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Abstract 18 

In view of the fatal illnesses which Methylene Blue (MB) leads to upon ingestion, the present 19 

study focused on the use of natural sunlight in heterogeneous photocatalysis to decolourize 20 

MB. Most past studies utilized UV, visible or simulated sunlight in photocatalysis of MB. The 21 

present study also investigated the effects of enhancers (hydrogen peroxide and persulphate 22 

ion) and inhibitors (chloride and carbonate ions) on photodecolourization of MB. Pseudo-first-23 

order rate constants for each studied effect were determined through Langmuir-Hinshelwood 24 

model. The recommended conditions to photodecolourize 60 ppm of MB under natural 25 

sunlight were 1.0 g/L titanium dioxide nanopowder at initial pH 10.5 in order to achieve 26 

85.3% decolourization (rate constant of 10.8 ×10-3 min-1). The addition of 4080 ppm hydrogen 27 

peroxide and persulphate ion significantly enhanced the decolourization efficiency up to 96.6 28 

and 99.3%, respectively (rate constants of 66.2 and 91.0×10-3 min-1, respectively). However, 29 

the addition of 2000 ppm chloride and carbonate ions reduced the decolourization efficiency 30 

of MB to 74.7 and 70.2%, respectively (rate constants of 7.8 and 7.3×10-3 min-1, respectively). 31 

The present study implied that it was possible to use natural sunlight as a light source for 32 

photocatalytic treatment of dye in tropical countries like Malaysia.  33 

 34 

Key words: carbonate ion; chloride ion; hydrogen peroxide; methylene blue; persulphate ion 35 

36 



3 
 

 
 

 

Introduction 37 

One of the major pollutants found in water resources discharged around industrial areas is dye 38 

and more than one million ton of dyes are produced annually worldwide (Chiu et al., 2010). 39 

Treatment of wastewater containing dyes is one of the growing needs of the present time 40 

because most dyes with a complex aromatic molecular structure are considered to be non-41 

oxidizable substances by traditional biological and physical treatment (Kumar and Bansal, 42 

2012; Sun et al., 2013). It is estimated that 90% of total dyes produced are used in fabrics 43 

whereas the remaining in leather, paper, plastic and chemical industry (Pandg and Abdullah, 44 

2013). In 2011, there were 662 licensed textile and clothing industries in Malaysia, 45 

representing a total investment of USD 2.6 billion (Saheed, 2012). However, 15% of the total 46 

world production of dyes is lost during the dyeing process and released in textile effluents 47 

(Lachheb et al., 2002). In fact, World Bank estimates that 17-20% of industrial water pollution 48 

comes from textile dyeing and treatment industries (Chan et al., 2011). The textile wastewater 49 

treatment has been considered as one of the most important categories of water-pollution 50 

control due to its high colour intensity and high organic contamination (Lee et al., 1999). 51 

The chosen dye in this study was Methylene Blue (MB). MB is a cationic dye which is 52 

extensively used in dyeing industry (Saif Ur Rehman and Han, 2013). Advanced Dyestuff and 53 

Chemicals Pvt. Ltd. (2011) reported that MB is one of the major dyes imported into Malaysian 54 

textile industry, printing industries and occasionally in the medical field. A toxicology test 55 

among 7 adult men and found that 26% MB was absorbed by the body from the consumption 56 

of a 10 mg MB gelatin capsule (National Toxicology Program, 2013). It was also concluded 57 

that acute ingestion of MB led to increasing heart rate, cyanosis, shock, vomiting, 58 

quadriplegia, Heinz body formation and tissue necrosis in humans (National Toxicology 59 
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Program, 2013). Lodha et al. (2010) further stated that overdose of MB caused nausea, 60 

abdominal and precardial pain, dizziness, headache, profuse swelling, sweating and mental 61 

confusion. 62 

Conventional dye wastewater treatment methods include physicochemical and biological 63 

methods (Álvarez et al., 2013; Wang et al., 2014). According to Wang et al. (2014), these 64 

conventional treatment methods for dye wastewater are proven unsatisfactory. Biological 65 

methods result in lower decolourization efficiency due to inconsistency in quality and quantity 66 

of wastewater discharged (Lee et al., 1999). Also, the use of biological treatment system alone 67 

results in the incomplete degradation of recalcitrant compounds (Ghaly et al., 2011).  In 68 

addition, degradation of dyes under anaerobic conditions produces aromatic amines, which are 69 

carcinogenic and more hazardous (Low et al., 2012). Membrane separation suffers from 70 

membrane fouling and higher in cost due to regular change of membrane. Chemical methods 71 

are still widely favoured and used due to high degradation ability and generation of powerful 72 

oxidizing agents but the efficiencies are strongly influenced by the type of oxidant (Forgacs et 73 

al., 2004; Kitture et al., 2010).  74 

Recently, degradation of dyes through oxidative methods receives considerable attention 75 

because of its ability to degrade coloured aromatic compounds effectively (Vujevic et al., 76 

