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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in fulfillment of 

athe requirement for the degree of Master of Science (Catalysis) 

 

TREATMENT OF PALM OIL MILL EFFLUENT BY USING 2-STAGE PHOTO 

FERRIOXALATE/TiO2/OZONE SYSTEM 

By 

NOR AQILAH BINTI MOHD FADZIL 

May, 2013 

Chair : Zulkarnain Zainal, PhD 

Faculty: Faculty of Science 

 

The feasibility of advanced oxidation processes (AOPs) named photo 

Ferrioxalate/TiO2/Ozone system in degrading Palm Oil Mill Secondary Effluent 

(POMSE) was investigated. The investigation was divided into two major parts; first was 

the degradation of POMSE by using single (photo Fenton, Ferrioxalate, TiO2 and 

Ozone) and combined system of AOPs (photo Ferrioxalate/TiO2 and photo 

Ferrioxalate/TiO2/Ozone) and second was the degradation of POMSE by two stages 

treatment system. As expected combined processes showed better performance than 

single systems with the COD removal recorded for photo/Ferrioxalate, photo TiO2 and 

photo Ferrioxalate/TiO2 were 49 %, 57 % and 65 %, respectively. In addition, two stages 

treatment system of photo Ferrioxalate/TiO2/Ozone system (photo Ferrioxalate/TiO2 for 

the first two hours followed by ozonation for another two hours) shows total removal of 

color and COD. Moreover, more than 85 % removal was recorded for the TOC.  On the 

other hand, single stage treatment process gave only 54 %, 69 % and 61 % removal of 

COD, TOC and color, respectively. Besides, the effect of H2O2 concentration, TiO2 
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loading and pH were also studied to determine optimum condition for the removal. The 

reaction mechanism was illustrated to explained the chemical process occur in all 

system. First order kinetic model was applied to explain the relationship between initial 

POMSE concentration and its initial degradation rate. The optimization of single stage 

treatment process was conducted by using Response Surface Methodology (RSM) and it 

gave 20 % increment in four hours reaction time with optimum parameters as follow: 

[H2O2:Fe
3+

] = 5.5 :1.0; [oxalate: Fe
3+

] = 5.5 : 1.0 and TiO2  = 225 mg. The optimization 

was verified by using analysis of variance (ANOVA). Methyl Orange (MO) had been 

used as colored organic pollutant to observe the feasibility of photo 

Ferrioxalate/TiO2/Ozone system in treating simple colored wastewater. The results gave 

total decolorization for 20, 100 and 200 ppm of MO. Meanwhile, almost 90 % 

decolorization recorded at 500 ppm. 
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Abstrak tesis yang dikemukakan kepada Senat Universiti Putra Malaysia sebagai 

memenuhi keperluan untuk ijazah Sarjana Sains (Pemangkin) 

 

RAWATAN SISA SEKUNDER KILANG MINYAK KELAPA SAWIT 

MENGGUNAKAN SISTEM FOTO FERRIOXALAT/TiO2/OZON SECARA DUA 

PERINGKAT 

Oleh 

NOR AQILAH BINTI MOHD FADZIL 

Mei, 2013 

 

Pengerusi: Zulkarnain Zainal, PhD 

Fakulti: Fakulti Sains 

 

Kemampuan proses pengoksidaan termaju (AOPs) iaitu foto Ferioxalat/TiO2/Ozon telah 

dikaji untuk degradasi efluen sisa sekunder kilang minyak kelapa sawit (POMSE). 

Proses degradasi terbahagi kepada dua bahagian utama; pertama melalui degradasi 

sistem tunggal (Foto Fenton, Ferioxalat, TiO2 dan Ozon) dan sistem kombinasi AOPs  

(Foto Ferrioxalate/TiO2 dan foto Ferioxalat/TiO2/Ozon) dan kedua melalui degradasi 

POMSE secara dua peringkat. Sistem kombinasi menunjukkan prestasi degradasi yang 

lebih baik berbanding sistem tunggal AOPs. Penyingkiran COD untuk proses 

Foto/Ferioxalat, Foto/TiO2 dan Foto/Feriolezalat/TiO2 adalah masing-masing sebanyak 

49 %, 57 % dan 65 %.  Manakala, kaedah dua peringkat (Foto Ferioxalat/TiO2 pada dua 

jam pertama diikuti pengozonan untuk dua jam berikutnya) pula mencatatkan keputusan 

penyingkiran sepenuhnya bagi COD dan warna. Tambahan pula, 85 % penurunan TOC 

turut dicatatkan. Sebaliknya, sistem satu peringkat hanya mencatatkan penyingkiran 
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COD, TOC dan warna masing-masing sebanyak, 54 %, 69 % dan 61 %.  Selain itu, 

kajian berkaitan parameter lain seperti kepekatan optima bagi H2O2 dan TiO2 dan pH 

turut dijalankan. Mekanisma tindak balas bagi setiap proses telah ditunjukkan. Selain itu, 

model kinetik turutan pertama telah digunapakai bagi menjelaskan hubungan antara 

kepekatan POMSE dan kadar degradasinya. Pengoptimum sistem satu peringkat 

menggunakan metodologi permukaan tindakbalas (RSM) turut dijalankan dan berjaya 

memberi peningkatan penurunan COD sebanyak 20 %. Parameter optimum yang telah 

diberikan adalah seperti berikut [H2O2:Fe
3+

] = 5.5 :1.0; [oxalate: Fe
3+

] = 5.5 : 1.0 dan 

TiO2  = 225 mg. Penyahwarnaan Metil Oren (MO) juga telah dilaksanakan bagi 

memerhati kebolehupayaan sistem Foto/Ferioxalat/TiO2/Ozon dalam merawat sistem 

sisa air berwarn. Keputusan menunjukkan sepenuh penyahwarna berjaya dicapai pada 

kepekatan 20, 100 dan 200 ppm. Manakala, hampir 90 % penurunan warna berjaya 

direkodkan pada kepekatan 500 ppm MO. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background 

 

In recent years, oil palm plantation has been receiving national attention in Malaysia.  

Almost 5 million hectares of cultivation area are planted with oil palm trees, compared 

to only 54 000 hectares in 1960 as shown in Table 1.1. This was attributed to the 

opening up of many virgin jungles for oil palm plantation. At the same time, many 

estates converted its crops plantation from rubber to oil palm due to the high demand for 

oil palm fruits. In addition, oil palm is an efficient oil crops and can produce 10 times 

higher yield than soy bean oil with the same plantation hectares requirements.  

