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Abstract 12 

Traditionally, palm oil mill effluent (POME) is treated via open ponding system, 13 

which however is land-intensive and requires long hydraulic retention time. For the 14 

first time, this paper reports, simultaneously, the kinetics of photocatalytic 15 

degradation of POME and the assessment of its gaseous product formations. 16 

Characterization of the as-received UV-responsive TiO2 showed that anatase was the 17 

predominant crystalline phase with an estimated crystallite size of 45.7 nm and band 18 

gap energy of 3.15 eV based on the UV-Vis DRS scanning. Moreover, N2-19 

physisorption revealed that the BET specific surface area for TiO2 was 8.73 m2 g-1 
20 

with pore size of 22.4 nm. When the photoreactor was blanketed with N2 gas only at a 21 

TiO2 loading of 0.5 g/L, POME degradation was only 4%. Significantly, in the 22 

presence of O2, the degradation of POME achieved 23%, and can even attain a 23 

maximum of 52.0% at TiO2 loading of 1.0 g/L after 240 min of UV-irradiation. This 24 

has demonstrated that the hydroxyl generation rate from water species (prevalent in 25 
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N2-blanket) was considerably slower compared to the hydroxyl generation from the 26 

superoxide pathway that originates from externally-supplied O2. It was also found that 27 

the POME degradation kinetics adhered to the 1st-order reaction with specific reaction 28 

rates (k) ranging from 0.70×10-3 to 2.90×10-3 min-1. Interestingly, our assessment of 29 

the gaseous product formations revealed that the photoreaction employing 1.0 g/L 30 

TiO2 produced the highest amount of CO2 (38913 µmol) while 0.5 g/L TiO2 produced 31 

the highest amount of CH4 (361 µmol). From the FTIR scanning of used catalyst, we 32 

can confirm that the chemisorption of organics was practically absent. This has led us 33 

to believe that the primary role of TiO2 was to generate hydroxyls for direct attack on 34 

the organic compounds in the POME and eventually decompose them into simpler 35 

intermediates, CH4, CO2, and water. Moreover, after 20 h under the UV irradiation, 36 

POME degradation attained 78.0% and the final COD level dropped to 37 ppm, which 37 

is safe to be discharged. 38 

Keywords: POME; Photocatalysis; Photomineralization; Titania 39 

 40 

1. Introduction 41 

Malaysia and Indonesia collectively own large swaths of arable land for oil palm 42 

plantation. This has propelled both countries to become top producers of palm oil 43 

commodity. In 2014 alone, 62.34 million of palm oil was traded globally, with 20 44 

million tons of them from Malaysia. Indeed, the global annual consumption of palm 45 

oil is expected to increase to 78 million by the year 2020 due to the world population 46 

growth1. Consequently, it is anticipated that the effluent from palm oil mills will spike. 47 

Past research report2 indicates that 0.5 – 0.75 tons of POME is generated for every 48 

tonnage of fresh fruit bunch processed. Significantly, raw POME is acidic (pH 4.5 – 49 

5), hot (353 – 363 K) and thick brownish colloidal wastewater containing 95 – 96% of 50 
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water, 4 – 5% of total solids including 2 – 4% of suspended solids, as well as 0.6-0.7% 51 

of oil and grease 3. Besides, it also contains organic matters such as lignin (4700 ppm), 52 

phenolics (5800 ppm), pectin (3400 ppm) and amino acids 4-6. Consequently, POME 53 

can inflict serious environmental problem if discharged untreated owing to its high 54 

chemical oxygen demand (40,000 to 100,000 ppm) and biochemical oxygen demand 55 

(25,000 to 65,000 ppm) 7-9. 56 

The conventional treatment adopted in Malaysia is an open ponding system which 57 

is comprised of three stages, viz. anaerobic, facultative and algae process. Finally, it 58 

passes through a settling pond for sedimentation process. Overall, 90 days of 59 

hydraulic retention time (HTR) is required for this treatment 10. Consequently, 60 

massive land area is required for creating the lagoon to hold the POME. Unfortunately, 61 

more often than not, the POME discharge from the final pond (settling pond) fails to 62 

meet the discharge standard in Malaysia 11. In 1977, Malaysia’s Department of 63 

Environmental has made it a mandatory for palm oil millers to reduce the POME’s 64 

BOD standard from the initial values of 25,000 to 65,000 ppm BOD level, to 100 ppm 65 

threshold. Significantly, in recent years, this BOD level has been further revised down 66 

to 20 ppm12. Although there is no specific discharge limit for COD under the existing 67 

regulatory framework, the Malaysia Sewage and Industrial Effluent Discharge 68 

Standard set the COD limit for industrial wastewater to 50 ppm level.  69 

Indeed, many innovative methods to increase the efficiency of POME treatment 70 

have been reported, for instance, 95.1-98.7% of COD removal was achieved by Chan 71 

and co-workers13 through anaerobic digestion. In addition, Ahmad et al.14 reported a 72 

