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INTRODUCTION 

1. Problem statement 

Along with the development of many areas of industries the arising of 

environmental pollution has become more and more serious. A lot of hazardous 

chemicals have been released into water and air, resulting in severe 

consequences for human health, such as dyes from textile industry, antibiotics 

from aquaculture, pesticides and herbicides from agriculture, etc., that urgently 

requires effective methods to solve the problem. Heterogeneous photocatalyst, 

which is one of advanced oxidation processes, has attracted attention of many 

scientists due to its ability to treat wastewater containing organic pollutants just 

using light with suitable wavelength and air oxygen as oxidant source. One of 

the most photocatalysts that has been used widely is TiO2 owing to its low-cost, 

chemical stability and nontoxicity. However, the big drawback of this catalyst 

comes from its UV light absorption. In order to be a prospective method in 

wastewater treatment, the catalyst should be able to be active in the visible light 

which makes up approximate 8 times higher than that of UV light in the whole 

sunlight spectrum. To find a solution for this, a variety of techniques can be 

applied, including modifying TiO2 and the other oxide photocatalysts by doping 

with metal and non-metal elements, decorating with photosentitizers, etc., to 

make them become activated in the visible range of light. Another way has also 

been studied broadly is fabrication of photocatalysts which themselves working 

in the region of wavelength ranging from 400-600 nm. MoS2 and WS2, two 

members of the transition metal dichalcogenide family, possess the 

corresponding bandgaps of 1.3 eV and 1.35 eV, indicating that both of them 

can be excited by the visible light. As similar to the other photocatalysts, using 

separately could lead to an unavoidable phenomenon, namely high rate of 
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recombination of photoinduced electron and hole. Thus, apart from searching 

an effective method of synthesis, the finding of way of slowing down the 

recombination rate is also an important task. From this high demand of 

production of such photocatalysts to meet the practical amount the following 

topic was chosen as my PhD thesis, “Synthesis of MS2 (M = Mo, W) and their 

modification with g-C3N4 as photocatalysts” 

2. Objective of the thesis 

This thesis aims to find a facile method of synthesis and evaluation of 

MS2 (M = Mo, W) and the composites MS2/g-C3N4 as visible-light-driven 

photocatalysts and building a system that can transfer them from lab scale into 

practical application.  

3. Scope of the thesis 

The scope of the thesis: The method used for the synthesis involving the 

solid state reaction and the modification of MS2 (M = Mo, W) carried out by 

combining them with g-C3N4. The evaluation of photocatalytic activity mainly 

based on the degradation of dyes, including rhodamine B and methylen blue, 

the photodecomposition of an antibiotic enrofloxacin also explored using the 

better catalyst. The building of photocatalytic pilot for using the prepared 

materials just focused on a simple method of recovering the used catalyst 

involving the natural sedimentation and automating the system. 

4. Significanes 

This thesis not only has significance in science, but also in practical is as 

follows:  
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Scientific significance: Building synthesis processes of both MS2 (M = Mo, W) 

and the composite MS2/g-C3N4 using solid state reaction, the investigating the 

photocatalytic activity the obtained materials indicated the importance of 

adsorption in the whole photocatalysis process, the more the amount of organic 

pollutant adsorbs onto the photocatalyst, the larger the efficiency of 

photodegradation of that target molecule the catalyst exhibits. Nevertheless, the 

so high adsorption could lead to a negative effect on the whole process. Apart 

from low power, the monochromatic light emitted from light emitted diode 

could result in a high photochemical space-time yield compared to the others 

such as incandescent and xenon lamps. 

Practical significance: Simplifying the photocatalyst synthesis process of the 

visible-light driven materials, this resulted in a large amount of the catalysts 

that meets the real requirements. Designing the pilot, which can be a flexible 

and practical approach, in other word, that design could be a part of a complete 

wastewater treatment system or used separately and the light could be changed 

from an artificial source of low power to sunlight depending on the situation. 

5. Thesis contributions 

This thesis provides 04 main contributions as follows: 

Successful synthesis of both MS2 (M = Mo, W) and the composite 

MS2/g-C3N4 from sodium molybdate dihydrate and tungstic acid as 

molybdenum and tungsten sources, respectively and thiourea as a source of 

sulfur. The prepared processes were not only facile but also resulted in a large 

amount of the materials that would meet the demand of using photocatalyst in 

practical application. 
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The adsorption-photocatalysis relation to the whole photocatalytic 

process was clarified through the study of pH effect on the photocatalytic 

activity of the prepared materials. This might be meaningful for the choosing 

of suitable photocatalyst for a particular target to reach the highest efficiency. 

Light emitted diode (LED) became the best option lamp compared to the 

others in terms of the efficiency of using electricity, a crucial element in real 

application using a new benchmark, namely photochemical space-time yield 

(PSTY). 

A simple design for a photocatalytic pilot that meets the basic 

requirements of using photocatalyst for water treatment polluted by organic 

substances such as maximizing the contact between the catalyst and the 

wastewater, continuously mixing with air to ensure the dissolved oxygen 

enough for the photodegradation, using LED of low power, etc. Furthermore, 

in order to be practically feasible the designed pilot can be operated 

automatically and easily connected to the complete system in which the pilot is 

just one of the modules. 

6. Thesis structure 

This PhD thesis contains: Introduction (05 pages), three chapters, 

including Chapter 1 – Literature review (22 pages), Chapter 2 – Experimental 

section (19 pages), Chapter 3 – Results and Discussions (47 pages), Conclusion 

(02 pages), References (19 pages) and List of Publications (01 page). 

The numbers of Tables and Figures in this thesis are 05, 66 respectively. 

Involving the thesis, there have been 218 references were cited and 04 

publications, in which 02 belong to ISI journals, namely Bulletin of the Korean 
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Chemical Society and Chemical Engineering and Technology and 02 from 

QNU Journal of Science. 
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Chapter 1. LITERATURE REVIEW 

1.1. OVERVIEW OF CURRENT PHOTOCATALYSTS  

The first photocatalyst studied in 1972 by Fujishima and Honda [59] is 

TiO2 acting as an anode for water splitting in a photochemical cell . Four years 

later, in 1977, it was first used by Frank and Bard for the reduction of CNˉ in 

water widening its application to photodegradation of pollutants in the 

environment [55]. So far, TiO2 has become the most widely investigated 

photocatalyst due to its unique photocatalytic efficiency, photo-stability, low 

cost, nontoxicity, availability, thermal and chemical stability. Besides TiO2 and 

the other photocatalyst ZnO have exhibited their advanced photocatalytic 

activity for wastewater treatment as well [99]. However, they all possess the 

same disadvantage that they do not work under the visible light because of their 

large band gap, e.g. anatase TiO2 has the band gap of 3.2 eV, which 

significantly prevent them from using solar energy for activation. This is due 

to the fact that in the solar spectrum ultraviolet light accounts for only 4-5%, 

meanwhile the visible light makes up to nearly 40% of the solar energy [132]. 

To dealt with this vital deficiency many modifications have been employed to 

make them become active in the visible light region with good efficiency such 

as doping [39], [52], [99], [127], [169], dye sensitization [9], [108], [110], [199] 

heterogeneous coupling [86], [100], [185], [191], [199],  etc. In addition to that, 

a lot of effort has been made to develop the novel materials which themselves 

active under the visible light without any modification. The materials which 

fall into this category have been widely investigated include Bi2WO6 [40], 

BiVO4 [49], Bi24O31Br10 [146], Ag3PO4 [80], CaIn2O4 [45], g-C3N4 [196], etc. 

However, in order to improve the photocatalytic performance they have been 

usually combined with other components, for instance, BiVO4/rGO [155], 

ZnSnO3/rGO [64], Ag3PO4/g-C3N4 [73], Ag/AgBr/g-C3N4 [26], 
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Ag/AgVO3/rGO [213]. Doping has also been a technique for enhancing the 

photocatalytic activity, such as O-g-C3N4 [56], Bi-Ag3PO4 [209], Co-BiVO4 

[217], Mo-BiVO4 [30], B-Bi2WO6 [58]. Among these visible-light-driven 

photocatalysts, transition-metal-dichalcogenides-based such as MoS2-based 

and WS2-based have attracted attention of many scientists due to their 

appropriate bandgap for visible-light harvesting and the other unique properties 

as you will see in the next section, leading to a variety of applications such as 

hydrogen production, pollution reduction, and photosynthesis [74], [111], [119], 

[142].  

1.2. MS2-BASED (M = Mo, W) PHOTOCATALYSTS 

1.2.1. Structures of MS2 (M = Mo, W) 

MoS2 and WS2 are materials that belong to a family of transition metal 

chalcogenides (TMDs) with layered structure in which each unit (MS2) 

comprises a transition metal (M = Mo, W) layer sandwiched between two sulfur 

atomic layers with MoS2 structure representative showing in Figure 1.1. 

 

Figure 1.1. MoS2 structure in three dimensions with the distance between the 

two adjacent layers of 6.5 Å [138]. 
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There are three types of structures of TMDs depending on the arrangement of 

the atoms, namely, hexagonal (H), tetragonal (T) and their distorted phase (T’) 

[34]. Taking MoS2 as a representative of the two materials, it has four following 

polytypes 1H, 1T 2H and 3R as with the drawings shown in Figure 1.2. 

 

Figure 1.2. Four common MoS2 poly-types [12]. 

More specifically, in the 1H phase, the basic unit of MoS2 monolayer, the sulfur 

atoms are organized into two layers creating a sandwich structure having a layer 

of molybdenum atoms in the middle, and the S atoms in the upper layer are 

located directly above those on the lower layers. Meanwhile, for 1T-MoS2 the 

Mo atoms locate at the center positions of the octahedral interstices of the S 

layers and the S atoms in the upper and lower planes are offset from each other 

to form a unit cell [74]. The next polytype of MoS2 is 2H with two MoS2 units 

in the unit cell. Each layer has the structure of 1H with a monatomic Mo plane 

between two monatomic S planes in a manner that described above. Two layers, 

which weakly coupled by van der Waals interaction, in the unit cell are 

arranged so that Mo atoms of one layer are located on top of S atoms in two 

adjacent layers [10]. The 3R MoS2 also has the same trigonal prismatic 

coordination as the 2H MoS2, however, there are three MoS2 units per unit cell. 

Of four polytypes, 1H is the most stable, it is also the stable phase of 2D MoS2 
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[198]. In bulk MoS2, both 1T and 2H exist with the latter phase is usually more 

stable, having different properties, 1T is a metal, meanwhile, 2H is a 

semiconductor [189]. As bulk form MoS2 (2H) is an indirect bandgap 

semiconductor with a bandgap value of 1.3 eV, when reducing the sample 

thickness down to a few atomic layers or even to a 2H monolayer the bandgap 

is widened to 2.1 eV [61], however, still as an indirect form. As mentioned 

above, a 2H monolayer is composed of two layers of 1H linked together just by 

weak interaction of van der Waals force, this allows that monolayer could be 

further divided, leading to a three atomic layer sheet [11]. The transformation 

also converts the for a single 1H layer from indirect to direct bandgap with the 

calculated value increasing to 2.3 eV [38]. Similarly, the bandgap of WS2 has 

the value of 1.35 eV for bulk material as indirect [93] and approximate 2.0 eV 

for monolayer as direct one [206]. This optical property suggests that such 

materials can strongly absorb in the visible region of the solar spectrum, and it 

is more appropriate when using as a cocatalyst. 

1.2.2. MS2-based composites  

Similar to the other photocatalysts such as TiO2, MS2 (M = Mo, W) has 

been widely used in the form of composites to improve the photocatalytic 

activities of the individual components, especially in the field of photocatalytic 

degradation of organic contaminants. The composites in which MS2 (M = Mo, 

W) used as a cocatalyst have been recently developed such as MoS2/graphene 

oxide [47], [95], [104], [215], [220]; MoS2/g-C3N4 [103], [114], [125], [133]; 

MoS2/TiO2 [79], [162], [210]; MoS2/BiOBr [43], [151], [192]; WS2/WO3 [44], 

WS2/TiO2 [190], WS2/BiOBr [57]. Among various partners that MS2 (M = Mo, 

W) combine with, g-C3N4 has been considered as a promising candidate due to 

its electronic structure with band gap of 2.7 eV, in addition to low-cost, 

abundance of source, non-toxicity and chemical stability [83], [112], [207]. The 
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combination of MoS2 and g-C3N4 to create a composite is favourable due to the 

two facts, firstly, both of them are layered materials could result in intimate 

contacts facilitating for the charge transfer between the two phases, and another 

comes from the proper band edges of the two components [178] to produce type 

II of semiconductor heterojunctions [181]. Regarding the proper band edges, g-

C3N4 has the conduction band (CB) and valence band (VB) edges at -1.13 eV 

and +1.57 eV, respectively, meanwhile, the corresponding values of MoS2 as 

nanosheets are -0.1 and + 2.0 eV [61]. This difference in band edges allows the 

electrons transfer from the CB of g-C3N4 to that of MoS2 and the holes transfer 

from the VB of MoS2 to that of g-C3N4. As a result, in the formed composite 

MoS2/g-C3N4 both electrons and holes are more mobile compared to the 

individual components. This leads to the reduction in recombination rate of 

photoinduced charge carriers, therefore increase the photocatalytic activity.  

1.2.3. Synthesis methods 

1.2.3.1. MS2 (M = Mo, W) synthesis 

In order to obtain MS2 as mono or few layers the following two strategies, 

namely, “top-down” exfoliation and “bottom-up” synthesis method have been 

widely used [211]. The two representatives for the former strategy are 

mechanical exfoliation, exfoliation method, meanwhile, hydrothermal method, 

solvothermal method and chemical vapor deposition representing for the latter 

one [189]. Like graphene sheets synthesis, MoS2 single-layer can be exfoliated 

from SiO2/Si with Scotch-tape method [101]. Regarding the exfoliation method, 

that could be chemical exfoliation [65], liquid-phase exfoliation [69] and 

electrochemical exfoliation [115]. Lithium ion intercalation is the most 

common chemical method for fabrication of 1T metallic MoS2 using n-

butyllithium in hexane reacting with MoS2 powder under argon atmosphere, at 

65oC overnight to form LixMoS2. After removal of unreacted n-butyllithium 
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and its organic residue, the embedded MoS2 was dispersed in deionized water, 

then, centrifuged to get the stable MoS2 nanosheets [65]. Sonication, a liquid-

phase exfoliation is also an effective method for preparation of MoS2 

nanosheets [37]. The exfoliation method can be used to fabricate WS2 

nanosheets as well. Among the mentioned methods, hydrothermal method is 

the most common regarding economical aspect. In this method, an amount of 

sulfur source, commonly used such as thiourea and thioacetamide, and a 

molybdenum salt, such as Na2MoO4, (NH4)6Mo7O24 are mixed together in 

deionized water, then the resultant solution was heated in an oven at 200oC for 

24h after being transferred to a Teflon-lined stainless steel autoclave [36], [218]. 