 

Table 1.1. Total planted area of oil palm in Malaysia in 2012 (source: MPOB, 2012) 

Region Oil palm planted area, hectares 

Peninsular Malaysia 2 546 760 

 

Sabah 1 431 762 

 

Sarawak 1 021 587 

 

Total 5 000 109 

 

The benefits plantations of oil palm are their high yield and high demand for palm oil; 

palm oil is defined as the product from oil palm fruits. This resulted in high numbers of 

palm oil mills operated to fulfill the high demand for palm oil. In 2006, Yacob et al. 

(2006) identified 381 active palm oil mills in Malaysia. As mentioned earlier, the rapid 

growth of oil palm plantation was due to the high world demand for oil and fats that 

could be produced from palm oil. These oil and fats are the main ingredients in the 
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making of shortening, margarines and others food preparation (Low et al., 1998). It has 

been estimated that 75 % of the Malaysia’s palm oil product was exported to many 

countries (Table 1.2) (MPOB, 2012) (Yusoff, 2006). Due to this reason, palm oil 

industry has become as the major player for oil and fats trading (MPOB, 2012). 

 

 

Table 1.2. The importer countries of Malaysia oil palm products in 2012 

(Source: MPOB, 2012) 

 

Country thousands tonnes 

Egypt 386 

 

India 1 524 

 

Iran 302 

 

Italy 112 

 

Japan 364 

 

Myanmar 228 

 

Netherlands 889 

 

Nigeria 99 

 

Pakistan 918 

 

Philippine 240 

 

Singapore 390 

 

South Korea 232 

 

Spain 125 

 

UAE 121 

 

Ukraine 126 

 

US 685 
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1.2    Problem Statement and Objectives 

1.2.1 Research Problem 

 

A large amount of waste including organic waste in effluent was generated from the 

palm oil mill. It has been estimated that about 140 thousands tonnes of POME are 

generated every day.  Thus, every month about 4200 thousands tonnes of POME need to 

be properly managed. This effluent contains high amount of organic pollutant as it 

possesses high COD and BOD values (Ahmad et al., 2005). The BOD value of POME 

was almost 100 times more polluted compared to domestic sewage (Wu et al., 2010; Ma 

and Ong, 1985). Moreover, the fresh POME is thick brownish slurry with quite 

uncomfortable odor. However, it is non-toxic, due to no chemical added during oil 

extraction process (Zinatizadeh et al., 2005). 

 

In order to control and eliminate the environmental pollution problem from palm oil 

industry, Malaysia government enforced an effluent discharge regulation under 

Environmental Quality (Prescribed Premises) (Crude Palm Oil) (Amendment) 

Regulations 1982. Therefore, each palm oil mill in Malaysia must treat their effluent 

before discharged. Most palm oil mills apply biological treatment such as aerobic and 

anaerobic treatment to treat POME before it is discharged (Wu et al., 2010).The 

discharged effluent that has been treated is called Palm Oil Mill Secondary Effluent 

(POMSE). Unfortunately, biological treatment did not enough to comply with the 

allowable limits for effluent discharge as stipulated by Malaysia government. 

 

Therefore, the introduction of photo Ferrioxalate/TiO2/Ozone system to treat POMSE 

was suitable, since this system provides a few advantages. Apart from this system 
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produce •OH to oxidize organic pollutant unselectively, this system also offer 

convenience and efficient performance at high pH condition. The application of 

modified photo Fenton process called photo Ferrioxalate process able to eliminate the 

major problems of photo Fenton that are inefficient at high pH (pH > 5) and need to 

remove iron residue by further treatment.  

 

By the application of photo Ferrioxalate system, the treatment of POMSE degradation 

not only could be conducted at high pH but it also provides the simple way to remove 

iron residue without any further treatment. This is because POMSE degradation 

conducted at natural pH of POMSE (pH 9), therefore if any iron that not react in the 

reaction then it can be removed as Fe(OH)3 precipitation as a result of the reaction 

between iron (Fe
3+

) and OH
-
 ion. 

 

The other reason that make photo Ferrioxalate/TiO2/Ozone system as a good and reliable 

treatment system is the utilization of TiO2 and ozone in one system. This combination 

can enhance the degradation performance since the presence of ozone can overcome 

TiO2 photocatalyst limitation. As a result, more highly reactive radical could be 

produced and able to oxidize organic pollutant. Therefore, the application of photo 

Ferrioxalate/TiO2/Ozone system able to treat POMSE through the oxidation of highly 

reactive radical produced without produce other sludge pollution. 
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1.2.2 Research Objectives 

The objectives of this research are 

i. To evaluate the feasibility of photo/Ferrioxalate/TiO2/O3 system in degrading 

POMSE at pH 9.  

ii. To identify the optimum dosage of operating parameters such as TiO2 amount, 

[Fe
3+

], [H2O2] and [oxalate] in degrading POMSE at pH 9. 

iii.  To improve the degradation performance by optimizing the degradation 

condition by using Response Surface Methodology, RSM. 

 

1.3 Scope of Research 

The experiments in this study were conducted at laboratory scale. The sample 

studied that is POMSE was actual POMSE sample collected from palm oil mill in 

Dengkil, Selangor. Three major processes of AOPs were studied (i) photo 

Ferrioxalate; (ii) TiO2 photocatalyst and (iii) ozonation process. All the processes 

were evaluated based on their performance in treating POMSE. This performance 

efficiency was monitored through COD, TOC, UV-Vis absorbance (λ=305 nm) and 

color removal. The high operating pH was applied to make the system become more 

convenience and simple, since no alteration of the pH condition was needed before 

start the experiments. The other parameters studied were pH, TiO2 loading and 

optimum concentration ratio of Fe
3+

: oxalate: H2O2. 

 

 

 

 



© C
OPYRIG

HT U
PM

REFERENCES 

 

Agustina, T. E., H. M. Ang and V.K. Vareek. (2005). A review of synergistic effect of 

photocatalysis and ozonation on wastewater treatment. Journal of 

Photochemistry and Photobiology C: Photochemistry Reviews. 6(4): 264-273. 

