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ABSTRACT 

  

A Cu(II)-quinoline complex immobilized on silica support was prepared to 

enhance the degradation of dyes. Mesoporous silica functionalized with this Cu(II) 

complex was turned into a photo-Fenton-like catalyst. Various techniques were used 

to characterize the resulting material and the catalytic activity was determined by the 

degradation of methylene blue (MB) under UV light irradiation. The Cu(II) ion was 

successfully coordinated to the quinoline ligand on a silica support. The dye 

degradation investigation has shown that 95% of the dye was degraded in 2.5 h. The 

active radical species involved in the reaction were OH• and O2
•−, suggesting that a 

peroxo complex intermediate might be formed during the degradation processes. 
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CHAPTER I 

 

INTRODUCTION 

 

1.  Synthetic Dyes 

 A dye is usually an organic or inorganic compound giving color to substrates 

such as food, fabric, textile cloth, paper, and plastic [1]. The color of a dye applied in 

an aqueous solution depends on its structure to absorb light within a visible region 

(400-700 nm) [2]. There is a limit of natural colorant obtained from plants, animals, 

and minerals, therefore a synthetic dye becomes mandatory. The synthetic dye is 

produced in a huge production and a large number of colorants. There are different 

names in a single dye. For example, there are three names of Rose Red dye viz. 

Rosaniline, Magenta, and Fuchsine. The Color Index (C.I.) is applied to avoid this 

difficulty. It consists of a generic name, and a chemical number described by 

application type, color, and identifying number. Reactive red 22, which is a member 

of azo dyes, is given as an example to illustrate the color index classification 

(Scheme 1) [3].  

 
 

Scheme 1 The representative example for the color index classification 
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 The worldwide production of dyes is over 700,000 tons per year [4-6]. Over 

10,000 dyes are used in textile manufacturing. Unfortunately, not all dyes are fixed on 

the fabrics. There is always a portion of these dyes that remains unfixed and gets 

washed out. The investigation reported that 10-12% of synthetic dyes were lost during 

synthesis and processing operation [7-10]. Those dyes enter into water and cause 

chemical contamination. Some of the contaminations are non-biodegradable and 

carcinogenic and pose a major threat to health and the environment. However, there is 

no proof to inform that most of the dyestuffs at the present used in textile dyeing are 

risky to human health at the levels of exposure that workers generally face in the 

factories. They are likely to be health hazards with long-term or accidental over-

exposure. Therefore, the impact of dyes discharged into the environment has been widely 

studied. One of the most concern in environmental and health effects is azo dyes [11, 12]. 

 Azo dyes (-N=N-) are an important class of synthetic compounds used as a 

coloring agent in the dyeing industry. 70% of all organic dyes produced in the world 

are these azo dyes. The dyeing process is successful due to its simple synthetic 

procedure, great diversity, and moderately high colorfastness to light and water. 

However, the presence of these dyes in the ecosystem causes serious environmental 

and health concerns. The Ecological and Toxicological Association of the Dyestuffs 

Manufacturing Industry (ETAD) was founded to minimize the adverse impact of organic 

colorants. According to the survey, the lethal dose (LD) of over 4000 dyes was estimated. 

Around 90% of them have LD50 (Lethal Dose) values greater than 2 g kg-1 [13]. Thus, the 

acute toxicity of azo dyes is rather low, but it still causes a variety of other chronic effects. 

There was the report showed that the toxicity was generally not because of the dye itself, 

but its degradation products [14]. The azo linkage is labile in the presence of 

Azoreductase, which is found in various microorganisms and humans. This results in the 

release of constituent aromatic amines, which are very high levels of acute and chronic 

toxicity, and carcinogenicity (Scheme 2).  
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Scheme 2 A typical Azoreductase-catalyzed reaction 

 

2.  Wastewater Treatment Processes 

 The technologies used in the removal of contaminants include physical, 

chemical, and biological processes. However, drawbacks and limitations are found in 

each approach differently. For example, high temperatures for calcination and 

regeneration of catalysts are required in a physical process. There is a cost of reagents 

used in a chemical process and some of them are unsustainable. In a biological process, 

microbiological or enzymatic decomposition can occur [15]. Consequently, it is highly 

demanded to develop an efficient technology for the decontamination of dyes in 

wastewater.  

 

2.1  Advanced Oxidation Processes (AOPs) 

 In recent years, AOPs have been studied as a promising organic wastewater 

treatment method. The AOPs are reactions based on the in-situ generation of hydroxyl 
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radicals (HO•), which have a strong oxidation capacity (standard potential = 2.8 V 

versus standard hydrogen electrode) [16, 17]. The processes are an effective tool to 

degrade a wide range of organic pollutants [18, 19]. Most of them are quickly and 

non-selectively oxidized by HO• to smaller organics or completely mineralized to 

carbon dioxide (CO2) and water (H2O) [20-23]. Many organic wastewater treatment 

methods are based on HO• generation can be called AOPs. The processes are operated 

by additional physical phenomena such as UV photolysis, ozonation, electrochemical 

treatment, ultrasound irradiation, non-thermal plasma, ɣ-ray, and electron beam 

irradiation. The UV photolysis includes Fenton-based reagent (Fe2+/H2O2), ozonation 

(O3), O3/H2O2, H2O2/UV, TiO2/UV, etc. [24-29]. The mentioned processes are listed 

in Table 1 [30]. 

 

Table 1 Summary of AOPs involving in the generation of HO• 

 

Type of AOPs Brief description of overall 

process and operating conditions 

Typical examples and key reaction 

pathways 

UV Photolysis  

(direct & 

indirect) 

UV photons (150-400 nm) 

irradiate aqueous solutions with 

high fluences (500-4000 mJ/cm2). 

Homogeneous and heterogeneous 

chemical species present in water 

then absorb the incident UV light 

and undergo photo-

transformation reactions to 

generate free hydroxyl radicals.  

UV/Water  Photolysis 

H2O + hν (<190 nm) →  H• + HO• 

 

UV/Ozone 

O3 + H2O + hν (254 nm)  →  2HO• + O2 
 

UV/H2O2 

H2O2 + hν (254 nm)  →  2HO• 

 

UV/Fenton  

Fe3+ + H2O2 + hν  →  Fe2+ + OH• + HO- 

 

TiO2 

TiO2 + hν (> 300 nm)  →  e-
cb + h+

vb  

2e-
cb + O2 + 2H+  →  H2O2 

e-
cb + H2O2  →  HO• + HO- 

h+
vb

 + HO-  →  HO• 
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Table 1 cont. 

 

Type of AOPs Brief description of overall 

process and operating conditions 

Typical examples and key reaction 

pathways 

Ozonation  Using high voltage alternating 

current (6-20 kV) across a 

dielectric discharge gap 

containing pure oxygen or dry air, 

O2 molecules are dissociated into 

oxygen atoms to form ozone 

(O3). This ozone gas stream is 

bubbled into water for 

decomposition into free hydroxyl 

radical 

 

Ozone/H2O2 

2O3 + H2O2  →  2HO• + 3O2  

Electrochemical 

Treatment 

Using indirect and/or direct 

anodic reactions, electrical energy 

vector drives the in-situ formation 

of oxidants. 

 

Anodic Oxidation 

H2O2  →  H+ + HO• 

Ultrasound (US) 

Irradiation  

High frequency sound waves (20 

kHz - 1 MHz) generate transient 

or stable acoustic cavitation in 

water solution. The cavitation 

involves formation of pressure 

bubbles with inducing thermal 

dissociation of water into 

hydroxyl radicals. 

 

US/Hydrogen Peroxide 

H2O2 + )))  →  2HO• 

Non-thermal 

Plasma 

An electric discharge in water 

initiates collisions of charged 

particles and excitation-ionization 

of neutral molecules. This 

generates a non-thermal plasma 

containing energetic electrons  

(e-*) and radicals. 

 

Electrical Discharge  →  e-* 

H2O + e-*  →  HO• + H• + e- 

ɣ-Ray and 

Electron Beam 

Irradiation 

Using ionizing radiation from 

radioactive ɣ-sources (60Co) or 

particle accelerators, radiolysis of 

water produces both reducing and 

oxidizing radical species. 

 

H2O  — v̂→  H*, HO•, e-, H2, H2O2, 

H3O
+, HO- 
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  One of the most frequently used AOPs is the Fenton reaction where Fe2+ 

is used as the catalyst and H2O2 as the oxidant. In general, the HO•
 can be generated 

through the catalytic decomposition of H2O2. Its advantages were reported as high 

performance and simplicity by operating at room temperature and atmospheric 

pressure [31, 32]. Moreover, the reaction is non-toxicity and H2O2 can be broken 

down into environmentally safe like H2O and O2. 

 

2.2  Fenton reaction 

  Fenton’s reaction was developed in the 1890s and named after Henry 

John Horstman Fenton. In the presence of Fe2+ ions and H2O2 in an acidic solution, it 

can produce radicals without additional energy. The reaction sequence is given in Eq. 

(1)-(5) [33]. 

                          Fe2+ + H2O2  →  FeOH2+ + •OH (or Fe3+ + •OH + -OH) (1) 

                            Fe2+ + •OH  →  FeOH2+ (or Fe3+ + -OH) (2) 

                          H2O2 + •OH  →  •OH2 + H2O (3) 

            FeOH2+ + •OH2/O2
•-  →  Fe3+ + O2 + H2O/OH- (4) 

                   FeOH2+ + H2O2  →  Fe2+ + H2O + •OH2 (5) 

   

  The Fenton reaction and its modification have been used for 

decomposing various dyes [34]. However, Fenton’s reagent can work only in a narrow 

acidic pH range (pH 2-4) and is not able to completely decompose some dyes [35]. These 

drawbacks limited its applications. 

  To overcome these disadvantages, the enhancement of the Fenton 

reaction has been attracted attention. There were reports found that Fe2+ was replaced 

by the others, such as iron (Fe3+), chromium (Cr3+/Cr6+), cobalt (Co2+/Co3+), and 

copper (Cu+/Cu2+) [36-38]. Those reactions were performed as hetero- and 

homogeneous catalysts. Therefore, the reactions that other metal ions, instead of Fe2+, 

with H2O2 are Fenton-like reactions. The key equations of HO• generation using Fe3+ 

are given in Eq. (6)-(8) [39]. 
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                          Fe3+ + H2O2  →  [FeIIIO2H]2+ + H+ (6) 

                           [FeIIIO2H]2+  →  Fe2+ + HO2
• (7) 

                           [FeIIIO2H]2+  →  [FeIVO]2+ + HO• (8) 

   

  Furthermore, the incorporation of light irradiation into the basic Fenton 

process can dramatically increase the •OH generation. The reactions correspond to the 

photo-Fenton/Fenton-like reactions. The reaction sequence is given in Eq. (9)-(16) 

[30]. 