If an organic solvent is used instead of water, the other conditions keep the 

same then the method called solvothermal method. Some widely used organic 

solvent for this task include N-N-dimethylformamide, 1-methyl-2-

pyrrolidinone and polyethylene glycol-600. In order to create a high-quality 

atomic thin MoS2, chemical vapor deposition (CVD) has been broadly 

employed. For example, MoS2 could be synthesized by sulfurization of MoO3 

using this method [102]. WS2 nanosheets were also synthesized using those 

methods applied for MoS2 as mentioned above, such as mechanical exfoliation 

[131], [135], chemical exfoliation [35], [113], liquid-phase exfoliation [214], 

hydrothermal method  [21], [46] and CVD method [168], [200]. 

1.2.3.2. MS2/g-C3N4 synthesis 

In contrast to the synthesis of MoS2 as discussed in the previous 

section, the synthesis of the MoS2/g-C3N4 composite has been reported in 

just only a few studies [107], [150], [167]. Generally, the reported methods 

consist of three steps in which, the two individual materials g-C3N4 and 

MoS2 are produced separately, by heating precursors such as urea, 

melamine, cyanamide for the former, and a hydrothermal method for the 
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latter. Then, the mixture of g-C3N4 and MoS2 is treated by ultrasound. 

However, both of the hydrothermal and ultrasound steps require high 

energy and the former occurs at hydrothermal conditions. Similarly, few 

reports on WS2/g-C3N4 as photocatalysts have been published [4], [78]. For 

example, WS2/mpg-C3N4 catalysts were prepared using (NH4)2WS4 as WS2 

precursor in the presence of mpg-C3N4 under the atmosphere of the gas mixture 

of H2S and H2 [78]. In another study, g-C3N4/WS2 samples were prepared by 

heating mixture thiourea and WO3 at 550 oC under CS2 gas [4]. Therefore, a 

facile method to synthesize a large amount of the materials without 

compromising photocatalytic activity is still in need.  

1.3. PHOTOCATALYTIC PROCESS, LIGHT SOURCES AND 

ASSESSMENT BENCHMARKS 

1.3.1. Photocatalytic degradation mechanism 

 In general, the system of heterogeneous photocatalysis using 

semiconductor material to absorb the suitable light to produce charge carriers, 

then these species will take part in the redox reactions occurring on the surface 

of the material but the semiconductor is still unchanged after the process. This 

kind of material is called a photocatalyst. The suitable light as mentioned above 

is the electromagnetic irradiation which has photon energy, hν, equal to or 

greater than the band gap (Eg) of the employed photocatalyst. The excitation of 

an electron (e-) from the valence band (VB) to the conduction band (CB) will 

happen once the light absorbed, leaving behind a photogenerated hole (h+) at 

the VB as illustrated in Figure 1.3.  
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Figure 1.3. Photocatalysis principle [17] 

These photoinduced electron and hole can recombine and give off the absorbed 

energy as heat form (Equation 1.2) or migrate to the surface of the catalyst to 

react with the available molecules in the system such as oxygen and water to 

form reactive radicals including HO˙ and O2˙ˉ (Equations 1.3 and 1.4), 

respectively. Subsequently, these powerful species along with hole could 

completely photodegrade the organic pollutants presenting in the system to 

simple molecules such as carbon dioxide and water through a number of 

intermediate species (Eq.1.5). These reactions were broadly proposed as 

follows [17]: 

Photocatalyst + hν → h+ + e-       (1.1) 

h+ + e- → energy (heat)         (1.2) 

h+ + H2O → HO˙ + H+        (1.3) 

O2 + e- → O2˙ˉ         (1.4) 

pollutant + (h+, HO˙, O2˙ˉ) → intermediates → CO2 + H2O  (1.5) 
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The recombination phenomenon of e- and h+ occurs just within picoseconds 

after photogeneration if there is no scavenger in the system [17]. However, even 

in the presence of scavengers, the recombination of the photoinduced charges 

is not completely avoidable due to its high rate. This leads to the dissipation of 

energy and therefore reducing the quantum efficiency [32]. The causes for this 

phenomenon could be ascribed to imperfections in the crystal and it may 

happen both on the surface and in the bulk of the semiconductor. Thus, the 

techniques that use in prolonging the lifetime of the photogenerated electron 

and hole play a crucial role in improving the photocatalytic activity of the 

photocatalyst. The normal methods which have been applied for this purpose 

are doping, co-catalyst addition, heterogeneous coupling, etc. This will be 

discussed more detail in the below sub-sections of this chapter.  

1.3.2. Reaction kinetics 

 In the photocatalytic process for photodegradation of organic 

contaminant, a series of five consecutive steps includes the transportation of 

reactant from bulk of the solution to adsorb onto surface of the catalyst, then 

the interfacial photoreaction and finally the desorption of the product to the 

bulk from the surface. This five-step process is illustrated by a flowchart as 

shown below. 

 

Figure 1.4. Five-step flowchart of heterogeneous photocatalysis [17].  

For consecutive reactions as shown in Figure 1.4, the overall photocatalytic 

reaction rate is controlled by the slowest stage. This rate determining step in 
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the photocatalysis process would be the photoreaction taking place on the 

catalyst’s surface if the reactor is under continuously stirred condition, then the 

rate of the reaction (r) converting (R) into (P) can be defined as, 

r = -dC/dt = k.θ      (1.6) 

where θ is the fraction of reactant absorbed, k is the reaction rate and if the 

adsorption process obeys the Langmuir model then this quantity can be found 

as follows, 

θ = KC/(1+KC)      (1.7) 

where C is the concentration of reactant at adsorption-desorption equilibrium, 

and K is the adsorption coefficient of the reactant. From Eq.(1.6) and (1.7), the 

reaction rate becomes, 

r = -dC/dt = kKC/(1+KC)   (1.8) 

Equation 1.8 expresses the kinetics of photocatalytic degradation of organic 

compounds which follows the Langmuir-Hinshelwood model [60]. In the case 

of low concentration of reactant, C << 1 the rate can be simplified to that of the 

apparent first-order reaction with rate constant kapparent = kK: 

r = -dC/dt = kKC      (1.9) 

or  

ln(Co/Ct) = kKt = kapparent.t   (1.10) 

where Co, Ct are the concentrations of reactant before illumination and after an 

illumination time t. It is worth to note that these concentrations are also at 

equilibrium of adsorption and desorption due to the assumption that both of 

these processes are fast steps.  
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1.3.3. Adsorption role in photocatalytic process 

In the previous section, adsorption of the organic target onto the 

photocatalyst is a step in the photocatalytic process. The importance of this step 

in the whole process has been reported in some researches [28], [117], [118], 

[126], [149]. In which the work of Y. Luo et al. indicated that the 

photodegradation rate of Reactive Red 120 on the surface of g-C3N4 was much 

faster than that in the solution [117], that means the photodegradation mainly 

occurs to the target molecules adsorbed on the catalyst’s surface. As a result, 

the factors that affect the target adsorption onto the catalyst, therefore the 

photodegradation rate include the nature of the target, initial target 

concentration, solution pH and photocatalyst’s surface area [94]. For a specific 

target onto a photocatalyst, a change of solution pH might result in a significant 

effect on the photodegradation rate of that molecule. This is due to the fact that 

pH can determine both the surface charge of the photocatalyst and the target 

molecule’s charge, thus they can attract or repel each other, leading to an 

increase or decrease the extent of adsorption of that molecule onto the surface. 

The surface charge of the catalyst will be negative or positive depending on the 

solution pH is greater or smaller than the material’s point of zero charge (pHpzc), 

respectively. Meanwhile, if the target molecule contains any functional group 

that can be protonated or deprotonated, the ionization of that molecule will 

occur to form ion when changing the solution pH. For instance, methylene blue 

a cationic dye having no such a functional group would be photodegraded better 

in solution with a high pH at which the used catalyst having negative charge on 

the surface, such as at pH 11 over CeO2 [136], pH 10 over Ag-TiO2 [144], pH 

8 over Ta-ZnO [92].  In contrast, an anionic dye such as reactive red 120 has 

the tendency of being degraded in a solution of low pH enough to make the 

employed material surface become positive such as at pH 7 over Pd-TiO2-SO4
2- 
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[172], pH 5 over AgBr/TiO2 [173], pH 5 over TiO2 [33]. Actually, a high pH 

solution can produce more hydroxyl radical for the photodegradation therefore 

making a contribution to the process. However, even the photodegradation 

caused by hydroxyl radical, this also happens on the photocatalyst surface. As 

a result, the adsorption of the target molecule onto the surface always plays an 

important role in the photocatalytic process, especially cases that the 

photodegradation is responsible for the direct oxidation by hole or reduction by 

electron from the conduction band or valence band, respectively [33]. Due to 

this importance, a study of this factor should be taken into account during the 

investigation of photocatalytic activity of a photocatalyst. 

1.3.4. Light sources for photocatalysis – Light emitting diodes (LEDs) 

In the photocatalytic process, the choice of light source is also one of the 

important aspects in the experimental setup. The light sources which have been 

widely applied in the photocatalysis such as Xe lamp as simulated solar light 

[24], [156], [182], mercury arc lamp as UV light [160], [163], [175], UV-LED 

[27], [29], [85], visible LED [159], [179], [180]. Both the first two lamps are 

relatively high energy consumption due to the high applied voltages, and a large 

amount of consumed energy releases as heat [84], [202]. In addition, the 

conventional ultraviolet light sources have other drawbacks such as containing 

hazardous mercury, having a relatively short lifespan, and being difficult to 

operate [3], [165]. Meanwhile, LEDs have shown its advantages, including the 

compact, lower cost, and environmentally friendly light source. Besides this, 

the LED light output is directly proportional to the current within its active 

region along with their small size and relatively longer life span (more than 

50,000 h) compared to conventional ultraviolet sources [84]. An LED is a 

semiconductor device which can emit light of different wavelength from 

infrared, visible to ultraviolet depending on the composition and type of 
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semiconductors. As a result, the using of both ultraviolet and visible LEDs of 

various powers for photocatalytic removal of organic pollutants has been 

increased significantly. For example, using 120 mW UV-LEDs with a peak 

wavelength of 395 nm to decompose o-cresol over TiO2 [29], 12 W high 

intensity visible LED (436 nm) to degrade 4-chlorophenol over coumarin dye 

sensitized TiO2 photocatalyst [63], this study also indicated that the 

photodegradation using LED is more suitable than Hg lamp under the same 

conditions. The other LEDs as flexible 2-meter strip (30 pcs/m, 7.5 W/m) which 

emit light of longer wavelength such as white, blue (465 nm), green (523 nm), 

and yellow (589 nm) also used for photocatalytic degradation of bisphenol A 

over carbon and nitrogen codoped TiO2 [179]. Apart from these applications, 

the photodegradation of dyes using both ultraviolet and visible LEDs as 

irradiation sources over various photocatalysts has been studied, for instance, 

methylene blue over P-25 Degussa [164], rhodamine B over TiO2 [130], etc.  

The advantages of using LED over the others types of lamps make it 

become a promise light source for photocatalytic process, especially regarding 

the aspect of energy efficiency of the light source and low-heat that produced 

during the operation.  

1.3.5. Photocatalytic reactor assessment 

 In order to compare the efficiency of different photocatalytic reactor 

designs the following two quantities have been widely applied in the literature. 

Apparent first-order reaction rate constant, k, which usually is expressed in min-

1, as mentioned in the previous sub-section, is the first one. This is a useful 

benchmark for comparing different reactors in terms of conversion rate. 

However, the reaction rate is dependent on the three following factors, 

including volume, light intensity and catalyst loading. The second quantity is 
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quantum yield (ε), which can be defined as the percentage of photons which 

causes charge carriers to become active and expressed as, 

 
100

r

in out

RV
z

A

 
 

    (1.11) 

where z is the amount of electrons transferred per molecule to be degraded, R 

(mol.L-1.s-1) is the reaction rate, A (m2) is the illuminated area, Vr (L) is the 

reactor volume and Φ (mol.m-2.s-1) is the photon flux. 

The quantum yield, ε, shows the efficiency of using light of the reaction system. 

Nevertheless, none of the mentioned benchmarks gives information on the 

electrical consumption of the reactor. This could lead to the case that the two 

reactors might have the same value of ε and/or the same reaction rate; however, 

the used lamp powers may be not similar [97]. 

A new, simple and useful benchmark has been developed by Leblebici et al., is 

photochemical space time yield (PSTY) [98], with the expression is as follows: 

STY
PSTY

LP

       (1.12) 

where STY (day-1) is space time yield and LP is the standardized lamp power 

(kW). The STY is direct proportional the reaction rate constant with a particular 

expression depending on the type of used reactor. Meanwhile, LP term relates 

to not only lamp power, but also reaction medium volume. As an example, for 

a batch reactor, the PSTY can be calculated by the following expression:  

PSTY = k.V/999.P    (1.13) 

where k is the reaction rate constant (day-1), P is the lamp power (kW) and V is 

the used volume of treating solution (m3).  
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The Equation 1.13 indicates that this benchmark is more general than k itself 

because it not only contains the rate constant, but also includes both V and P, 

thus it gives a representative of the whole reaction system rather than only the 

reaction occurred in that system. The presence of lamp power makes the 

benchmark more practical in terms of expenditure of the electricity consumed. 

It is worth to notice that the PSTY benchmark does not include one of factors 

that also affect the reaction rate of the photodegradation of organic pollutant 

over photocatalyst, namely catalyst loading. This is excluded from the 

benchmark due to the fact that its consumption by the reactor is very low, then 

the expenditure for that is negligible compared to the cost of electricity.  

1.4. PHOTODEGRADATION OF ANTIBIOTICS AND DYES 

IN AQUEOUS SOLUTION 

1.4.1. Antibiotics photodegradation 

The presence of antibiotics in waste water even at low concentrations 

could cause many adverse effects on human health and aquatic life, however, 

they have not been removed effectively by conventional treatment methods. 

Therefore, more effective methods like ozonation, Fenton/photo-Fenton and 

semiconductor photocatalysis have been employed widely [76]. Among the 

mentioned methods, using photocatalysts has been proven as a promise one, 

especially the heterojunction photocatalysts rather than the individual ones [88]. 

The two antibiotics, which belong to the class of fluoroquinolone antibiotics 

causing particular environmental relevance due to their extensive use in both 

human and veterinary medicine are enrofloxacin and ciprofloxacin [51]. 

Nevertheless, both of these antibiotics are not readily biodegradable [5], [143], 

thus a requirement of a treatment method is necessary. The photodegradation 

of ciprofloxacin has been reported over some heterogeneous photocatalysts 
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such as BiVO4/Bi2WO6 [158], ZnO/SnS2 [121], Bi2O3/(BiO)2CO3 [31]. 

Meanwhile, enrofloxacin also can be photodecomposed by this type of 

photocatalyst, for example, Fe3O4/TiO2-GO [205], Ag2O/CeO2 [188]. As a 

representative, enrofloxacin was chosen in this thesis with the molecular 

structure and its corresponding UV-Vis spectrum is shown in Figure 1.5.  

