradation pathway are reduced or blocked 

therefore very few photons are accessible to reach the surface of the photocatalyst. This 

resulted in less –OH formation and thus a lesser amount of percentage degradation [80]. 
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Figure 4.9: Reusability of 10% Mo@LOS-Z photocatalyst 

 
4.3 Photocatalytic reaction mechanism for dye degradation 

 

Photocatalytic dye degradation happens when electrons from the valence band (VB) 

are transferred to the conduction band (CB). The photocatalyst absorbs photons from 

sunlight or a lamp. This is responsible for the accumulation of CB electrons (e-) and the 

VB holes (h+) which further initiate chemical reactions. It is important to consider the 

recombination rate of the EHP as the e- from CB suddenly returns to VB providing time of 

reaction only with the adsorbed molecules [81]. This consideration is affected by the choice 

of both photocatalyst and lamp. 

 

In the case of dye degradation, the electrons are converted into superoxide radicals 

by reacting with dissolved oxygen molecules present on the surface of the catalyst. Some 

of the electrons, having no time for a reaction with oxygen, recombine back with adsorbed 
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molecules such as MB. Therefore, oxygen molecules are actively responsible for 

photocatalytic dye degradation [82]. For a deeper analysis of the photocatalytic dye 

degradation mechanism of 10% Mo@LOS-Z, a radical trap test was conducted to observe 

the dominant effect of active species. Ascorbic acid, IPA, EDTA, and cupric nitrate were 

added to the solution as superoxide radicals (*O2
-), hydroxyl radicals (-OH), holes (H+), 

and electrons (e-) respectively. Figure 4.10, shows that the photocatalytic activity decreased 

significantly when IPA was added, revealing (-OH) as a major contributor to the process 

of photocatalytic process. This lowers the concentration and hinders the efficiency. 

Furthermore, the results also indicate the influence of active species in the MB 

decomposition with the order of -OH > e- > H+ > *O2
-. 

 

 

Figure 4.10: Active radical trap test of 10% Mo@LOS-Z 
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A possible mechanism of MB dye photocatalytic degradation is proposed in the 

following chemical equation (R (16) – (20)) and presented in Figure 4.11. 

𝑀𝑜@𝐿𝑂𝑆 − 𝑍𝐴 + 𝑙𝑖𝑔ℎ𝑡 → 𝑀𝑜@𝐿𝑂𝑆 − 𝑍𝐴 (𝑒−) + 𝑀𝑜@𝐿𝑂𝑆 − 𝑍𝐴 (ℎ+) (R16) 

 

𝑀𝑜@𝐿𝑂𝑆 − 𝑍𝐴 (ℎ+) + 𝐻2𝑂 → 𝑀𝑜@𝐿𝑂𝑆 − 𝑍𝐴 + ∙ 𝑂𝐻 + 𝐻+ (R17) 

 
𝑀𝑜@𝐿𝑂𝑆 − 𝑍𝐴 (ℎ+) + 𝑂𝐻− → 𝑀𝑜@𝐿𝑂𝑆 − 𝑍𝐴 + ∙ 𝑂𝐻 (R18) 

 

𝑀𝑜@𝐿𝑂𝑆 − 𝑍𝐴 (𝑒−) + 𝑂2 → 𝑀𝑜@𝐿𝑂𝑆 − 𝑍𝐴 + ∙ 𝑂− (R19) 

 
(𝑒−, ℎ+,∙ 𝑂𝐻,∙ 𝑂−) + 𝐷𝑦𝑒𝑠 → 𝐶𝑂2 + 𝐻2𝑂 + 𝑜𝑡ℎ𝑒𝑟 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (R20) 

 

10% Mo@LOS-Z significantly broadened the photo response range of the 10% Mo@LOS- 

Z composite. When the light is irradiated, the transition of electrons occurs from the VB of 

10% Mo@LOS-Z to the CB due to the successful generation of EHP. This caused oxidation 

and degradation of adsorbed MB by photo-induced holes. As a result, the electrons present 

on CB reduced dissolved oxygen to superoxide radicals (∙ 𝑂−) and the holes present in VB 

produce hydroxyl radicals (∙ 𝑂𝐻). Therefore, MB is degraded due to the predominant effect 

of (∙ 𝑂𝐻) and (∙ 𝑂−) radicals. 



59  

 
 

 

Figure 4.11: Photodegradation mechanism of MB using 10% Mo@LOS-Z photocatalyst under visible 

lamp 

 

The degradation performance of various photocatalysts under different light sources and 

pollutants is discussed in Table 4.3. Under a 35 W Xe lamp, the present study shows 82% 

degradation efficiency of MB and overall enhanced performance of 10% Mo@LOS-Z. 

However, this is less than some other catalysts reported in the literature that achieved 100% 

degradation of MB with strong light sources, such as RGO/TiO2/Zeolite4A and 

bayerite/zeolite-TiO2 but comparable performance can be observed by Ag@CdSe/Zeolite 

and Zeolite-ZnO. Thus, by adjusting light sources or catalyst modifications, degradation 

rates can potentially be improved further. 
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The degradation performances of similar photocatalysts is presented in Table 4.3. 