2010). The main mechanism of Advanced Oxidation Processes, AOPs is the generation of 77 

highly reactive hydroxyl radicals, OH (Gümüş and Akbal, 2011). OH radicals are 78 

electrophiles that react with most electron-rich organic compounds such as dyes to decompose 79 

them into less harmful compounds such as carbon dioxide and water (Chan et al., 2011). There 80 

are several methods of AOP that are currently in practice to treat dye wastewater such as 81 
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Fenton oxidation, ultrasonic cavitation and photochemical oxidation. Fenton oxidation 82 

involves the production of reactive OH· under acidic condition through catalytic 83 

decomposition of hydrogen peroxide (Güçlü et al., 2013). However, complexity of Fe(III) 84 

hydrolysis and its high impact on reaction rates require additional care to obtain well-defined 85 

iron salt solutions (Sievers, 2011). On the other hand, ultrasonic cavitation arises from 86 

acoustic cavitation, namely the formation, growth and implosive collapse of bubbles in 87 

liquids, which generates OH· for chemical reactions (Wu et al., 2013). Ultrasonic cavitation 88 

usually incurs higher capital and maintenance cost as compared to ozone or UV treatment due 89 

to the energy loss in the ultrasonic system (Chowdhury and Viraraghavan, 2009). 90 

Photochemical oxidation was chosen in this study because of its high efficiency in 91 

mineralization of organic compounds and feasibility with sunlight (Ong et al., 2012). Titanium 92 

(IV) dioxide or TiO2 was chosen as a photocatalyst for its non-toxicity, high photostability, 93 

chemical inertness and resistivity against chemical corrosion (Kavitha and Palanisamy, 2010; 94 

Tabaei et al., 2012). In addition, TiO2 has higher photoreactivity due to its slower electron-95 

hole recombination as compared to zinc oxide, Hombikat, cadmium sulphide, zinc sulphide 96 

and iron (III) oxide.  Due to relatively low specific surface area of standard TiO2 powder, TiO2 97 

nanopowder was used in order to provide more active sites (Low et al., 2012). 98 

The reaction pathway of MB degradation through generation of radicals from 99 

photogenerated electron-hole pairs (eCB
- , hVB

+) is shown as follow: 100 

TiO2 + MB  TiO2-MB         (1) 101 

TiO2-MB + hv  (eCB
- , hVB

+)-MB         (2) 102 

hVB
+ + H2O  OH + H+          (3) 103 
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 hVB
+ + OH- 

 OH           (4) 104 

 eCB
- + O2  O2

-

           (5) 105 

OH + MB  intermediate products  degradation products     (6) 106 

 O2
-

 + MB  intermediate products  degradation products     (7) 107 

Eq. (1): Adsorption-desorption equilibrium is achieved between TiO2 catalyst surface and MB 108 

during stirring process in the dark.  109 

Eq. (2): TiO2-MB suspension is exposed to sunlight. TiO2 has band gap energy of 3.2 eV (Zhou 110 

et al., 2012). Only light energy with photons greater than the band gap energy is able to excite 111 

electrons from the valence band to the conductive band of TiO2 (Song and Bai, 2010). 112 

Therefore, eCB
- and hVB

+ are generated.  113 

Eqs. (3)-(4):  Photogenerated holes in the valence band react with adsorbed water molecules 114 

and hydroxide ions on the catalyst surface to form hydroxyl radical (Wu and Chern, 2006; 115 

Gümüş and Akbal, 2011).  116 

Eq. (5): The photogenerated electrons in the conduction band are scavenged and react with 117 

oxygen molecules that are adsorbed on the catalyst surface to form superoxide radical ions 118 

(Wu and Chern, 2006). 119 

Eqs. (6)-(7): The generated hydroxyl radicals and superoxide anion radicals from Eqs. (3)-(4) 120 

react with MB and degrade it into less harmful products such as carbon dioxide, nitrate, 121 

ammonium and sulphate ions (Houas et al., 2001).   122 

Although previous studies investigated the degradation of synthetic dye wastewater using 123 

photocatalysis, most of the past studies focused on the use of pure or modified catalyst under 124 

UV or visible light as a light source (Lee et al., 1999; Houas et al., 2001; Lachheb et al., 2002; 125 
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Li and Li, 2002; Chen et al., 2003; Lin et al., 2007; Su et al., 2012). In many countries, both 126 

energy and waste management systems are under changes (Nouri et al., 2012). Thus, the 127 

present study utilized natural sunlight and commercially available catalyst in photocatalytic 128 

treatment of MB wastewater.  In tropical countries like Malaysia, ample sunlight is available 129 

throughout the year, leading to more favourable, sustainable and economical photocatalytic 130 

process using sunlight as a light source (Pardeshi and Patil, 2009).  131 

Textile industrial wastewater comprises of several chemical and organic compounds, such 132 

as salts, detergents, organic acids, dyestuffs, dying aids, and sizing agents (Fu et al., 2011; 133 

Lotito et al., 2012). The degradation of those organic substrates leads to the generation of ions, 134 

such as chloride and carbonate ions, that may inhibit photocatalysis (Wang et al., 2000; Mota 135 

et al., 2008). Past studies reported a decrease in photocatalytic activity of up to 20-30% in the 136 

presence of Cl- and CO3
2- (Lee et al., 1999; Zhou et al., 2010).Therefore, it is crucial to 137 

investigate the effect of inhibitors (Cl- and CO3
2-) on the photocatalytic degradation of MB.  138 

On the other hand, the roles of enhancers, namely hydrogen peroxide (H2O2) and 139 

persulphate ions (S2O8
2-), in photocatalysis of MB were also studied to determine their 140 

significance during photodegradation. H2O2 was reported as an oxidant that enhanced photo-141 

oxidation treatment in small quantity (Boroski et al., 2008). The use of persulphate ions, 142 