 

 

Figure 1.5. Molecular structure of enrofloxacin (left) and its UV-Vis 

spectrum (right). 

1.4.2. Dyes photodegradation 

Dyes are the substances used for creating or changing colour in many 

industrial areas such as textile, printing, paper, rubber, paint, plastic, etc. The 

discharging of a portion of these dyes leads to the streams and waterways 

become contaminated, dyes are thus one of the prominent pollutants in the 

environment [153]. Due to the complex structure the synthetic dyes, 

conventional methods, including precipitation, adsorption, aerobic, and 

biological treatment cannot be used as effective ones. Therefore, a stronger and 

also green method is still in need to solve the problem, heterostructure 

photocatalyst is one of such methods. The dyes could be classified into two 

categories, namely anionic and cationic dyes. The first type is also known as 

acid dyes because the negative charge comes from the deprotonated forms of 

acidic functional groups such as –COOH, phenol, -SO3H. The second type of 
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dyes or basic dyes contain cationic functional groups like –NH3
+ or =NR2

+, this 

type of dyes is highly stable, therefore it is quite difficult to decompose them 

from effluent. Rhodamine B (RhB) and methylene blue (MB) are the typical 

cationic dyes which are pollutants produced from textile, plastic and dye 

industries [72]. Their structures and the corresponding UV-Vis spectra are 

shown in Figure 1.6. 

 

 

 

(a) 

 

(b) 

Figure 1.6. Methylene blue (a) and rhodamine B (b) structures and their 

corresponding UV-Vis spectra 

As seen in Figure 1.6, the two cationic dyes differ from each other the form 

they could exist in aqueous solution with different pHs. The MB molecule 

only adopts a cationic form, meanwhile, the RhB can form both cationic 

and zwitterionic species depending on pH solution. The corresponding 

maximum absorption wavelengths of MB and RhB are 664 nm, 553 nm 
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observed from their UV-Vis spectra (recorded by LAMDA 365 UV/Vis 

Spectrophotometer) as shown in Figure 1.6 as well. The photodegradation 

of RhB to the different extents has been reported by many researchers over 

photocatalysts such as ZnO/Ag2CrO4 [134], Bi2O2CO3/BiOCl [116], 

BiVO4/InVO4 [66]. The first two heterojunction materials entirely 

decomposed the RhB dye, meanwhile the last one degraded 98% of the dye. 

The heterogeneous photocatalysts also used to degrade the MB dye 

including MoS2/ZnO [89], NiO/SnO2 [6] with the degradations of 97% and 

99%, respectively. These results suggest that the heterojunction 

photocatalysts are highly appropriate to use as an effective method to treat 

wastewater polluted by the stable cationic dyes like RhB and MB. 

1.5. PHOTOCATALYTIC PILOT DESIGN OVERVIEW 

The effectiveness of utilizing photocatalysts for waste water treatment 

has been demonstrated through the complete degradation of a wide range of 

toxic organic pollutants. However, the treatment has just been successful at a 

laboratory scale, meanwhile at a pilot scale some of the technical problems still 

need to solve to meet the practical application requirements. These major 

factors that have to be considered to design an effective photocatalytic pilot are 

the illumination of the catalyst in terms of both scientific and economic aspects, 

the reuse of photocatalyst, and the operation of the system [140]. Normally, 

there are two types of reactor regarding the catalyst installation, including 

slurry reactor in which the catalyst is uniformly dispersed in the solution and 

another type, in contrast, is the immobilization of the catalyst [98]. Each of 

them has its own disadvantages, while the separation of the catalyst is a barrier 

for the employment of the former installation, the latter faces the difficulty of 

how to immobilize the catalyst without decreasing its photocatalytic activity 

due to an unavoidable drop in the surface area contacting to the contaminated 
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water and mass transfer problem. If the separable step could be improved, the 

slurry reactor would be a better choice, especially in the case of using a 

photocatalyst that differs from TiO2. Although the photocatalytic system at 

pilot scale for photodegradation of organic contaminants has been widely 

studied around the world, however, to our knowledge this field of research in 

Vietnam is still limited. Therefore, the building of a photocatalytic pilot using 

visible-light-driven photocatalyst with a simple structure, but automatic 

controlled could provide one more option for the treatment of wastewater 

besides the conventional methods as mentioned above. 

1.5.1. Slurry reactors versus immobilized catalyst reactors 

Photocatalytic reactors can be classified into two types, called slurry 

reactors and immobilized reactors based on the way of catalyst distributing in 

the system as dispersion particles and fixing on a particular surface, 

respectively [96]. In the former type of reactors the mass transfer limitations 

are minimized due to the even distribution throughout the system of high 

surface area catalyst. The geometry of the slurry reactors has been designed to 

focus on how to utilize the light for illumination as efficient as possible or 

dealing with the photon transfer limitations. This based on the fact that there is 

a threshold irradiance for a specific photocatalyst, that means when reaching 

the threshold an increase in irradiance leads to a decrease in overall photonic 

efficiency and the observed linear relationship between light intensity and 

reaction rate only occurs in the range of irradiance having values lower than 

that of threshold point. According to the Carp reports, the threshold irradiance 

for TiO2 is 25 mW.cm-2 [23]. Some typical reactors belong to this category are 

multi-lamp reactor [18], rotating annular reactor [157], fountain reactor [105]. 

However, a high barrier that prevents those slurry reactors from practical 

applications is the difficult catalyst recovery step coming from the nanosize of 
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catalyst particles. This tough issue can be solved by immobilizing the catalyst 

on a surface, thus creating another type of reactor as mentioned above the 

immobilized catalyst reactors which make photocatalysis becomes more 

industrialized integrated. This catalyst coating also results in an increase in 

mass and photon transfer limitations due to the transport of the pollutant to the 

catalyst surface being governed by diffusion. Therefore, maximizing the 

illuminated surface has been the main objective in designing this type of 

reactors. Some of the typical immobilized catalyst reactors are parallel plate 

reactor [174], microreactor [176], optical fibre reactor [42], foam reactor [50], 

spinning disc reactor [201].  

1.5.2. Photocatalyst separation 

A serious problem that arises from using photocatalyst for 

photodegradation of organic pollutants is how to separate the employed 

photocatalyst from slurry reactor. This separation step can be removed if the 

catalyst in the system is immobilized.  

1.5.2.1. Catalyst immobilization 

Practically, the immobilization of photocatalyst, usually TiO2 has been 

carried out on a support which satisfies several criteria [145] such as strong 

adherence between catalyst and support, unchanging the catalyst reactivity 

during the combining process, possessing a highly specific area and adsorbing 

pollutants easily. The widely used supports that meet the mentioned 

requirements, including glass [16], [62], activated carbon [48], [122], silica gel 

[145], [152], etc. The common glass is used as a substrate is borosilicate due to 

its highly transparent property and high calcination temperature [145]. One of 

the common methods for coating TiO2 on the glass support is dip coating [54], 

with an example described as follows. Firstly, glass was carefully cleaned by 

sonication in acetone. Then, it was immersed in a solution of titanium 
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tetraisopropoxide in dry i-PrOH. Finally, the sheet was removed from the 

solution at a constant rate of 20.32 cm/min to obtain the sample after the drying 

process. A wide range of other techniques have been developed such as 

modified thermal treatment [19], sol-gel [8], electrochemical anodisation and 

spray coating [20], etc. The development of immobilization techniques along 

with the immobilized catalyst reactors as presented in the previous section that 

makes photocatalysts become more practical. It is obvious that this type of 

reactor brings us the benefit from the fact that the catalyst is not to be separated 

for the next cycle, however, it can make other problems including the lower 

efficiency compared to those using suspended particles [71] and the situation 

become even worse if the wastewater containing iron which could deposit onto 

the catalyst resulting in the catalyst fouling, therefore, decrease the treatment 

efficiency [129]. 

1.5.2.2. Catalyst separation 

There have been various methods to recover the photocatalysts which 

used as suspended particles in slurry reactors such as microfiltration [109], 

[186], ultrasound [161], foam flotation [148], coagulation [87], hydrocyclone 

[15], and sedimentation [128]. Among the mentioned ways of catalyst 

separation the sedimentation is simple method due to its operational simplicity. 

This method is based on the fact that at the point of zero charge (pHpzc) the 

dispersed particles tend to be aggregated, then the sedimentation process could 

be faster [53]. In order to achieve the pHpzc of the used material the change of 

suspension pH can be applied. Take TiO2 as an example, at pH 7 which is close 

to its pHpzc the sedimentation rate was much improved compared to the other 

pHs [53]. Another way of making the settlement of catalyst faster is creating a 

higher specific gravity material as in study of MS Nahar et al. by doping TiO2 

with iron, the obtained sample Fe-doped TiO2 with higher content of iron 
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exhibited a higher rate of catalyst sedimentation [128]. This simple way of 

recovery of photocatalyst could also be useful for practical application of this 

type of material in the wastewater treatment process if we can build a pilot that 

can be operated automatically.  
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Chapter 2. EXPERIMENTAL SECTION 

2.1. CHEMICALS AND EQUIPMENTS 

The chemicals used in this thesis are listed in Table 2.1. All chemicals were 

used without further purification. 

Table 2.1. Main features of the used chemicals 

Name     Formula  Purity          Supplier 

Tungstic acid           H2WO4  98%                  Merck 

Sodium molybdate            Na2MoO4.2H2O    99.5%       Sigma-Aldrich 

dihydrate 

Thiourea   CN2H4S  99%          Sigma-Aldrich 

Rhodamine B  C28H31ClN2O3       95%         Sigma-Aldrich 

Methylene blue       C16H18N3SCl.3H2O 98.5%       Sigma-Aldrich 

Enrofloxacin   C19H22FN3O3        98%        Sigma-Aldrich 

Triethanolamine    C6H15NO3              99+%        Acros Organics 

Tert-butyl alcohol    C4H10O                  99.5%                 Merck 

p-Benzoquinone    C6H4O2   98%           Sigma-Aldrich 

Dimethylsulfoxide            C2H6OS  99.9%        Sigma-Aldrich 

Hydro peroxide                 H2O2                     35%                    Merck 

Hydrochloric acid             HCl    0.1 M               Reagecon 

Sodium hydroxide             NaOH                  0.1 M               Reagecon 

 

 

Distilled water was used to prepare all of the aqueous solutions in this study. 

The equipments that used to set up pilot are listed in Table 2.2. 
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Table 2.2. Equipments for pilot building 

Equipment    Description     No. 

Feed tank with stirrer  50 L, inox 304    1 

Pump     180 W, 24 V DC    1 

Autovalve    24 V,d = 21 mm    3 

DC-DC converter circuit V-A controller and display  1 

Flow meter    Flow sensor, DN 15   1 

Light source   Blue LED, 50 LEDs/board  2 

 

 

2.2. MATERIALS FABRICATION 

2.2.1. Fabrication of WS2/g-C3N4 

 The WS2/g-C3N4 composites were synthesized via a facile solid-state 

calcination from precursors of tungstic acid and thiourea [2]. In a typical 

procedure, mixtures of tungstic acid and thiourea with different weight ratios 

were ground well, transferred into a ceramic cup covered closely by aluminum 

foil, and then treated at 500oC for 3h under inert medium in an oven. The 

obtained products were denoted as nWCN, in which n equals to 5, 7 and 10 

corresponding to the weight ratios of tungstic acid and thiourea being 1:5, 1:7 

and 1:10. For comparison, WS2 was prepared by heating a mixture of tungstic 

acid and thiourea with a weight ratio of 1:10 at 650 oC for 3h in N2 gas, denoted 

as WS2; g-C3N4 was synthesized with the same procedure for nWCN except 

absence of tungstic acid in the reaction mixture and referred as g-C3N4. The 

images of prepared samples were attached in Appendix 1. 
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2.2.2. Fabrication of MoS2/g-C3N4 

 The layered MoS2 was synthesized by calcination of Na2MoO4 and 

thiourea [1]. Specifically, 1.0 g of sodium molybdate (VI) dihydrate and 3.0 

g of thiourea were well ground in a mortar before transferring into a ceramic 

crucible (30 mL). This crucible was covered by its lid to prevent the loss of 

product from sublimation. The mixture was then heated to 550°C at a 

heating rate of 10oC/min under N2 gas atmosphere and then was kept at 

550oC for 2 h. The composites MoS2/g-C3N4 were fabricated by heating the 

mixture of prepared MoS2 and thiourea with different weight ratios. 

Typically, mo gram of MoS2 was well-mixed with 24.0 g of thiourea by a 

shaker (IKA Vortex 3) before grinding thoroughly by pestle and mortar, 

then the mixture powder was transferred to four separate 30-mL ceramic 

crucibles and were heated as per the conditions described for synthesis of 

MoS2 above (heating rate 10oC/min, 550oC under N2 gas for 2h) to produce 

MoS2/g-C3N4 samples denoted as MCN1, MCN2, MCN3 and MCN5 

corresponding to the mo values of 0.06, 0.12, 0.18 and 0.30.  

For comparison, g-C3N4 was also prepared by heating thiourea in the same 

conditions, the final mass yield of the preparation was 15%. All the 

obtained samples were washed with distilled water and ethanol before being 

heated at 60oC for 10h. The MoS2 contents in the MCN1, MCN2, MCN3, 

and MCN5 were calculated to be 1.6, 3.2, 4.8 and 8.0 w.t. %, respectively. 

The images of prepared samples were attached in Appendix 1. 

 

2.3. CHARACTERIZATIONS 

2.3.1. Material characterizations 

For characterization of the samples, Powder X-ray diffraction 

(XRD) was conducted on an X-ray diffractometer (Brucker D8 Advance) 
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using CuKα irradiation (λ = 0.1540 nm), accelerating voltage 30kV and 

applied current 0.01A. Transmission electron microscope (TEM) was 

collected using Jeol Jem 2100F and scanning electron microscope (SEM) 

images were recorded by  JEOL JSM-600F equipped with an energy 

dispersion X-ray spectrum (EDS). Infrared and Raman spectra were 

recorded using IRAffinity-IS (Shimadzu) spectrometer and Raman 

spectra used T64000 Raman with a 647.1 nm laser as an excitation source 

and detector CCD was cooled by liquid nitrogen, respectively. The 

thermogravimetric-differential scanning calorimetry analysis was carried 

out on the SETRAM LABSYS TG system under air or argon flow with 

heating rate of 10 oC/min. The optical properties were examined on a Jasco 

V-650 Spectrophotometer (No. UV-1800) using BaSO4 as reference. The 

surface area of samples was determined with TriStar 3000 V6.07 A. X-ray 

photoelectron spectroscopy (XPS) measurements were made on an Escalab 

250Xi system.  

2.3.2. Determining point of zero charge 

The point of zero charge (pHpzc) of the materials was determined by 

following procedure. Typically, for each of samples, four 25-mL solutions 

with different pHs were prepared from distilled water, 0.1 M HCl and 0.1 

NaOH solution. Then, 146 mg of NaCl was added to each of them to make 

the same ionic strength (0.1 M) for all solutions. Next, the pHs of the 

obtained solutions was recorded by pH meter as initial values (pHi). 