98.4% of COD removal through membrane technology. Moreover, the efficiency of 73 

membrane technology can be further enhanced to 99.1% of COD removal when 74 

combined with biological method 15. All these proposed methods have delivered 75 
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promising results; however, their cost and operation procedures are neither cheap nor 76 

easy to control.  77 

Significantly, there are voluminous publications on the subject of advanced 78 

oxidation process (AOP) for the destruction of organic compound. In the AOP 79 

technique, photocatalytic degradation can be employed effectively to degrade 80 

petroleum refinery wastewater. More than 78% of COD reduction was achieved after 81 

120 min of UV irradiation over nano-TiO2 photocatalyst 16. On the other hand, Vilar 82 

and co-workers17 studied the treatment of textile wastewater by solar-driven advanced 83 

oxidation process that has led to 98% of decolourization and 89% of mineralization 84 

after 7.2 kJUV L-1 and 49.1 kJUV L-1. Coincidentally, Lima and coworkers18 have also 85 

reported on 98% of color removal in textile wastewater after 30 min of solar 86 

irradiation using polypyrrole as photocatalyst. Similar to the aforementioned 87 

wastewaters, POME also has substantial amount of organic compound judging by its 88 

high level of COD and BOD12. Moreover, ‘green energy’ can be generated through 89 

the photo-mineralization of organics, for instance, photocatalysis of methanol solution 90 

into H2 over p-type NiO-based catalyst19. Besides, H2 has also been successfully 91 

generated from glycerol over the Pt/TiO2 photocatalysis under solar irradiation 20. 92 

With the same photocatalyst, Languer and co-workers21 have generated H2 from 93 

methanol, ethanol, glycerol and phenol solutions at room temperature. Significantly, 94 

to our best knowledge, no prior works have been reported for renewable energy 95 

source production as a form of energy extraction from POME via photocatalytic 96 

degradation. Indeed, taking our inspiration from the previous AOP works, we have 97 

mooted the idea of adopting photocatalytic pathway as a new technique to degrade 98 

POME with our primary focus was only on reducing the COD level22-23. TiO2-based 99 

photocatalysts were employed throughout our earlier works, as this type of 100 
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photocatalyst is the most effective material for UV-activated photoreaction. In fact, 101 

TiO2 is still the preferred photocatalyst for the current study, primarily due to its low 102 

toxicity, high resistance towards corrosion and also it is a readily-available 103 

semiconductor24. Indeed, according to Fujishima et al.25, TiO2 is an excellent 104 

photocatalyst material for environmental purification. Besides, the photo-105 

degradability of organic substrates over TiO2 has been presented in numerous past 106 

researches, i.e. Wang and co-workers26 reported on 80% of o-cresol oxidized after 107 

400 min of UV irradiation over Pt/TiO2 photocatalysis while Barka et al.27 have 108 

reported complete degradation of phenol over TiO2 photocatalysis after 120 min of 109 

UV irradiation. On the other hand, with similar conditions, 40% of phenol 110 

degradation after 60 min of UV exposure was recorded by Choquette-Labbé et al.28. 111 

Although the use of pristine TiO2 photocatalyst to treat organic waste may not be 112 

novel, its application in photocatalytic degradation of POME is sufficiently novel. 113 

Significantly, it represents one of the larger programs in our laboratory to examine the 114 

photocatalytic technique to degrade POME, whilst simultaneously assessing its gas 115 

products to evaluate its potential in producing renewable energy such as methane 116 

(CH4). Therefore, the primary objective for the current study is to apply AOP 117 

technique to treat the POME to the allowable discharge COD level (maximum 50 118 

ppm) over the titania (TiO2) photocatalyst, while at the same time analysing its 119 

gaseous products that results from the photomineralization.  120 

2. Methodology 121 

2.1 POME Sampling and Preservation 122 

The POME for current study was directly collected from the settling pond of a 123 

local palm oil mill located in the province of Kuantan, Malaysia. The POME was 124 

stored in a black, air-tight container to avoid the light exposure during the 125 
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transportation. Besides, the container was filled up to the brim to avoid reaeration. 126 

Immediately, the sample was filtered to remove the suspended solids followed by 127 

storing at 277 K for preservation. Besides, the initial BOD, COD and pH values of 128 

POME sample were tested right after the pre-treatment procedure. For BOD, dilution 129 

water was prepared by mixing 1 mL of phosphate buffer, magnesium sulfate, calcium 130 

chloride, ferric chloride solution and diluted to 1000 mL by distilled water. Then, 10 131 

mL of POME sample was diluted with 300 mL by using dilution water. pH of the 132 

diluted POME was adjusted to the range of 6.5 to 7.5 before transferring into the 133 

incubation bottle. The dissolved oxygen (DO) concentration for POME sample was 134 

analyzed by using dissolved oxygen meter before sealing the incubation bottle. Lastly, 135 

the incubation bottle was placed in the BOD incubator (Temperature = 298 K) for five 136 

days before the final DO value was taken. BOD level can be calculated according to 137 

the Equation (1). 138 

BOD (ppm) = (D1 – D2) / P     (1) 139 

where D1 and D2 are the initial and final DO values of POME sample, and P denotes 140 

for the decimal volumetric fraction of sample used. 141 

      For COD analysis, 2 ml of POME sample was injected into the COD vial and pre-142 

heated to 473 K for 2 h before being measured using Hach DRB-200 COD instrument. 143 