 Photo-Fenton (UV or Solar light);  

                 Fe3+ + H2O2 + hν  →  Fe2+ + OH• + HO- (9) 

                          Fe2+ + H2O2  →  Fe3+ + OH• + HO- (10) 

                             H2O2 + hν  →  2OH• (11) 

   

 Photo-Fenton (Visible light);  

       H2O2  + hν (< 310 nm)  →  2HO• (12) 

 Fe(OH)2+ + hν (< 580 nm)  →  Fe2+ + HO• (13) 

                               Dye + hν  →  Dye* (14) 

                          Fe3+ + Dye*  →  Fe2+ + Dye•+ (15) 

                          Fe2+ + H2O2  →  Fe3+ + OH• + HO- (16) 

   

As seen in the given equations, the sources of light are UV or Solar light and visible 

light. The use is dependent on the proper energy to the Fenton catalyst. For example, 

visible light at 580 nm was used in the photo-Fe3+-H2O2 system (Eq. (13)). The photo-

generated intermediates, such as Fe2+, Fe3+, Dye*, and Dye•+, can enter the Fenton 

system and simultaneously produce more HO•. It finally improves the degradation 

rate of the organic pollutants. 

  For the study of Fenton-based reactions mentioned above, significant 

effects on oxidation performance including pH, H2O2 dosage, catalyst loading, and 

reaction temperature have been widely studied. In addition, various organic 

compounds were chosen as selected contaminants such as dyes, drugs, and pesticides 

[36, 37, 40]. The study of concentration range was always from hundreds of µg/L to 

hundreds of mg/L. The complete decomposition of them was found in a short reaction 

time [41]. 
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3.  Photo-Fenton-like Catalysts 

 The photo-Fenton-like catalysts are the catalyst which is facilitated by 

photochemistry to perform in Fenton reaction. The role of photochemistry is to 

provide energy of UV and/or visible light to enhance the formation of HO•. This is 

followed by the huge catalytic capacity. As a result, the other parameters involved in 

the catalysis such as catalyst loading and H2O2 dosage are reduced. The performance 

in the Fenton reaction is depended on the natural form of each catalyst, which can be 

a homogeneous and heterogeneous system. The main difference between those 

processes is the positions of catalytic reactions. In the homogeneous system, the 

catalysis process is performed in the whole liquid phase (Scheme 3a). On the other 

hand, a heterogeneous system always occurs on the surface of the catalyst (Scheme 

3b). The diffusion and adsorption processes of H2O2 and other reactants to the surface 

of the catalyst could be significant for the catalysis process. 

 

  

Scheme 3 (a) Homogeneous and (b) heterogeneous Fenton reactions 

 

 There still are some disadvantages in homogeneous and heterogeneous 

Fenton-based catalysts. The finding of the practical catalyst has been focused on. 

Basically, multiple oxidation states should be allowed for the ideal catalyst. The 

active species with a specific oxidation state can be easily regenerated from an 

inactive form through a simple redox cycle. For example, cerium is a rare earth 

element. The oxidation states of +3 and +4 are exhibited in an aqueous solution. 

While Ce3+ form is a strong reducing agent and easily oxidized by O2 in alkaline 
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conditions, Ce4+ species is a strong oxidant under acidic conditions. Thus, cerium can 

easily cycle between the Ce3+ and Ce4+ oxidation states. The use of Ce4+/Ce3+ redox 

cycle is applied as a Fenton-like catalyst. The generation of HO• is given in Eq. (19)-

(20) [42]. 

                   Ce3+ + H2O2  →  Ce 4+ + HO- + HO• (19) 

                   Ce4+ + H2O2  →  Ce3+ + HO2
• + H+ (20) 

   

 The nonferrous metal ions can perform hydrogen peroxide decomposition. It 

results in the production of reactive oxygen species in a unique environment. Besides 

the use of cerium, the active species with a specific oxidation state has been focused 

to replace iron, including chromium (Cr3+/Cr6+), cobalt (Co2+/Co3+), manganese 

(Mn2+/Mn4+), copper (Cu+/Cu2+), and ruthenium (Ru3+, Ru4+). The proposed key step 

for the generation of HO• is displayed in Scheme 4 [30].  

 

 

 

Scheme 4 The redox reactions between H2O2 and various nonferrous metal ions 
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 Among these, the Cu-based Fenton catalyst seems to be practical in 

wastewater treatment due to the stable oxidation state of Cu2+. Furthermore, there are 

only two uptakes of electrons required in the redox process for the generation of ROS. 

 

3.1  Copper  

  Copper is a chemical element with the symbol Cu and is in group 11 of 

the periodic table. This element is a transition metal because there is an incompletely 

filled d orbital in their ion forms (Cu+ and Cu2+). Copper is also known as an essential 

trace element in living systems. Its ion forms are presented in several important 

enzymes involving in a variety of biological processes, such as photosynthesis, 

electron transport, and cell wall metabolism [43, 44].  

  The ions are named cuprous or cupric based on the electronic 

configuration where cuprous is Cu+ (d10), whereas cupric is Cu2+ (d9). However, those 

ions can be changed in their oxidation states by an electron-transfer reaction. The 

reaction is allowed when there is an additional chemical or energy from the 

surrounding system [45]. The transformation between the oxidation state of Cu+ and 

Cu2+ plays a critical role in the speciation, transport, and bioavailability [46]. 

  One of the important roles of the redox of Cu is the H2O2 decomposition 

to generate HO• and/or another ROS for a balance of free radicals and antioxidants in 

the body. The copper is bound strongly to serum albumin or incorporated into 

ceruloplasmin with approximately 80 mg Cu present in an average adult [47]. 

However, the copper in excess can be potentially toxic to organisms. Especially in its 

free hydrated form (i.e., Cu2+), it can be harmful to membrane permeability, 

chromatin structure, protein synthesis, and various enzyme activities. Most 

importantly, the oxidative stress in the body is caused by the reaction of Cu with 

hydrogen peroxide in the cells of organisms from a by-product of oxygen metabolism. 

It can lead to cell and tissue damage (Scheme 5) [48].   
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Scheme 5 Cell and tissue damage in the oxidative stress 

 

3.2  Redox chemistry of Cu in Fenton-like based reaction 

  Redox properties of copper are like iron. The oxidation states can be 

easily switched by reacting with H2O2 (Eq. (21)-(22)).  

                  Cu2+ + H2O2  →  Cu+ + HO• + HO-      (k  = 4.6 × 102 M-1s-1) (21) 

                   Cu+ + H2O2  →  Cu2+ + HO• + HO-     (k  = 1.0 × 102 M-1s-1) (22) 

   

  The hydrolyzed complex with the most stable oxidation state, Cu(OH)2 

for Cu2+ and FeOH(H2O)2+ for Fe3+ performed in homogeneous catalysis. However, 

there is a difference in aqueous solubility. While, the iron aquo complex [Fe(H2O)6]
3+ 

is insoluble at pH >5, the copper complex [Cu(H2O)6]
2+ is still soluble in neutral pH 

conditions [49]. Therefore, the Cu2+/H2O2 system works over a broader pH range, 

compared to the Fe3+/H2O2 which only works in the acidic condition.  

  Nevertheless, the performance of the copper is inhibited by O2 since Cu+ 

is oxidized by oxygen to Cu2+ under near-neutral and acidic conditions (Eq. (23)) 

[50]. As a result, it reduces the effective Cu+ available to react with H2O2. Thus, the 

Fenton systems using Cu2+ catalyst require a larger excess of H2O2, compared to Fe3+-

based systems [51]. 

         4Cu+ + 4H+ + O2  →  4Cu2+ + H2O (23) 

   



 
26 

  There is considerable interest in the development of copper in the 

Fenton-like catalysts. Generally, there are two pathways of hydroxyl radicals 

generation described by the free radical pathway and the complex pathway, as shown 

in Eq. (24)-(27) and (28)-(30), respectively [52-54].  

 Free radical pathway;  

                                      H2O2  ⇌  H+ + HOO- (24) 

                        Cu2+ + HOO-  →  Cu+ + HO2
• (25) 

                                       HO2
•  →  H+ + O2

•- (26) 

                           Cu+ + H2O2  →  Cu2+ + HO• + HO- (27) 

   

 Complex pathway;  

                      Cu2+L + HOO-  →  Cu2+L(HOO) (28) 

                        Cu2+L(OOH)  →  Cu+L(HOO•) (29) 

           Cu+L(HOO•) + H2O2  →  Cu2+L + O2 + H2O + HO-  (30) 

   

  The Cu-based Fenton processes which perform the free radical pathway 

are involved cuprous copper (Cu+), cupric copper (Cu2+), zero-valent copper (Cu0), 

and copper composites. On the other hand, the processes that perform the complex 

pathway are the Cu-complexes with organic and inorganic ligands (L). Interestingly, 

the coordination of copper ions with those ligands caused dramatically enhanced 

catalysis in the generation of HO• [34, 35, 55, 56]. 

  Furthermore, two extra reactions of the Cu-based Fenton catalyst can 

occur due to the existence of photo-irradiation as given in Eq. (31)-(32). The first 

reaction involves Cu2+L undergoing a photochemical reduction process. As seen in 

Eq. (31), the oxidation number of Cu2+ is reduced to Cu+ because of the excited 

electron which is stimulated by the photo-irradiation (hν). It is followed by the second 

reaction that involves HO• generating via an electron transfer of H2O2 to the Cu+ [57]. 

                    Cu2+L + hν  →  Cu+ + L+• (31) 

                   Cu+ + H2O2  →  Cu2+ + HO• + HO- (32) 
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4.  Schiff Base  

 Schiff base (also known as imine or azomethine functional group) is a 

compound with the general structure R2C=NR’ (R’ ≠ H) [58]. It can be synthesized 

from primary amine and aldehyde compounds by a nucleophilic addition. This is 

followed by a condensation reaction to generate a Schiff base (Scheme 6). 

 

 

Scheme 6 The formation of Schiff base  

 

 Schiff bases were discovered and named after Hugo Schiff in 1864 [59]. 

Since then a variety of methods for the synthesis of imine have been described [60-

64]. Schiff bases played an important role as ligands in coordination chemistry due to 

their convenient synthesis method and effective stabilization to metal ions.  