Following this, the catalyst was added (50 mg to each container) and the 

containers were shaken for 24h, after which the final pHs (pHf) were 

measured. A plot of ΔpH = pHf – pHi against the initial pH was drawn, and 

the pHpzc was the point at which the resulting curve and horizontal axis 

intersected. 
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2.3.3. Light spectra and intensity 

The spectra of light from an incandescent lamp and blue light were 

recorded by Ocean Optics QE 65 Pro spectrophotometer. The intensity of 

the blue light was also measured using the same spectrophotometer. This 

experiment was carried out at ProCESS, Chemical Engineering and 

Technology, KU Leuven. 

2.4. PHOTOCATALYSIS EXPERIMENTS 

2.4.1. Reaction system 

In order to investigate the photodegradation test on target molecules, 

a suitable reactor was designed to have a jacket for controlling the 

temperature using a thermostat bath (Julabo) of the observing solution as 

shown in Figure 3.1. The used blue light was emitted by 20 LEDs (Winger) 

from the top with the voltage and current can be changed and stabilized 

manually using RND 320-KA3005P DC power supply. The other light 

source was 100 W incandescent lamp. The solution in the reactor can be 

stirred magnetically using an IKA lab disk.  

 

Figure 2.1. Photocatalytic reactor 

The reactor was put in the black box as shown in Figure 2.2.  
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Figure 2.2. Reaction system: (a) black box, (b) DC power supply and (c) 

thermostat bath. 

2.4.2. Photocatalytic activity evaluation 

The photocatalytic activity of the prepared materials was conducted 

by photodegradation of methylene blue (MB), rhodamine B (RhB) and 

enrofloxacin (ENR) in aqueous solution. The procedures employed for 

the two types of photocatalysts are as follows. 

For WS2/g-C3N4 samples, the optimal catalyst dosage was 

investigated by adding an amount of catalyst into a volume of 90 mL of 

dye solution with the initial concentrations of 30 mg/L for both MB and 

RhB to achieve the catalyst concentration in the range from 0.5 g/L to 1.3 

g/L, the optimum then applied for other experiments including the 

degradation of RhB. Before illumination, the reaction mixture was stirred 

continuously for certain time in dark to reach adsorption-desorption 

equilibrium. The reaction mixtures were then irradiated by a 100 W 

incandescent lamp which has the light spectrum shown in Figure 2.3 

using a filter cutting off UV rays. Meanwhile, the photocatalytic activity 

of the as-prepared MoS2/g-C3N4 samples were evaluated using RhB as a 

(a) (b) (c) 
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pollutant molecule. Into a 25 mL of dye solution at initial concentrations of 

5.0 and 10.0 mg.L-1 for RhB and MB, respectively, the catalyst is dispersed 

at concentrations varying from 0.3 g.L-1 to 1.1 g.L-1 under stirring and the 

solution was kept in dark to achieve adsorption equilibrium. 

 

Figure 2.3. Spectrum of light emitted from the incandescent lamp 

Then, the obtained optimal catalyst loading was used for other 

investigations. The LED blue with the emission wavelength of 450-495 nm 

(Figure 2.4) was used as a light source for evaluation of MoS2/g-C3N4 

photocatalytic activity, the applied voltage and current values for this LED 

were 3V and 0.1 A, respectively. 

 

Figure 2.4. Spectrum of the blue LED light. 
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At a given time interval, for both kinds of catalyst, the remaining 

concentration of target molecules in the collected solution was determined 

by measuring the absorbance at their maximum wavelengths (see next sub-

section) after removing the catalyst by centrifuge. In order to explore the 

pH effect, prior to the photocatalytic activity experiments, solution pH was 

adjusted by using 0.1 M HCl or 0.1 M NaOH solution.  

The photodegradation of antibiotic ENR was also carried out over the 

best material in terms of PSTY benchmark with similar steps as described 

above. 

2.4.3. Calibration curves    

The concentration of the target molecules MB, RhB and ENR were 

determined by constructing the calibration curves (Figure 2.5) at their 

corresponding maximum absorbance wavelengths of 664 nm, 553 nm and 

271 nm. The used spectrophotometer was Lambda 365, Perkin Elmer. 
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Figure 2.5. Calibration curves for quantitative determination of target 

molecules. 

2.4.4. Measurement of emitted irradiance using spectrophotometer 

probe  

In order to measure the irradiance which emitted from the reactor 

containing the different solution volume with various catalyst loading, the 

following procedure was applied. 

Firstly, finding the relation between the height (mm) of the solution from 

the solution surface to the bottom corresponds to the containing solution 

volume (cm3) in the cylindrical reactor by measuring the inner diameter of the 

reactor, which was 44.50 mm, then, the radius was 22.25 mm. Surface area of 

the reactor can be calculated by the formula， 

     S = π.r2     (2.1) 

Therefore S = 1555.28 mm2, and the volume of the solution containing in the 

reactor could be estimated by, 

  V = Sxh = 1555.28xh mm3 = 1.56xh cm3   (2.2)  

where h is the height of the solution containing in that reactor. 

Secondly, the probe of the spectrophotometer was placed under the reactor 

containing a known solution volume, then the height of the solution was 

calculated using Equation 2.2, at a constant distance. Recording the irradiance 

and plot that quantity as a function of the calculated height of the solution in 

the reactor. 
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2.4.5. COD measurement 

In order to evaluate the extent of mineralization of the target molecule, 

chemical oxygen demand (COD) was used. The COD expresses the amount of 

oxygen originating from potassium dichromate that reacts with oxidizable 

substances contained in 1L of water under the working conditions of the 

specified procedure. Results are expressed as mg/L COD (= mg/L O2). 

The spectrophotometer (HACH DR 5000) was used for the measurement and 

the COD value can be read directly on the screen.  

2.4.6. High performance liquid chromatography (HPLC) and mass 

spectrometry (MS) 

Determination of the photodegradation intermediates of ENR was carried 

out on an LC–MS system equipped with a 6460 HPLC (Agilent, USA) and an 

API 3000 mass analyzer. The HPLC column was a Kromasil C18 column (4.6 

× 100 mm) from Angilent. 0.1% of formic acid aqueous solution and 

acetonitrile were used as mobile phases A and B, respectively. The effluent 

flow rate keeps 0.2 mL/min. An injection volume of 10 μL was used in analysis 

and column temperature at 302 K (30 °C). Linear gradient elution as follows: 

the initial 93% A was reduced to 50% A over 25 min. Then mobile phase A 

returned to 93% in 30 min. A positive ionization mode electro-spray interface 

was used. The other parameters were set as the following: the ESI was done at 

4 kV at temperature of 350°C; the gas (N2) flow rate was 12 L min−1, and 

nebulizer was 35 psi. 

2.4.7. Active species determination 

 In order to investigate the active species for the photodegradation of 

RhB over MoS2/g-C3N4 material, the different quenchers were used. In this 

work, the used trapper reagents are triethanolamine (TEOA, h+ scavenger), 
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t-BuOH (TBA, •OH scavenger), p-benzoquinone (BQ, O2˙ˉ scavenger) and 

dimethylsulfoxide (DMSO, e scavenger), each of which had the 

concentration was kept 100 times higher than that of used RhB.  

2.4.8. Oxidizing agent  

The effect of oxidant concentration on photodegradation rate of RhB 

over MoS2/g-C3N4 was also studied with the molar ratio H2O2-pollutant in 

the range of 50 to 400. The molarity of RhB 5 mg/L was 0.01 mM, therefore 

the concentrations of H2O2 could be determined. A 1.0 M stock solution of 

H2O2 which was prepared from H2O2 35%. Typically, a volume of H2O2 

stock solution (VH2O2) was added into 25.0 mL of 5 ppm RhB solution to 

get the calculated concentration. For comparison, the effect of hydro 

peroxide itself on the dye degradation was carried out as well. The details 

of the experiment were summarized in the Table 2.3. 

Table 2.3. Added volumes of H2O2 0.1 M solution corresponding to the 

molar ratios 

Molar ratio 0 50 100 200 400 

VH2O2 (ml) 0 0.125 0.25 0.5 1.0 

 

2.5. PILOT DESIGN 

2.5.1. Pilot description and operating principles 

 The pilot consists of three main parts as shown in Figure 2.6 including 

control box (1), feed tank (2) and collector (3).  
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Figure 2.6. Photocatalytic pilot 

The details can be illustrated in Figure 3.2.  

 

Figure 2.7. Schematic representation of the pilot:discharging valve (1), 

charging valve with filter (2), control box (3), stirrer (4), pumping valve (5), 

flow sensor (6), delivery tube (7), blue LEDs (8), recharging tube (9), pump 

(10) and settling column (11). 
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When working, the wastewater goes through the filter (2) to the feed tank 

where it is mixed with the catalyst by a stirrer (4), then the suspension is 

pumped to the delivery tube (7) to fall to the collector, in this stage the mixture 

is irradiated to photodegrade the organic pollutant and finally the solution with 

catalyst particles comes back to the feed tank via the recharging tube (9). The 

rate of the flow goes through the pumping valve (5) can be measured by a flow 

sensor (6). This process is repeated until the contaminant being treated 

completely. At the end of the process the stirrer, pump, lamp source will be 

switched off automatically, the catalyst then settles down to the settling column 

(11) for recovery and the draining of post-treated water taking place via 

discharging valve (1). A new treatment cycle will begin in an automatic manner 

through a control box (3). 

2.5.2. Detailed instructions 

All the activities of the pilot could be governed by the control box (Figure 2.8) 

using the following functional buttons: 

(1) Stop button: for switching off the device in an emergency situation. 

(2) Automatic button: for operating the system automatically through an 

Arduino circuit using timing program with four particular interval times (t1, t2, 

t3 and t4) to turn on/off the electric valve, stirrer, pump and lamp source, these 

times are determined as follows:  

 Time for charging the feed tank, t1: this is the required time for filling 

the tank with wastewater need to be treated to a certain mark corresponding to 

a particular volume for one cycle of treatment. 

 Time for complete treatment, t2: this is the time for the organic pollutants 

in a particular volume of wastewater being photodegraded completely. 
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 Settlement time, t3: time for sedimentation process of photocatalyst to 

the settling column. 

 Draining time, t4: time for discharging the post-treated water under 

gravity. 

(3) Pump 

This regime allows the pilot working immediately so does it in the 

interval time t2 as mentioned above until being stopped. 

(4) Volt-ampere display and controller. 

(5) Flow meter 

 

Figure 2.8. Control box 

The feed tank (Figure 2.9) was designed to consist of additional parts, namely 

(1) stirrer, for even distribution of the catalyst particles throughout the solution; 

(2) pump, for delivery the wastewater from the tank to the collector; (3) settling 

column; (4) discharging valve. 

(1) 

(2) 

(3) 

(5) (4) 



42 

 

  

 

 

Figure 2.9. Feed tank 

The treating area (Figure 2.10) has the following parts: (1) collector, (2) 

delivery tube, (3) lamps. 

 

 

 

(a) 

 

                              (b) 

Figure 2.10. Collector: (a) not working, (b) working 

2.5.3. Timing program for Arduino circuit 

In principal, this pilot works as a batch reactor, however, the automatic 

system can allow it to operate continuously. In order to control the system for 

a particular case, the interval times from t1 to t4 as described previously for that 

are required. These parameters allow the Arduino circuit controlling the system, 

(1) (2) (4) (3) 

(2) (3) (1) 
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and they are coded in a program as shown in Figure 2.11. The interval times 

could be changed easily from this program. 

 

Figure 2.11. Timing program 

2.5.4. Sedimentation procedure and catalyst recovery percentage 

The sedimentation rate was determined from the measurement of 

transmitted light at a wavelength of 800 nm through a cuvette containing 

photocatalyst suspension with the loading of 0.7 g.L-1. The suspension was 

adjusted to the desired pH, then stirred magnetically for 60 min before the 

transmittance recorded.  

The catalyst recovery percentage was calculated as follows, weighing an 

accurate mass of used catalyst to disperse into the 30 L of 5 ppm RhB solution, 

stirring for 60 min, keeping the system still for 1, 2, or 3 h for catalyst settlement, 

and finally draining the water to get the material at the bottom of the settling 

collumn. The solid was washed and separated from the condensed suspension 

through a vacuum filter, then dried at 60 oC overnight before weighing for the 

calculation. 
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2.6. CALCULATIONS  

2.6.1. Reaction rate constant and photochemical space-time yield 

(PSTY) 

At low concentration pollutants, the Langmuir-Hinshelwood model 

would become the pseudo-first-order one, as expressed in Equation (2.3): 

ln(Co/C) = kt 

where C is the concentration of target molecule (mg.L-1), Co is the 

adsorption equilibrium concentration of contaminant before irradiation 

(mg.L-1), t is the reaction time (min or h), and k is the reaction rate constant 

(min-1 or h-1). This constant is the slope of the straight line of ln(Co/C) 

versus time, t. Practically, this rate constant was found by the linear fit using 

OriginLab. Accounting for the lamp power and the treated solution volume, 

a new benchmark could be used to compare the photocatalytic activity of 

different reactor and catalyst combinations. This benchmark measure is the 

photochemical space-time yield (PSTY), which mentioned in Chapter 1 

with the Equations 1.12 and 1.13. 

2.6.2. Adsorption capacity 

The adsorption capacity of the materials was performed towards 

target molecules. Typically, m gram of material was dispersed in V litre of 

contaminant aqueous solution with known initial concentration, Ci (mg/L). 

Then, the mixture was magnetically stirred in the dark at room temperature 

to reach the equilibrium. The equilibrium concentration, Ce (mg/L), of the 

contaminant after removing the solid phase by centrifuging was measured 

by a UV-vis spectrophotometer at its maximum wavelength. Note that this 

concentration was denoted as Co in the photocatalytic activity evaluation. 

The amount of target molecule adsorbed on the material or adsorption 
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capacity (qe, mg/g) of that material towards the contaminant was calculated 

by the following expression:  

qe = (Ci – Ce)V/m     (3.3)  

2.6.3. Flow rate for turbulent regime 

In order to ensure that the flow regime in the circular pipe is turbulent, 

the Reynold number (Re) must exceed 10,000. From this number and its 

expression which is as follows: 

Re = 4ρQ/πμD     (3.4) 

where ρ (kg/m3) is the density of flowing fluid, μ (Pa.s) is the dynamic viscosity 

and D (m) is the inner diameter of the pipe, and Q (m3/s) is the flow rate.  

Substituting the first three quantities in the equation (3.4) by the corresponding 

values of 1000 kg/m3, 0.798.10-3 Pa.s, and 27.10-3 m results in the following 

expression of Re 

Re = 5.9 x 107Q      (3.5) 

Therefore, the minimum flow rate that requires for the turbulent regime would 

be 1.7 x 10-4 m3/s or 10 L/min and this rate could be displayed by the flowmeter 

screen. 