 

 

Ahmad, A. L., S. Ismail and S. Bhatia. (2005). Membrane treatment for palm oil mill 

effluent: effect of transmembrane pressure and crossflow velocity. Desalination. 

179(1): 245-255. 

 

Andreozzi, R., V. Caprio, A. Insola, and R. Marotta .(1999). Advanced oxidation 

processes (AOP) for water purification and recovery. Catalysis today. 53(1): 51-

59. 

 

Al-Bastaki, N. M. (2004). Performance of advanced methods for treatment of 

wastewater: UV/TiO2, RO and UF. Chemical Engineering and Processing: 

Process Intensification. 43(7): 935-940. 

 

Al-Tawabini, B. S. (2003). Treatment of water contaminated with di-n-butyl phthalate 

by photo-Fenton process. Global Nest: The International Journal. 5: 23-28. 

 

APHA, 1997. Standard Methods for the Examination of Waters andWastewater. 19th 

Edn. American Public Health Association,Washington, DC 

 

Aris, A. and B. S. Ooi. (2008). Tertiary treatment palm oil mill effluent using fenton 

oxidation. Malaysian Journal of Civil Engineering 20(1): 12-25. 

 

Arslan-Alaton, I. (2007). Degradation of a commercial textile biocide with advanced 

oxidation processes and ozone. Journal of environmental management. 82(2): 

145-154. 

 

Arslan, I., I. A. Balcioclu and D. W. Bahnemann. (2000). Advanced chemical oxidation 

of reactive dyes in simulated dyehouse effluents by ferrioxalate-Fenton/UV-A 

and TiO2/UV-A processes. Dyes and Pigments 47(3): 207-218. 

 

 ÄŒernigoj, U., U. L. Å tangar and P. TrebÅje. (2010). Effect of dissolved ozone or 

ferric ions on photodegradation of thiacloprid in presence of different TiO2 

catalysts. Journal of hazardous materials. 177(1): 399-406. 

 

ÄŒernigoj, U., U. L. Å tangar and P. TrebÅje. (2007). Degradation of neonicotinoid 

insecticides by different advanced oxidation processes and studying the effect of 

ozone on TiO2 photocatalysis. Applied Catalysis B: Environmental. 75(3): 229-

238. 

 



© C
OPYRIG

HT U
PM

Ayati, B. and H. Ganjidoust (2006). Comparing the efficiency of UAFF and UASB with 

hybrid reactor in treating wood fiber wastewater. Iranian Journal of 

Environmental Health Science & Engineering. 3(1): 39-44. 

 

Bali, U., E. Catalkaya and F. Sengul. (2004). Photodegradation of Reactive Black 5, 

Direct Red 28 and Direct Yellow 12 using UV, UV/H2O2 and UV/H2O2/Fe
2+

: a 

comparative study. Journal of hazardous materials. 114(1-3): 159-166. 

 

Bigda, R. J. (1995). Consider Fentons chemistry for wastewater treatment. Chemical 

Engineering Progress 91(12): 62-66. 

 

Borja, R. and C. J. Banks (1994).Anaerobic digestion of palm oil mill effluent using an 

up-flow anaerobic sludge blanket reactor. Biomass and Bioenergy 6(5): 381-389. 

 

Borja, R., C. J. Banks and E. Sànchez. (1996). "Anaerobic treatment of palm oil mill 

effluent in a two-stage up-flow anaerobic sludge blanket (UASB) system." 

Journal of Biotechnology 45(2): 125-135. 

 

Bossmann, S. H., E. Oliveros, S. Göb, S. Siegwart, E. P. Dahlen, L. Payawan Jr, M. 

Straub, M. Wörner, and A. M. Braun. (1998). New evidence against hydroxyl 

radicals as reactive intermediates in the thermal and photochemically enhanced 

Fenton reactions. The Journal of Physical Chemistry A 102(28): 5542-5550. 
 

Bougheloum, C. and A. Messalhi (2009). Photocatalytic Degradation of Benzene 

Derivatives on TiO2 Catalyst. Physics Procedia 2(3): 1055-1058. 

 

Burleson, G. R., T. M. Murray.  (1975). Inactivation of viruses and bacteria by ozone, 

with and without sonication.  Applied microbiology 29(3): 340-344. 

 

Córdoba, P. R., A. P. Francese and F. SiÃ±eriz. (1995). Improved performance of a 

hybrid design over an anaerobic filter for the treatment of dairy industry 

wastewater at laboratory scale. Journal of fermentation and bioengineering 

79(3): 270-272. 

 

Calza, P. and E. Pelizzetti (2001). Photocatalytic transformation of organic compounds 

in the presence of inorganic ions. Pure and applied chemistry 73(12): 1839-1848. 

 

Chen, Y., F. Wu, Y. Lin, N. Deng, N. Bazhin, and E. Glebov. (2007). Photodegradation 

of glyphosate in the ferrioxalate system. Journal of hazardous materials 148(1): 

360-365. 

 

Chu, L., J. Wang, J. Dong, H. Liu, and X. Sun . (2011). Treatment of coking wastewater 

by an advanced Fenton oxidation process using iron powder and hydrogen 

peroxide. Chemosphere 86 (4): 409-414. 

 



© C
OPYRIG

HT U
PM

Chu, L. B., S. T. Yan, X. H. Xing, A. F. Yu, X. L. Sun, and B. Jurcik. (2008). Enhanced 

sludge solubilization by microbubble ozonation. Chemosphere 72(2): 205-212. 

 

Chu, L. B., X. H. Xing, A. F. Yu, Y. N. Zhou, X. L. Sun, and B. Jurcik. (2007). 

Enhanced ozonation of simulated dyestuff wastewater by microbubbles. 

Chemosphere 68(10): 1854-1860. 

 

Chooi, C. F. (1984). Ponding system for palm oil mill effluent treatment. Workshop 

Proc. Palm Oil Res. Inst. Malaysia (9), 52-53. 
 

Chow, M. C. and C. C. Ho. (2002). Chemical composition of oil droplets from palm oil 

mill sludge.  Journal of Oil Palm Research 14: 25-34. 

 

Clair N. Sawyer, Perry L. McCarty and Gene F. (2003) Parkin, Chemistry for 

Environmental Engineering and Science, 5th Ed., McGraw-Hill, New York  

 

Contreras, S., M. Rodriguez, E. Chamarro, S. Esplugas, and J. Casado. (2001). 