 The environment of the coordination center (R1 and R2) can be modified by 

attaching different substituents to the structure of Schiff bases. This can provide 

different structures and reactivities as introduced in the two basic ideas of HSAB 

(Hard and Soft Acids and Bases) and the chelate effect. In addition, the steric and 

electronic effects around the metal core can be tuned by an appropriate selection of 

bulky and/or electron-withdrawing or donating substituents [65]. More importantly, 

the designed structure is depended on the purpose required. 

 Many Schiff base complexes with different transition metal ions are flexible 

compounds. It is extensively used for industrial purposes. The broad range of 

biological activities and catalysis reactions of Schiff base complexes have been 

investigated in various areas [62, 66-68].  
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5.  Methylene Blue 

 MB is a heterocyclic aromatic compound with the molecular formula 

(C16H18ClN3S, 3H2O). The structure is displayed in Figure 1. The chemical name is 

[7-(dimethylamino)phenothiazin-3-ylidene]-dimethylazanium;chloride, as corresponding 

in IUPAC. It is soluble in water and has a deep blue color [69, 70]. 

 

 
 

Figure 1 The chemical structure of  Methylene Blue 

 

 MB is not strongly hazardous when compared to the other dyes, but various 

harmful effects are found on inhalation. The rise to short periods of rapid or difficult 

breathing produces a burning sensation, and it may cause nausea, vomiting, diarrhea, 

and gastritis. An accidental large dose creates abdominal and chest pain, severe 

headache, profuse sweating, mental confusion, painful micturition, and 

methemoglobinemia [71].  

 Historically, MB was a synthetic drug used in medicine. Robert Koch used 

MB as a stain for microscopic visualization of tuberculosis bacilli in 1870. After 

observing that bacteria were seen with MB-containing stains, Paul Ehrlich argued this 

might suggest a harmful effect on the microorganism. As a result, Ehrlich and 

Guttman applied MB to the treatment of malaria starting in 1891. MB was used as an 

antimalarial agent through the end of World War II by U.S. service members but not 

the result was not good enough [72].  

 Other historical applications for MB have included use as an indicator of 

compliance with psychiatric medications. This practice led to the observation that MB 

has antidepressants and other psychotropic effects. MB served as the lead compound 

for the development of chlorpromazine and tricyclic antidepressants [73]. Now a day, 

MB has become recognized to be beneficial in the treatment of toxin-induced and 

hereditary methemoglobinemia [74]. 
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 As a dye, MB was first developed as an aniline dye derivative for the textile 

industry by Heinrich Caro in 1876. MB is classified as a basic dye and named 

methylthioninium chloride or Basic blue 9. It is widely used for dying cotton, wool, 

and silk [75]. More recently, aqueous solutions of methylene blue were used as a 

selected dye model for a survey of degradation of various dyes because it is easy to 

handle and less harmful to the researchers and environment [76-80].  

 

6.  Purposes of the Study  

1. To develop a new catalyst by immobilizing the Cu(II) complex with 

quinoline onto silica support. 

2. To study catalytic efficiency in MB degradation under the selected 

experiment conditions including catalyst dosage, H2O2 concentration, 

MB concentration, pH, time, and UV light irradiation effect. 

 

7.  Scope of the Study 

 The catalyst was prepared by immobilizing the Cu(II) complex with 

quinoline onto a silica surface. The synthetic procedures followed the literature [81] 

but 8-aminoquinoline was used instead of 2-aminopyridine (2-APY). The obtained 

catalyst was monitored by spectroscopic techniques such as Fourier-transform 

infrared spectroscopy (FTIR), X-ray powder diffraction (XRD), UV-visible diffuse 

reflectance spectroscopy (DRS), and X-ray photoelectron spectroscopy (XPS). 

Besides, the catalyst was investigated in surface studies including the Brunauer-

Emmett-Teller method (BET) and scanning electron microscopy (SEM). Finally, the 

catalytic efficiency of the prepared catalyst was determined in MB degradation under 

the selected experiment conditions such as catalyst dosage, H2O2 concentration, MB 

concentration, pH, time, and UV light irradiation effect. 
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CHAPTER II 

 

LITERATURE REVIEWS 

 

1.  Copper in Fenton-based Catalyst for Degradation of Synthetic Dyes 

 The copper was used as Cu (II) complex in hydrogen peroxide 

decomposition for the generation of ROS as well as homogeneous and heterogeneous 

reactions. It has been started since the discovery of the Cu(II)/pyridine/H2O2 system 

in 1998 and then has been extensively studied in various ways.   

 Cu(II)/pyridine/H2O2 system was discovered by Watanabe et al. (1998) [82] 

in the study of lignin degradation (Figure 2). The phenolic and non-phenolic 

synthetic lignin were intensively depolymerized by Cu(II) and peroxide sources. The 

use of copper with pyridine ligand enhanced the decomposition of lignin by 

generating an active oxidant. Moreover, the radical species were demonstrated in this 

finding by spin trapping experiments that not hydroxyl radical, but superoxide anion 

is involved in the Cu(II)/pyridine/H2O2 system.  

 

 
 

Figure 2 Chemical structure of pyridine 

 

 The Cu(II)/pyridine/H2O2 was firstly used in the decolorization of synthetic 

dyes described by Nerud F. et al. (2001) [83]. Those dyes with 1 mM were incubated 

with 1 mM of CuSO4 solution, 2% pyridine and, peroxide sources such as H2O2 at 

100 mM. The decolorization measured after 1 h was obtained with Phenol Red (89%), 

Tropaeolin 00 (58%), Evans Blue (95%), Eosin Yellowish (84%), and Poly B-411 

(92%) (Figure 3). In addition, the pH and temperature were studied. It was found that 

the rate of decolorization was not affected pH in the range of 3-9 and increased with 

increasing temperature. Furthermore, the result was investigated using radical 

scavengers (thiourea and superoxide dismutase). The hydroxyl radicals are involved 
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in the reaction rather than superoxide anions. This result is in contrast with the finding 

of Watanabe T. et al. 

 

 
 

Figure 3 Chemical structures of Phenol Red, Tropaeolin 00, Evans Blue,  

Eosin Yellowish, and Poly B-411 with decolorization degree 

 

 Various dyes were investigated in the decolorization by Verma et al. (2004) 

[55]. Cu(II)-ligand complex with D-arabinono-1,4-lactone (APL) was reported to be 

effective in the decolorization and reduction of azo toxicity and other synthetics dyes. 

The incubations were performed for 24 h in the presence of 10 mM CuSO4, 20 mM 

APL, and 80 mM H2O2. The decolorizations of such dyes were obtained with 100 

ppm Acridine Orange (91%),  Azure B (87%), Chicago Sky Blue 6B (87%), Crystal 

Violet (91%), Evans Blue (90%), Poly B-411 (91%), Reactive Blue 2 (88%), Reactive 

Blue 5 (89%), and Remazol Brilliant Blue R (87%) (Figure 4). In addition, the use of 
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APL complexes with other metals instead of Cu(II) was determined, but it led to a 

decrease in decolorization efficiency. More interestingly, the mechanism of 

decolorization was pointed out for the very first time that hydroxyl radicals probably 

exist as a radical-metal-ligand complex [84]. 

 

 
 

Figure 4 Chemical structures of Acridine Orange,  Azure B, Chicago Sky Blue 

6B, Crystal Violet, Reactive Blue 2, Reactive Blue 5, and Remazol  

Brilliant Blue R with decolorization degree 
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Figure 4 Cont. 

 

 The discussion of previous literature was only focused on the use of 

Cu/pyridine/ H2O2. A detailed investigation of H2O2/pyridine, H2O2/Cu(II), and 

H2O2/pyridine/Cu(II) processes were carried out, for decolorization of some selected 

dyes, by Bali et al. (2007) [85]. The effect of different components in the system such 

as initial Cu(II), pyridine, H2O2, dyestuff concentration, pH, mixing speed, and the 

reaction time was determined. The optimum catalytic system was found in the 

presence of 125 mM H2O2, 0.5% pyridine, and 0.1 mM Cu(II). The decolorization 

was very fast and achieved over 90% after 10 min (instead of a day) for some dyes 

with 50 ppm.  

 The study of the Cu/pyridine/H2O2 system was further compared to the 

original Fenton’s reagent [51]. The experiments were conducted using synthetic 

textile wastewater including polyvinyl alcohol (PVA) and Remazol Turquoise Blue 

G-133, with 100 ppm and 50 ppm, respectively (Figure 5). Interestingly, the 

maximum efficiency achieved by the Cu system was about 92% and, the higher initial 

reaction rate. However, the hydrogen peroxide consumption was very high (4250 

ppm), especially when compared to that used in Fenton’s reagent (25 ppm).  
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Figure 5 Synthetic textile wastewater (PVA+ Remazol Turquoise Blue G-133) 

 

 Some studies aim to replace pyridine with other organic ligands, such as 

ammonia, ethylenediamine, methylamine. Their reactivity mostly depends on the 

redox potential of the metal ions [86-88]. In addition, Cu(II)/succinic acid/H2O2 was 

investigated by Shah et al. (2003) [84]. A 24 h incubation of 10 mM Cu(II), 200 mM 

succinic acid, and 100 mM H2O2 resulted in decolorization of 200 ppm Poly B-411 

(90%) and Reactive Blue (75%). The ESR spectra of Cu(II)-succinic acid-radical 

complex showed that the radical probably does not diffuse into the solution but bind 

with the ligand before the degradation of dyes.  

 The study of metal peroxo complexes (M-OOH) was further considered and 

discussed by Li et al. (2009) [89]. 4-Chlorophenol (CP) oxidation was proposed as 

shown in Scheme 7. Cu(II) ion in the complex was found to coordinate with four N or 

O atoms and two water molecules as axial ligands. The associating copper (II) 

complex was unstable. Once one water molecule dissociated from Cu(II) complex, 

hydrogen peroxide could directly associate with Cu(II) complex. Consequently, 

electron transfer from hydrogen peroxide to Cu(II) might happen. Thus, the possible 

reactive species LCu(I)- •OOH was formed. 
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Scheme 7 Possible catalytic mechanism for the oxidation of 4-CP 

 

 Previous literature was described in several copper-based Fenton-like 

metal/ligand systems for homogeneous catalytic decomposition of hydrogen peroxide 

and generation of hydroxyl radicals. The main shortcoming of homogeneous catalytic 

processes ensues from the requirement for catalyst recovery or separation. It can be 

technically and economically unfeasible. Moreover, active homogeneous catalysts, 

including transition metal ions and their complex are toxic and thus present a potential 

environmental problem. Therefore, it is desirable to develop heterogeneous catalytic 

procedures where the catalysts are easily separable.  