S2O8
2- have attracted increasing attention due to their greater oxidizing potential (1.82-2.02 V) 143 

as compared to H2O2 (1.76 V) (Chen et al., 2012). For examples, H2O2 and S2O8
2- enabled 144 

two-fold increases in decolorization of Maxilon Navy dye and methyl orange, respectively 145 

(Ghaly et al., 2007; Anandan, 2008). Thus, the effect of enhancers (H2O2 and S2O8
2-) on the 146 

photocatalytic degradation of MB was also investigated in this study.  147 
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To the best of our knowledge, no significant studies were previously conducted on 148 

utilizing sunlight and unmodified TiO2 for photocatalytic treatment of MB under the influence 149 

of enhancers or inhibitors which were found in dye industries. Thus, the main goal of the 150 

present study was to investigate the recommended conditions and effects of various operating 151 

parameters such as (a) initial concentration of MB; (b) initial pH of solution; (c) catalyst 152 

dosage; (d) hydrogen peroxide, persulphate ions, chloride ions and carbonate ions on the 153 

decolourization efficiency of MB. The kinetic model on decolourization of MB using natural 154 

sunlight in Malaysia was also investigated.  155 

156 
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2 Materials and Methods 157 

2.1 Materials 158 

MB dye with 98.7% purity, (molecular weight of 319.85g/mol and max at 664nm) was 159 

purchased from Sigma-Aldrich (USA) and it was used without further purification. The 160 

molecular structure of MB is illustrated in Fig. 1. TiO2 nanopowder with 99.7% purity was 161 

purchased from Sigma-Aldrich (USA) and used as photocatalyst without further modification. 162 

The TiO2 nanopowder has particle size of < 25 nm and a specific surface area of 200-220 163 

m2/g. The initial pH value of the MB dye solution was adjusted by using 1 mol/L HCL or 1 164 

mol/L NaOH solution. 165 

 166 

2.2 Photoreactor and sunlight illumination 167 

The photoreactor was 17 cm  11 cm  5 cm (Length x Width x Depth) in dimension with 168 

volume capacity of 650 ml. The photoreactor was set up on a magnetic stirrer at an open space 169 

under maximum sunlight exposure. Sunlight intensity was measured using a WalkLAB Digital 170 

Lux meter (Trans Instruments (S) Pte. Ltd., Singapore). 171 



10 
 

 
 

 

2.3 Experimental procedures 172 

MB solution of 500 ml was prepared at desired initial concentration (30-70 ppm), initial pH 173 

value (7.5-13.5) and catalyst loading (0.5-2.5 g/L). The concentration range chosen in the 174 

present study based on the discharge concentration of a dye plant in Malaysia. The 175 

concentration range was chosen in the present study based on approximately the discharge 176 

concentration of a dye plant in Malaysia. Furthermore, the presence of a very small amount of 177 

dye in water (<1 mg/L for some dyes) is highly visible and enough to present an aesthetic 178 

problem (Low et al., 2012). The solution was stirred in the dark for 30 minutes to achieve 179 

adsorption-desorption equilibrium. The suspension was then continuously stirred under 180 

sunlight from 11 am to 3 pm, during which, the natural sunlight in Malaysia had stable 181 

illuminance in the range of 80 to 110 klux. Therefore, all experimental runs were conducted 182 

during the aforementioned time frame.  The treated MB was sampled every 30 minutes and 183 

was centrifuged at 14000 rpm for 15 minutes using Profuge 14k Centrifuge to separate the 184 

TiO2 catalyst. Then, the decolourization efficiency was observed by measuring the absorbance 185 

of the supernatant using GENESYS 10UV spectrophotometer (Thermo Fisher Scientific Inc, 186 

USA) at a wavelength of 664 nm. The decolourization efficiency was determined by: 187 

Decolourization efficiency (%) = (Co – Cf,t) / Co  100%    (8) 188 

where Co is the initial dye concentration (mg/l) and  Cf,t is the final concentration (mg/l) after 189 

photodecolourization at time t. Experiments were conducted at surrounding temperature and 190 

repeated three times to demonstrate the reproducibility of results. The effects of hydrogen 191 

peroxide (510-4080 ppm), persulphate ions (510-4080 ppm), chloride ions (500-2000 ppm) 192 

and carbonate ions (500-2000 ppm) were evaluated subsequently using the predetermined 193 
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recommended conditions of initial concentration of MB, catalyst loading and initial pH. All 194 

enhancers and inhibitors were prepared as stock solutions and added into the photocatalytic 195 

system following the desired concentration. Control experimental runs were carried out as 196 

tabulated in Table 1. Finally, kinetic analysis was performed on all effects. 197 

3 Results and discussion  198 

3.1 Effect of initial concentration 199 

Generally, composition of MB in dye wastewater may vary. Hence, it is of interest to study the 200 

influence of intial concentration of MB on the decolourization efficiency. Controls A and B 201 

(Figs. 2-4) proved that decolourization of MB was not feasible in the absence of natural 202 

sunlight and photocatalyst. On the other hand, the use of natural sunlight and photocatalyst 203 

resulted in significant MB decolourization efficiency (Figs. 2-8). Fig. 2 shows that when the 204 

initial concentration of MB increased from 30 to 70 ppm, the decolourization efficiency of 205 

MB decreased. The increase in MB concentration resulted in an increase of MB molecules. 206 