The pH of the POME sample for the photocatalytic degradation studies was analysed 144 

using litmus paper. 145 

2.2 Characterization of TiO2 Photocatalyst 146 

The photocatalyst for current study was a commercial TiO2 which was directly 147 

sourced from Sigma-Aldrich. The crystalline phase and its size were identified via X-148 

ray diffraction (XRD). The XRD pattern was obtained from the Philips X’Pert 149 

instrument using X-ray source from CuKα (λ=1.542 Å) at 30 kV and 15 mA. From 150 
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the XRD diffractogram, the crystallite size was computed using the Scherrer equation 151 

as shown in (2): 152 

cosθβ

λk
D

d

sch

×
=      (2) 153 

where D is the crystallite size in nm, λ is wavelength of X-ray (nm), βd is the angular 154 

width at half maximum intensity (radian), θ  is the Bragg’s angle degree and kSch is 155 

the Scherrer constant and equals to 0.93 29. 156 

The morphology structure and the particle size of the catalyst were determined 157 

through FESEM analysis employing JEOL FESEM JSM-7100F with a magnification 158 

of 100 kX. In addition, the specific surface area of the photocatalyst was analysed 159 

from N2 physisorption technique using the Thermo-Scientific Surfer unit. The 160 

temperature of N2 used was 77 K with cross-sectional area of 16.2 Å2. The specific 161 

surface area of TiO2 can be estimated using the following equation: 162 

gV

s N v
S m

×

××
=BET

     (3) 
163 

where vm is the volume of gas adsorbed corresponding to monolayer coverage, N is 164 

the Avogadro’s constant, s denotes for cross-sectional area of N2, V represents molar 165 

volume of N2 and lastly g is the mass of TiO2 used in analysis.  166 

Furthermore, the optical property of the photocatalyst was determined from the 167 

UV-vis diffuse reflectance spectroscopy measurements provided by a Jasco V-550 168 

spectrophotometer equipped with an integrating sphere, for band-gap energy (Ebg) 169 

determination. The wavelength of absorption spectrum measurement was ranging 170 

from 190 to 900 nm. The light source used was a deuterium lamp for wavelength 171 

ranging from 190 to 350 nm (UV region) and a halogen (WI) lamp for 340 to 2500 172 

nm (VIS/NIR region). The original coordinates of the spectra (reflectance vs. 173 
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wavelength) were transformed to Kubelka–Munk function (K) vs. photon energy (hν). 174 

The final plot of (ahv)½ as a function of hν is in accordance with the theoretical 175 

equation (4): 176 

ahv = const(hν–Ebg)
2
     (4) 177 

whereby “a” is an absorption coefficient of the photocatalyst and Ebg is the band gap 178 

energy. The Kubelka–Munk function (K) calculated from the reflectance spectra is 179 

pre-determined to be directly proportional to the absorption coefficient (α)). The 180 

current work employed method based on the fitting of the experimental dependences 181 

by Boltzmann symmetrical function using non–linear regression. Finally, Fourier 182 

transform infrared spectroscopy (FTIR) analysis was conducted on the fresh and spent 183 

TiO2 by using a Perkin Elmer Spectrum 100 instrument to examine the presence of 184 

functional groups on TiO2 surface. The range of wavenumber employed for the 185 

analysis was 4000 to 1000 cm-1. For the spent catalyst (collected from the filtration of 186 

POME slurry, post longevity reaction), it was gently draped with smooth and clean 187 

tissue for drying purpose, followed immediately by analysis using attenuated total 188 

reflectance (ATR)-FTIR.  189 

2.3 Photocatalytic degradation of POME 190 

The photocatalytic degradation of POME under the UV light was carried out in an 191 

air-tight photoreactor system. The whole photoreactor system was meticulously-192 

covered with aluminum foil to minimize energy loss, and stored under dark 193 

environment to prevent external stray light from interfering with the experiment. A 194 

500 mL Pyrex quartz reactor was used for the photoreaction of POME. During the 195 

reaction, 450 mL of pre-treated POME (COD level controlled in the range of 155 – 196 

170 ppm) was mixed with pre-determined TiO2 photocatalyst loading, and stirred 197 

vigorously for 30 min. At the same time, pure zero-grade O2 gas was metered into the 198 
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reactor to provide O2 blanket and to establish equilibrium point of dissolved O2 in the 199 

POME wastewater. The cooling water compartment that jackets the UV light source 200 

was continuously circulated with water to remove dissipated heat from the UV lamp. 201 

This would ensure that the reaction slurry was always maintained at the room 202 

temperature. Subsequently, the 100 watt UV lamp, with an intensity averaging 11.0 203 

W/m2 was switched on, to initiate the photoreaction. For sampling purpose, 5 ml of 204 

aliquot was withdrawn from the reactor at every 60 min interval for COD 205 

measurement using Hach DRB-200 COD instrument. With these COD results, the 206 

degradation, X (%) is calculated by using Equation (5). 207 

100
C

C
1(%)

AO

A ×







−=X     (5) 208 

where CAO is the initial COD value and CA denotes for the COD value at time, t. 