 The heterogeneous catalyst was presented in a solid form of the complex 

itself or an immobilized complex on a solid support. The heterogeneous polymeric 

catalyst of Cu(II) for degradation of polycyclic aromatic hydrocarbons (PAH) in the 

presence of hydrogen peroxide was reported by Baldrian et al. (2005) [90]. 

Poly(glycidyl methacrylate) with 8-hydroxylquinoline and tris(2-aminoethyl)amine 

ligands immobilized on microporous methacrylate matrix were prepared with Cu(II), 

as shown in Scheme 8. The PAH was degraded by the incubation of 25 mg catalysts 

and 100 μmol H2O2 for a 7-day catalytic cycle at 25 ˚C.  
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Scheme 8 Addition of ligand groups to the polymeric chain of poly(glycidyl 

methacrylate-co-ethylene dimethacrylate) 

 

 The catalyst based on ion-exchange binding including, metal- or metal 

complex-loaded ion exchangers and polymeric support may be limited. It was found 

that the carrier itself can be also oxidatively attacked by the produced ROS. This 

results in an irreversible loss of metal binding capacity. The convenient way to 

overcome this problem is the use of inorganic supports. It is necessary to find 

appropriate immobilization chemistry for binding metal chelates to the surface of a 

support. The inorganic support including silica (SiO2) was functionalized by 4-

aminopropyl trimethoxy silane (APTS) for binding catalytically active metal ions. 

The transition metal salicylaldimine complexes immobilized on silica support for 

hydroxylation of phenol were reported by Ray et al. (2007) [91]. The catalysts were 

prepared using APTS and salicylaldehyde to form a Schiff base anchored on the SiO2, 

as shown in Scheme 9. It was observed that the catalysts performed well in the 

hydroxylation of phenol but only the effects of surface on that catalysis were 

discussed.   
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Scheme 9 Synthetic route of the supported salicylaldimine complex 

 

 In 2008, chelating sorbent of zirconium (ZrO2) with diethylenetriamine-

penta(methylene-phosphoric acid) (DTPMPA) was prepared for coordination of 

Cu(II) ion by Baldrian et al [92]. The catalyst was prepared by the sol-gel method of 

ZrO2-DTPMPA, and then coordinated with CuSO4 solution. The structure of DTPMA 

ligand chelated on ZrO2 was only proposed as reported (Scheme 10). The catalyst was 

investigated in the oxidation of PAH through a Fenton-like reaction. Up to 90% of 15 

ppm, PAHs (anthracene, benzo[a]pyrene, and benzo[b] fluoranthene) were 

decomposed by 10 mg mL-1 of the catalyst with 100 mmol of H2O2 during a five-day 

catalytic cycle at 30 ˚C (Figure 6). There is a suggestion that the use of inorganic 

support for Cu(II) ion catalytically active in Fenton-like reactions can perform 

potentially overcome the problem with oxidative damage of the support. It was 

confirmed by the simple recovery from treated solution and stability of the catalyst 

prepared in this work. 
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Scheme 10 Preparation of diethylenetriamine-penta(methylene-phosphoric acid)  

chelated on the ZrO2 surface 

 

 

 

Figure 6 Polycyclic aromatic hydrocarbons (anthracene, benzo[a]pyrene  

and benzo[b] fluoranthene) with degradation degree 

 

 In 2014, Fei et al. reported simple Cu(II) Schiff base complexes as efficient 

heterogeneous Photo-Fenton-like catalysts for degradation of Methyl Orange (MO) 

[93]. The chemical structure of MO is displayed in Figure 7.  

 

 
 

Figure 7 Chemical structure of Methyl Orange 
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 The H2L1 (H2L1 = N-salicylidene-2-aminoethanol) with Cu(II) ion was 

prepared in two forms of [Cu(L1)Cl]2 and [Cu(HL1)2] as a dinuclear and a 

mononuclear, respectively (Scheme 11). The complexes were characterized by IR, 

elemental analysis, and X-ray single-crystal diffraction methods. In the MO 

degradation, the complexes were performed as a heterogeneous catalyst under the 

experiment condition: the complexes 0.0020 g; H2O2, 12 mM; pH 6.55-6.70; UV light 

300 W. 20 μM of MO was completely degraded within 2.0 min (Figure 8). 

 

 
 

Scheme 11 Synthetic route of N-salicylidene-2-aminoethanol   

complexes with Cu(II) ion 

 
Figure 8 Decolorization efficiency of [Cu(L1)Cl]2 and Cu(HL1)2 in control 

experiments: MO, 20 μM; [Cu(L1)Cl]2 and Cu(HL1)2 0.0020 g;  

H2O2, 12 mM; pH 6.55-6.70; UV light 300 W 
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 The new homogeneous Cu(II) complexes which contain H2L2 (H2L2 = N-

[(2-oxy-acetatebenzyl)]-2-aminothanol were reported by Fei et al. (2014) [94]. The 

complexes were prepared in two forms of [Cu(L2)Cl] and [Cu(L2)Br] as distorted 

squared pyramidal (Scheme 12).  

 
 

Scheme 12 Synthetic route of N-[(2-oxy-acetatebenzyl)]-2-aminothanol) 

complexes with Cu(II) ion 

 

 
Figure 9 Decolorization efficiency of Cu(L2)Cl and Cu(L2)Br in control 

experiments: MO, 20 μM; Cu(L2)Cl and Cu(L2)Br 3.11 × 10-6 M; H2O2, 24 mM; 

pH 6.55-6.70; UV light 300 W 
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 The complexes were characterized by IR, elemental analysis, and X-ray 

single-crystal diffraction methods. In the MO degradation, the complexes were 

performed as a homogeneous photo-Fenton-like catalyst under the experiment 

condition: the complexes 3.11 × 10-6 M; H2O2, 24 mM; pH 6.55-6.70; UV light 300 

W. 20 μM of MO was completely degraded within 2.0 min (Figure 9). 

 In 2016, Hailu et al. reported a Cu(II) Schiff base complex encapsulated in a 

zeolite (Y) for the degradation of 4-chloro-3-methylphenol (PCMC) [95]. The ligand 

(N,N’-disalicylidene-1,2-phenylediamine, H2L3) was synthesized by the condensation 

reaction of salicylaldehyde and o-phenylenediamine. The HL3 was encapsulated in 

zeolite super cage using Cu-exchanged zeolite (CuY, 1 g) under reflux at 150-200 

˚C for 12 h (Figure 10).  

  

          
 

Figure 10 Zeolite-encapsulated N,N’-disalicylidene-1,2-phenylediamine  

complex with Cu(II) ion 

 

 The chemical structure of PCMC as a selected pollutant is displayed in 

Figure 11. The almost complete removal of PCMC was achieved with the catalyst 

after 120 min under the optimum reaction condition: the catalyst 0.1 g; H2O2, 75 

mmol L-1; PMC 0.35 mmol L-1; 50 ˚C (Figure 12). 
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Figure 11 Chemical structure of 4-chloro-3-methylphenol 

 

 
Figure 12 Catalytic efficiency of zeolite-encapsulated CuL3 in control 

experiments: the catalyst 0.1 g; H2O2, 75 mmol L-1; PCMC 0.35 mmol L-1; 50 ˚C 

 

 The catalytic efficiency was represented by a pseudo-first-order kinetic plot 

(Figure 13). The rate constant (k) for PCMC oxidation with the zeolite-encapsulated 

CuL3 catalyst was 0.0191 min-1 as displayed in the slope (m) of the linear function.  

 
Figure 13 Pseudo-first-order kinetic plot for catalytic efficiency of zeolite-

encapsulated CuL3 in control experiments: the catalyst 0.1 g;  

H2O2, 75 mmol L-1; PCMC 0.35 mmol L-1; 50 ˚C 
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 In 2017, Yuan et al. reported a Cu(II) Schiff base complex with 2-amino 

pyridine (2-APY) immobilized on silica microspheres as a Fenton-like catalyst for 

Rhodamine B (RhB) [81]. The catalyst was prepared by immobilization of Cu(II)-

pyridine complex on silica support as displayed in Scheme 13. 

 

 
 

Scheme 13 Synthetic route of 2-amino pyridine complex with Cu(II) ion 

immobilized on silica support 

 

 RhB was selected as a dye model for the degradation study. The chemical 

structure of RhB is shown in Figure 14. 5-7.5 mg L-1 of RhB was degraded by the 

catalyst in 6 h under the optimum reaction condition: SiO2-Cu(II) pyridine complex, 

0.0020 g; H2O2, 12 mM; pH 7. The catalyst was discussed as a hydroxyl radical 

generator through a Fenton-like reaction. It was confirmed by the different conditions 

as shown in Figure 15. The rate constant of each condition was represented as a 

pseudo-first-order kinetic plot in Figure 16. The number for Fenton-like reaction 

(RhB + H2O2 + cat.), i.e., 0.459 h-1, is higher than the control conditions (RhB + cat. 

and RhB + H2O2). 
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Figure 14 Chemical structure of Rhodamine B 

 

 
Figure 15 Catalytic efficiency of SiO2-Cu(II)-pyridine complex under the optimal 

condition: the catalyst 2 g L-1; H2O2, 200 mg L-1; RhB 5 mg L-1; pH 7.1 

 

 

 
Figure 16 Pseudo-first-order kinetic plot for catalytic efficiency of SiO2-Cu(II)-

pyridine complex under the optimal condition: the catalyst 2 g L-1;  

H2O2, 200 mg L-1; RhB 5 mg L-1; pH 7.1 
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CHAPTER III 

 

MATERIALS AND METHODS 

 

1.  Materials 

 All chemicals were used without further purification. Ammonium hydroxide 

(NH4OH, 28 wt.%), tetraethyl orthosilicate (TEOS, 98%), (3-Aminopropyl) 

triethoxysilane (APTES, 99%), 8-aminoquinoline (C9H8N2, 98%), commercial 

ethanol (C2H5OH), isopropanol (IPA, C3H8O), glutaraldehyde 25 wt.% (C5H8O2), 

glacial acetic acid (CH₃COOH), and coumarin (C9H6O2, 99%) were purchased from 

Sigma-Aldrich. Hydrogen peroxide 30wt.% (H2O2) and p-benzoquinone (BQ, 

C6H4O2) were purchased from MERCK. Copper (II) sulfate heptahydrate 

(CuSO4·7H2O, 98%) was purchased from Ajax Finechem. Deionized water (DI) was 

used throughout the experiment. 