2.6.4. Throughput for pilot plant  

 The treatment capacity or throughput of a pilot working as a batch 

reactor to a particular pollutant for a given degradation efficiency is expressed 

as volume treated/total treatment time/reactor area, usually in L/h/m2. The 

reactor area in this study could be defined as the area of the collector being 

illuminated. 
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Chapter 3. RESULTS AND DISCUSSION 

3.1. MATERIAL CHARACTERIZATIONS 

3.1.1. WS2/g-C3N4 characterizations 

3.1.1.1. X-ray diffraction patterns 

Figure 3.1 shows the XRD patterns of 5WCN, 7WCN, 10WCN 

composites, WS2, and g-C3N4. It can be observed from this figure that a high 

intensity diffraction peak at 27.4o and a weak one at 13.2o are characteristic of 

(002) and (100) planes of g-C3N4 respectively [212], [216]. For WS2 sample, 

peaks at 13.6, 33.2 and 59.0o correspond to (002), (100) and (110) planes 

indexed to hexagonal phase of WS2 (JPCDS card number 084–1398). The XRD 

patterns of the composites exhibit two peak systems corresponding to g-C3N4 

and WS2 phases. However, intensity ratios of the peaks for the two phases are 

different from 5WCN to 7WCN and 10WCN. The Figure 3.1 also shows the 

relative intensity of peak at 27.4o corresponding to g-C3N4 to the one at 33.2o 

for WS2 phase increased from 5WCN to 7WCN and 10WCN, which means that 

the relative amount of g-C3N4 compared to WS2 in the composites increased 

with the same order mentioned above of the composites. This can be attributed 

to increasing relative amount of the source for g-C3N4 compared to that of WS2 

in the reaction mixture, which implies that an increase of n (n = mthiourea/mH2WO4) 

led to an increase of the content ratio of g-C3N4 to WS2. For 5WCN sample, it 

may contain lower g-C3N4 content compared to 7WCN and 10WCN because it 

was prepared from the lower ratio of thiourea to tungstic acid, which results in 

its low XRD intensity. This may be attributed to that there are no significant 

diffraction peaks assignable to g-C3N4. Besides, the decrease in intensity of the 

diffraction corresponding to (002) plane of WS2 in 5WCN, 7WCN and 10WCN 

may come from a more intimate integration of WS2 with g-C3N4 resulting in a 
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poorly stacked structure and the formation of a few-layer WS2 structure [25]. 

 

Figure 3.1. XRD patterns of 5WCN, 7WCN, 10WCN, WS2, g-C3N4, and the 

reference for WS2 (Rf). 

3.1.1.2. Scanning electron microscopy images 

 Morphology of the composites and single components was 

characterized by SEM means and the results are shown in Figure 3.2. Figure 

3.2(a) presents uniform folded nanosheets with thickness of ~20 nm for 5WCN, 

which may belong to WS2. The appearance of WS2 morphology on the surface 

of this material matches the above XRD results that a relative small amount of 

g-C3N4 presents in 5WCN. Figure 3.2(b), (c) and (e) show layers in flakes for 

7WCN, 10WCN and g-C3N4, respectively. This morphology is characteristic 

of g-C3N4, which was reported elsewhere [208]. This indicates that in 7WCN 

and 10WCN composites, WS2 may be covered by the layers of g-C3N4. For 

WS2 sample, it can be seen that nanosheets of WS2 appear again, indicating that 

the g-C3N4 was removed at the treated temperature (650 oC) for the preparation 

of this material. 
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Figure 3.2. SEM images of 5WCN (a), 7WCN (b), 10WCN (c), WS2 (d), and 

g-C3N4 (e). 

3.1.1.3. Elemental mapping  

 In order to confirm the distribution and uniformity of WS2 and g-C3N4 

in the composites, EDS elemental mapping was applied for a representative 

material, 10WCN. Figure 3.3 shows that the presence of C, N, S and W 

elements in uniform distribution can be clearly observed as expected. 

Obviously, this also indicates that WS2 and g-C3N4 are combined uniformly 

throughout the composite. The low signal from W may be attributed to the low 

W content compared to that of S in WS2 compound. Moreover, the EDS 
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quantitative analysis demonstrates the atomic ratios of C:N and W:S of 3:4.6 

and 1:2.1, respectively, which are very close to the composition of the 

composite, WS2/g-C3N4. This illustrates that the composite possesses 

heterostructures and close contact between the components, g-C3N4 and WS2, 

which could facilitate the transfer of photogenerated charge carriers, therefore 

enhancing the charge separation and the photocatalytic activity of the 

composites [4]. 

 

Figure 3.3. EDX elemental mapping of C (a), N (b), S (c) and W (d) elements 

for 10WCN. 

3.1.1.4. Transmission electron microscopy images  

 For more information about the morphology, a representative sample, 

10WCN was analyzed by TEM (Figure 3.4). For comparison, TEM image of 

g-C3N4 is also presented. Figure 3.4(b) indicates that morphology of g-C3N4 is 

in the stack of sheets. The TEM image of 10WCN (Figure 3.4(a)) shows that 

the formation of the closed interfaces between dark nanosheets of WS2 coated 
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by g-C3N4 with the lighter array. This further supports that the formation of 

heterostructure for the composite, leading to a benefit in further charge transfer 

between the semiconductors. 

 

 

Figure 3.4. TEM images of 10WCN (a) and g-C3N4 (b). 

3.1.1.5. Infrared spectra 

 Figure 3.5 and 3.6 shows the IR spectra of 5WCN, 7WCN, 10WCN, 

WS2, and g-C3N4. It can be observed in Figure 3.5 that absorption bands at 

1650-1240 cm-1 are attributed to the characteristic vibration of C=N and C-N 

bonds in heterocycles of g-C3N4 [4], [216]. The peak at 806 cm-1 may come 

from the vibration of the tri-s-triazine units [107], [203]. Besides, the weak peak 

at 884 cm-1 can be assigned to the N-H deformation mode [4]. These results 

further support that composition of g-C3N4 is carbon nitride with graphite-like 

structure. Figure 3.5 also shows the weak peak at 963 cm-1 which can be 

ascribed to the S-S vibration mode [171].  
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Figure 3.5. IR spectra of 5WCN, 7WCN, 10WCN, WS2, and g-C3N4 in the 

wavenumber region of 400-4000 cm-1. 

Furthermore, Figure 3.6 presents the peaks at 422 and 448 cm-1 corresponding 

to the vibration mode of W-S in WS2 [7], [171]. For 5WCN, 7WCN, 10WCN 

composites, Figure 3.5 show that all the spectra possess the peaks 

corresponding to g-C3N4 and WS2. It is worth to know from Figure 3.6 that the 

peak at 448 cm-1 for WS2 may shift to 458 cm-1 for 5WCN, 7WCN, 10WCN. 

This may be explained by existing an interaction between WS2 and g-C3N4 in 

the composites. 

 

Figure 3.6. IR spectra of 5WCN, 7WCN, 10WCN, WS2 in the wavenumber 

region of 400 – 600 cm-1. 
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3.1.1.6. Raman spectrum 

 In order to explore more about the chemical bonds in the composites, 

Raman spectrum of a representative sample, 10WCN, was conducted (Figure 

3.7). It is evident that there are two strong peaks at 352 cm-1 and 413 cm-1 

assigned to the E1
2g and A1g vibration modes, which is characteristic of the 

layered structure of WS2 [13], [166], [206]. In addition, the peaks at 701.0 and 

1233.5 cm-1 are attributed to the existence of s-triazine unit and bending 

vibration mode of sp2 hybridized =C, respectively [70], [82]. The spectrum also 

presents the other peaks at 473.0, 581.0, 981.0, 1105.5, 1155.4, 1492.0 and 

1613.7 cm-1 corresponding to the graphitic structure of g-C3N4 [70], [82], [90], 

[91]. This further confirms that the composite contains two phases, WS2 and g-

C3N4. 

 

Figure 3.7. Raman spectrum of 10WCN. 

3.1.1.7. X-ray photoelectron spectroscopy spectra  

 For the purpose of investigation the composition and chemical state of 

elements on surface of the composites, 10WCN was also analyzed by XPS 

spectra as shown in Figure 3.8. Figure 3.8(f) demonstrates the XPS spectrum 

for 10WCN with the peaks corresponding to the expected elements of the 
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material. Figure 3.8(a) shows the high-resolution spectrum of C1s with the two 

peaks at binding energy of 284.5 eV and 288 eV, which are attributed to C-C 

and C-N-C bonding [90], [203], [216]. The first peak may come from the 

reference C of the XPS instrument itself and the defect-containing sp2 

hybridized carbon atoms presenting in graphitic domains. The second one may 

be ascribed to the C sp2 of graphitic carbon nitride [90]. As presented in Figure 

3.8(b), XPS spectrum of N1s was decomposed into two characteristic peaks at 

398.6 eV and 400.2 eV ascribing to the N sp2 in the s-triazine rings and 

pyridinic-liked N bonded to C as N-(C)3 or H-N-(C)2, respectively [90], [203], 

[216]. Figure 3.8(c) describes the S2p XPS spectrum with two peaks at binding 

energy of 161.7 eV (S2p3/2) and 163 eV (S2p1/2), confirming the S2- species [4], 

[171]. For the W element in the composite, Figure 3.8(d) and (e) present the 

XPS spectra of W4d and W4f with binding energy of 31.76 eV (W4f7/2) and 

33.8 eV (W4f5/2) as well as two XPS peaks of W4d at 245.6 eV and 258 eV, 

indicating the chemical valence state of W+4 [75], [171], [216]. Besides, Figure 

3.8(e) also shows the peaks at 34.7 eV and 36.9 eV, which demonstrate the 

existence of W+6 due to the partial oxidation of WS2 during calcination process 

[78], [216]. 
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Figure 3.8. High-resolution XPS of C1s (a), N1s (b), S2p (c), W4d (d), W4f 

(e) and XPS of 10WCN (f). 

3.1.1.8. Thermogravimetric analysis 

 The thermal properties of materials were also characterized by 

thermogravimetric analysis (TGA) in air. It can be observed in Figure 3.9 that 

there are two steps of weight loss for all the samples: (i) from room temperature 

to ~150 oC and (ii) from ~350 to 600 oC. The former step may be attributed to 
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evaporation of physically adsorbed water. The latter one may come from the 

WS2 to WO3 oxidation (in the temperature range of 350-500 oC [14], [194])  

combined with the decomposition of g-C3N4 (around 550 oC [77]). Figure 3.9 

also shows that the decomposition of g-C3N4 occurred in the region of 500 – 

600 oC which was reported for the pure material [77]. Interestingly, the 

decomposition of g-C3N4 in the composites came at the lower temperatures 

compared to pure g-C3N4. This phenomenon was observed in some reports 

[147], [204] and it can be explained by the catalytic role of WS2 or the 

disturbing effect of WS2 to the interlayer stacking structure of g-C3N4. For WS2 

and 5WCN, 7WCN, 10WCN composites, there was no further weight loss over 

550 oC, suggesting a complete WO3 conversion from WS2. Based on the 

observed TGA data in Figure 3.9, the weight percentages of WS2 in 5WCN, 

7WCN and 10WCN composites can be calculated to be 65.6, 48.0 and 38.2%, 

respectively. This is accordant with the above obtained results that in the 

composites, relative amounts of WS2 decreased while g-C3N4 amount increased 

in the order from 5WCN to 7WCN and 10WCN. 

 

Figure 3.9. TGA curves of samples 5WCN, 7WCN, 10WCN, WS2 and g-

C3N4. 
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3.1.1.9. UV-Vis diffuse reflectance spectra  

 In order to evaluate the light-harvesting ability of the obtained samples, 

the UV-Vis diffuse reflectance spectra were conducted. As shown in Figure 

3.10, g-C3N4 has an absorption edge at ~450 nm, which demonstrates the 

typical band gap of 2.7 eV for pure g-C3N4 [4], [147], [204]. WS2 displays an 

extended absorption up to 800 nm due to the narrow band gap (~1.35 eV). For 

the composites, the absorption intensities strongly improved and extended to 

800 nm, which can be explained by the contribution of optical absorption of 

WS2 [4]. This extended optical absorption of the composites may result in an 

enhancement in photocatalytic activity under visible light. 

 In general, from the observed results prove that the synthesis of WS2/g-

C3N4 composite was successful using a facile method via heating the mixtures 

of tungstic acid and thiourea, in which thiourea was not only the source of S 

for forming WS2 but also for the formation of g-C3N4 coating on the WS2 

nanosheets. It is expected that this structure could enhance their photocatalytic 

activity in comparison with the separated components. 

 

Figure 3.10. UV-Vis diffuse reflectance spectra of 5WCN, 7WCN, 10WCN 

composites, WS2, and g-C3N4. 
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3.1.2. MoS2/g-C3N4 characterizations 

3.1.2.1. X-ray diffraction patterns  

As indicated in Figure 3.11, the XRD patterns of g-C3N4 are observed 

as expected (JCPDS 87-1526). The two peaks located at 27.4o and 13o 

corresponds to the (002) stacking layered structure and the (100) in-plane 

repeated units, respectively [107], [150], this is also consistent that of g-

C3N4 in the previous section. The XRD pattern of MoS2 could be ascribed 

to hexagonal phase (JCPDS 37-1492) with two peaks located at 32.6° and 

58.3° corresponding to the (100) and (110), these planes are similar to that 

of WS2 as mentioned above due to the same crystalline structure. The 

disappearance of interlayer (002) peak of MoS2 indicates the formation of 

MoS2 nanosheet [107]. The XRD patterns for MCNx (x = 1, 2, 3, 5) are 

nearly the same as that for g-C3N4 and there is no recognizable diffraction 

peaks corresponding to MoS2. This may be attributed to the low content of 

MoS2 and its high dispersion in g-C3N4 [167].  

 

Figure 3.11. XRD patterns of MoS2, g-C3N4, and MCNx (x = 1, 2, 3, 5). 
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3.1.2.2. Infrared spectra 

As shown in Figure 3.12, the absorption bands of g-C3N4 from 1650 

to 1240 cm-1 are attributed to the typical C=N stretching mode and out-of-

plane bending vibrations of the C–N bonds in heterocycles of g-C3N4 [167], 

while the sharp absorption peak centered at 807 cm−1 is assigned to the 

characteristic breathing mode of tri-s-triazine cycles. Moreover, the weak 

peak at 883 cm-1 can be assigned to the deformation mode of N-H in amino 

groups. Meanwhile, the broad  peaks between 3000 and 3500 cm-1 are 

ascribed to the stretching vibration of residual free N–H in the bridging C-

NH-C units and O–H from the physically adsorbed water on the surface of 

samples [196], [219]. As expected, the above observation is in agreement 

with that of g-C3N4 in the WS2/g-C3N4 section. Similar to the case of XRD, 

due to the small amount of MoS2 contents in the composites there is no 

difference between the IR spectra of composite samples MCNx and g-C3N4. 

The absence of MoS2 characteristic peaks in XRD patterns and FT-IR 

spectra of the composites are consistent with the previous reports [61], 

[107], [150]. For MoS2 sample, the disappearance of characteristic bands 

of g-C3N4 implies that this material contains MoS2 only.  
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Figure 3.12. FTIR spectra of MoS2, g-C3N4 and MCNx (x = 1, 2, 3, 5) 

samples. 