Oxidation of nitrobenzene by O3/UV: the influence of H2O2 and Fe (ll). 

Experiences in a pilot plant. Water science and technology: a journal of the 

International Association on Water Pollution Research 44(5): 39-46. 

 

Daneshvar, N., M. A. Behnajady and A. Y. Zorriyeh . (2007). Photooxidative 

degradation of 4-nitrophenol (4-NP) in UV/H2O2 process: influence of 

operational parameters and reaction mechanism. Journal of hazardous materials 

139(2): 275-279. 

  

Dong, Y., L. He, J. Zjao, and C. Liu. (2009). Fe (III)-oxalate mediated solar degradation 

of reactive dyes in the presence of NaCl, IEEE (3)349-352. 

 

De Souza, S. M. A. G. U., K. A. S. Bonilla and A. A. U. de Souza. (2010). Removal of 

COD and color from hydrolyzed textile azo dye by combined ozonation and 

biological treatment. Journal of hazardous materials 179(1): 35-42. 

 

 

Dominguez, J. R., J. Beltran. (2005). Vis and UV photocatalytic detoxification methods 

(using TiO2, TiO2/H2O2, TiO2/O3, TiO2/S2O8
2-

, O3, H2O2, S2O8 
2-

, Fe
3+

/H2O2 and 

Fe
3+

/H2O2/C2O4
2-

) for dyes treatment. Catalysis today 101(3-4): 389-395 

 

Doodeve, C.F. and Kitchener, J.A. (1938). Photosensitisation by titanium dioxide. 

Transactions of the Faraday Society, 34, 570–579. 

 

 

Edwards, G. A. and A. Amirtharajah (1985). Removing color caused by humic acids.  

Journal American Water Works Association 77(3): 50-57. 

 

Emilio, C. A., W. F. Jardim, M. I. Litter, and H. D. Mansilla. (2002). EDTA destruction 

using the solar ferrioxalate advanced oxidation technology (AOT): Comparison 



© C
OPYRIG

HT U
PM

with solar photo-Fenton treatment. Journal of Photochemistry and Photobiology 

A: Chemistry 151(1-3): 121-127. 

 

Faust, B. C. and R. G. Zepp.(1993). Photochemistry of aqueous iron (III)-

polycarboxylate complexes: Roles in the chemistry of atmospheric and surface 

waters. Environmental Science & Technology 27(12): 2517-2522. 

 

Fox, M. A. and M. T. Dulay (1993). Heterogeneous photocatalysis. Chemical reviews 

93(1): 341-357. 

 

Frank, S.N., Bard, A.J. (1977). Heterogeneous photocatalytic oxidation of cyanide ion in 

aqueous solutions at titanium dioxide powder.  Journal of the American 

Chemical Society 99(1): 303-304. 

 

Gao, M. T., M. Hirata, H. Takanashi, and T. Hano. (2005).  Ozone mass transfer in a 

new gas -liquid contactor-Karman contactor. Separation and purification 

technology 42(2): 145-149. 

 

Gaya, U. I. and A. H. Abdullah, M. Z. Hussein, and Z. Zainal. (2008). Heterogeneous 

photocatalytic degradation of organic contaminants over titanium dioxide: A 

review of fundamentals, progress and problems. Journal of Photochemistry and 

Photobiology C: Photochemistry Reviews 9(1): 1-12. 

 

Gumy ,D., A.G. Rincon,R. Hajdu, C.Pulgarin. (2006). Solar photocatalysis for 

detoxification and disinfection of water: Different types of suspended and fixed 

TiO2 catalysts study. Solar energy 80:1376-1381. 

 

Guiot, S. R. and L. Van den Berg. (1985). Performance of an upflow anaerobic reactor 

combining a sludge blanket and a filter treating sugar waste. Biotechnology and 

Bioengineering 27(6): 800-806. 

 

Haber, F. and J. Weiss. (1934). The catalytic decomposition of hydrogen peroxide by 

iron salts. Proceedings of the Royal Society of London. Series A-Mathematical 

and Physical Sciences 147(861): 332-351. 

 

Hamdi, M. and J. L. Garcia. (1991). Comparison between anaerobic filter and anaerobic 

contact process for fermented olive mill wastewaters. Bioresource technology 

38(1): 23-29. 

 

Hashimoto, K., H. Irie and A. Fujishima. (2005). TiO2 Photocatalysis: A Historical 

Overview and Future Prospects. Japanese Journal of Applied Physics 44(12): 

8269-8285. 

 

Hawkes, F. R., T. Donnelly and G. K. Anderson. (1995). Comparative performance of 

anaerobic digesters operating on ice-cream wastewater. Water Research 29(2): 

525-533. 

 



© C
OPYRIG

HT U
PM

Hermosilla, D., N. Merayo, R. Ordaagez, and Ã. Blanco. (2012). Optimization of 

conventional Fenton and ultraviolet-assisted oxidation processes for the 

treatment of reverse osmosis retentate from a paper mill. Waste Management 32 

(6): 1236-1243. 

 

Hoffmann, M. R., ST Martin, W. Choi and DW Bahnemann. (1995). Environmental 

application of semiconductor photocatalyst.  Chemical  Reviews 95 (1): 69-96. 

 

Holenda B, E. Domokos, A. Redey, J. Fazakas. (2008). Dissolved oxygen control of the 

activated sludge wastewater treatment process using model predictive control. 

Computers & Chemical Engineering 32:1270-1278. 

 

Honda, K., A. Fujishima. (1972). Photolysis-decomposition of water at the surface of an 

irradiated semiconductor. Nature 238(5385): 37-38. 

 

Hsueh, C. L., Y. H. Huang. (2005). Degradation of azo dyes using low iron 

concentration of Fenton and Fenton-like system. Chemosphere 58(10): 1409-

1414. 

 

Huber, M. M., S. Canonica, G. Y. Park, and U. Von Gunten. (2003). Oxidation of 

pharmaceuticals during ozonation and advanced oxidation processes. 

Environmental Science & Technology 37(5): 1016-1024. 

 

Ibrahim, A., R. Raj and M. J. A. Wahid. (1985). Thermophilic anaerobic contact 

digestion of palm oil mill effluent. Water science and technology 17(2-3): 155-

166. 

 

Igwe, J. C. and C. C. Onyegbado (2007). A review of palm oil mill effluent (POME) 

water treatment.  Global J. Environ. Res 1(2): 54-62. 