 

2.  Experiments 

2.1  Preparation of silica support 

 The silica support (denoted: SiO2) was synthesized by hydrolysis of TEOS in 

distilled ethanol solution [96]. Firstly, the mixture of ethanol (170 mL) and DI water 

(511 mL) was sonicated for 10 min. Then, TEOS (7.0 mL) was added dropwise while 

sonicating, and after 20 min, 28 wt.% NH4OH (12 mL) was added as a catalyst to 

promote the condensation reaction. The reaction was carried out for a further 60 min 

by stirring at 750 rpm to get a white turbid suspension. The white solid of silica 

support (1.8 g) was obtained after drying at 100 ˚C for 5 h (Scheme 14). 

 

2.2  Preparation of amine-functionalized silica support 

  The prepared silica support was dried at 100 ˚C for 30 min before use. 

The dried solid (1.2 g) was dispersed into ethanol solution (10 mL) and kept stirring at 

500 rpm. Then, APTS (3.6 mmol, 0.84 mL) was slowly added into the suspension. 
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After 30 min, DI water (7.2 mmol, 130 μL) was added to perform hydrolysis of the 

alkoxide groups of APTS. The amount of water added was twice the amount required 

to completely hydrolyze APTS loading [97]. The reaction was continued for a further 

30 min and the solids (1.1 g) were obtained after drying at 100 ˚C for 2 h (Scheme 

15). The prepared amine-functionalized silica was denoted: SiO2-NH2.  

 

2.3  Preparation of Cu(II)-quinoline complex immobilized on silica support 

  1.0 g of amine-functionalized silica support was dispersed in DI water 

and sonicated for 10 min. Then, 8-aminoquinoline (432 mg, 3 mmol) dissolved in 5 

mL of CH3CN was added slowly into the suspension. After 30 min, the mixture of 

glutaraldehyde (2.4 mL, 6 mmol) and glacial acetic acid (0.69 mL, 12 mmol) was 

added dropwise. The reaction was carried out at room temperature for 12 h. 

Afterward, 20 mL of 0.1 M copper(II) sulfate solution was added into the reaction and 

kept stirring at 60 ˚C for 5 h [81]. The product (0.8 g) was collected by centrifuge at 

9000 rpm, washed with DI water, and dried at 80 ˚C for 4 h (Scheme 16). The product 

was denoted: SiO2-Cu(II)-quinoline complex or catalyst. 
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2.4  Characterizations 

  The change on the surface of silica was monitored by Fourier Transform 

Infrared Spectrometer (FT-IR, Spectrum GX). The crystallinity of prepared solids was 

obtained by X-ray diffraction spectroscopy (XRD, Panalytical /Expert 2Theta: 5-140 

degree) The morphologies, element distributions, and sizes of samples were observed by 

field emission scanning electron microscopy (FESEM, LEO1455VP) equipped with the 

energy dispersive X-ray (EDX). The specific surface areas of samples were evaluated 

using the Brunauer-Emmett-Teller method (BET, TriStar II 3020). The elemental 

composition and surface chemical state were determined with an X-ray photoelectron 

spectroscopy (XPS, Mg Kα as radiation source, the AXIS Ultra DLD, AXIS Ultra DLD). 

The UV-vis diffuse reflectance spectrum (DRS) was obtained with a UV-vis 

spectrophotometer (UV-Vis Spectrophotometer Agilent 8453, BaSO4 as a reference). The 

UV-vis absorption spectrum for solutions was investigated using a UV-Vis 

spectrophotometer (UV-6100 UV/VIS spectrophotometer). 

 

2.5  Adsorption experiment 

  The adsorption of MB by the prepared silica and the catalyst was studied 

by a batch operation, only focusing on the effects of contact time. Batch sorption 

experiments were performed in a closed chamber at the ambient temperature inside, 

which was maintained at 28˚C. 1.0 mg of catalyst (0.25 mg/L) was dispersed in a 5.0 

mL aqueous solution containing 5 ppm of MB for 2 min with ultrasonication. Then, 

the suspension was magnetically stirred and analyzed at every certain time (30, 60, 

120, and 150 min). The suspensions were centrifuged at 5000 rpm for 7 min to collect 

the final solution. The concentrations of each solution correspond to the absorption 

value of MB solution determined by recording at the maximum absorption (664 nm) 

using a UV-vis spectrometer. 
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2.6  Photocatalytic experiment 

  The photocatalytic activities of the prepared catalyst in the degradation 

of MB were performed in a closed chamber with vertical light irradiation. The 

ambient temperature inside of the chamber was maintained at 28˚C with air cooling. 

30W UV lamp was used as the light source and the distance between the level of the 

solution and light source was 13 cm. The reaction was carried out by a batch 

experiment to avoid the loss of catalyst dosage in each reaction. In a typical process: 

1.0 mg of catalyst (0.25 mg/L) was dispersed in 5.0 mL aqueous solution containing a 

5 ppm of MB for 2 min with ultrasonication. Then, the suspension was magnetically 

stirred in the dark for 30 min to reach an adsorption equilibrium. Prior to the 

irradiation, one of the reactions was taken out and centrifuged to obtain the clear 

supernatant. The MB concentration was remarked as C30. Then, 3000 ppm of 30 wt.% 

H2O2 was introduced in a system and the UV lamp was turned on. The reaction 

suspension at every certain time (30, 60, and 120 min) was centrifuged and analyzed. 

The concentrations which correspond to the absorption value of MB solution were 

determined by recording at the maximum absorption (664 nm) using a UV-vis 

spectrometer. The decolorization efficiency of MB was obtained by the following 

formula: 

ŋ = (1 − Ct/C0) × 100% = (1 − At/A0) × 100% 

where Ct is the concentration of MB solution at the reaction time t, C0 is the 

concentration of initial MB solution at 0 min; A and A0 are the corresponding 

absorption values. 

 

2.7  Effect of hydrogen peroxide concentration 

  The method and conditions of this study were similar to the above 

photocatalytic experiment except for the uses of various hydrogen peroxide adding 

into the MB solutions. The concentrations were ranged from 0 ppm, 750 ppm, 1500 

ppm, and 3000 ppm. The reaction suspension at every certain time was centrifuged 

and analyzed. The concentrations which correspond to the absorption value of MB 

solution were determined by recording at the maximum absorption (664 nm). 
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2.8  Active species trapping experiments 

  In order to prove the generated active species in the photocatalytic 

reaction, coumarin, isopropanol (IPA), and p-benzoquinone (BQ) were used as the 

scavengers of hydroxyl radicals (•OH), and superoxide radicals (•O2
-), respectively. 

The solution of the scavengers was added into the MB solution to study the influence 

of different active species. The photocatalytic reaction was performed similarly to the 

mentioned photocatalytic experiment except for the addition of scavengers into the 

MB solution. A control experiment was run without adding those scavengers.  

  

Coumarin 

  Coumarin (14.6 mg, 0.1 mmol) was dissolved in 100 mL of distilled 

water [98]. The method and conditions of this study were similar to the above 

photocatalytic experiment except for the use of prepared coumarin solution instead of 

MB. After adsorption-desorption equilibrium at 30 min in the dark, 3000 ppm of 30 

wt.% H2O2 was introduced in a system and the UV lamp was turned on. The 

fluorescence emission spectrum was excited at 320 nm. The reaction was monitored 

by the increased fluorescence intensity of 7-hydroxycoumarin at 450 nm [99]. The 

reaction suspension every certain time (30, 60, and 120 min) was centrifuged and 

analyzed as mentioned in the photocatalytic experiment.  

 

Isopropyl alcohol (IPA) 

  IPA (0.1 mol L-1 or 0.3 mol L-1) was added into the batches of MB 

solution (5 ppm). Then, UV light was turned on in a closed chamber. The reaction 

was monitored by the decreased absorbance of MB at 664 nm. The reaction 

suspension every certain time was centrifuged and analyzed as mentioned in the 

photocatalytic experiment. 
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p-Benzoquinone (BQ) 

  BQ was recrystallized from ethanol before being used [100]. Then, 216.1 

mg (2 mmol) was dissolved in distilled ethanol. The prepared solution (0.2 mol L-1, 

25 µL) was added into the batches of MB solution (5 ppm). Then, UV light was 

turned on in a closed chamber. The reaction was monitored by the decreased 

absorbance of MB at 664 nm. The reaction suspension every certain time was 

centrifuged and analyzed as mentioned in the photocatalytic experiment. 

 

2.9  Photocatalytic stability 

  The photocatalytic stability of the prepared catalyst was determined by 

two consecutive cycles under the typical condition of 5 ppm of MB (pH 7, 100 mL), 

0.20 g L-1 of catalyst, and 3000 ppm of 30 wt.% H2O2. The catalyst was used 

repeatedly after centrifugation (5000 ppm, 7 min) and dry at 80 ˚C for 2 h. 
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CHAPTER IV 

 

RESULTS AND DISCUSSION 

 

1.  Synthesis 

1.1  Silica support (SiO2) 

  Scheme 17 shows the formation of silica. The solid was synthesized by 

hydrolysis of TEOS and condensation polymerization of alkoxysilanes. Ammonia was 

used as a basic catalyst in these processes, and also used to protect the aggregation of 

newly formed silica particles [101]. Firstly, TEOS was hydrolyzed to generate a 

silanol group (-Si-OH) and an ethanol molecule. After the reaction between silanol 

groups, a covalent bond of silicon oxide was formed, followed by an elimination of a 

water molecule. The condensation reaction was performed continuously, and the 

particles of silica appeared because of their poor solubility in the water-ethanol 

solution. 

 

 

   

 

Scheme 17 Base-catalyzed condensation of TEOS 

 

 The structure consists of dense SiO2. The building blocks of these particles 

are randomly distributed tetrahedrons and their surface is coated with silanol groups. 
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The yield of SiO2 was calculated based on the theoretical yield as described by 

Koźlecki et al. It is assumed that all C2H5O- groups were replaced by -OH groups 

[102]. The yield was moderate, with 62%. 

 

1.2  Amine-functionalized silica support (SiO2-NH2) 

  The surface of silica was coated by amino groups (-NH2) of APTS. 

Firstly, APTS was hydrolyzed following by a condensation reaction with hydroxyl 

groups of the surface of silica as seen in Scheme 18. Water was incorporated to 

perform hydrolysis of the alkoxide groups of APTS. The amount of water added was 

twice the amount required for complete the hydrolysis of APTS loading [97].  