3.1.2.3. X-ray photoelectron spectroscopy 

The presence of MoS2 in the composite samples can be confirmed by 

XPS, and MCN5 sample was chosen as a representative. As shown in 

Figure 3.13(a), the Mo 3d spectrum exhibits two peaks at 228.0 eV (Mo 

3d5/2) and 231.3 eV (Mo 3d3/2), and in Figure 3.13(b) the two peaks at 160.9 

eV and 162.1 eV, correspond to the S 2p3/2 and S 2p1/2, respectively. This 

indicates the existence of Mo4+ and S2- in the composite [184]. The 

appearance of two more weak peaks at 225.3 eV and 234.6 eV in Figure 

3.13(a) can be assigned to S 2s and Mo6+, respectively. The latter species 

may come from the formation of a small amount of MoO3 on the surface of 

the composite [67]. The XPS survey spectrum of MCN5 sample was also 

shown in Figure 3.13(c). The presence of C1s and N1s indicates that 

existence of g-C3N4 in MCN5 sample which are similar to that of g-C3N4 in 

10WCN as discussed above. 
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Figure 3.13. XPS spectra of Mo 3d (a), S 2p (b) and (c) XPS survey 

spectrum of MCN5 sample. 

3.1.2.4. Surface area  

The BET surface area and pore volume of pure MoS2, g-C3N4 and MoS2/g-

C3N4 composites were determined by nitrogen adsorption-desorption 

isotherms (see Figure 3.14).  
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Figure 3.14. N2 adsorption isotherms of MoS2, g-C3N4 and MCNx (x = 1, 2, 

3, 5) samples 

The MoS2 and g-C3N4 sample have surface areas of 90.0 m2.g-1
 and  34.5 

m2.g-1 and a pore volume of 0.276 cm3.g-1 and 0.176 cm3.g-1, respectively. 

Meanwhile, the corresponding values of MCNx samples are similar to that 

of pure g-C3N4 as shown in Table 3.1. In general, the variation in surface 

area of the materials is not significant. 

Table 3.1. BET specific surface area and pore volume of the g-C3N4 and 

MCNx samples 

Samples          g-C3N4   MCN1   MCN2  MCN3   MCN5   MoS2 

BET (m2.g-1)          34.5        46.7      36.2       36.8        35.4       90.0 

Pore volume (cm3.g-1)    0.176     0.215   0.220     0.235       0.241     0.276 

 

3.1.2.5. Thermogravimetric analysis 

 The thermal properties of materials were characterized by 

thermogravimetric analysis (TGA) in Ar atmosphere. Figure 3.15 shows 

that there are two steps of weight loss for all of the samples as observed for 

WS2/g-C3N4 samples in the previous section: (1) from room temperature to 

~150 oC and (2) from ~400 to 625 oC. The former step may be attributed to 

evaporation of physically adsorbed water and the latter was the 

decomposition of the materials, in which the g-C3N4’s decomposition 

temperature meets the literature [77]. Interestingly, the decomposition of 

the composites comes at the lower temperature compared to g-C3N4, and 

this trend of decreasing the decomposition temperature when increasing the 

MoS2 content of the composites can be observed in all the samples. This 
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phenomenon was observed in some reports [77], [170] and it is explained 

by the catalytic role of MoS2 or the disturbing effect of MoS2 to the 

interlayer stacking structure of g-C3N4. The TGA data shown in Figure 3.15 

also confirmed the small amount of MoS2 in the composites, this agrees 

with XRD data as indicated previously. For MoS2 sample, a decrease by 

10% could be attributed to the physically adsorbed water as discussed 

above. 

 

Figure 3.15. TGA curves of samples MoS2, g-C3N4, and MCNx (x = 1, 2, 

3, 5) in Ar atmosphere. 

3.1.2.6. UV–vis diffuse reflectance spectroscopy 

To investigate the light harvesting properties of the samples, UV–vis 

diffuse reflectance spectroscopy (DRS) was performed and the spectra are 

shown in Figure 3.16. The g-C3N4 sample shows absorption from UV 

through the visible range up to 450 nm which can be assigned to the intrinsic 

band gap of g-C3N4 (2.78 eV). For the composites, although there are not 

significant changes in the band gap values (see detailed calculation in 

Figure 3.16b), the absorption intensity increases from MCN1 to MCN5 in 
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the visible light region as compared to g-C3N4, which can be attributed to 

the presence of MoS2 in the composite, resulting in high visible light 

photocatalytic performance. For MoS2 sample, it could absorb light with 

the wavelength from 700 nm. The bandgap of MoS2 nanosheet was 2.1 eV 

which calculated using Tauc plot method, this value is consistent with 

previous study [133], [120]. 

  

 

Figure 3.16. UV-Vis absorption spectra (a) and corresponding Tauc plots (b) 

of MoS2, g-C3N4, and MCNx (x = 1, 2, 3, 5). 

3.1.2.7. Elemental mapping 

In order to confirm the distribution and uniformity of MoS2 and g-

C3N4 in the composites, EDS elemental mapping was applied, and MCN2 

was chosen as a representative. Figure 3.17 shows that expected presence 

of C, N, S and Mo elements in uniform distribution can be observed.  
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Figure 3.17. EDX elemental mapping of C (a), N (b), Mo (c) and S (d) 

elements for MCN2 sample. 

This result indicates that MoS2 and g-C3N4 are combined uniformly 

throughout the composite. This shows that the composite possesses 

heterostructures and close contact between the components, g-C3N4 and 

MoS2, which could favour the transfer of photogenerated charge carriers, 

therefore enhancing the charge separation and the photocatalytic activity of 

the composites as you will see details in the next section. 

3.2. MATERIAL PHOTOCATALYTIC ACTIVITY 

3.2.1. Adsorption-desorption equilibrium time 

The needed time for reaching adsorption-desorption equilibrium of the 

material toward the target molecule is vital for the subsequent photocatalytic 

activity investigation. For xWCN samples, that time required for the 

equilibrium towards methylene blue was shown in Figure 3.18.  
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Figure 3.18. Adsorption-desorption equilibrium of MB over WS2, 5WCN, 

7WCN, 10WCN and g-C3N4 in the dark. Conditions: initial MB concentration 

30 mg.L-1, pH 6.4, catalyst loading 1.1 g.L-1. 

This figure showed that after 4 hours of magnetic stirring in the dark the 

equilibrium was established. Then, for this type of materials towards MB, 4 

hours was the required time before illuminating. The study of equilibrium was 

also conducted for the MCNx samples with the result shown in Figure 3.19, the 

time needed for reaching equilibrium towards RhB of the materials was 45 

minutes. In the experiments related to these samples of the following sections, 

1 hour was the time for the dark experiment. 
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Figure 3.19. Adsorption-desorption equilibrium of RhB over MCN5, MCN3, 

MCN2, MCN1 and g-C3N4 in the dark. Conditions: initial MB concentration 

5 mg.L-1, pH 3, catalyst loading 0.7 g.L-1. 

A big difference in adsorption capacity of MoS2 towards RhB was 

indicated in Figure 3.20. For the 25-ppm initial-concentration of RhB, 85% of 

that dye was adsorbed onto the surface to reach the equilibrium after 4 hours 

under magnetic stirrer in the dark. This time was used for this material to get 

the equilibrium.  
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Figure 3.20. Adsorption-desorption equilibrium of RhB over MoS2 in the 

dark. Conditions: initial MB concentration 25 mg.L-1, pH 3, catalyst loading 

0.7 g.L-1. 

In other cases, when pH solution changes the needed time for the 

equilibrium was also investigated before starting the evaluation of the 

photocatalytic activity. 

3.2.2. Photocatalytic activity comparisons 

 The photocatalytic activity of all the WS2/g-C3N4 samples was 

evaluated by methylene blue (MB) photodegradation in aqueous solution as 

shown in Figure 3.21. For comparison, the photocatalytic activity of WS2 and 

g-C3N4 are also presented. Figure 3.21 shows that WS2 and g-C3N4 exhibited a 

low activity which may be due to high recombination rate of photogenerated 

electron-hole pairs in the pure semiconductors [187]. For the composites, a 

strong improvement in activity can be observed from Figure 3.21 as well. 

However, their activities are different and can be graded in the order 10WCN 

< 5WCN < 7WCN, which indicates that among the as-prepared composites, the 
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best photocatalyst is 7WCN with a MB degradation of 85.3% after 6 h under 

visible light irradiation. In order to clarify self-degradation of MB under visible 

light, a control experiment without photocatalyst was conducted. The result 

shows that the photolysis of MB can be ignored.  

 

Figure 3.21. Photocatalytic degradation of MB on 5WCN, 7WCN, 10WCN, 

WS2 and g-C3N4, and without photocatalyst. Conditions of 

process:irradiated volume: 90 mL, initial MB concentration: 30.0 mg.L-1, 

pH 6.4, catalyst loading: 1.1 g.L-1, 25oC, under 100 W incandescent lamp.  

Based on application of Langmuir-Hinshelwood model, it can be seen in Figure 

3.22 that the photodegradation of MB fits well with the pseudo-first-order 

kinetic model. 
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Figure 3.22. First-order kinetic plots for the photodegradation of MB over 

5WCN, 7WCN, 10WCN, WS2 and g-C3N4 under specified conditions. 

Accordingly, the rate constants of 5WCN, 7WCN, 10WCN, WS2 and g-C3N4 

are 3.28x10-3, 4.85x10-3, 2.80x10-3, 6.83x10-4 and 1.73x10-3 min-1, respectively. 

This reflects again that 7WCN is the best material in photocatalytic degradation 

of MB under the specified conditions. All the composites exhibited the much 

higher photocatalytic performance than that of the individual materials. This 

synergistic effect for the composites has been suggested by a reduction of 

recombination rate of photogenerated electron-hole pairs, leading to enhancing 

the charge separation and therefore the photocatalytic activity of the composites. 

Among the composites, 7WCN exhibited the best performance, which can be 

proposed by an appropriate weight ratio of WS2 to g-C3N4. Indeed, a larger 

relative content of WS2 in the composite can result in its property closing to 

pure WS2. In contrast, a larger relative content of g-C3N4 can receive a 

performance closing to pure g-C3N4.  

 In order to investigate the best material of the MoS2/g-C3N4 (MCNx) 

samples, their photocatalytic activities were evaluated by photodegradation 

of RhB, g-C3N4 also included for comparison. As shown in Figure 3.23, 
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there was an improvement in the photocatalytic activity of MCNx samples 

compared to the individual g-C3N4, except for MCN5 and this also indicates 

that the kinetic of the photodegradation processes were the pseudo-first-

order, followed the Langmuir-Hinshelwood model. The composite MCN1 

exhibited the best activity with the rate constant of 0.070 min-1. In contrast 

to the other cases, MoS2 almost exhibited no photocatalytic activity towards 

RhB in this particular conditions. This might be due to its high adsoprtion 

capacity towards the dye, this phenomenon will be explored details in the 

next sections. 

 

Figure 3.23. First-order kinetic plots for the photodegradation of RhB over 

MCNx and g-C3N4 samples. Conditions of process: irradiated volume: 25 

mL, initial RhB concentration: 5.0 mg.L-1, pH 3.0, catalyst loading: 0.7 

g.L-1, 25oC, under blue light. Except for MoS2: initial RhB concentration: 

25.0 mg.L-1. 

The photocatalytic enhancement of the composites can be ascribed to the 

charge separation which leads to a decrease in recombination rate of 

photoinduced charge carriers, which is similar to the above observation for 



71 

 

WS2/g-C3N4. This charge separation was supported by photoluminescence 

spectra (PL) of the two representatives of g-C3N4 and the composite MCN1 

samples as seen in Figure 3.24.  

 

Figure 3.24. PL speactra of g-C3N4 and MCN1 sample. 

 However, when increasing the content of MoS2, the photocatalytic 

performance of MCNx decreased, which might be explained by the light 

blocking effect [106]. This effect was observed most significantly when the 

content of  MoS2 large enough, as in MCN5 (8.0 wt.% MoS2/g-C3N4) 

sample, its photocatalytic activity was even lower than that of g-C3N4. 

3.2.3. Effect of catalyst loading 

 To find out the optimum catalyst dosage of MoS2/g-C3N4, the 

photodegradation of RhB with various MCN1 loadings were carried out, as 

shown in Figure 3.25a. When the catalyst loading increased from 0.3 g.L-1 

to 0.7 g.L-1, the RhB degradation rate increased due to an increase in the 

photogenerated electron-hole pairs. However, there is not a significant 

change in the degradation rate when the catalyst loading is increased from 
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0.7 to 0.9 g.L-1. Further increase in MCN1 loading results in a slight 

decrease in the RhB removal. This trend can be attributed to the negative 

effects of shielding by the suspended catalyst when the loading increased 

[81], [141].  

 

  

Figure 3.25. Effect of catalyst loading on (a) RhB degradation over MCN1 

catalyst in the conditions: irradiated volume: 25 mL, initial RhB 

concentration: 5.0 ppm, pH: 3.0, 25oC, under blue light, and (b) MB 

degradation over 7WCN catalyst in the conditions: irradiated volume: 90 

mL, initial MB concentration: 30.0 mg.L-1, pH 6.4, 25oC, under 100 W 

incandescent lamp.  

 

This is proven in Figure 3.26, as the increase of catalyst loading results in 

the decrease of transmitted light irradiance from the solution. Owing to this 

effect, the rate of photodegradation is reduced after a threshold MCN1 

catalyst loading. Furthermore, Figure 3.26 shows that added catalyst creates 

a dark zone in the reactor after 13 mm depth. From this result, from now 

on, the optimum catalyst loading of 0.7 g.L-1 of MCN1 sample was 

employed for other investigations. The effect of this factor was also 

conducted for 7WCN sample on photodegradation of MB under specific 
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conditions as shown in Figure 3.25b. The trend was similar to that of MCN1 

on RhB degradation with the optimum loading of 1.1 g.L-1 and this catalyst 

concentration was applied for further photocatalytic exploration of the 

catalyst.  

 

Figure 3.26. Irradiance of transmitted blue light of different RhB solution 

heights with varying loadings of MCN1 from the solution. 

3.2.4. Adsorption and photocatalysis 

3.2.4.1. Point of zero charge and existed forms of dye molecules 

  The experimental values of point of zero charge (pHpzc) of MCN1 

and 7WCN samples as shown in Figure 3.27 were 3.6 and 2.1, respectively. 

The pH of the solution affects not only the surface charge of the particles, 

but also the forms of pollutant molecule in aqueous solution and 

consequently the adsorption ability of the molecule on the surface. 
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Figure 3.27. Points of zero charge of (a) MCN1 and (b) 7WCN samples.  

The point of zero charge of the material implies that the surface charge of 

the material will be negative if that point is less than the pH of the solution 

containing it. Conversely, if the pH of that point is greater than the pH 

solution the surface becomes positively charged. This specific surface 

charge for each catalyst is also illustrated in Figure 3.28. The pKa of RhB 

in the aqueous solution is 3.22 [183] indicating that it is in the zwitterionic 

or neutral form in solutions with pH > pKa, but in the cationic form with pH 

< pKa, as seen in Figure 3.28.  