 

Jamil, T. S., M. Y. Ghaly, N. A. Fathy, T. A. Abd el-halim, and L. Österlund. (2012). 

Enhancement of TiO2 behavior on photocatalytic oxidation of MO dye using 

TiO2/AC under visible irradiation and sunlight radiation.  Separation and 

purification technology 98: 270-279. 

 

Jeong, J. and J. Yoon. (2005). pH effect on OH radical production in photo/ferrioxalate 

system. Water Research 39(13): 2893-2900. 

 

Jiang, J.Q. and N.J.D. Graham (1998). Pre-polymerised inorganic coagulants and 

phosphorus removal by coagulation- a review. Water Salination 24:237-244. 

 

 

Joseph, J. P. (1992). Dark and Photo Assisted Fe
3+

 Catalyzed Degradation of 

Chlorophenoxy Herbicides by Hydrogen Peroxide. Environ. Sci. Technol 26(5): 

944-951. 
 



© C
OPYRIG

HT U
PM

Jovanovic, S.V., S. Steenken, M. Tosic, B. Marjanovic, and M. G. Simic. (1994). 

Flavonoids as antioxidants. Journal of the American Chemical Society 116(11): 

4846-4851. 

 

Kang, Y. W. and K. Y. Hwang (2000). Effects of reaction conditions on the oxidation 

efficiency in the Fenton process. Water Research 34(10): 2786-2790. 

 

Karel, I.M., Y. Sponge and A. Jujh. (1974). Disposal of sewage and other Borne waste. 

London: Butter Worth Press, 50-61. 

 

Kasprzyk-Hordern, B., M. ZiÃ³Å and J. Nawrocki. (2003). Catalytic ozonation and 

methods of enhancing molecular ozone reactions in water treatment. Applied 

Catalysis B: Environmental 46(4): 639-669. 
   

Katsumata, H., S. Kaneco, T. Suzuki, K. Ohta, and Y. Yobiko. (2006). Photo-Fenton 

degradation of alachlor in the presence of citrate solution. Journal of 

Photochemistry and Photobiology A: Chemistry 180(1): 38-45. 

 

Katsumata, H., S. Kawabe, S. Kaneco, T. Suzuki, and K. Ohta. (2004). Degradation of 

bisphenol A in water by the photo-Fenton reaction. Journal of Photochemistry 

and Photobiology A: Chemistry 162(2): 297-305. 

 

Kato, S. and F. Mashio. 1956. Abtr. Book Annu. Meet.Chemical Society of Japan,  223. 

 

Kavitha, V. and K. Palanivelu. (2005). Degradation of nitrophenols by Fenton and 

photo-Fenton processes. Journal of Photochemistry and Photobiology A: 

Chemistry 170(1): 83-95. 

 

Kavitha, V. and K. Palanivelu. (2004). The role of ferrous ion in Fenton and photo-

Fenton processes for the degradation of phenol. Chemosphere 55(9): 1235-1243. 
 
Khataee, A. R. (2010). Optimization of UV•promoted peroxydisulphate oxidation of CI 

Basic Blue 3 using response surface methodology.  Environmental technology 

31, (1), 73-86. 

 
Koppenol, W. H. (2001). The Haber-Weiss cycle-70 years later. Redox Report 6(4): 229-

234. 

 

Kukuzaki, M., K. Fujimoto, S. Kai, K. Ohe, T. Oshima, and Y. Baba. (2010). Ozone 

mass transfer in an ozone-water contacting process with Shirasu porous glass 

(SPG) membranes: A comparative study of hydrophilic and hydrophobic 

membranes. Separation and purification technology 72(3): 347-356. 

 

Kuo, W. G. (1992). Decolorizing dye wastewater with Fenton's reagent. Water Research 

26(7): 881-886. 

 



© C
OPYRIG

HT U
PM

Kusic, H.,N. Koprivanac, A.L. Bozic. (2006). Minimization of organic pollutant content 

in aqueous solution by means of aops: Uv-and ozone-based technologies. 

Chemical Engineering Journal 123:127-137. 

 

 

Kurbus, T., A. M. Le Marechal and D. B. VoncÌ†ina. (2003). Comparison of H2O2/UV, 

H2O2/O3 and H2O2/Fe
2+

 processes for the decolorisation of vinylsulphone 

reactive dyes.  Dyes and Pigments 58(3): 245-252. 

 

Kwan, C. Y. and W. Chu. (2006). Effect of ferrioxalate-exchanged resin on the removal 

of 2, 4-D by a photocatalytic process. Journal of Molecular Catalysis A: 

Chemical 255(1): 236-242. 

 

Latif Ahmad, A., S. Ismail, and S. Bhatia. (2003). Water recycling from palm oil mill 

effluent (POME) using membrane technology. Desalination 157(1-3): 87-95. 

 

Low, K. S., C. K. Lee and L. Y. Kong. (1998). Decolorisation of crude palm oil by acid-

activated spent bleaching earth. Journal of Chemical Technology and 

Biotechnology 72(1): 67-73. 

 

Lu, M. C., C. J. Lin, C. H. Liao, R. Y. Huang, and W. P. Ting. (2003). Dewatering of 

activated sludge by Fenton's reagent. Advances in Environmental Research 7(3): 

667-670. 

 

Lucas, M. S., J. A. Peres and G. Li Puma. (2010).Treatment of winery wastewater by 

ozone-based advanced oxidation processes (O3, O3/UV and O3/UV/H2O2) in a 

pilot-scale bubble column reactor and process economics.  Separation and 

purification technology 72(3): 235-241. 

 

Lucas, M. S. and J. A. Peres. (2007). Degradation of Reactive Black 5 by Fenton/UV-C 

and Ferrioxalate/H2O2/solar light processes. Dyes and Pigments 74(3): 622-629. 

 

Lucas, M. S. and J. A. Peres. (2006). Treatment of winery wastewater by ozone-based 

advanced oxidation processes (O3, O3/UV and O3/UV/H2O2) in a pilot-scale 

bubble column reactor and process economics. Separation and purification 

technology 72(3): 235-241. 

 

Ma, A. N. and A. S. H. Ong (1985). Pollution control in palm oil mills in Malaysia. 

Journal of the American Oil Chemists' Society 62(2): 261-266. 