 

 

 

Scheme 18 Formation of functionalized amine on silica support 

 

1.3  Cu(II)-quinoline complex immobilized on silica support  

  In order to prepare particle dispersions, the solid of SiO2-NH2 was 

sonicated in DI water. 8-aminoquinoline was added to the suspension, which was 

stirred for 30 min to perform the adsorption on the surface of SiO2-NH2. The Schiff 

base was obtained after addition of the crosslinking agent, glutaraldehyde, catalyzed 

by an acid catalyst (as shown in Scheme 19). Firstly, the lone paired electron of the N 

atom of SiO2-NH2 and 8-aminoquinoline attacks the carbonyl carbon. Then, the water 

molecule is eliminated to form a Schiff base [103]. 
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  After the addition of the CuSO4 solution to 8-aminoquinoline modified 

silica support, the blue color of the solution was turned to pale blue. It probably 

indicated that N atoms in the quinoline ring and in Schiff base coordinated to copper 

(II) ions as shown in Scheme 20 [81]. 

 
 

Scheme 20 Formation of copper(II) quinoline complex immobilized  

on silica support 

 

2.  Catalyst characterizations 

2.1  Fourier transform infrared spectroscopy (FTIR) 

  The interface of the silica surface plays an important role in the 

adsorption process. Its characteristics determine the nature of bonding between 

adsorbate and adsorbent. FTIR, one of the surface study techniques, was used to 

investigate the behavior of porous silica. Basically, there are 3 modes of silanols on 

silica surface; (i) isolated free (single silanols), (ii) geminal free, and (iii) vicinal (OH 

groups bound together through hydrogen bond) [104].  

  All of them were found in the region of 3200-3800 cm-1 corresponding 

to 𝑣OH stretching mode. A broad band at 3715 cm-1 suggested the presence of isolated 

silanol because of the absence of a hydrogen bond [105]. The appearance of 3530 cm-

1 is identified as germinal silanol due to its hydrogen bonding. Even though those 

silanols appeared at different numbers, it is still difficult to differentiate between those 

two modes because their properties are almost similar [106]. Also, the absorption 

range between 3400 to 3600 cm-1 depends on the formation of a hydrogen-bonded 

water network. Therefore, in the presence of water adsorption on the silica surface, it 

is difficult to directly observe the silanol groups [107]. 
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  The IR spectral characteristic of silica was previously reported by Jal et 

al. [108] as shown in Table 2. 

 

Table 2 IR spectral characteristic of silica  

 

Frequency (cm-1) Position assignment Value reported Reference 

462 Si–O bond rocking 465-475 [109] 

800 OH bending (silanol) 800-870 [110-114] 

970-980 Si–OH bond stretching 935-980 [109-112] 

1102 Asymmetric Si–O–Si stretching in 

SiO4 tetrahedron 

1050-1150 [115-119] 

1630 O–H bending (molecular water) 1625 [120] 

3000-4000 O–H stretching and adsorbed water 3000-3800 [120] 

3755 OH stretching 3740-3750 [111] 
    

 

  Figures 17-19 display the FTIR results of all synthesized products. Only 

characteristic bands of silica were found. The wavenumbers correspond to the 

reported value. Additionally, there is no additional peak observed when SiO2 was 

modified by the amine functionalization and the immobilization of Cu(II)-quinoline 

complex on the surface. The amount of APTES was only 3.6 mmol which is lower 

than the literature (21 mmol) [81] as well as the assumed amount of Cu(II)-quinoline 

complex. As a result, it might be difficult to detect those additions on the surface of 

silica by FTIR.  
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2.2  X-ray diffraction (XRD) 

  The XRD patterns of the synthesized SiO2, SiO2-NH2, and SiO2-Cu(II) 

complex are shown in Figure 20. The XRD spectrum of SiO2 was found a broad peak 

(low crystallinity) at 2θ = 22.8˚ which is a characteristic of SiO2. The 2θ value and 

peak pattern were compared to SiO2-NH2 and SiO2-Cu(II) complex. Apparently, no 

significantly different peak was observed due to this technique cannot monitor the low 

concentration of additional APTES and Cu(II) complex as mentioned in FTIR. Even 

though a high concentration of those two additions was used, it may not follow any 

changes on/inside the SiO2. It was only concluded that the main composition of the 

prepared materials is SiO2.   

 

Figure 20 XRD spectra of SiO2, SiO2-NH2, and SiO2-Cu(II) quinoline complex 
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2.3  Brunauer–Emmett–Teller study (BET) 

  The surface properties were studied by N2 adsorption-desorption 

isotherm at 77 K (-196 ˚C). Figure 21 displays the adsorption-desorption isotherm of 

all synthesized materials. All prepared materials exhibited irreversible type II 

adsorption-desorption isotherm with an H2-type hysteresis loop indicating a neck-like 

and wide pore in the partial pressure range from 0.40-0.74 [121]. The amount of 

adsorbed nitrogen decreases from 275 to 111 cm3/gcat (for SiO2-NH2) and 44.7 

cm3/gcat (for SiO2-Cu(II) quinoline complex). The reduced values suggest the pore 

plugging after the functionalization with amino groups and the Cu(II) complex 

immobilization [97]. 

  

Figure 21 N2 adsorption-desorption isotherms of SiO2,  

SiO2-NH2 and SiO2-Cu(II) complex
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Table 3 Textural properties of SiO2, SiO2-NH2 and SiO2-Cu(II) complex 

 

Sample SBET (m2/g) Vpmeso (cm3/g) dp (nm) 

    

SiO2 527.3 0.41 3.36 

SiO2-NH2 216.4 0.16 3.23 

SiO2-Cu(II) complex 103.6 0.050 2.97 
    

 

  Table 3 listed some textural properties of all synthesized materials. The 

numbers of specific surface area (SBET) were calculated from nitrogen sorption studies 

by applying the BET equation. The BET surface area of SiO2 was 527.3 m2/g which is 

greater than commercial silica [122]. The values of the specific surface area of SiO2-

NH2 and SiO2-Cu(II) quinoline complex were 216.4 and 103.6 m2/g, respectively. The 

pore volume (Vpmeso) and the pore size distributions (dp) of all materials were 

calculated from the adsorption branch of the N2 isotherm by using the Barrett–Joyner–

Halenda (BJH) model. The Vpmeso and pore size of each one was decreased and 

corresponded to the H2 hysteresis loop showing a characteristic of mesoporous 

material. These findings suggest that no changes in pore size after the 

functionalization with amino groups and the Cu(II) complex immobilization. 

 

2.4  Field emission scanning electron microscopy (FESEM) 

  As mentioned, the sequential preparation of silica in this present work 

followed the method described by KS. Rao et al. The silica nanoparticles were 

prepared using ultrasonication by sol-gel process. The effect of different reagents such 

as ammonia, ethanol, water, and TEOS was studied in detail. Various-sized particles 

were obtained in the range of 20-460 nm. It was obtained in monodisperse and 

uniform-size particles. The optimal condition (Sample-2) was used and modified for 

the preparation of silica as support. 

  Figures 22-24 show SEM images of the SiO2, SiO2-NH2, and SiO2-

Cu(II)-quinoline complex. The SiO2 (Figure 22) was in a spherical shape and had 

different degrees of aggregation less than 100 nm, which was in accordance with 



 
65 

several works [123-126]. It can be considered that the aggregated particles were 

obtained because the reaction was performed in a medium with a high concentration 

of water (14 mol L-1). In addition, the concentration of ammonia was relatively low 

(1.4 mol L-1) to protect the aggregation of the silica [101]. As seen in Figures 23-24, 

there was no significant change of morphology of the synthesized silica after the 

amine-functionalization and the immobilization processes. Only larger aggregations 

of silica were observed. 

 

 

 

 
 

Figure 22 The SEM images of SiO2
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Figure 23 The SEM images of SiO2-NH2 
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Figure 24 The SEM images of SiO2-Cu(II) complex 
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2.5  Energy dispersive spectroscopy (EDS) 

  The elemental composition of Cu(II)-quinoline complex immobilized on 

silica support was investigated using energy dispersive X-Ray (EDX). EDX or EDS is 

an X-ray technique used to identify the consistent elements in materials. The 

equipment is an attachment of electron microscopy instruments. To stimulate the 

emission of characteristic X-rays from a sample, ground state electrons bound to the 

nucleus are excited and ejected from electron shells followed by creating an electron-

hole. An electron from an outer then fills the hole and emits the difference in energy 

between those two levels in the form of an X-ray. As the energies of the X-rays are 

characteristic, EDS allows the elemental composition of a sample to be measured 

[127].  

 The EDX elemental mapping demonstrated that elements Si (red), C 

(purple), O (green), N (blue), and Cu (yellow) are uniformly distributed within the 

material surface (Figure 25). These results evidenced Cu is well anchored on the 

surface of the silica support. 

 

 

 
 

Figure 25 The EDX mapping of SiO2-Cu(II)-quinoline complex 
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Figure 25 Cont. 

 

  In the EDS spectrum (Figure 26), peaks at 0.277, 0.392, 0.523, and 

1.704 keV related to C, N, O, and Si, respectively. In addition, two peaks of Cu were 

found at 0.930 and 8.040 keV. The total copper content on the selected area was 

found to be 0.6 wt.%.  

 

 

 
Figure 26 The EDX spectrum of SiO2-Cu(II)-quinoline complex 
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2.6  X-ray photoelectron spectroscopy (XPS) 

  Figure 27 shows the results of XPS spectra SiO2-quinoline before and 

after loading Cu(II). The peaks at bond energy (BE) of 103 eV, 285 eV, 399 eV, and 

532 eV correspond to the Si 2p, C 1s, N 1s, and O 1s spectra, respectively. It is 

observed that after loading Cu(II), a new peak with a binding energy of 935 eV 

appeared, which could be assigned to the Cu 2p orbital. The high-resolution XPS 

spectra of N 1s and Cu 2p regions were used to further clarify the surface chemical 

state of the copper element.  

 
Figure 27 XPS survey spectra of SiO2-quinoline before (below)  

and after loading Cu(II) (top) 

 

  Figure 28 shows that the strong Cu 2p1/2 and Cu 2p3/2 peaks occurred 

at 952.1 and 932.3 eV. The BE of 932.3 eV for Cu 2p3/2 is in agreement with its 

oxidation states +2. 
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Figure 28 The high-resolution XPS for Cu 2p of SiO2-quinoline  

after loading of Cu(II) 

 

  N 1s core-level spectra are displayed in Figures 29-30. BEs of 399.1 eV 

and 400.1 eV were found in SiO2-quinoline. The peak of 399.1 eV can be assigned to 

nitrogen in the aromatic ring while the peak with BE of 400.1 eV can be assigned to 

nitrogen in primary amines or imines [128-130]. After loading Cu(II) ions, BEs of N 

1s in SiO2-quinoline shifted to 399.2 eV and 400.4 eV, respectively (Figure 30). The 

increases and changes in BEs of N 1s indicate that the lone pair electrons in the 

nitrogen atoms were donated or in a different position to Cu(II) ions. 