 

209 

During the reaction, the gas sample was collected at time intervals of 30, 60, 120, 210 

180 and 240 min, and subsequently eluted by gas chromatography (GC) with two 211 

packed bed columns, viz. Supelco Molecular Sieve 13x (10 ft × 1/8 in OD × 2mm ID, 212 

60/80 mesh, SS) and Agilent HayeSep DB (30 ft × 1/8 in OD × 2 mm ID, 100/120 213 

mesh, SS). The carrier gas used was He gas with the flow rate of 20 ml/min. Oven and 214 

detector were operated at 393 and 423 K, respectively. 215 

3 Results and Discussion 216 

3.1 Characterization of TiO2 217 

Commercial TiO2 which was procured from Sigma-Aldrich was subjected to the 218 

XRD measurement without any pre-treatment and the diffractogram obtained is 219 

presented in Figure 1a. Based on Figure 1a, the peaks recorded at 2θ readings of 25.5o, 220 

37.2o, 38.0o, 38.8o, 48.2o, 54.0o, 55.0o, 62.0o, 70.0o and 76.0o have indicated that 221 

anatase was indeed the predominant crystalline phase. All the peaks were sharp which 222 
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was indicative of good crystallinity of the solid sample. The highest peak was 223 

observed at 2θ reading of 25.5o. Based on this highest peak, the crystallite size was 224 

estimated as 45.7 nm.    225 

Through FESEM characterization technique (cf. Figure 1b), image of spherical 226 

particles of TiO2 with smooth surface was observed. The non-uniformity of the 227 

particle sizes was observed too, judging by the different particle sizes estimated. 228 

Based on Figure 1b, the particle size was estimated ranging from 70 – 100 nm. 229 

In addition, Figure 1c shows the isotherm of TiO2 obtained from N2 physisorption. 230 

It demonstrates that the adsorption and desorption isotherms did not coincide to each 231 

other. The possible explanation for this phenomenon is the occurrence of adsorption 232 

hysteresis. This obtained isotherm can be classified as a type-V isotherm according to 233 

the IUPAC identification system, which indicates the mesoporous structure material 234 

(2-50 nm). Indeed, the estimation using Barrett-Joyner-Halenda (BJH) equation gave 235 

an average TiO2 pore diameter of 22.4 nm. Besides, the N2 physisorption also reveals 236 

that the virgin TiO2 has a considerably low BET specific surface area (8.73 m2 g-1) by 237 

employing Equation (3).  238 

For the optical property characterization, Figure 2a shows the diffuse reflective 239 

UV-vis spectrum of TiO2. The results obtained demonstrated excellent light energy 240 

spectrum absorption at λ < 350 nm (UV region), whilst in the visible light region, the 241 

absorption value has plummeted. This observation reaffirms the UV-photosorption 242 

ability of TiO2 material. Subsequently, the band gap energy of TiO2 photocatalyst was 243 

estimated by plotting (ahv)1/2 versus band gap energy (hv) (Figure 2b) using Kubelka-244 

Munk functions (cf. Equation (4)). Based on Figure 2b (red dotted line), the band gap 245 

energy of TiO2 was 3.15 eV, which is in accordance with the findings of past works 246 

(3.15 ~ 3.27 eV) 30.  247 
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3.2 Photocatalytic degradation of POME 248 

3.2.1 Preliminary works 249 

     In order to investigate the COD content from the last pond (settling pond) to 250 

determine whether it meets the standard discharge limit, two different samplings from 251 

the same pond were carried out, analysed and subsequently compared with the 252 

Standard A wastewater (Malaysia’s Environmental Law). POME-1 denotes for the 1st 253 

sample that was taken in the February 2015, while POME-2 denotes for sample taken 254 

four weeks after the POME-1. Table 1 summarizes the findings.  255 

     Based on Table 1, the pH value was well within the prescribed standard. 256 

Nonetheless, the BOD and COD for both samples (80 ppm and 170 ppm for POME-1; 257 

126 ppm and 240 ppm for POME-2) were well over the maximum allowable standard 258 

set by the existing regulation. This finding is consistent with past research11, in which 259 

the ponding system is unable to degrade POME down to the permitted level for 260 

discharge.  261 

Significantly, the variation (comparing POME-1 and POME-2) in COD and BOD 262 

values also showed the difficulty in controlling the quality of final discharge from the 263 

ponding treatment. For the current study, the COD level of POME was well-264 

controlled within the range of 155 to 170 ppm for standardization purpose, through 265 

dilution. A series of photoreactions were conducted employing 0.5 g/L of TiO2 at 266 

room temperature, but at different O2 flowrates. The choice of 0.5 g/L was in 267 

accordance with typical catalyst loading for this kind of study. Figure 3 shows the 268 

degradation achieved at t = 240 min for different sets of photoreactions. 269 

     For the case of 0 ml/min O2 flowrate, N2 gas was purged into the photoreactor for 270 