 

Malik, M. A., A. Ghaffar and S. A. Malik . (2001). Water purification by electrical 

discharges. Plasma Sources Science and Technology 10(1): 82. 

 

Marianne and B. Sulzberger. (1999). Atrazine degradation in irradiated iron/oxalate 

systems: effects of pH and oxalate. Environmental Science & Technology 33(14): 

2418-2424. 

 



© C
OPYRIG

HT U
PM

Mena, E., A. Rey, B. Acedo, F. J. BeltrÃ¡n, and S. Malato. (2012). On ozone-

photocatalysis synergism in black-light induced reactions: Oxidizing species 

production in photocatalytic ozonation versus heterogeneous photocatalysis. 

Chemical Engineering Journal 204-206: 131-140. 

 

Metcalf and Eddy. (2003). Wastewater Engineering Treatment and Reuse, 4
th

 edition 

McGraw Hill, 96-97. 

 

Miles, C. J. and P. L. Brezonik. (1981). Oxygen consumption in humic-colored waters 

by a photochemical ferrous-ferric catalytic cycle. Environmental Science & 

Technology 15(9): 1089-1095. 

 

Monroy, O., K. A. Johnson, A. D. Wheatley, F. Hawkes, and M. Caine. (1994). The 

anaerobic filtration of dairy waste: Results of a pilot trial. Bioresource 

technology 50(3): 243-251. 

 

Monteagudo, J. M., A. Duran, M. Aguirre, and I. San Martàn. (2011). Optimization of 

the mineralization of a mixture of phenolic pollutants under a ferrioxalate-

induced solar photo-fenton process. Journal of hazardous materials 185:131-

139. 

 

Monteagudo, J. M., A. Duran and C. Lopez-Almodovar. (2008). Homogeneus 

ferrioxalate-assisted solar photo-Fenton degradation of Orange II aqueous 

solutions. Applied Catalysis B: Environmental 83(1): 46-55. 

 

MPOB economy report. Retrieved on 7
th

  July 2012. 

http://bepi.mpob.gov.my/index.php/component/content/category/46.html  

 

Munter, R. (2001). Advanced oxidation processes-current status and prospects. Proc. 

Estonian Acad. Sci. Chem 50(2): 59-80. 

 

Muruganandham, M. and M. Swaminathan. (2004). Decolourisation of Reactive Orange 

4 by Fenton and photo-Fenton oxidation technology. Dyes and Pigments 63(3): 

315-321. 

 

Muthukumar, M. and N. Selvakumar. (2004). Studies on the effect of inorganic salts on 

decolouration of acid dye effluents by ozonation. Dyes and Pigments 62 (3): 221-

228. 

 

Najafpour, G.D., A.A.L. Zinatizadeh, A.R. Mohamed, M. Hasnain Isa, H. 

Nasrollahzadeh. (2006). High-rate anaerobic digestion of palm oil mill effluent in 

an upflow anaerobic sludge-fixed film bioreactor. process Biochemistry 41:370-

379. 

 

Nakatani, N., M. Ueda, H. Shindo, K. Takeda, and H. Sakugawa. (2007). Contribution of 

the photo-Fenton reaction to hydroxyl radical formation rates in river and rain 

water samples. Analytical Sciences 23(9): 1137-1142. 

http://bepi.mpob.gov.my/index.php/component/content/category/46.html


© C
OPYRIG

HT U
PM

 

Nam, K., W. Rodriguez and J. J. Kukor. (2001). Enhanced degradation of polycyclic 

aromatic hydrocarbons by biodegradation combined with a modified Fenton 

reaction. Chemosphere 45(1): 11-20. 

 

Neamtu, M., A. Yediler, I. Siminiceanu, and A. Kettrup. (2003). Oxidation of 

commercial reactive azo dye aqueous solutions by the photo-Fenton and Fenton-

like processes. Journal of Photochemistry and Photobiology A: Chemistry 

161(1): 87-93. 

 

Nik Sulaiman, N. M. and K. L. Chea. (2007). Membrane Ultrafiltration of Treated Palm 

Oil Mill Effluent (POME).  Jurnal Teknologi 41: 113-120. 

 

Pérez, M., F. Torrades, M. I. Maldonado, O. Malato, P. FernÃ¡ndez-IbÃ¡Ã±ez, I. Oller, 

W. Gernjak, and S. Malato. (2002). Fenton and photo-Fenton oxidation of textile 

effluents.  Water Research 36(11): 2703-2710. 

 

Pachhade, K., S. Sandhya and K. Swaminathan. (2009). Ozonation of reactive dye, 

Procion red MX-5B catalyzed by metal ions. Journal of hazardous materials 

167(1): 313-318. 

 

Panda, N., H. Sahoo and S. Mohapatra.(2011). Decolourization of Methyl Orange using 

Fenton-like mesoporous Fe2O3-SiO2 composite. Journal of hazardous materials 

185(1): 359-365. 

 

Peleg, M. (1976). The chemistry of ozone in the treatment of water.  Water Research 

10(5): 361-365. 

 

Pera-Titus, M., V. Garcia-Molina, M. A. Banos, J. GimÃcnez, and S. Esplugas. (2004). 

"Degradation of chlorophenols by means of advanced oxidation processes: a 

general review. Applied Catalysis B: Environmental 47(4): 219-256. 

 

Peres, J.A.S., L.H.M. de Carvalho, R.A.R. Boaventura, C.A.V Costa. (2005). 

Characteristics of p-hydroxybenzoic acid oxidation using fenton's reagent. 

Journal of Environmental Science and Health, Part A 39:2897-2913. 

 

 

Perez, M., F. Torrades, X. DomÄ•nech, and J. Peral. (2002). Removal of organic 

contaminants in paper pulp treatment effluents under Fenton and photo-Fenton 

conditions. Applied Catalysis B: Environmental 36(1): 63-74. 

 

Pernitsky, D. J. and Eng, P. (2003). COAGULATION 101. P:\ OFFICE\ Conferences\ 

2003TechTrans\ Dave P\ DAVE_paper. doc  

Pignatello, A. Di Liu, and P. Huston. (1999). Evidence for an additional oxidant in the 

photoassisted Fenton reaction. Environmental Science & Technology 33(11): 

1832-1839. 
 



© C
OPYRIG

HT U
PM

Poh, P. E. and M. F. Chong (2009). Development of anaerobic digestion methods for 

palm oil mill effluent (POME) treatment. Bioresource technology 100(1): 1-9. 