 

 
Figure 29 The high-resolution XPS for N 1s of SiO2-quinoline  

before loading of Cu(II) 
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Figure 30 The high-resolution XPS for N 1s of SiO2-quinoline  

after loading of Cu(II) 

 

2.7  Diffuse reflection spectroscopy (DRS) 

  Diffuse reflectance relies upon the focused projection of light into the 

sample. The light is reflected, scattered, and transmitted through the sample material. 

Some of which is absorbed by the sample. Only a part of the beam that is scattered in 

a sample and returned to the surface is considered as diffuse reflection. The 

reflectance data can be converted to light absorption of the sample [131].   

  Determination of band gap in materials is very important for a 

semiconductor or a photocatalyst. Band gap or energy gap (Eg) indicates the 

difference in energy between the top of the valence band filled with electrons and the 

bottom of the conduction band devoid of electrons [132]. The band gap was measured 

using the reflection spectra observed in the wavelength range 200-800 nm. Figure 31 

displays the spectra of SiO2 and SiO2-Cu(II) complex with a different pattern.  
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Figure 31 DRS spectra of SiO2 (top) and SiO2-Cu(II)-quinoline  

complex (below)  

 

  To calculate an indirect band gap, Kubelka-Munk model was used for 

the investigation of the band gap [128, 133]. The Kubelka-Munk equation is 

expressed as a following formula; 

F(R) = (1 − R)
2
/2R 

 

where R is the absolute reflectance of the sampled layer.  

  Figure 32-33 presents the estimated band gap from the plot of (1–R)2/2R 

versus hν for SiO2 and SiO2-Cu(II)-quinoline complex. The calculated band gap 

energy of SiO2 was found to be 5.8 eV. The number decreased after the 

immobilization of Cu(II)-quinoline complex. The band gap energies were found at 

two positions of 2.8 and 3.5 eV. The results indicate that the addition of Cu(II)-

quinoline complex onto the surface of SiO2 can reduce the band gap to the region of 

UV light.  
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Figure 32 Kubelka Munk function of SiO2 

 

 

 

Figure 33 Kubelka Munk function of SiO2-Cu(II)-quinoline complex 

  



 
75 

3.  Degradation of methylene blue 

3.1  Contact time of the silica support and the catalyst 

  The heterogeneous photocatalytic reaction is operated on the catalyst 

surface, and pre-adsorption of the target is necessary for their degradation. Therefore, 

the contact time of MB adsorbed on the surface of the catalyst was investigated. 

  The effect of contact time on the adsorption capacity of the silica support 

and the catalyst was determined within the range of 0-150 min under pH 7.0. Figure 

34 shows the result of MB adsorption in the presence of silica support and the 

catalyst. The y axis is C/C0 × 100 (%), which represents the removal percentage of 

MB.  

 

 
Figure 34 Contact time of MB adsorbed on the surface of the silica support  

and the catalyst under the selected condition; MB solution, 5 ppm, 5 mL;  

silica support or cat. 0.2 g L-1 (0.0010 g); pH 7.0; 28 ˚C 

 

  The initial adsorption was observed within 30 min. This occurrence of 

rapid adsorption of silica support was related to the high surface area (527.3 m2/g) as 

calculated in the BET study. Due to the greater adsorption capacity, 87.1% of MB 

was removed in 150 min.   



 
76 

  On the other hand, only 15.2% of MB was removed by the catalyst, and 

the equilibrium was finally reached in 60 min. The adsorption rate of the catalyst is 

lower than the silica support because of the lower surface area (102.3 m2/g). In 

addition, the site for the adsorption process decreased by the amino functionalization 

and the immobilized Cu(II) complex. This unavailable site leads to a slower 

adsorption rate. Although, the maximum dye removal percentage of the catalyst was 

found at 60 min. The contact time for the adsorption of MB was used for 30 min in 

the photocatalysis section. 

  The adsorption capacity (qt) was calculated by the following formula [134].  

 qt = (C0 − Ct) × V/ W  

   

where Ct is the concentration of MB solution at the reaction time t in mg/L, C0 is the 

initial concentration of MB solution at 0 min, V is the volume of MB solution in L, W 

is the weight of the silica or the catalyst.  

  It was found that the adsorption capacity of the silica was 21.4 mg/g 

which is approximately 5.6 times higher than the adsorption capacity of the catalyst 

(3.8 mg/g). 

 

3.2  Photocatalytic activities for degradation of MB 

  The catalytic activities of the catalyst were evaluated by degradation of 

MB under UV light irradiation within 150 min. The concentration of MB was reduced 

because of possible factors, such as the adsorption, the Fenton-like reaction, and the 

photo-Fenton-like reaction. Therefore, the control experiments, including MB/cat. 

(UV) and MB/cat./H2O2 (dark), were observed under identical conditions. Generally, 

the catalytic experiment was carried out under the conditions as following: MB, 5 

ppm (5 mL); pH 7.0; 28 ˚C; catalyst loading, 0.2 g L-1. 
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Figure 35 Catalytic efficiency for degradation of MB in different reaction 

systems under the general condition; MB solution, 5 ppm, 5 mL;  

cat. 0.2 g L-1 (0.0010 g); pH 7.0; 28 ˚C 

 

  The time profile of MB degradation over the catalyst in different 

conditions was shown in Figure 35. The y axis in these processes is C/C0 × 100 (%), 

which represents the removal percentage of MB in a term of degradation. It was found 

that MB was hardly decomposed in MB/cat. (UV). Only 15.8% of MB was removed 

after 150 min of total reaction time. A better result of degradation was found after the 

addition of H2O2. Approximately 54% of MB was degraded through the Fenton-like 

reactions, as described in Eq. (34)-(37). 

                 ≡L–Cu2+ + H2O2  → ≡L–Cu2+(O2H)- + H+ (34) 

                   ≡L–Cu2+(O2H)-  → ≡L–Cu+(O2H)• (35) 

        ≡L–Cu+(O2H)• + H2O2  → ≡L–Cu+ + HO• + O2 + H2O (36) 

                  ≡L–Cu+ + H2O2  → ≡L–Cu2+ + HO• + HO-  (37) 

   

Note: Cu-organic ligand immobilized on the silica support; ≡L–Cu. 

 

  The best result was observed when MB/catalyst/H2O2 was operated 

under UV light irradiation. The concentration of MB was significantly decreased to 

5% within 150 min. The catalyst performed as a photo-Fenton-like catalyst in the 
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presence of H2O2. The radicals were generated through the reaction as described in 

Eq. (38)-(42) [57]. 

                      ≡L–Cu2+ + hν  → ≡L+•–Cu•2+ (38) 

                            ≡L+•–Cu•2+ → ≡L+•–Cu+ (39) 

                             ≡L+•–Cu+  → ≡L–Cu2+ + heat  (40) 

 ≡L+•–Cu+ + H2O2  → ≡L+•– Cu2+ + HO• + HO- (41) 

                ≡L+•– Cu2+ + Sub  → ≡L– Cu2+ + Sub* (42) 

   

  The reaction was allowed because UV light enhanced the catalytic 

capacity of the catalyst. In the heterogeneous photocatalytic system, the photo-

induced reductive dissolution of the catalyst was performed [135, 136]. Firstly, the 

conversion of light into chemical energy was operated by the photoinduced charge 

separation (Eq. (38)). It is also called a charge transfer process from organic ligand to 

metal (Eq. (39)), which results in the oxidized form of the ligand (L+•) and the 

reduced form of the metal ion (Cu+). The original form (≡L–Cu2+) also performs in 

the reaction by Fenton-like reaction to generate the radicals (Eq. (41)). During these 

processes, dyes could be excited by the substrate to metal charged transfer (SMCT) 

process (E1. (42)). This result contributed to the degradation of dyes via the loss of 

conjugation of the double bonds in the molecule. In addition, the dye was also 

oxidized by the radical generated through this photo-Fenton-like reaction. Moreover, 

the radical intermediate could react with another H2O2 molecule to give the radicals 

and result in the improvement in the degradation of MB.  
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  The photocatalytic activity was investigated quantitatively by the 

calculation of the apparent rate constant (k) of the catalyst. When the concentration of 

organic dye is low, the process of photodegradation accords with a pseudo-first-order 

kinetic equation:   

− ln (Ct /C30) = kt 

where Ct is the concentration in mg/L of MB solution at the reaction time t, C30 is the 

concentration of MB solution at 30 min, k is the apparent reaction rate constant.  

 

 
Figure 36 Pseudo-first-order kinetic plot for degradation of MB in different 

reaction systems under the general condition; MB solution, 5 ppm, 5 mL;  

cat. 0.2 g L-1 (0.0010 g); pH 7.0; 28 ˚C 

 

The slope (k value in min-1) was obtained by the linear plot of − ln (Ct /C30) with t, as 

shown in Figure 36. The k values of MB/cat. (UV), MB/cat./H2O2 (dark) and 

MB/cat./H2O2 (UV) were -0.04, 0.49 and 2.43 (10-2 min-1), respectively. It was 

confirmed that the reaction rate was enhanced in the presence of MB/cat. combined 

with H2O2 under UV light irradiation. 
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  Figure 37 displays the temporal changes of UV-vis spectra of MB in the 

MB/catalyst/H2O2 (UV) system. In general, the UV-vis spectra of MB showed only 

one characteristic band at 662 nm in the visible region (400-800 nm). The band was 

attributed to a conjugated structure formed by the thiazine center with two rings of 

benzene. This structure allows the electronic transition due to the π-π* transition 

associated with the resonance of the π electrons in the thiazine [137, 138]. In this 

present study, the maximum absorption band of MB in the visible region was 

decreased dramatically in 150 min with no new absorption band appearing and was 

not shifted to a shorter wavelength. This result indicates that the chromophore in the 

molecule of MB was decomposed during the reaction [139, 140]. 

 

 
Figure 37 Changes in spectra of MB in the photo-Fenton-like reaction under the 

selected condition; MB solution, 5 ppm, 5 mL; cat. 0.2 g L-1 (0.0010 g); H2O2, 

3000 ppm; pH 7.0; 28 oC; UV (30 W) 

 
3.3  Effect of hydrogen peroxide concentration 

  The time profile and the pseudo-first-order kinetic model of MB 

degradation were displayed in Figure 38-39. The k values for MB degradation 

increased with hydrogen peroxide content from – 0.07 to 2.35 × 10-2 min-1. 