30 min followed by metering at 30 ml/min to provide N2-blanket. It can be observed 271 

that only 4% of degradation was achieved after 240 min of UV irradiation. 272 
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Significantly, an increasing trend was observed from 0 ml/min O2 flowrate (N2-273 

blanket) to the highest degradation (circa 23.0%) at O2 flowrate of 70 ml/min. Beyond 274 

that, the degradation efficiency actually decreased with the O2 flowrate, i.e. at 150 275 

ml/min, the degradation was noticeably lower at 16.0%. 276 

The following outlined mechanisms describe the generation of hydroxyl radicals 277 

which can shed some light into the degradation trend (cf. Figure 3). Based on the 278 

concept of photocatalytic degradation, upon photo-excitement, a negatively charged 279 

electron and positively charged hole are generated (cf. (M1)). The generated hole (h+) 280 

would attack on H2O, producing a pair of hydroxyl (OH�) and proton (H+) (refers to 281 

(M2)). The hydroxyl radicals are highly reactive and responsible for organic 282 

compounds degradation31. On the other hand, the generated electron was accepted by 283 

O2 to form super-oxide anions, O2
- (M3). Subsequently, the O2

- ion would react with 284 

H+ (from (M2)) through (M4) and (M5). Hydrogen peroxide (H2O2) formed would 285 

further dissociate into OH� free radical groups upon exposure to the UV irradiation 286 

(M6). These OH� free radical generation steps are consistent with past researches32-35. 287 

+− +→← hehv

2TiO        (M1) 288 

h
+  + H2O  ↔ OH�

  +  H+    (M2) 289 

e
-  +  O2  ↔ O2

-     (M3) 
290 

O2
-  +  H+   ↔ HO2

�     (M4) 
291 

O2
-  +  H+ + HO2

� ↔ H2O2 +  O2    (M5) 292 

•→ OH2OH 22
hv        (M6) 

293 

As aforementioned, when O2 was practically absent as in the case of N2-blanket, a 294 

meagre POME degradation was recorded (cf. Figure 3) whilst in contrast, a significant 295 

increment in degradation was recorded when O2 was metered into the system. 296 

Therefore, it can be surmised that the rate of hydroxyl radical generation via steps 297 

Page 12 of 39RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



(M3) – (M6) was significantly faster than the steps (M1) to (M2). Moreover, unlike 298 

N2, O2 is an electron-acceptor that will hold the electron generated upon excitement of 299 

TiO2 photocatalyst, preventing recombination of holes(h+) and electrons(e-); 300 

eventually this would have enhance the photo-degradability of POME. This likely 301 

explained the increase in degradation trend when O2 flowrate was varied from 0 to 70 302 

ml/min. However, beyond 70 ml/min, formation of large bubbles in the POME liquor 303 

may have induced boundary layer effects. Due to this physical limitation, 304 

photocatalytic degradation of POME was affected. Therefore, the best O2 flowrate for 305 

POME degradation in the current work was 70 ml/min and hence was employed 306 

thereafter for further POME degradation studies. 307 

3.2.2 Blank Runs 308 

     In order to be certain that the POME degradation in the current work was primarily 309 

due to photocatalytic effect, two blank runs (adsorption study and photolysis) were 310 

conducted. 311 

     For the adsorption study, the experiment was conducted with 0.5 g/L of TiO2 and 312 

70 mL/min of O2 flowrate under dark environment. The results obtained shows that 313 

the COD level and eventually the degradation for this set were nearly invariant with 314 

time. This suggests that the adsorption process was practically negligible for the 315 

current type of photocatalyst. Significantly, this can be ascribed to the considerably 316 

low BET specific surface area (8.73 m2 g-1) which has limited the physisorption of 317 

organics onto the photocatalyst’s surface. For the photolysis experiment, the run was 318 

conducted in the absence of TiO2 photocatalyst but 70 mL/min of O2 under UV light 319 

irradiation. After 240 min of UV irradiation, no significant degradation to the COD 320 

values (< 2.0%) was observed. Significantly, GC analysis of the collected gas samples 321 

for both blank runs did not show any traces of biogas (mixture of CO2 and CH4). This 322 
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only serves to confirm that neither adsorption nor photolysis processes occurred at 323 

significant rates to simultaneously degrade POME and yield any gas compounds. 324 

3.2.3 Effects of TiO2 Loadings 325 

Photoreaction runs were conducted with 70 ml/min of oxygen flowrate and 326 

presence of UV-light (100 W) but at different TiO2 loading to determine the effects of 327 

varying photocatalyst loading, and also to identify the best TiO2 loading. The results 328 

obtained are shown in Figure 4a. 329 

     In terms of COD level, as aforementioned, the initial COD level was well 330 

controlled within the range of 155 ppm to 170 ppm. The lowest COD level was 331 

achieved by the photoreaction with 1.0 g/L loading, in which POME was degraded to 332 

below 80 ppm from the initial COD of 160 ppm after 240 min of UV irradiation. On 333 

the other hand, POME with 0.1 g/L of photoreaction exhibited the highest COD 334 

reading after 240 of UV irradiation. However, a noticeable degradation, from 155 335 

ppm to 130 ppm, was still observed despite the high final COD level. Significantly, in 336 

terms of degradation, compared to photolysis (< 2.0% degradation), an obvious 337 

increment in COD degradation was recorded when TiO2 was present. The results 338 

obtained demonstrated that more than 15.0% of organics in POME was degraded after 339 