Hence, light penetration into the solution was reduced (Akbal, 2005), decreasing the path 207 

length of photons entering the solution (Muruganandham et al., 2007). The number of active 208 

sites to generate hydroxyl radicals decreased due to the fewer photons reaching the catalyst 209 

surface. Therefore, photocatalytic activity decreased with increasing initial concentration of 210 

MB.  211 

 Fig. 2 shows that there was still a very minimal decolourization of 5.5% in the dark for 212 

control A. This was due to the adsorption of some MB molecules on TiO2 catalyst surface 213 

(Kansal et al., 2007). Therefore, minimal decolourization was observed albeit in the absence 214 

of sunlight. Decolourization of 13.0% was also observed in the absence of TiO2 for control B 215 

(Fig. 2). This was due to the excitation of MB molecules when they were irradiated under 216 
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sunlight which led to direct degradation of MB (Hashim et al., 2001). However, the 217 

decolourization in the absence of catalyst (control B) was ineffective as compared to the 218 

presence of catalyst. Generally, an increase in initial dye concentration reduces the 219 

decolourization efficiency (Neppolian et al., 2002). However, the present study showed no 220 

significant difference in maximum decolourization of MB between the initial concentrations 221 

of MB from 30 to 60 ppm after 4 hours of photodecolourization (Fig. 2). In addition, 60 ppm 222 

was the highest initial concentration to achieve at least 80% of maximum decolourization. 223 

Therefore, an initial concentration of 60 ppm would be used for the subsequent investigations. 224 

Literature reviews suggested that heterogeneous photocatalysis follows the Langmuir-225 

Hinshelwood, L-H kinetic expression as shown in Eq. (8). It is deemed the most appropriate 226 

model to describe a plateau-type kinetic profile (Figs. 2-8) in which the rate of decolourization 227 

increases with photodecolourization time until the rate becomes zero (Yang et al., 2005; 228 

Pouretedal and Kadkhodaie, 2010).  229 

                                                     
initialdye

dye

CK
CkK

dt
dCr




1
                              (9) 230 

Eq. (9): Cinitial is the initial concentration of MB (ppm or mg/L). Kdye is the L-H adsorption 231 

equilibrium constant, (L/mg) and it represents the catalyst adsorption capacity. k is the rate 232 

constant of the surface reaction (mg/L.min) and it is the proportionality constant for the 233 

intrinsic reactivity of photo-activated surface with C. 234 

At low initial concentration of MB (< 300 ppm), Eq. (9) can be simplified into a pseudo-235 

first-order equation as shown in Eq. (10) (Nezamzadeh-Ejhieh and Hushmandrad, 2010). 236 

Ck
dt
dCr app

           
(10) 237 
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Eq. (9): kapp (min-1) is the pseudo-first-order rate constant and it serves as a comparison and 238 

description for the photocatalytic reaction rate in the reactor system (Low et al., 2012).  239 

Further integration and rearranging of Eqs. (10), (11) and (12) are obtained (Low et al., 240 

2012). Straight line plots of ln C against time yielded kapp values for different effects (Table 2-241 

3). kapp values were used  for the kinetic study of this research.  242 

                                               tkappeCC 
 0                                                     (11) 243 

                                          0lnln CtkC app                                             (12) 244 

 245 

kapp for 70 ppm was 54% lower than 30 ppm (Table 2). Reduction in kapp values at higher 246 

initial concentration of MB (Table 2) further proved that the increase in initial concentration of 247 

dye led to a decrease in photocatalytic activity. 248 

 249 

3.2 Effect of catalyst loading 250 

In order to reduce the economical cost of using large quantity of catalyst, it is of great desire to 251 

achieve high decolourization efficiency with minimal usage of catalyst loading during 252 

wastewater treatment process. Therefore, the recommended catalyst loading for effective MB 253 

decolourization was investigated in the present study.  Fig. 3 and Table 2 show that at lower 254 

TiO2 loading, lower percentage of decolourization and kapp values were observed due to the 255 

lacking of catalyst (such as 0.5 g/L of catalyst loading) to fully utilize the transmitted light to 256 

form active sites (Kavitha and Palanisamy, 2010). As the catalyst dosage gradually increased 257 

from 0.5 to 1.5 g/L, more catalyst was present in the solution to be activated by photons, 258 

hence, more active sites were generated, which in return generated more hydroxyl radicals 259 
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(Lee et al., 1999). Thus, the number of MB molecules adsorbed on active sites and 260 

decolourized by hydroxyl radicals increased. Therefore, photocatalytic activity accelerated 261 

when catalyst loading increased gradually. An increase of kapp values from 0.5 to 1.5 g/L of 262 

catalyst dosage is shown in Table 2. 263 

However, Fig. 3 also shows that the decolourization of MB decreased when the catalyst 264 

loading was further increased above 1.5 g/L (2.0 to 2.5 g/L). This phenomenon was attributed 265 

to an excessive amount of TiO2 present in the solution that contributed towards higher 266 

suspension turbidity in the solution (Lee et al., 1999). Thus, light scattering increased due to 267 

the presence of excessive catalyst which reduced light penetration (Franco et al., 2009; 268 

Herney-Ramirez et al., 2010). Fewer photons reached and activated the catalyst surface, 269 

leading to the reductions of active sites and fewer generations of hydroxyl radicals (Franco et 270 

al., 2009). In short, further addition of catalyst dosage beyond a specific limit did not enhance 271 

the photocatalytic activity but deteriorated it. Similar phenomenon was observed by Xiao et al. 272 