 

Pupo Nogueira, R. F. and J. R. GuimarÃ£es. (2000). Photodegradation of dichloroacetic 

acid and 2, 4-dichlorophenol by ferrioxalate/H2O2 system.  Water Research 

34(3): 895-901. 

 

Qi, H., D. Sun and G. Chi . (2007). Formaldehyde degradation by UV/TiO2/O3 process 

using continuous flow mode.  Journal of Environmental Sciences 19(9): 1136-

1140. 

 

Qin, J. J., M. H. Oo K. A. Kekre, F. Knops, and P. Miller. (2006). Impact of coagulation 

pH on enhanced removal of natural organic matter in treatment of reservoir 

water. Separation and purification technology 49(3): 295-298. 

 

Raja Ehsan Shah, R. S. S. and P. K. Kaka Singh (2004). Treatment of Palm Oil Mill 

Effluent (POME) Using Membrane Technology. In: Regional Symposium on 

Membrane Science and Technology 2004, 21-25 April 2004, Puteri Pan Pacific 

Hotel, Johor Bahru, Johor, Malaysia 

 

Rao, Y. F. and W. Chu. (2010). Degradation of linuron by UV, ozonation, and UV/O3 

processes: Effect of anions and reaction mechanism. Journal of hazardous 

materials 180(1): 514-523. 

 

Ravichandran, L., K. Selvam and M. Swaminathan. (2007). Photo-Fenton defluoridation 

of pentafluorobenzoic acid with UV-C light. Journal of Photochemistry and 

Photobiology A: Chemistry 188(2): 392-398. 

 

Rodriguez,  A., B. RodrÃguez,  Ã. J. Curbelo, A. Perez, S. Marrero, and J. J. Negro. 

(2012). Factors affecting mortality of shearwaters stranded by light pollution. 

Animal Conservation 15 (5) : 519-526. 

 

Rodriguez, M., S. Malato, C. Pulgarin, S. Contreras, D. Curcà, J. Gimànez, and S. 

Esplugas. (2005). Optimizing the solar photo-Fenton process in the treatment of 

contaminated water. Determination of intrinsic kinetic constants for scale-up. 

Solar energy 79(4): 360-368. 

 

Rodriguez, M., V. Timokhin, F. Michl, S. Contreras, J. Gimenez, and S. Esplugas. 

(2002). The influence of different irradiation sources on the treatment of 

nitrobenzene. Catalysis today 76(2-4): 291-300. 

 

Rosenfeldt, E. J., K. G. Linden, S. Canonica, and U. Von Gunten . (2006). Comparison 

of the efficiency of • OH radical formation during ozonation and the advanced 

oxidation processes O3/H2O2 and UV/H2O2. Water Research 40(20): 3695-3704. 

 



© C
OPYRIG

HT U
PM

Ruppert, G., R. Bauer and G. Heisler. (1994). UV-O3, UV-H2O2, UV-TiO2 and the 

photo-Fenton reaction: comparison of advanced oxidation processes for 

wastewater treatment.  Chemosphere 28(8): 1447-1454. 

 

Russo, C., G. L. Sant'Anna and S. E. de Carvalho Pereira. (1985). An anaerobic filter 

applied to the treatment of distillery wastewaters. Agricultural Wastes 14(4): 

301-313. 

 

Safarzadeh-Amiri, A., J. R. Bolton and S. R. Cater. (1996). Ferrioxalate-mediated solar 

degradation of organic contaminants in water. Solar energy 56(5): 439-443. 

 

Scott, D. T., R. L. Runkel, D. M. McKnight, B. M. Voelker, B. A. Kimball, and E. R. 

Carraway. (2003). Transport and cycling of iron and hydrogen peroxide in a 

freshwater stream: Influence of organic acids. Water resources research 39(11): 

1308. 

 

Selvam, K., M. Muruganandham and M. Swaminathan. (2005). Enhanced heterogeneous 

ferrioxalate photo-fenton degradation of reactive orange 4 by solar light. Solar 

energy materials and solar cells 89(1): 61-74. 

 

Sharma, V. K. (2011). Kinetics and Mechanism of Formation and Destruction of n-

Nitrosodimethylamine in Water: A Review.  Separation and purification 

technology 88: 1-10. 
 

Shin, W. T., A. Mirmiran, S. Yiacoumi, and C. Tsouris. (1999). Ozonation using 

microbubbles formed by electric fields. Separation and purification technology 

15(3): 271-282. 

 

Shuhaimi-Othman M, E.C. Lim, I. Mushrifah. (2007). Water quality changes in Chini 

lake, Pahang, West Malaysia. Environmental monitoring and assessment 

131:279-292. 

 

Silva, L. M., M. H. P. Santana and J. F. C. Boodts. (2003). Electrochemistry and green 

chemical processes: electrochemical ozone production. QuÃmica Nova 26(6): 

880-888. 

 

Singh, S. K. and W. Z. Tang. (2012). Statistical analysis of optimum Fenton oxidation 

conditions for landfill leachate treatment. Waste Management 33(1):81-88. 

 

Solozhenko, E. G., N. M. Soboleva and V. V. Goncharuk. (1995). Decolourization of 

azodye solutions by Fenton's oxidation. Water Research 29(9): 2206-2210. 

 

Songeha, S.U. (1974). National  workshop on Biogas Technology. Proceedings in Kuala 

Lumpur, organized by the Malaysia working group on food waste materials, 

SIRIM Universiti of Malaysia: 60-81.   

 



© C
OPYRIG

HT U
PM

Staehelin, J. and J. Hoigne (1982). Decomposition of ozone in water: rate of initiation by 

hydroxide ions and hydrogen peroxide. Environmental Science & Technology 

16(10): 676-681. 

 

Stefan, M.I., J. Mack, and J. R. Bolton. (2000). Degradation pathways during the 

treatment of methyl tert-butyl ether by the UV/H2O2 process Environmental 

Science & Technology 34(4): 650-658.  

 

Sychev, A. Y. and V. G. Isak (1995). Iron compounds and the mechanisms of the 

homogeneous catalysis of the activation of O2 and H2O2 and of the oxidation of 

organic substrates. Russian Chemical Reviews 64(12): 1105-112. 

 

Tabatabaei, M., R. A. Rahim, N. Abdullah, A. D. G. Wright, Y. Shirai, K. Sakai, A. 