 

Table 4.3: Comparison of different studies of photocatalytic dye degradation 
 

Photocatalysts Light sources Pollutants Degradation 

efficiency 

Ref. 

10% Mo@LOS-Z 35 W Xe lamp MB 82% This work 

 

RGO/TiO2/Zeolite4A 

 

125 W Hg vapour 

lamp 

 

MB 

 

100% 

 

[83] 

Bayerite/zeolite-TiO2 300 W Xe lamp MB 100% [84] 

 
TiO2/Zeolite4A 

 
125 W Hg vapour 

lamp 

 
MB 

 
- 

 
[85] 

 

Zeolite/g- 

C3N4/ZnO/CeO2 

 

85 W incandescent 

bulb 

 

MB 
 

95.89% 
 

[86] 

Ag@CdSe/Zeolite 300 W tungsten- 

halogen lamp 

MB 89.98% [87] 

Zeolite-ZnO 35 W Xe lamp RhB 81% [88] 

 
Zeolite-supported nano- 

zerovalent iron 

 
- 

 
AO52 

 
80% 

 
[89] 
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4.4 Photocatalytic hydrogen evolution 

 

CFA-BFA blend, LOS-Z, 5% Mo@LOS-Z, and 10% Mo@LOS-Z were used for 

photocatalytic H2 production from the dye-degraded water and methanol as a scavenger to 

comparatively analyze their performance. It is shown in Figure 4.12. 

 

 
Figure 4.12: H2 production of treated dye water during photocatalytic oxidation of methanol in the 

presence of (a) CFA-BFA blend, (b) LOS-Z, (c) 5% Mo@LOS-Z, and (d) 10% Mo@LOS-Z photocatalyst 

 

Figure 4.12(a) shows the initial increase in H2 production (~480 µmol g-1h-1) for the CFA- 

BFA blend in the first 120 min followed by a drop due to its large band gap (3.37 eV) and 

high recombination rates. The LOS-Z in Figure 4.12(b) shows a rapid increase in H2 

production (~890 µmol g-1h-1) in 60 min and a drop (~500 µmol g-1h-1) in 180 min 
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indicating improved structural and catalytic properties after synthesis. In Figure 4.12(c), 

the 5% Mo@LOS-Z remains stable between 90-120 min proving mid-gap state formation 

for a certain period. The production of H2 reaches up to ~1000 µmol g-1h-1, which decreases 

to ~800 µmol g-1h-1 due to the saturation of mid-gap states with charge carriers after a 

prolonged reaction time. Figure 4.12(d) shows an increasing trend for 10% Mo@LOS-Z 

and the highest H2 production (~1200 µmol g-1h-1) among all the samples. This 

photocatalyst has the lowest band gap (3.15 eV) for visible light absorption and reduced 

recombination rates making it the most efficient photocatalyst for H2 production. The 

experiments were repeated two times with an error below 5% to confirm the reproducibility 

of H2 production for each sample. 

 

A similar reaction pathway of methanol oxidation including side reactions is 

described by Oros-Ruis et al. [91] as follows (R21-R27): 

𝑀𝑜@𝐿𝑂𝑆 − 𝑍𝐴 + ℎ𝑣 → 𝑀𝑜@𝐿𝑂𝑆 − 𝑍𝐴 (ℎ+ + 𝑒−) (R21) 
 
 

2ℎ+ + 𝐻 𝑂 → 
1 

𝑂 
 

+ 2𝐻+ (R22) 

2 2     2 

 

2𝐻+ + 2𝑒− → 𝐻2 (R23) 

 

2ℎ+ + 𝐶𝐻3𝑂𝐻 → 2𝐻+ + 𝐻𝐶𝐻𝑂 (R24) 

 

𝐶𝐻3𝑂𝐻 ⇆ 𝐻𝐶𝐻𝑂 + 𝐻2 (R25) 

 

𝐻𝐶𝐻𝑂 + 𝐻2𝑂 ⇆ 𝐻𝐶𝑂2𝐻 + 𝐻2 (R26) 

 

𝐻𝐶𝑂2𝐻 ⇆ 𝐶𝑂2 + 𝐻2 (R27) 



63  

It is evident from R23 that the rapid increase in hydrogen evolution is because of 

photogenerated electrons used for H+ reduction. Furthermore, the hydrogen produced from 

methanol oxidation is described in (R28-33) [107]. 