(2008), who found that an increase of catalyst loading from 0.5 to 1.0 g/L enhanced the 273 

decolourization of MB but a decline  in efficiency was observed when higher dosage of 274 

catalyst was used (> 1.0 g/L). Based on Fig. 3 and Table 2, catalyst loading of 1.5 g/L 275 

achieved the highest decolourization efficiency and pseudo-first-order rate constant. However, 276 

the difference in maximum decolourization efficiency between 1.0 and 1.5 g/L was 277 

insignificant whereby the former and later achieved 85.8 and 91.7%, respectively.  Apart from 278 

that, smaller catalyst dosage is less economical costing for industrial practices as compared to 279 

the use of higher catalyst dosage with similar decolourization efficiency outcome. Therefore, 280 

catalyst loading of 1.0 g/L was the chosen catalyst dosage for the subsequent investigations. 281 

 282 
283 
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3.3 Effect of initial pH 284 

In general, dye wastewater discharged from industries has a wide range of pH values. Since 285 

the generation of hydroxyl radicals is affected by pH conditions, the variation of pH should be 286 

taken into account in the treatment of dye wastewater. Study on the influence of initial pH 287 

showed that the decolourization of MB and pseudo-first-order rate constants increased with 288 

increasing pH from 7.5 to 13.5 as shown in Fig. 4 and Table 2. MB dissolved as a cationic dye 289 

in aqueous solution. The surface charge of TiO2 catalyst became more negative as the pH of 290 

the solution increased. Hence, a stronger adsorption was formed between the positively 291 

charged MB cations and negatively charged TiO2 surface due to electrostatic interaction 292 

(Senthilkumaar et al., 2006). Therefore, a higher rate of decolourization was achieved at 293 

higher pH values. 294 

An increase of kapp values could be observed when the treatment process was conducted in 295 

more alkaline condition (Table 2). Based on Fig. 4, the lowest initial pH to achieve at least 296 

80% maximum decolourization efficiency was pH 10.5. Although initial pH 12 and 13.5 297 

exhibited higher maximum decolourization efficiency (Fig. 4) and at a faster rate (Table 2) as 298 

compared to 10.5, the selection of high pH is not favorable in wastewater treatment.  The 299 

treated wastewater with higher initial pH value may impose a detrimental effect on any 300 

downstream biological treatment process, especially to methanogenic bacteria during 301 

anaerobic digestion (Appels et al., 2008). In addition, the increasing use of alkaline chemicals 302 

is not environmentally sustainable and economically sound. Therefore, initial pH 10.5 was 303 

selected for the subsequent investigations instead of initial pH 12 or 13.5. 304 

 305 

 306 
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 307 

3.4 Influence of enhancers 308 

The use of enhancers (H2O2 and S2O8
2-) in the absence of sunlight and TiO2 as a photocatalyst 309 

(controls C-F) resulted in insignificant decolourization efficiency of MB. On the other hand, 310 

H2O2 and S2O8
2- experimental runs that were conducted under sunlight together with TiO2 311 

resulted in higher decolourization efficiency (Figs. 5-6). The results showed that higher 312 

decolourization efficiency using H2O2 and S2O8
2- could only be attained under sunlight and in 313 

the presence of TiO2. Subsequent investigations on the use of H2O2 and S2O8
2- were performed 314 

under sunlight and in the presence of TiO2. 315 

 316 

3.4.1 Hydrogen peroxide, H2O2 317 

Rate of decolourization of dye wastewater can be significantly improved due to the presence 318 

or addition of certain substances such as hydrogen peroxide (H2O2) (Giri et al., 2011). In order 319 

to treat large capacity of dye wastewater, certain treatment plants choose to add photo-320 

assisting chemicals to degrade non-biodegradable pollutants more effectively (Lee et al., 321 

2011). Hence, this study investigated the influence of H2O2 on the decolourization of MB. 322 

Results from Fig. 5 shows that the control O (without additive) achieved lower decolourization 323 

efficiency as compared to experiments with H2O2 addition. According to Table 3, there was a 324 

significant increase of 513% in kapp values between the absence of H2O2 and 4080 ppm of 325 

H2O2. As the concentration of H2O2 added into the solution increased, the decolourization 326 

efficiency (Fig. 5) and pseudo-first-order rate constants (Table 2) increased. H2O2 has electron 327 

scavenging properties. Hence, H2O2 reacted with electrons from the conduction band of TiO2 328 

to form hydroxyl radicals (Mohapatra and Parida., 2006). An increase in concentration of 329 
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H2O2 led to an increase number of hydroxyl radicals generation, hence, more MB molecules 330 

would be degraded by hydroxyl radicals. Therefore, decolourization efficiency increased with 331 

an increase of H2O2. Although in the absence of catalyst, a significant decolourization of 332 

35.5% was observed for control D (Fig. 5). This phenomenon was attributed to the direct 333 

breakdown of H2O2 under sunlight to form hydroxyl radicals (Kavitha and Palanisamy, 2010). 334 

For control C, slight decolourization of 14.3% was observed. This was due to adsorption 335 

of MB molecules on catalyst surface. Thus, slight decolourization occurred although in the 336 

absence of sunlight. By comparing the decolourization results obtained for control C against 337 