 

(a) 
 

(b) 

Figure 3.28. RhB molecule exists as (a) cationic form and (b) zwitterionic 

form. 

Meanwhile, MB differs from RhB molecule in this aspect because it does not 

contain any functional group as carboxylic group –COOH that can be ionized 

depending on pH solution as shown in Figure 3.29.  

(a) (b) 
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Figure 3.29. The solely existed cationic form of MB  

The molecule bears solely positive charge, no matter, the solution is basic or 

acidic. Another important point is that MB molecule is not bulky as RhB, this 

facilitates for the adsorption of the former dye onto the surface of investigated 

material due to the less steric effect compared to RhB molecule.  

3.2.4.2. Effect of pH solution, important role of adsorption step 

The effect of pH on photodegradation of both RhB and MB over the 

two catalysts of MCN1 and 7WCN was investigated with wide range 

values, which were adjusted before irradiation. The first dye we are going 

to explore the effect over the catalysts is RhB. As shown in Figure 3.30 for 

MCN1 sample, without adjusting medium (pH = 6.4), very low removal of 

RhB was observed. Increasing this value to 12.0, the degradation kinetics 

further slowed down. Surprisingly, a reduction of solution pH to 3.0 led to 

a dramatic increase of the RhB photodegradation, however, a further pH 

decrease to 1.5 resulted in a negative effect.  
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Figure 3.30. Effect of initial pH on RhB degradation over MCN1 

photocatalyst. Process conditions: initial concentration, 5.0 ppm; catalyst 

loading: 0.7 g.L-1; 25oC; under blue light. 

A pH-effect experiment on RhB degradation also was carried out over 

7WCN catalyst as indicated in Figure 3.31. The trend is similar to that of 

RhB over MCN1, that means a low pH solution was favourable for the 

photodegradation reaction, however, this positive effect was interrupted if 

the solution was too acidic, at pH 1.5 as an example.  

 

Figure 3.31. Effect of initial pH on RhB degradation over 7WCN 

photocatalyst. Process conditions: initial concentration, 30.0 ppm; catalyst 

loading: 1.1 g.L-1; 25oC; under 100 W incandescent lamp. 
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The common feature of the RhB photodegradation over MCN1 and 

7WCN catalysts at different pH solutions is that the reaction rate reaches 

highest value at the pH smaller than RhB’s pKa of 3.22 and close to the 

point of zero charge. At pH value less than the pKa, the carboxylic group 

existed as protonated form (see Figure 3.28a), therefore, the strong 

hydrogen bonds between carboxylic acid groups and remaining lone pairs 

of electron on nitrogen atoms on the material’s surface resulting in the 

increase of substrate adsorption [123]. However, at pH 1.5, the surface of 

both the catalysts becomes more positive resulting in a higher repulsive 

force, which affected the reaction rate negatively. In the cases of pH from 

value of 4, the dye molecule exists as neutral form (see Figure 3.28b) which 

tends to create a stable dimer due to the electrostatic attraction between the 

carboxyl and xanthene groups of the individual molecules [68], resulting in 

the sharp fall of the adsorbed dyes on the surface of the photocatalysts, 

therefore a dramatic decrease in the photodegradation rate. The specific 

amount of RhB adsorbed onto the catalysts was shown in Figure 3.32. This 

data strongly supported for the argument as said above. 

 

(a) 

 

(b) 

Figure 3.32. Adsorption capacity of MCN1 (a) and 7WCN (b) materials 

toward RhB at different solution pHs  
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This interesting result confirmed that the crucial role of the adsorption of 

the target molecule onto the surface of the photocatalyst in the 

photocatalytic process. The importance of the adsorption can be explained 

due to the fact that the oxidation-reduction reactions during the 

photocatalytic process mainly happen on the surface of the catalyst but not 

in the bulk of the solution [195]. 

 The next dye was chosen to investigate the pH effect is MB, existing 

in solution as an only cationic form which does not depend on the solution 

pHs. In other words, the pH change of the solution which containing this 

dye does not make any difference in its existed form. In contrast, this 

change in pH will result in the surface of the used photocatalyst becoming 

negatively or positively charged, therefore having an effect on the 

adsorption capacity of the materials towards the dye. The photodegradation 

of MB in solution with different pHs over the MCN1 and 7WCN was shown 

in Figure 3.33.  

 

(a) 

 

(b) 

Figure 3.33. (a) Effect of initial pH on MB degradation over MCN1 

photocatalyst. Process conditions: initial concentration, 10.0 ppm; catalyst 

loading: 0.7 g.L-1; 25oC; under blue light, and (b) Effect of initial pH on MB 

degradation over 7WCN photocatalyst. Process conditions: initial 
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concentration, 30.0 ppm; catalyst loading: 1.1 g.L-1; 25oC; under 100 W 

incandescent lamp. 

It is obvious that the favourable medium for the decomposition of MB over the 

both photocatalysts is alkaline, which completely differs from the RhB case as 

mentioned above. This observation, again, can be ascribed to the amount of the 

dye that adsorbed onto the catalysts as indicated in the Figure 3.34 [139].  

 

Figure 3.34. Adsorption capacity of 7WCN and MCN1 materials towards 

MB at different solution pHs. 

As increasing the solution pH the amount of adsorbed dye onto the catalyst 

rises due to the more negative of the surface, especially with the values of pH 

greater than the pHpzc (3.6 for MCN1 and 2.1 for 7WCN) of the materials. As 

discussed above MB molecule always has positive charge, this means that the 

attractive force between the target dye and the surface increases, therefore an 

increase in the amount of adsorbed molecule and then the photodegradation 

rate also improved as expected. However, the trend was not identical for the 

two catalysts, for 7WCN an increase in pH from 9 to 10 did not lead to an 

increase in MB photodegradation rate as observed for MCN1. This is due to the 

negative effect of adsorption on the photocatalytic process, the adsorption of 

the target molecule on the catalyst’s surface is extremely necessary, however, 
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too much adsorbed dye molecule could result in some side effects that slow 

down the photocatalytic reaction rate. The side effects mentioned above include 

the shielding of illuminated light, the low adsorbed oxygen molecule and the 

breakage of hydroxyl groups on the catalyst surface [92]. 

 From the interestingly observed result about the effect of solution pH, 

thus the level of adsorbed target molecule onto the photocatalyst, on the 

photodecomposition rate we can come to conclusion that the adhere of the 

target to the surface of the catalyst during the photocatalytic process plays a 

vital role along with the different aspects such as the ability of that catalyst 

itself. No adsorption that means it is unlikely for the decomposition of the target 

due to the photocatalytic process to be happened, however, a too high 

adsorption capacity of the material towards the molecule might also cause 

possibly harmful effect to the photodegradation rate of that target. 

3.2.5. A new benchmark for efficiency evaluation of reaction reactor – 

Photochemical space time yield 

3.2.5.1. Calculate reaction rate constant under optimal condition 

Under optimal conditions as investigated in the previous section, the 

reaction rate constants for degrading RhB over 7WCN and MB over both 

MCN1 and 7WCN materials were calculated using linear fit model as 

shown in Figure 3.35. The rate constant for reaction of RhB over MCN1 

was evaluated with the same method having the value of 0.070 min-1 

(Figure 3.23). 
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(a) 

 

(b) 

Figure 3.35. First-order kinetic plots for the photodegradation of: (a) MB 

over MCN1 material. Conditions of process: irradiated volume: 25 mL, 

initial MB concentration: 10.0 mg.L-1, pH 10.0, catalyst loading: 0.7 g.L-1, 

25oC, under blue light, and (b) MB and RhB over 7WCN material. 

Conditions of process: irradiated volume: 90 mL, initial dye 

concentration: 30.0 mg.L-1, pH 2.5 for RhB and 9 for MB , catalyst 

loading: 0.7 g.L-1, 25oC, under 100 W incandescent lamp. 

These rate constants will be used to calculate the photochemical space-time 

yield (PSTY) of the relevant systems in the following sub-sections. 

3.2.5.2. PSTY calculations for the chosen reaction systems  

The two reactors that applied for the investigation of 

photodegradation of RhB and MB dyes over the two catalysts are different 

from each other in terms of solution volume and the power of light sources, 

which were blue LED and incandescent lamp. These differences were taken 

into account in the calculation of the benchmark, PSTY. As evaluated in 

the previous section, the rate constants for the photodegradation of the dyes 

were determined. This parameter along with the used volume, the lamp 

power, and the corresponding PSTY for each system were summarized in 

Table 3.2. In order to compare the PSTY values of this work and the PSTY 
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for reactors of the mentioned reports, these values also shown in the Table 

3.2 as well. The calculated PSTY values as shown in Table 3.2 for the two 

reaction systems that using the prepared catalysts MoS2/g-C3N4 and WS2/g-

C3N4 indicates that each of dyes RhB and MB which was photodegraded 

over MoS2/g-C3N4 has a much larger PSTY value than that of the 

corresponding one over WS2/g-C3N4. Specifically, the PSTY values for 

degradation of RhB and MB over MoS2/g-C3N4 are 3 and 2 order of 

magnitude larger than those of RhB and MB over WS2/g-C3N4, respectively. 

The key reasons for this might come from not only the photocatalytic 

activity of the catalysts themselves, in which the adsorption capacities of  

the materials towards the dyes play a crucial role in the whole 

photocatalytic process as discussed in the previous section, but also come 

from how effective the used lamp converting electric energy into light form 

is and the spectrum of light produced from that lamp. The significant 

difference in lamp power of blue LEDs of 0.3 W for the reactor using 

MoS2/g-C3N4 compared to 100 W incandescent lamp for the other using 

WS2/g-C3N4 catalyst mainly results in that big difference in PSTY values 

due to the fact that the LEDs use electricity more efficiently than 

incandescent bulb, that means it converts much of the electric energy into 

light form, whereas the latter one wastes much of the energy as heat. Table 

3.2 also shows that the reaction rate constant of RhB photodegradation 

reaction over MoS2/g-C3N4 of this work is higher than one but smaller than 

the other reference with the same catalyst and the initial concentration of 

target molecule. However, the benchmark PSTY of this study is 2 orders of 

magnitude higher than those of the all references. This was particularly 

interesting since the power of the used light source was significantly lower, 

namely, 0.3 W vs. 300 W [107]. The result indicates that not only is the 
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synthesized catalyst equally or more efficient in light utilization compared 

to the literature, but also are the LEDs more effective than the light sources 

used by the earlier studies. 

Table 3.2. PSTY data for the chosen reaction systems 

Catalyst 
Target 

molecule 

k (min-

1) 

STY 

(day-1) 

P 

(kW) 
V (m3) LP 

(kW) 

PSTY 

(day-1.kW-

1) 

MoS2/g-

C3N4 (this 

work) 

RhB 0.070 0.10 
3x10-

4 
2.5x10-5 12 

8.3x10-3 

MB 0.0063 9.1x10-3 7.6x10-4 

WS2/g-

C3N4 (this 

work) 

RhB 0.0046 6.7x10-3 

0.1 9.0x10-5 1.1x103 

6.1x10-6 

MB 0.0063 9.1x10-3 8.3x10-6 

Ref. [107] RhB 0.301 0.432 0.3 5.0x10-5 6.0x103 7.2x10-5 

Ref. [150] RhB 0.036 5.2x10-2 0.3 1.0x10-4 3.0x103 1.7x10-5 

 

Both of these factors had significant contributions to the RhB 

photodegradation under experimentally studied conditions. The efficiency 

of the LED can be due to its monochromatic behaviour. This way, all of the 

emitted photons fall within the excitation band of the catalyst. Meanwhile, 

when using Xe lamp as a light source [107], [150], the number of photons 

that have enough energy for the excitation only account for a small part of 

the total emitted photons [137]. This may justify the dramatically lower 

PSTY values of the state of the art.  

Because of the high PSTY value of MoS2/g-C3N4 system, specifically 

MCN1 sample, compared to WS2/g-C3N4 as discussed above, all the rest 

sections just used this kind of system for further investigations. 
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3.2.6. Mechanism investigation 

3.2.6.1. Effect of oxidant concentration 

 In order to prevent the electron-hole recombination, and to improve 

the photocatalytic activity of a photocatalyst, a suitable electron acceptor 

can be added to the system. Some inorganic oxidants could be used for this 

purpose, such as H2O2 and peroxodisulphate [141]. The former was chosen 

for this study over the selected MCN1 catalyst. In the photocatalytic 

reactions, hydrogen peroxide does not only act as an electron acceptor 

which promoting charge separation, but also produces hydroxyl radical 

through the reaction with superoxide radical anion [81] according to the 

following equations: 

    H2O2 + eˉCB  OH˙ + OHˉ    (3.1) 

    H2O2 + O2˙ˉ OH˙ + OHˉ + O2  (3.2) 

As a result, the degradation of RhB after 10 minutes of irradiation 

increased from 37.1% in the absence of H2O2 to 41.5% and 49.9% when 

the H2O2-RhB molar ratio was 50 and 100, respectively, as shown in Figure 

3.36.  
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Figure 3.36. Effect of H2O2-RhB molar ratio, abbreviated as Rnumber. 

Process conditions: catalyst loading: 0.7 g.L-1, initial RhB concentration: 

5.0 ppm, pH: 3.0, 25oC, under blue light.  

However, the degradation decreased again when the ratio was greater than 

200. This negative effect was due to hole and OH˙ scavenger function of 

H2O2 at high concentrations. This can be expressed as follows [154]:  

    H2O2 + 2h+
VB  O2 + 2H+   (3.3) 

    H2O2 + OH˙   H2O + HO2˙    (3.4) 

    HO2˙ + OH˙   H2O + O2   (3.5) 

Therefore, at too high concentration of H2O2, the degradation reaction was 

inhibited. The effect of H2O2 itself on the degradation of RhB was also 

conducted for comparison. It is clear that in the same conditions except the 

absence of the catalyst RhB still unchanged, this is consistent with previous 

study [41]. 

This result shows that how important the presence of an acceptor electron 

or an oxidant is to the photocatalytic process. Therefore, in the case of 
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without adding oxidizing reagent, the dissolved oxygen in the aqueous 

solution becomes vital for the photocatalytic reactions. This observation 

supported the concluded point that we have discussed so far about the 

adsorption competition of target molecules against the disscoled oxygen 

molecule onto the surface of the photocatalyst leading to a decrease in the 

photodegradation rate. 

3.2.6.2. Reactive species trapping experiments and proposed 

photocatalytic mechanism 

Generally, the reactive species which participate in the surface 

reaction during the photocatalytic process, including hole, superoxide 

radical anion, hydroxyl radical, and electron. To explore which of them 

having the most contribution to the photocatalytic process, the 

corresponding reactive species scavengers were employed in the reaction 

system that use MoS2/g-C3N4 as a photocatalyst to degrade RhB as shown 

in Figure 3.37.  