Sulaiman, and M. A. Hassan. (2010). Importance of the methanogenic archaea 

populations in anaerobic wastewater treatments. process Biochemistry 45(8): 

1214-1225. 

 

 

Tong, S., D. Xie, H. Wei, and W. Liu. (2005). Degradation of sulfosalicylic acid by 

O3/UV, O3/TiO2/UV, and O3/VO/TiO2: A comparative study. Ozone: science & 

engineering 27(3): 233-238. 

 

Turchi, C. S. and D. F. Ollis.(1990). Photocatalytic degradation of organic water 

contaminants: mechanisms involving hydroxyl radical attack.  Journal of 

catalysis 122(1): 178-192. 

 

Vaughan, P. P. and N. V. Blough. (1998). Photochemical formation of hydroxyl radical 

by constituents of natural waters. Environmental Science & Technology 32(19): 

2947-2953. 

 

Vermilyea, A. W. and B. M. Voelker (2009). Photo-Fenton reaction at near neutral pH.  

Environmental Science & Technology 43(18): 6927-6933. 

Vlissidis, A. and A. I. Zouboulis.(1993). Thermophilic anaerobic digestion of alcohol 

distillery wastewaters.  Bioresource technology 43(2): 131-140. 

 

Von Gunten, U. (2003). Ozonation of drinking water: Part II. Disinfection and by-

product formation in presence of bromide, iodide or chlorine. Water Research 

37(7): 1469-1487. 
 
Vrijenhoek, E. M., A. E. Childress, M. Elimelech, T. S. Tanaka, and M. D. Beuhler. 

(1998). Removing particles and THM precursors by enhanced coagulation.  

Journal-American Water Works Association 90(4): 139-150. 

 
Walling, C., G. M. El-Taliawi and R. A. Johnson. (1974). Fenton's reagent. IV. Structure 

and reactivity relations in the reactions of hydroxyl radicals and the redox 

reactions of radicals. Journal of the American Chemical Society 96(1): 133-139. 
 



© C
OPYRIG

HT U
PM

Wen, G., J. Ma,  Z. Q. Liu, and L. Zhao. (2011). Ozonation kinetics for the degradation 

of phthalate esters in water and the reduction of toxicity in the process of 

O3/H2O2.  Journal of hazardous materials 195: 371-377. 

 

White, E. M., P. P. Vaughan and R. G. Zepp. (2003). Role of the photo-Fenton reaction 

in the production of hydroxyl radicals and photobleaching of colored dissolved 

organic matter in a coastal river of the southeastern United States. Aquatic 

Sciences-Research Across Boundaries 65(4): 402-414. 

 

Wu, Y., S. Zhou, W. Wang, G. Tian, S. Xu, and A. Sims. (2012). Oxidation and 

coagulation removal of humic acid using Fenton process. Colloids and Surfaces 

A: Physicochemical and Engineering Aspects 379(1): 151-156. 

 

Wu, T. Y., A. W. Mohammad, J. M. Jahim, and N. Anuar. (2010). Pollution control 

technologies for the treatment of palm oil mill effluent (POME) through end-of-

pipe processes.  Journal of environmental management  91(7): 1467-1490. 

 

Wu, T. Y., A. W. Mohammad, J. Md Jahim, and N. Anuar. (2007). Palm oil mill effluent 

(POME) treatment and bioresources recovery using ultrafiltration membrane: 

Effect of pressure on membrane fouling.  Biochemical engineering journal 35(3): 

309-317. 

 

Wu, T., T. Lin, J. Zhao, H. Hidaka, and N. Serpone. (1999). TiO2-assisted 

photodegradation of dyes. 9. Photooxidation of a squarylium cyanine dye in 

aqueous dispersions under visible light irradiation. Environmental Science & 

Technology 33(9): 1379-1387. 

 

Xu, B., Z. Chen and F. Wu. (2010). Comparison of n-nitrosodiethylamine degradation in 

water by UV irradiation and UV/O3: Efficiency, product and mechanism. Journal 

of  hazardous materials 179(1): 976-982. 

 

Yacob, S., M. Ali Hassan, Y. Shirai, M. Wakisaka, and S. Subash. (2006). Baseline 

study of methane emission from anaerobic ponds of palm oil mill effluent 

treatment.  Science of the Total Environment 366(1): 187-196. 

 

Yacob, S., M. A. Hassan, Y. Shirai, M. Wakisaka, and S. Subash. (2005). Baseline study 

of methane emission from open digesting tanks of palm oil mill effluent 

treatment. Chemosphere 59(11): 1575-1581. 

 

Yoon, S. H., J. H. Lee. (2005). Oxidation mechanism of As (III) in the UV/TiO2 system: 

Evidence for a direct hole oxidation mechanism. Environmental Science & 

Technology 39(24): 9695-9701. 

 

Yu, H. Q., Z. H. Hu, T. Q. Hong, and G. W. Gu. (2002). Performance of an anaerobic 

filter treating soybean processing wastewater with and without effluent recycle. 

process Biochemistry 38(4): 507-513. 

 



© C
OPYRIG

HT U
PM

Yuan, R., S. N. Ramjaun. (2011). Photocatalytic degradation and chlorination of azo dye 

in saline wastewater: Kinetics and AOX formation.  Chemical Engineering 

Journal 192: 171-178. 

 

Yusoff, S. (2006). Renewable energy from palm oil: innovation on effective utilization 

of waste.  Journal of cleaner production 14(1): 87-93. 

 

Zhou, H. and D. W. Smith. (2000). Ozone mass transfer in water and wastewater 

treatment: experimental observations using 2D laser particle dynamics analyzer. 

Water Research 34(3): 909-921. 

 

Zinatizadeh, A. A. L., A. R. Mohamed, G. D. Najafpour, M. Hasnain Isa, and H. 

Nasrollahzadeh. (2005). Kinetic evaluation of palm oil mill effluent digestion in 

a high rate up-flow anaerobic sludge fixed film bioreactor.  process Biochemistry 

41(5): 1038-1046. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


	TREATMENT OF PALM OIL MILL EFFLUENT BYUSING 2-STAGE PHOTO FERRIOXALATE/TiO2/OZONE SYSTEM
	Abstract
	TABLE OF CONTENTS
	CHAPTER 1
	REFERENCES