510-4080 ppm of H2O2 under sunlight (Fig. 5), the influence of H2O2 was much significant 338 

under sunlight because sunlight was able to accelerate the generation of active sites and direct 339 

breakdown of H2O2 (Kavitha and Palanisamy, 2010). Hydroxyl radical was formed based on 340 

the three reaction pathways as shown below (Kavitha and Palanisamy, 2010):  341 

 eCB
- + H2O2  OH + OH-          (13) 342 

 H2O2 + O2
-
  OH + H+ + O2         (14) 343 

 H2O2 + hv  2 OH           (15) 344 

Eq. (13): When active sites are formed from TiO2 under sunlight, H2O2 traps photogenerated 345 

electrons from the conduction band of TiO2 to generate hydroxyl radicals, inhibiting electron-346 

hole recombination. 347 

 Eq. (14): H2O2 reacts with superoxide anion generated from Eq. (5) to form hydroxyl radicals. 348 

Eq. (15): H2O2 also converts directly into hydroxyl radicals under sunlight. 349 

 350 

3.4.2 Persulphate ions, S2O8
2- 351 
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Fig. 6 shows that the decolourization efficiency obtained by 0 ppm S2O8
2- was lower as 352 

compared to the experiments with S2O8
2- addition whereas there was an 743% increase in kapp 353 

values between 0 ppm and 4080 ppm of S2O8
2- (Table 3). The present result verified that the 354 

addition of S2O8
2- could significantly improve the decolourization efficieny of MB. S2O8

2- 355 

showed a silmiar trend as H2O2, in which a gradual increase in S2O8
2- resulted in significant 356 

increase of MB decolourization because S2O8
2- has electron scavenging properties (Das et al., 357 

2007). Hence, S2O8
2- reacted with electrons from the conduction band of TiO2 to form sulphate 358 

radical anions. Sulphate radical anions would then react with water molecules to form 359 

hydroxyl radicals. In short, an increase in concentration of S2O8
2- led to an increase of both 360 

sulphate radical anions and hydroxyl radicals. Therefore, decolourization efficiency increased 361 

with increasing S2O8
2-. 362 

Secondly, the generation of sulphate radical anions from S2O8
2- also prevented electron-363 

hole recombination of TiO2 (Kavitha and Palanisamy, 2010). When the concentration of S2O8
2- 364 

increased, electrons in the conduction band of TiO2 were continuously consumed by more 365 

sulphate radical anions, resulting more valence band electrons would be promoted into the 366 

conduction and leaving behind more photogenerated holes in the valence band. According to 367 

Eqs. (3) and (4), more hydroxyl radicals could be generated in the presence of more 368 

photogenerated holes. Therefore, decolourization efficiency was improved with an addition of 369 

S2O8
2-. Thirdly, sulphate radical anions could react and degrade MB. Sulphate radical anions 370 

also had a unique nature of attacking MB molecules in various positions which resulted in 371 

fragmentation of MB molecules to occur rapidly (Neppolian et al., 2002). Therefore, 372 

decolourization efficiency of MB increased when concentration of S2O8
2- increased. 373 
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Control E and F (Fig. 6) had a higher maximum decolourization efficiecny as compared to 374 

control C and D of H2O2 (Fig. 5). This phenomenon was due to strong oxidizing properties of 375 

S2O8
2- (Das et al., 2007). Sulphate radical anions formed from S2O8

2- could react and degrade 376 

MB molecules in the absence or presence of sunlight (Das et al., 2007). Therefore, S2O8
2- 377 

addition in the dark was able to decolourize MB effectively. The following reaction pathways 378 

summarize the photocatalytic activity of MB with an addition of S2O8
2-. 379 

S2O8
2- + eCB

-  SO4
-
 + SO4

2-          (16) 380 

SO4
- + H2O  OH + SO4

2- + H+         (17) 381 

 SO4
-
 + eCB

- 
 SO4

2-          (18) 382 

 SO4
-
 + MB  SO4

2- + MB+
 (intermediates)       (19) 383 

 SO4
-
 + MB+

 (intermediates)  SO4
2- + CO2 + HNO3 + other inorganic    (20) 384 

Eq. (16): S2O8
2- possesses electron scavenging properties and reacts with electrons from the 385 

conduction band of TiO2 to form sulphate radical anions (Kavitha and Palanisamy, 2010). 386 

Eq. (17): Sulphate radical anions react with water molecules to generate hydroxyl radicals 387 

(Das et al., 2007). 388 

Eq. (18): Sulphate radical anions trap photogenerated electrons from the conduction band of 389 

TiO2 to prevent electron-hole recombination (Neppolian et al., 2002). 390 

Eqs. (19)-(20): Sulphate radical anions are powerful oxidants that react and degrade MB 391 

molecules (Das et al., 2007). 392 

 393 

 394 

 395 
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3.5 Influence of inhibitors  396 

The use of inhibitors (Cl- and CO3
2-) in the absence of sunlight and TiO2 as photocatalyst 397 

(controls G-J) showed no improvement in decolourization efficiency of MB. Therefore, 398 

subsequent investigations relating to the use of Cl- and CO3
2- were carried out under sunlight 399 

and presence of TiO2. 400 

 401 

3.5.1 Chloride ions, Cl- 402 

Sodium chloride is found in dye wastewater as a result of sectional waste from textile mills 403 