240 min of UV irradiation when 0.1 g/L of TiO2 was employed. Furthermore, the 340 

highest POME degradation, 52.0%, was achieved by photoreaction over TiO2 loading 341 

of 1.0 g/L. Generally, higher TiO2 loading indicates higher organics degradation rate. 342 

Thus, an increasing trend of COD degradation rate was obtained from 0.1 to 1.0 g/L. 343 

However, beyond 1.0 g/L, the degradation efficiency reduced. This may be ascribed 344 

to the increase in TiO2 loading that would have increased the solution opacity. 345 

Eventually, this has induced shielding effects that diminished the penetration of the 346 
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light into the solution slurry. Significantly, this confirmed that 0.1 g/L loading of TiO2 347 

was the best. 348 

By employing the method of initial rates36 to obtain the initial POME degradation 349 

rate ( )o

CODr−  via finite differentiation of transient COD profiles, Figure 5 was further 350 

plotted to show the effects of initial TiO2 loading on ( )o

CODr− . It can be seen that the 351 

POME degradation rate peaked at TiO2 loading of 1.0 g/L. Thereafter, the negative 352 

effects arising from TiO2 particle shielding has largely overtaken the beneficial 353 

catalytic effects. The data in Figure 5 may be presented by the following empirical 354 

formula which fitted well with the experimental data (R2 = 0.97). 355 

6.4

cat
6.4

6.2

catcat
COD

 W

Wk
r-

+
=
S        (6) 

356 

where Wcat is TiO2 loading (g/L), kcat is the pseudo-rate constant for TiO2 loading (1.0 

357 

ppm g2/ min L2), and S is the parameter for volumetric light shielding effect (1.052 

358 

g/L) with a correlation coefficient of 0.97.  

359 

Langmuir-Hinshelwood (LH) rate law model were subsequently employed to 360 

model the kinetics data (cf. Figure 4a). For irreversible and surface limited reaction 361 

that occurs on single site, the reaction rate can be described by:  362 

AA

AA
COD

CK1

kC
  

C
r-

+
=−=

dt

d
     (7) 363 

where CODr-  = COD degradation rate (ppm min-1) 364 

The concentration of oxygen remained constant throughout the experiments as O2 was 365 

continuously supplied to the reacting system. Due to the low concentration of 366 

organics in the sample, the denominator can further simplified into 1 (1>>KACA). 367 

Ultimately, this was a reaction system that displayed first-order reaction kinetics. 368 
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A
A kC  

C
=−

dt

d

     (8) 369 

 370 

By integrating both sides of Equation (8), the following expression was obtained: 371 

kt  
C

C
ln

A

AO =      (9) 372 

where CAO  = initial COD level of the sample (ppm) 373 

CA = COD level of the sample at time t (ppm) 374 

k = apparent specific reaction rate (min-1) 375 

t = time (min) 376 

 377 

Figure 4b shows the resulting modelling exercise. In lieu of excellent linearity, it can 378 

be concluded that the decomposition of organics in POME indeed ahered to 1st order 379 

reaction.  380 

     In addition, the k-values can be obtained by determining the slope of each graph in 381 

Figure 4b. The k-values of the photoreactions are summarized in Table 2. Based on 382 

Table 2, k values that were sorted according to the highest to lowest ranking were  383 

2.90×10-3  min-1 (1.0 g/L TiO2 loading) > (2.60×10-3 min-1  (1.5 g/L loading) > 384 

2.10×10-3 min-1 (2.0 g/L loading) > 1.60×10-3 min-1 (0.7 g/L loading) > 1.10×10-3 385 

min-1 (0.5 g/L loading) > 0.1 g/L (0.70×10-3 min-1). Interestingly, this trend is also 386 

consistent with the profiles in Figures 4 and 5.   387 

     Error analysis was subsequently carried out to justify the adequacy of the model 388 

developed. Figure 6 shows the parity plot that suggests a good agreement with R2 389 

value of 0.98 between the predicted and actual ln(CAO/CA) values37.  390 

In terms of the assessment of gaseous products that was collected during the 391 

POME irradiation by UV-light, Figure 7 shows the transient profiles of gas products 392 
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that were produced directly from the photocatalytic degradation of POME. 393 

Significantly, two types of gaseous products were formed, viz. CO2 and CH4. From 394 

Figure 7a, a general trend of CO2 production can be observed for all sets of 395 

experiments, in which the production rate increased at the initial stage of 396 

photoreaction and peaked at 60 min. Thereafter, the production rate decreased. The 397 

decrease in CO2 production could be due to the exhausting of organics in the POME 398 

sample. This can be confirmed by the recyclability study which is presented in 399 

Section 3.2.5. Interestingly, CH4 was also produced and its production rate (cf. Figure 400 

7b) was comparatively stable over the entire irradiation period. The detection of both 401 