 

Figure 3.37. Photodegradation of RhB over MCN1 catalyst in the presence of 

different trapping agents TEOA, BQ, TBA, and DMSO as hole, superoxide 

radical anion, hydroxyl radical, electron scavengers, respectively. 
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The changes in RhB photodegradation rate indicated that all the used 

scavengers had negative effects on the photocatalytic activity of the catalyst 

to different extents in order of TEOA > BQ > TBA > DMSO. The result 

also indicated that TEOA scavenger exhibited much stronger inhibition 

showing that hole was the dominant reactive species in the 

photodegradation process of RhB over MCN1 catalyst under studied 

conditions.This important role of hole was supported by the more positive 

valence band edge of g-C3N4 compared to redox potential of RhB (+1.57 V 

vs. +1.43 V) [197].  The hole of MoS2 also was able to oxidize RhB directly 

due to its more positive potential +2 V [133]. Meanwhile, the quite strong 

adverse-effect caused by BQ and TBA scavengers revealed that the oxygen 

reactive species, namely, the superoxide radical anion and hydroxyl radical 

also play their important part in the overall photocatalysis. The formation 

of these species could be attributed to the more negative potential of 

electron which generated from g-C3N4 conduction band edge -1.13 V 

compared to the reduction potential of the redox pair O2/O2˙ˉ of -0.28 V 

[193]. Furthermore, the OH˙ radical was just produced from O2˙ˉ as 

discussed detailedly later, this resulted in decreasing its role in the whole 

process. Meanwhile, the direct formation of this type of reactive species 

from H2O and hole was unfavorable energetically due to the too much 

positive potential of the pair OH˙/H2O. However, the role of electron in the 

process was insignificant as seen in the Figure 3.38, when there was a 

presence of DMSO, an electron scavenger, just a minor effect observed on 

the photodegradation rate of RhB over the catalyst. 

From the exploration of the role of reactive species as discussed above and 

the separation of charge in the composite as seen in PL spectra in Figure 
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3.24 could help us to propose a photocatalytic mechanism as illustrated in 

Figure 3.38a.  

 

(a)  

 
 

 

 

(b) 

Figure 3.38. a) Proposed photocatalytic mechanism over MoS2/g-C3N4 under 

visible light and b) proposed model for relationship between adsorption and 

photocatalysis. 
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The charge separation could be attributed to the lower conduction band 

position of MoS2 in the composite leading to its ability to receive 

photoexcited electron from g-C3N4 [150], which favours the separation of 

electron-hole pairs. The separated electrons on the surface of MoS2 reduces 

present oxidants in the solution. In the case of dissolved oxygen this 

reduction step, which also occurs on the surface, can be given as, 

     O2 + eˉ  O2˙ˉ    (3.6) 

The formed superoxide radical anion continuously undergoes three more 

steps to release hydroxyl radical OH˙ which are described as follows [22]: 

    O2˙ˉ + H+
  HOO˙     (3.7) 

    HOO˙ + H+ + eˉ  H2O2    (3.8) 

    H2O2 + eˉ  HO˙ + OHˉ    (3.9) 

Hydroxyl radical is a strong oxidizing species would degrade the organic 

pollutants in the solution. Meanwhile, the accumulated holes on the surface 

of g-C3N4 could directly oxidize the adsorbed dye molecule on the surface, 

h+ + dye → intermediates →CO2 + H2O + other simple molecules          (3.10) 

This reaction (3.10) of oxidizing the target molecule mainly contributed to 

the overall process as supported in the carrier trapping experiments. 

The Equations from 3.6 to 3.9 relating to oxygen and the role of H2O2 as 

discussed in the previous subsection indicate that how important the 

presence of oxidant on the surface is, any factor that introduces a decrease 

in amount of that molecule on the catalyst surface would lead to a negative 

effect on the overal rate of photodegradation of pollutant. This could be 

explained using the model as shown in Figure 3.38b, in the case of just few 

target molecules adsorbing on the catalyst surface, the reaction rate for this 

would be low due to the low adsorbed-molecule number. When that number 

increases, so does the rate because the oxidizing reagent molecules still are 
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enough for the photocatalytic process, however, if the adsorbed molecules 

continue to increase, this would reduce the space for oxidant molecules to 

be adsorbed, then might result in a decrease in overall rate. This model 

seems to satisfy with the result has been observed so far. 

The significant role of hole in the photodegradation of the dye was clarified 

by a proposed mechanism of transformation of RhB to intermediates. The 

UV-Vis spectra of RhB solution after 120 min of illumination the optimal 

conditions as indicated above was shown in Figure 3.39. 

 

Figure 3.39. Time-dependent adsorption spectra of RhB solution. 

Conditions of process: irradiated volume: 25 mL, initial RhB 

concentration: 5.0 mg.L-1, pH 3.0, MCN1 catalyst loading: 0.7 g.L-1, 25oC, 

under blue light. 

It is obvious that after 120 min of illumination the maximum wavelength 

was shifted from 553 nm to 497 nm corresponding to the transformation of 

RhB to RhB 110 [123] with the structures shown in Figure 3.40.  
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           Rhodamine B, λmax = 553 nm                     Rhodamine 110, λmax = 497 nm 

Figure 3.40. An intermediate of rhodamine B transformation, rhodamine 110. 

3.2.7. Applications 

3.2.7.1. Photodegradation of a selected antibiotic, enrofloxacin 

 Enrofloxacin (ENR) is a colorless antibiotic substance which contains 

both amino and carboxylic groups. This aspect is similar to that of RhB 

molecule, which could guide us to guess the acidic aqueous solution will be 

suitable for the photodegradation of this antibiotic over MoS2/g-C3N4 under 

visible light. Figure 3.41 shows that the pH 4 was favourable for the 

photodegradation of ENR, an acidic medium, as expected.  

 

Figure 3.41. Photodegradation of 20 mL ENR of 5 ppm, catalyst loading: 

0.5g.L-1, under blue light (0.2 A, 3.0 V) for 2h, 25oC at different pHs. 



92 

 

The optimal catalyst loading was also obtained from Figure 3.42 with the value 

of 1 g/L. Here, the similar trend also observed as those of RhB and MB.  

 

Figure 3.42. Effect of catalyst loadings on photodegradation of 20 mL ENR 

of 5 ppm, under LED blue light (0.2 A, 3.0 V) for 2h, 25oC at pH 4. 

Under the optimal conditions of solution pH and catalyst loading, the reaction 

rate of the photodegradation of ENR with other specific conditions was 

determined as shown in Figure 3.43 with the value of 0.007 min-1. This rate 

constant was 10 times lower than that in the case of RhB photodegradation over 

the same catalyst and initial concentration, even under the used lamp power 

twice larger. This could be attributed to the nature itself of the colourless 

antibiotic along with the very limited adsorption onto the surface of the 

photocatalyst. 
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Figure 3.43. Kinetic curve of ENR degradation under LED blue light (0.2 A, 

3.0 V) at pH 4, 25oC, initial EFA concentration 5 ppm, catalyst loading 1 g.L-1 

and solution volume of 20 mL. 

The aim of the next part of this section is to evaluate the extent in which 

the ENR antibiotic being mineralized by MoS2/g-C3N4 under blue LEDs. As 

shown in Figure 3.44 the changes of COD and concentration of the ENR 

solution after 4 hours of illumination are completely different. A reduction in 

COD of the solution for 8 hours of irradiation was also presented to explore 

more about the mineralization degree.  
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Figure 3.44. ENR conversion and COD reduction after 4 h of irradiation 

under LED blue light (0.2 A, 3.0 V), pH 4, initial concentration 5 ppm and 

volume of 20 mL, catalyst loading: 1 g.L-1. 

More specifically, while ENR in the solution was entirely degraded, its COD 

reduced only around 20% for the first 4 hours. This significant difference 

indicated that ENR itself could easily be totally degraded but not direct to 

simple molecules, instead it was partially oxidized to intermediates during the 

photocatalytic process. This point was also supported by the HPLC 

chromatogram of the ENR solution as shown in Figure 3.45. The peak at the 

retention time of 10.24 min which belongs to ENR completely disappeared 

after a 4-hour period of illumination under LED blue light, this is consistent 

with the above observation from UV-Vis measurement. All the formed 

intermediates with high relative abundance have higher molecular masses 

compared to that of ENR, which was confirmed by the corresponding mass 

spectra (see Appendix 2), implying that the ENR molecule under the given 

conditions was partially decomposed. This result also explained the low 

reduction of COD in comparison with ENR conversion as discussed previously. 
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Figure 3.45. HPLC chromatogram of ENR solution after (a) 0h, (b) 4h and 

(c) 8h under LED blue light. 

This was also brought up a new question, whether the formed intermediates 

become more toxic than the ENR itself to the environment or human health. To 

answer this tough but necessary question a toxicity test should be conducted 

[177], however, this test belongs to the biochemistry area, nevertheless that is 

still needed to investigate in the future research.  

(a) 

(b) 

(c) 
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3.2.7.2. Designed-pilot evaluation 

The recovery of the used catalyst for recycling is very important when 

employing a pilot in practical application. The methods that have been widely 

applied such as catalyst sedimentation [53], immobilization [145], using 

membrane [124], etc. The pilot in this work was designed to use the first one 

due to its simplicity. In order to apply this method efficiently, an increase in 

sedimentation rate plays an important role. To achieve this high rate, two 

widely used procedures, namely, adjusting pH of the suspension to the point of 

zero charge of the catalyst and electrolyte addition [53]. The first option was 

chosen with the result shown in Figure 3.46. It is obvious that at pH 3.5 the 

catalyst exhibited the fastest rate of settlement due to that value of pH closest 

to the pHpzc (3.6) of the catalyst MCN1, resulting in a quick aggregation of 

uncharged particles, therefore the increase in the sedimentation rate. 

 

Figure 3.46. Transmittance of 800-nm electromagnetic wave through 

MoS2/g-C3N4 suspension (0.7 g.L-1) during the sedimentation process. 

As shown in the above figure, the sedimentation occurred fast within the first 

80 minutes of the process, then kept unchanged for the next 40 minutes. Based 

on this observation the recovery of catalyst when using the pilot after 1, 2 and 
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3 hours of sedimentation of the suspension at pH 3.5 was carried out, with result 

shown in Figure 3.47.  

 

Figure 3.47. Percentage of catalyst recovery after different time of 

sedimentation of MoS2/g-C3N4 catalyst (0.7 g.L-1) suspension at pH 3.5. 

The recovery reached nearly 80% after 2 hours of catalyst settlement, and 

almost remained unchanged for 1 hour more. Although the loss of catalyst was 

still high, however, this drawback could be acceptable due to the simple and 

low-cost process.  

The photocatalytic activity of the recycled material was evaluated in the same 

conditions as for the first-use sample, the result was shown in Figure 3.48. 
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Figure 3.48. Recycling test for photocatalytic degradation of RhB over 

MCN1 sample. Conditions of process: irradiated volume: 25 mL, initial 

RhB concentration: 5.0 mg.L-1, pH 3.0, catalyst loading: 0.7 g.L-1, 25oC, 

under blue light. 

From the recycling test, it could be concluded that the material after the first 

use can perform its photocatalytic activity for the next uses with insignificant 

decrease. 

To evaluate the throughput of the pilot RhB solution was used as 

simulated wastewater with the following conditions: 30 L of 5 ppm RhB 

solution at pH 3.5, MCN1 catalyst loading 0.7 g.L-1, illuminated area 0.24 m2 

of 2 sets of blue LEDs (15 V, 5A), flow rate 8 L.min-1. These conditions along 

with the distribution of wastewater as a thin layer which was previously proven 

good for the excitement of the catalyst also taken into account in the pilot 

design. Under these conditions, it took 120 h for that wastewater being 

completely treated, therefore the calculated pilot throughput was 1.0 L.h-1.m-2. 

It is obvious that this value is proportional to the illuminated area, the more the 

area of the solution being illuminated, the larger the volume of the solution can 
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be treated per hour. That means the application of pilot can be feasible if the 

illuminated area is large enough to meet a particular requirement. Actually, the 

pilot itself is unlikely to apply directly to a specific situation. Nevertheless, it 

becomes useful when putting it in a complete system in which the pilot used as 

the last part before the treated water being discharged. Thus, the pilot is most 

suitable for the case of wastewater containing substances with low 

concentration that are not biodegradable. Instead of using electricity for the 

illumination, the sunlight can be applied effectively if the collector tilts a 

appropriate angle depending on the position where the pilot being placed.  
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CONCLUSIONS 

 

This thesis has achieved some accomplishments are as follows: 

 

1. The heterojunction WS2/g-C3N4 composites was successfully constructed via 

a facile calcination directly from the precursors of tungstic acid and thiourea in 

the solid state. Weight ratio of WS2 to g-C3N4 in the composites affects their 

photocatalytic activities. Among the composites, 7WCN (synthesized from 

H2WO4 and thiourea with the mass ratio 1:7) is the best material which could 

photodegrade 85.3% MB in 6 hours under visible light. A synergistic effect of 

components in heterojunction of the composites for enhancing photocatalytic 

performance was proposed. In addition, the MoS2/g-C3N4 composites were 

also synthesized by a simple method from sodium molybdate and thiourea 

in solid state, without the need for hydrothermal-condition and ultrasound 

process steps. The synthesized composites were proven to be efficient and 

active in photocatalysis, especially the MCN1 (synthesized from heating 

the mixture of 0.06 gram MoS2 and 24.0 grams of thiourea under N2 gas) 

sample with the optimum MoS2 content in which the interfacial charge 

transfer increased and thus reduced electron-hole recombination, improving 

the photocatalytic activity.  

2. The adsorption step plays a crucial role in the whole photocatalytic 

process, the more the target molecules adsorb on the photocatalyst’s surface 

the faster they would be photodegraded. However, too many the adsorbed 

molecules on the surface could lead to a negative effect on the overall 

photodegradation rate due to the lack of oxidizer on that surface such as 

oxygen. Furthermore, the mechanism of the transformation of target 

molecule such as rhodamine B to the intermediates such as rhodamine 110 
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was also proposed to provide a deep insight into the site of the molecule 

which was more likely to happen. 

3. The reaction system used MoS2/g-C3N4 photocatalyst and light-emitting 

diode (LED) was proven to have a value of new benchmark photochemical 

space-time yield (PSTY) of 8.3x10-3 day-1.kW-1, which was 100 times 

higher than that of the previous system also employed the same 

photocatalyst MoS2/g-C3N4 over the same target molecule rhodamine B.  

4. The designed photocatalytic pilot can operate automatically and use the 

prepared catalyst along with the application of natural sedimentation for 

recycling photocatalyst opens a new door to transfer the lab-scale into 

various practical applications including wastewater treatment under visible 

light.  
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Appendix 1: Prepared-material images 

a) g-C3N4, WS2, 5WCN, 7WCN, 10WCN 
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b) g-C3N4, MoS2, MCN1, MCN2, MCN3, MCN5 
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Appendix 2: LC-MS of ENR solution after 0h, 4h and 8h of 

illumination 

a) 0 h 
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c) 8 h 
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