(Neppolian et al., 2002). Therefore, it is important to determine the treatment efficiency of 404 

photocatalysis under the influence of Cl-. Results obtained (Fig. 7 and Table 2) in this study 405 

showed that the rate of decolourization decreased with increasing amount of Cl-. Furthermore, 406 

a decrease in kapp values from 10.8 × 10-3 (0 ppm of Cl-) to 7.8 × 10-3 (2000 ppm of Cl-) 407 

indicated a decline in photocatalytic activity. A consumption of photogenerated holes by Cl- 408 

inhibited the generation of hydroxyl radicals (Eqs. 3 and 4), which in turn resulted in the 409 

reduction of photocatalytic activity (Neppolian et al., 2002). Therefore, Cl- exhibited strong 410 

inhibiting effects for MB degradation, whereby an increase of Cl- led to a decrease in 411 

decolourization efficiency of MB. 412 

 Slight higher decolourization efficiency was observed for control G as compared to 413 

control H (Fig. 7). This phenomenon was attributed to some of the MB molecules adsorbed on 414 

the catalyst surface for control G. Therefore, percentage of decolourization for 2000 ppm Cl- 415 

in the dark was slightly higher than 2000 ppm under sunlight without catalyst. The inhibition 416 
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of OH generation due to the consumption of photogenerated holes by Cl- could be explained 417 

by using two reaction pathways as shown below (Neppolian et al., 2002; Gaca et al., 2005): 418 

Cl- + hVB
+ 
 Cl           (21) 419 

 Cl + Cl- 
 Cl2-


           (22) 420 

Eq. (21): Cl- reacts with photogenerated holes from valence band of TiO2 to form chlorine 421 

radicals.   422 

Eq. (22): Chlorine radicals then react with Cl- and convert into chloride radical anion. 423 

 424 

3.5.2 Carbonate ions, CO3
2- 425 

Sodium carbonate is commonly used in textile processing operations to adjust the pH of the 426 

dying bath (Neppolian et al., 2002). Hence, dye wastewater from textile industries may 427 

contain traces of sodium carbonate. The present study also investigated the influence of CO3
2- 428 

on the decolourization efficiency of MB. Fig. 8 and Table 2 show that the percentage of 429 

decolourization and kapp values decreased when the concentration of CO3
2- increased. A 430 

decrease in kapp values from 10.8 (0 ppm of CO3
2-) to 7.3×10-3 min-1 (2000 ppm of CO3

2-) 431 

further proved that the photocatalytic activity of MB declined with an increase of CO3
2-. The 432 

decrease in decolourization efficiency of MB was attributed to the hydroxyl radicals 433 

scavenging properties of CO3
2- (Lee et al., 1999). CO3

2- reacted with hydroxyl radicals, hence, 434 

reducing the number of hydroxyl radicals available. The decrease in hydroxyl radicals, which 435 

served as a primary source for photodegradation of MB, reduced the decolourization 436 

efficiency. Therefore, in photocatalytic process, CO3
2- inhibited the degradation of MB. The 437 

role of CO3
2- could be explained by the following reaction pathway (Neppolian et al., 2002): 438 
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CO3
2- + OH  CO3

- + OH-          (23) 439 

Eq. (23): CO3
2- is consumed by reacting with hydroxyl radicals to generate carbonate radical 440 

anion as oxidation transients. 441 

 442 

3.6 Comparison of kapp values under the influence of enhancer and inhibitor 443 

By comparing kapp values obtained for the experimental run without additives (Table 3), the 444 

presence of H2O2 and S2O8
2- increased the rate of photodecolourization by 38-513% and 36-445 

743%, respectively. On the other hand, an addition of Cl- and CO3
2- reduced the rate of 446 

photodecolourization of MB by 15-28% and 13-32%, respectively. kapp values for both 2040 447 

and 4080 ppm of S2O8
2- were significantly higher as compared to the similar concentration of 448 

H2O2 (Table 3). Thus, the results from the present study agreed with Poulios and Aetopoulou 449 

(1999), that S2O8
2- was a more powerful oxidizing agent in decolourizing MB as compared to 450 

H2O2. However, the inhibitor strengths between Cl- and CO3
2- remained inconclusive due to 451 

the similar kapp values obtained for both anions. 452 

The value of kapp obtained from this study for different initial concentration of MB was 453 

summarized and compared with the previous studies (Table 4). In general, higher values of 454 

kapp were obtained in most of the past studies (Table 4). However, their results were mainly 455 

attributed to the use of UV light source, lower concentration of MB and/or higher 456 

concentration of TiO2. The present study was performed comparatively good with kapp of 10.8 457 

10-3 min-1 at 60 ppm MB and 1 g/L TiO2 under sunlight up to 240 min. Under same 458 

condition, the kapp was increased by 743% to 91.0 10-3 min-1 with an addition of 4080 ppm 459 