Meanwhile, the degradation efficiency in 2.50 h increased from 15.8% to 95.0%. As 

the increased rate of reaction, an alternative way for the reaction might happen with 

lower activation energy (Ea). This finding suggests that H2O2 performs as the second 

catalyst cooperating with the SiO2-Cu(II) complex.  
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Figure 38 Catalytic efficiency for degradation of MB in different concentration 

of H2O2 under the general condition; MB solution, 5 ppm, 5 mL;  

cat. 0.2 g L-1 (0.0010 g); pH 7.0; 28 ˚C; UV (30W) 

 

 

 
Figure 39 Pseudo-first-order kinetic plot for MB degradation in different 

concentration of H2O2 under the general condition; MB solution, 5 ppm, 5 mL; 

cat. 0.2 g L-1 (0.0010 g); pH 7.0; 28 ˚C; UV (30W) 

 

3.4  Active species trapping experiments 

  Various radical species involved in the Fenton-base reaction were found. 

The possible active species such as hydroxyl radicals (HO•), and superoxide radicals 

(O2
•-) were detected as a key role in the Fenton process. Therefore, the type of radical 

species in the MB degradation was determined by coumarin, IPA, and p-BQ. 
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Coumarin 

  Coumarin is a poorly fluorescent molecule that was used as a probe for 

detection of the HO•. The highly fluorescent compound, 7-hydroxycoumarin, was 

produced by the reaction between coumarin and HO•, as shown in Scheme 21. The 

amount of 7-hydroxycoumarin reflects the amount of generated HO• in the system.  

 

 
 

Scheme 21 Formation of 7-hydroxycoumarin by the reaction between coumarin 

and hydroxyl radicals 

 

 The variation of fluorescence intensity with the reaction time (0-150 min) 

was shown in Figures 40-41. Firstly, there was an emission band of coumarin at 400 

nm with an intensity of 150 (Figure 40). It can be observed that there was no change 

in the spectrum at 30 min compared to 0 min. After exposing the UV light for 30 min 

(60 min of the total reaction time), coumarin was hydroxylated to 7-hydroxy-

coumarin. The strong emission band at 460 nm was observed as shown in Figure 41. 

The band increased continuously upon the exposure time. The fluorescence intensity 

of 150 min reaction time was steadily increased at maximum with the intensity of 

approximately 6,000 (Figure 42). Also, it was highly enhanced when compared to 

without the irradiation of UV light. These results suggest that the HO• was generated 

by the condition of catalyst/H2O2 under UV irradiation. 

 

 



 
83 

 
Figure 40 Changes in fluorescence spectrum of coumarin in 0-30 min under the 

selected condition; coumarin solution, 1 mM (5 mL); cat. 0.2 g L-1 (0.0010 g); 

H2O2, 3000 ppm; pH 7.0; 28 oC; UV (30 W) 

ex. 332 em. 456 nm 

 

 

 
Figure 41 Changes in fluorescence spectrum of coumarin in 0-150 min under the 

selected condition; coumarin solution, 1 mM (5 mL); cat. 0.2 g L-1 (0.0010 g); 

H2O2, 3000 ppm; pH 7.0; 28 oC; UV (30 W) 

ex. 332 em. 456 nm 
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Figure 42 Fluorescence intensity of 7-hydroxycoumarin in 0-150 min under the 

selected condition; coumarin solution, 1 mM (5 mL); cat. 0.2 g L-1 (0.0010 g); 

H2O2, 3000 ppm; pH 7.0; 28 oC; UV (30 W) 

ex. 332 em. 456 nm 

 

Isopropyl alcohol (IPA) 

  IPA (isopropanol) is an aliphatic alcohol, which is known as an HO• 

scavenger [141]. It was commonly used as a competitor in the degradation processes. 

The corresponding reactions can be described in Scheme 22. 

 

   with k = 2 × 109 M-1 s-1 

Scheme 22 Hydrogen abstraction of IPA   

 

  0.1 M and 0.3 M of IPA were used to detect the hydroxyl radical 

involved in the reaction. The experiments were carried out under the same reaction 

condition of MB/cat./H2O2 (UV) except for the addition of IPA before the irradiation 

of UV light. As shown in Figure 43, the photocatalytic degradation efficiency was 

not influenced by the presence of IPA at both concentrations. The ln(C/C30) was 

plotted against time displaying the linear relationship as seen in Figure 44. The rates 

of reactions with/without the addition of IPA were not different. This finding suggests 



 
85 

that HO• maybe not a major active radical species influenced in this MB degradation 

under the selected condition. 

 

 
 

Figure 43 Catalytic efficiency of the catalyst in the presence of IPA under the 

selected condition; MB solution, 5 ppm, 5 mL; cat. 0.2 g L-1 (0.0010 g);  

H2O2, 3000 ppm; pH 7.0; 28 oC; UV (30 W), IPA 0.1 and 0.3 M 

 

 

 
Figure 44 Pseudo-first-order kinetic plot of the catalyst in the presence of IPA 

under the selected condition; MB solution, 5 ppm, 5 mL; cat. 0.2 g L-1  

(0.0010 g); H2O2, 3000 ppm; pH 7.0; 28 oC; UV (30 W), IPA 0.1 and 0.3 M 
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p-Benzoquinone (BQ) 

  There are several scavengers for the determination of superoxide 

radicals. For its competition-based detection, terephthalic acid [142], superoxide 

dismutase (enzyme) [143], benzoic acid [144], and p-BQ [143, 145-147] was used as 

a basic scavenger. The simple one, p-BQ was used for the determination of the role of 

O2
•-. The hydroquinone was generated by the reaction of p-BQ with the superoxide 

anion, as shown in Scheme 23. 

 

    with k = 9.8 × 108 M-1 s-1 [148] 

Scheme 23 Proposed reaction of p-BQ with O2
•- 

 

  The experiments were carried out under the same reaction condition of 

MB/cat./H2O2 (UV) except for the addition of p-BQ before the irradiation of UV 

light. The active species trapping result was shown in Figure 45. 

 

 
Figure 45 Catalytic efficiency of the catalyst in the presence of p-BQ under the 

selected condition; MB solution, 5 ppm, 5 mL; cat. 0.2 g L-1 (0.0010 g);  

H2O2, 3000 ppm; pH 7.0; 28 oC; UV (30 W), p-BQ 1 mM 
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The photocatalytic degradation efficiency was influenced by the presence of p-BQ. 

The ln(C/C30) was plotted against time displaying the linear relationship as seen in 

Figure 46. The k value for MB degradation was decreased to 0.88 × 10-2 min-1 (2.7 

times lower) compared to the control (2.36 × 10-2 min-1). Therefore, this result 

suggests that O2
•- was involved in the degradation of MB. 

 
 

Figure 46 Pseudo-first-order kinetic plot of the catalyst in the presence of p-BQ 

under the selected condition; MB solution, 5 ppm, 5 mL; cat. 0.2 g L-1  

(0.0010 g); H2O2, 3000 ppm; pH 7.0; 28 oC; UV (30 W), p-BQ 1 mM 

 

 Although, HO• was not found in the radical trapping experiment of IPA. It 

was still involved in the MB degradation as confirmed by the production of 7-

hydroxycoumarin. In addition, O2
•- trapped by p-BQ was interesting because of its 

competitiveness in MB degradation. 95.0% of MB degradation found in the control 

experiment was decreased to 73.2% in 2.5 h. This finding suggests that O2
•- plays a 

key role in MB degradation using the prepared catalyst. As a result, the mechanism of 

the catalyst performed in the photo-Fenton-like reaction was purposed in Scheme 24 

[149]. 
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3.5  Photocatalytic stability 

  The photocatalytic stability of the prepared catalyst was performed by 

two consecutive experiments at the same reaction condition. Figure 47 compared the 

result of MB degradation at the first and second runs of the catalysis. MB was 

removed from the solution by adsorption in dark. A large capacity of the adsorption 

was found and increased from 19.6% to 76.7% (30 min). 

 

 
Figure 47 Catalyst stability under the selected condition; MB solution, 5 ppm, 

100 mL; cat. 0.2 g L-1 (0.0200 g); H2O2, 3000 ppm; pH 7.0; 28 oC; UV (30 W) 

 

 

 
Figure 48 Pseudo-first-order kinetic plot under the selected condition;  

MB solution, 5 ppm, 100 mL; cat. 0.2 g L-1 (0.0200 g);  

H2O2, 3000 ppm; pH 7.0; 28 oC; UV (30 W) 
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This adsorption behavior suggested that the catalytic capacity could be mainly 

affected by the leaching of active sites on the catalyst surface. On the other hand, 

there was a loss in a photocatalytic activity that occurred in the second run. The k 

value of the second run was decreased from 3.65 × 10-2 to 1.04 × 10-2 min-1, which 

was about 3.5 times lower compared to the first run (Figure. 48). It can be concluded 

that the catalyst cannot be reused under this condition because it may be decomposed 

by self-degradation during the MB degradation. 
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CHAPTER V 

 

CONCLUSIONS 

 

 In conclusion, the new photo-Fenton-like catalyst was prepared by 

immobilizing a Cu(II) complex with quinoline on a silica support. The catalyst was 

monitored for the complex immobilization by FTIR, XRD, BET, FESEM, EDS, XPS, 

and DRS. The results observed from FTIR and XRD were lack of information 

because the low amount of the additional complex was too low. There were changes 

on the surface of silica support observed by BET, FESEM, and EDS. The 

coordination between Cu(II) and quinoline was confirmed by XPS. In addition, the 

prepared silica support acted as a photocatalyst after the Cu(II)-quinoline complex 

immobilization confirmed by DRS. 

 The catalytic activity in the decomposition of hydrogen peroxide for the 

generation of ROS was performed by heterogeneous degradation of MB under UV 

light irradiation. 95% of MB (5 mg L-1) was efficiently decolorized in 2.5 h under the 

experiment’s condition; the catalyst, 0.2 g L-1; H2O2, 3000 mg L-1; pH 7.0; UV light 

30 W. The ROS involved in the MB degradation were HO• and •O2
- confirmed by the 

radical trapping experiments. Based on these results, a possible mechanism of the 

catalyst for MB degradation through a photo-Fenton-like reaction was proposed. 

 The photocatalytic stability of the catalyst was also determined in two cycles. 

Unfortunately, there was a loss in the activity of photocatalysis after the first run. 

Based on the literature, the Cu(II)-quinoline complex may leach out of the surface of 

silica support. In addition, self-degradation of the catalyst may occur. However, there 

is still a challenge to develop this catalyst in the future. 
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