CO2 and CH4 indicated a continuous carbon loss from the liquid POME (albeit may 402 

not be in its entirety) as gaseous products, symptomatic of photomineralization 403 

process.  404 

     From Figure 7, CO2 seems to be the major product from the POME photocatalytic 405 

degradation. Based on Manickam et al.38, with continuous supply of O2 to the system, 406 

the organics in POME have higher tendency to be degraded into CO2 compared to the 407 

other species. This is unsurprising considering that CO2 (∆Gf
o = -394.39 kJ/mol) is 408 

thermodynamically very stable species 39, and therefore very easy to form. For CH4 409 

species (a component in natural gas), the possible reason for its formation is, upon UV 410 

irradiation, the organics in the POME would have decompose into smaller 411 

intermediate species and CH4.  412 

In addition, the total gas produced for all set of experiments were further calculated 413 

and tabulated in Table 3. Based on Table 3, photoreaction with 1.0 g/L TiO2 produced 414 

the highest amount of gas products (CO2 + CH4), followed by 1.5 g/L 2.0 g/L, 0.7 g/L, 415 

0.5 g/L and 0.1 g/L, consistent with the COD degradation results (cf. Figure 4a). 416 

Moreover, photoreaction over 1.0 g/L of TiO2 yielded the most CO2 (38913 µmol) 417 
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due to the highest degradation rate of organics. In terms of CH4, the production of 418 

photoreaction with 0.5 g/L TiO2 (361 µmol) was slightly higher compared to others 419 

under similar experimental conditions. On the other hand, the purity of CH4 in gas 420 

products showed a contradicting trend with the increasing TiO2 loading. Lower TiO2 421 

loadings (0.1 and 0.5 g/L; 1.7% and 1.6%) produced gas product with higher 422 

composition of CH4 compared to the higher TiO2 loadings. These could be reasonably 423 

deduced as lower TiO2 loadings would degrade lesser organics, and eventually lower 424 

CO2 formation rate; hence higher CH4 composition in the gas product. For TiO2 425 

loadings higher than 0.7 g/L, the CH4 composition in gas products was almost similar, 426 

ranging from 0.9 to 1.1%. 427 

3.2.4 Mechanism Proposal 428 

     Based on the results obtained from both POME degradation and gaseous product 429 

formations, the mechanisms of POME decomposition during photocatalysis is 430 

proposed in Figure 8.  431 

     In the first step, OH� radicals will be generated through (M1) to (M6). Then, these 432 

OH� free radicals will directly attack the organics (denoted by CaHbOc in M7) in 433 

POME sample and degraded them into intermediate species, CH4, H2O and CO2.  434 

OH�
, ads

  +  CaHbOc     →  Intermediates  +  CH4  +  H2O  +  CO2 (M7) 435 

The oxygen-rich environment in the system inducing high oxidation possibility and 436 

eventually the organics have higher tendency to be degraded into CO2 and H2O 437 

compared to CH4. Thus, the CH4 composition should be comparatively low as proven 438 

experimentally from the current work. 439 

3.2.5 Recyclability and Longevity Study 440 

The stability of TiO2 was studied from the view-point of practical application. A 441 

successful recyclable photocatalyst is very important for photo-degradation process of 442 
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wastewater. Based on previous findings, the best conditions for POME degradation is 443 

70 ml/min of O2 flowrate and 1.0 g/L of TiO2. The recyclability of TiO2 was 444 

demonstrated for three consecutive runs. Recovery of TiO2 in between the runs was 445 

achieved by filtering process. Results obtained are presented in Figure 9. For the 1st-446 

cycle, more than 51.0% degradation were achieved after 240 min of UV irradiation 447 

while for 2nd and 3rd cycles, the degradation reduced slightly to 48.0% and 49.0%, 448 

respectively. No significant deactivation of TiO2 was observed, which confirmed the 449 

stability of the recyclability of TiO2 in POME degradation. 450 

Figure 10 shows the FTIR results for both fresh and used TiO2 photocatalysts. OH 451 

and Ti-O bonds were detected at wavenumber of 3400 and 1650 cm-1, respectively, 452 

for both fresh and recycled TiO2. Apparently, no other functional groups were 453 

detected on the surface of used TiO2. Besides, this also confirmed the results of 454 

adsorption study discussed earlier in Section 3.2.2, where adsorption of organic 455 

species on the TiO2 surface was practically negligible. Significantly, this FTIR result 456 

also confirmed on the mechanisms proposed in Section 3.2.4 in which the OH� 457 

formed will directly attack the organics without the need to adsorb on the 458 

photcatalyst’s surface during the POME degradation process. Recently, Dong and 459 

coworkers40 in their review paper have also confirmed the absence of organic 460 

compounds adsorption on the TiO2 surface due to the poor affinity towards organic 461 

pollutants. 462 

      Finally, longevity test of 20 h was conducted. The comparisons of POME sample 463 

before and after photoreaction is presented in Figure 11a. Based on Figure 11a, 464 

POME sample was fully decolorized after 20 h of UV irradiation. As shown in Figure 465 