S2O8
2-. Thus, this study indicated that higher concentration of MB could be treated under 460 
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tropical sunlight through photocatalytic process if certain amount of persulphate ions was 461 

added into the treatment system. However, further investigations are needed to confirm the 462 

effective use of persulphate ions under sunlight during the photocatalytic treatment of 463 

wastewater, which consists of multiple dyes. 464 

 465 

4 Conclusions 466 

By studying the effects of initial concentration, initial pH and catalyst loading, it was found 467 

that 85.2% of 60 ppm MB was successfully decolourized under 1.0 g/L of TiO2 dosage and 468 

initial pH 10.5. An increase of initial concentration but a decrease of pH would result in a 469 

reduction of photocatalytic treatment of MB. The gradual increase of catalyst loading resulted 470 

in the gradual increase of decolourization efficiency but further addition of catalyst after the 471 

recommended catalyst dosage did not increase photocatalytic activity. An addition of strong 472 

oxidizing agents such as H2O2 and S2O8
2- further enhanced the photocatalytic activity of MB 473 

up to 96.6% and 99.3%, respectively. In addition, persulphate ions concluded to be a stronger 474 

oxidizing agent as compared to hydrogen peroxide. On the other hand, the presence of Cl- and 475 

CO3
2- inhibited photocatalytic activity up to 74.7% and 70.2%, respectively.  476 

In conclusions, this study proved that it is possible to achieve high decolourization 477 

efficiency of dye using photocatalytic treatment under natural sunlight in a tropical country 478 

like Malaysia, where an abundance of sunlight is made available throughout the year. It is an 479 

economical and environmentally sustainable method to utilize sunlight as a natural source of 480 

energy to treat dye wastewater through photocatalytic process. 481 

 482 

 483 
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Fig. 1 Molecular structure of methylene blue 

















Table 1 Experimental operating parameters of each control experimental run 

 

Control Operating parameters at [MB] = 60 ppm and pH = 10.5  

A Catalysis 

B Photolysis 

C Catalysis; [H2O2] = 4080 ppm 

D Photolysis; [H2O2] = 4080 ppm 

E Catalysis; [S2O8
2-] = 4080 ppm 

F Photolysis; [S2O8
2-] = 4080 ppm 

G Catalysis; [Cl-] = 2000 ppm 

H Photolysis; [Cl-] = 2000 ppm 

I Catalysis; [CO3
2 -] = 2000 ppm 

J Photolysis; [CO3
2 -] = 2000 ppm 

O Photo-catalysis using 1 g/L of TiO2 without incorporating additives 

 

Catalysis = Experiment conducted in the dark with 1.0 g/L of TiO2 

Photolysis = Experiment conducted under sunlight without any catalyst 

 



Table 2 Pseudo-first-order rate constants, kapp for different initial concentration of MB, 

catalyst loading and initial pH values 

Initial concentration of MB, ppm 103kapp,  min-1 Correlation coefficient, R2 

30 18.1 0.976 

40 16.1 0.948 

50 13.2 0.983 

60 10.8 0.945 

70 8.23 0.888 

Catalyst loading, g/L 103kapp,  min-1 Correlation coefficient, R2 

0.5 4.54 0.767 

1.0 10.8 0.945 

1.5 12.6 0.817 

2.0 11.7 0.936 

2.5 7.99 0.892 

Initial pH 103kapp,  min-1 Correlation coefficient, R2 

7.5 2.97 0.704 

9.0 2.87 0.929 

10.5 10.8 0.945 

12.0 19.5 0.979 

13.5 25.9 0.973 

 



  

Table 3 Comparison of pseudo-first-order rate constants, kapp between different additives 
Initial concentration of additive, 

ppm 

103kapp,  min-1 Correlation coefficient, R2  

No additives (control O) 10.8  0.945 

H2O2 510  

2040  

4080 

14.9  

26.3  

66.2  

0.973 

0.965 

0.988 

S2O8
2- 510  

2040  

4080 

14.7  

56.8 

91.0  

0.890 

0.969 

0.999 

Cl- 500 

1000 

2000 

9.2  

8.4  

7.8  

0.890 

0.896 

0.885 

CO3
2- 500 

1000 

2000 

9.4  

8.2 

7.3  

0.885 

0.876 

0.845 

Experimental conditions: [MB]= 60 ppm, [TiO2]= 1.0 g/L, pH= 10.5 

  



 
Table 4 Comparison of pseudo-first-order rate constants, kapp for decolourization of MB using 

TiO2 between present and previous studies 
 

Initial Concentration of MB, 
ppm 

103kapp,  min-1 Experimental Conditions Reference 

60 (without any additive) 
60 (with 4080 ppm S2O8

2-) 
10.8  

91.0 
 [TiO2]= 1.0 g/L  
Initial pH=10.5  

Irradiation= sunlight  
Irradiation time= 240 min 

Present study 

27 53.0   [TiO2 ]= 0.5 g/L  
pH= 7 

Irradiation= UV light  
Irradiation time= 200 min 

Lachheb et al., 2002 

3 67  [TiO2]= 0.25 g/L  
Initial pH= 3 

Irradiation= UV light  
Irradiation time= 60 min 

Lee et al., 1999 

23 60 [TiO2 ]= 2.5 g/L  
pH= 6 

Irradiation= UV light  
Irradiation time= 90 min 

Houas et al., 2001  

10 29.3 [TiO2]= 2.0 g/L  
Initial pH= unspecified 

Irradiation= visible light  
Irradiation time= 600 min 

Lin et al., 2007 

6 45.4 [TiO2 ]= 0.7 g/L  
Initial pH=4.3  

Irradiation= UV light  
Irradiation time= 80 min 

Chen et al., 2003 

15 67.2 [TiO2 ]= 1.2 g/L  
Initial pH= unspecified 
Irradiation= UV light  

Irradiation time= 30 min 

Li and Li, 2002 

 