 

𝐶𝐻3𝑂𝐻 + ℎ+ → 𝐶𝐻3𝑂𝑜 + 𝐻+ (R28) 

 

𝐶𝐻3𝑂𝑜 + 𝐶𝐻3𝑂𝑜 → 𝐶𝐻2𝑂𝐻 + 𝐻2𝑂 (R29) 

 

𝐶𝐻3𝑂𝐻 + 𝐻𝑂𝑜 → 𝐶𝐻2𝑂𝐻 + 𝐻2𝑂 (R30) 

 

2𝑜𝐶𝐻2𝑂𝐻 → 𝐻𝐶𝐻𝑂 + 𝐶𝐻3𝑂𝐻 (R31) 

 

𝐻+ + 𝑒− → 𝐻𝑜 (R32) 

 

𝐻𝑜 + 𝐻𝑜  →  𝐻2 (R33) 

 
The production of H2 by the oxidation of methanol is proposed in the reaction 

mechanism. The reaction is initiated by Mo@LOS-Z excitation when light falls and forms 

an EHP pair. The holes oxidized water to oxygen and hydrogen ions while the electrons 

reduced hydrogen ions to H2. Methanol favoured the direct oxidation of h+ thus forming 

hydrogen ions and aldehydes. Further, the methanol oxidation proceeded to H2 and 

aldehydes. 

 

The suppression of recombination effect is an important factor of a good 

photocatalyst. By preparing a composite, the electronic properties influenced the 

photogenerated electrons and holes separation, reducing the charge recombination 

probability as discussed in PL spectra. Moreover, the change in band gap energy was also 

observed for 10% Mo@LOS-Z extending the lifetime of photogenerated EHPs, increasing 
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photocatalytic activity. The mechanism of photocatalysis of H2 production is illustrated in 

the Figure 4.13. 

 

 

Figure 4.13: Photodegradation mechanism of H2 using 10% Mo@LOS-Z photocatalyst under Xe lamp 

 
Table 4.4 presents the performance of similar photocatalysts in H2 production using 

various light sources. 10% Mo@LOS-Z outperformed many other catalysts and can be 

considered an economical and sustainable alternative, showing an H2 production rate of 

1200 µmol g⁻¹h⁻¹ under a 35 W Xe lamp except ZeoNa-Y@TiO2/Pd which shows a 

maximum H2 production rate of 3.5 mmol g⁻¹h⁻¹. 
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Table 4.4: Comparison of different catalysts used in photocatalytic H2 production 
 
 

 

Photocatalysts 

 

Light sources 

 

H2 production rate 

 

References 

 

10% Mo@LOS-Z 
 

35 W Xe lamp 
 

1200 µmol g-1h-1 
 

This work 

 

Zeolite LTA/TiO2 

 

300 W Xe lamp 
 

238.3 µmol g-1h-1 
 

[32] 

 

ZnO/ZnS-3h-NiS 
 

300 W Osram Vita 

Lux lamp 

 

26 µmol g-1h-1 
 

[93] 

 

ZeoNa-Y@TiO2/Pd 

 

400W Xe lamp 
 

3.5 mmol g-1h-1 
 

[94] 

 

0.2 wt% Nd/TiO2 

 

150 W Xe lamp 
 

300 µmol g-1h-1 
 

[92] 
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Chapter 5: Conclusions and Future Recommendation 

 

 

 
5.1 Conclusions 

 

This study presents the synthesis of LOS-Z from the waste-derived CFA-BFA 

blend. The impregnation of Mo in the LOS-Z matrix enhanced the absorption of visible 

light, improved charge transfer and resisted the charge combination by shifting the 

spectrum towards the visible range, narrowing the band gap and recombination rate 

respectively. The XRD and FTIR confirmed the synthesis of catalysts while optoelectronic 

properties reveal successful engineering of band gap and recombination effect. The 10% 

Mo@LOS-Z narrowed the band gap to 3.15 eV which falls in the visible region. This claim 

is proven by the photocatalytic experiments showing 10% Mo@LOS-Z exhibits better 

performance in degrading MB dye (η = 82%) and H2 production (~1200 µmol g-1h-1). This 

catalytic performance is competitive with and in certain situations better than other catalysts 

using expensive and rare metals. Thus, it can be a viable option for photocatalytic H2 

production owing to its high efficiency and sustainability as a waste-derived material which 

makes it an advantageous option for future energy applications. However, for a more 

thorough understanding, future studies can benefit from advanced characterizations and 

computational studies for more atomistic insights. 

 

5.2 Recommendations 

 

In this work, a photocatalyst was synthesized using blends of coal and biomass fly 

ash been prepared via hydrothermal method, and then Mo incorporated into the synthesized 

material to boost its activity. Material properties of the developed composites were 
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characterized using various techniques. However, to examine these properties more 

effectively, some other factors can be adjusted including the temperature, the amount of 

photocatalyst loaded onto the substrate, the sacrificial reagents such as methanol, ethanol, 

isopropanol, etc., the light source whether LED or the power of xenon lamp, and the type 

of electrolyte such as freshwater, seawater, sludge, or degraded dye solution. All these 

parameters can impact the performance of photocatalysts, but we set up the best of the 

parameters as we had observed in our literature review due to time constraints and resource 

limitations. 
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