11b, high degradation rate was observed during the first 2 h of the reaction. Thereafter, 466 

the exhaustion of the organics in the POME progressively slowed down the reaction. 467 
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As can be observed, after 20 h of photocatalytic reaction, about 78% of COD 468 

reduction were achieved, with 37 ppm as the final COD level of POME (initial = 168 469 

ppm), which is safe for discharged. For gaseous product formations, once again, only 470 

the CO2 and CH4 were detected, with the total cumulative amounts of 77150 µmol 471 

and 1070 µmol, respectively, after 20 h of UV irradiation. 472 

4. Conclusions 473 

Based on the results obtained, the best TiO2 loading for POME degradation was 474 

1.0 g/L whereby 52.0% of organic removal was achieved after 240 min of UV 475 

irradiation. Significantly, CO2 was the major gaseous component and the 476 

photoreaction with 1.0 g/L of TiO2 released the highest amount of CO2 (38913 µmol), 477 

whilst photoreaction with 0.5 g/L TiO2 produced the highest amount of CH4 (361 478 

µmol). Our results also demonstrated that the OH� radicals’ generation was primarily 479 

from O2 and not from H2O that was readily present in the POME. Moreover, we 480 

proposed herein reaction pathways that involved firstly the OH� radicals generation, 481 

followed by direct attack on the organics into smaller organic intermediates, CH4 and 482 

also CO2. In addition, recyclability and longevity studies were also conducted. Based 483 

on the recyclability study, no significant deactivation of TiO2 was observed after three 484 

consecutive POME degradation runs. The degradation achieved were 51.0%, 48.0% 485 

and 49.0%, respectively. FTIR analysis of the post-reaction TiO2 suggested an 486 

absence of organics adsorption on the TiO2 surface. Therefore, we infer that instead of 487 

organic compounds adsorbed onto the TiO2 surface, the organic compounds were 488 

directly attacked by the OH� radicals and decomposed into gaseous products. 489 

Moreover, after 20 hours of UV irradiation, 78.0% of POME degradation were 490 

achieved and the COD level of POME dropped from 168 ppm to 37 ppm, which was 491 

lower than the permitted discharge limits (50 ppm). In lieu of the interesting results 492 
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that were obtained, our future work will include the optimization of the experimental 493 

conditions via the use of chemometrics41, 42 or other similar softwares to reflect the 494 

multivariate behaviour of the system.  495 
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Figure 1 (a) XRD diffractogram of TiO2. (b) FESEM images of TiO2. (c) Isotherm of 597 

TiO2 598 
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(b) 604 

Figure 2 (a) Diffuse reflectance UV-Vis spectra of the photo-catalysts. (b) Plot of 605 

Kubelka-Munk function versus energy of light for TiO2. 606 
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 609 

Figure 3 Degradation of POME after 240 min of UV irradiation with different O2 610 

flowrates. Reaction condition: 0.5 g/L TiO2 at room temperature. 611 
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(b) 615 

Figure 4 (a)Transient COD level (ppm) and degradation (%) profiles for 616 

photoreactions at different TiO2 loadings. (b) Illustration showing good adherence to 617 

1st order kinetics modelling. 618 
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Figure 5 Influence of TiO2 loadings on the degradation rate. 622 

 623 
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Figure 6 Comparison between predicted and actual ln(CAO/CA) values. 626 
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(b) 632 

Figure 7 Gas products collected along the photoreaction with O2 flowrate of 70 633 

ml/min and temperature maintained at room temperature. (a) CO2 (b) CH4 634 
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 635 

 636 

Figure 8 The schematic diagram of POME photocatalytic degradation mechanism. 637 
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 639 

Figure 9 Degradation of POME with recycled TiO2 over three consecutive runs. 640 
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Figure 10 FTIR results of fresh and used TiO2 photocatalysts. 643 
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(b) 649 

Figure 11 (a)POME sample at t = 0 min (left) and t = 20 h (right). (b) Degradation of 650 

POME for longevity study.  651 
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List of Table 652 

 653 

Table 1 Comparisons of dischargable wastewater standard with POME samples. 654 

Parameter Standard A POME-1 POME-2 

COD 50 170 240 

BOD 20 80 126 

pH 6.0-9.0 7.5 7.5 

 *all the units are in ppm. 655 
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Table 2 k-values obtained from the photoreactions on POME with different TiO2 657 

loadings. 658 

TiO2 loading (g/L)  (k) ×103 (min)-1 
R
2 

0.1 0.70 0.98 

0.5 1.10 0.97 

0.7 1.60 0.97 

1.0 2.90 0.97 

1.5 2.60 0.98 

2.0 2.10 0.98 

 659 
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Table 3 Total gas products collected from photoreactions. 661 

TiO2 loadings 

(g/L) 

Gas accumulated over 240 min of 

photoreaction (µmol) 

CH4 composition 

(%) 

CO2 CH4 

0.1 19599 334 1.7 

0.5 22384 361 1.6 

0.7 29823 330 1.1 

1.0 38913 351 0.9 

1.5 34291 344 1.0 

2.0 33124 332 1.0 

 662 
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