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Photocatalytic active TiO2 impregnated activated carbon TiO2/AC with 

various ratios were prepared by sol-gel method. Methyl orange (MO) was used as 

target pollutant to test the activity of the catalysts under two different light sources. 

The catalysts were characterized by X-ray diffraction (XRD), field emission 

scanning electron microscopy (FESEM), Fourier transform infrared (FTIR) and 

Brunauer-Emmett-Teller (BET). The TiO2/AC catalyst was found to be more 

effective than prepared TiO2 for degradation of methyl orange in both light sources. 

The activated carbon adsorbability and TiO2 photoactivities increase the catalytic 

performance of the catalyst. Optimization of parameters such as light sources 

(ultraviolet and visible light) and amount of catalysts for the photocatalytic 

degradation of the target pollutant were evaluated. FESEM and XRD results suggest 

better TiO2 distribution, increase in particles morphologies from spherical to bulky 

particles and the increment in the amount of anatase when AC was increased 

accordingly. The bond formation was observed in the FTIR while Ti-O-C suggests a 

conjugation between the bulk AC and TiO2. The formation of TiO2/AC catalyst with 

an optimum AC ratio (TiO2-50AC) reveals great potential in complete decolorization 

of methyl orange. Results obtained show that activated carbon gives great impact on 

the activity of TiO2 especially for 50 wt.% that exhibited degradation of 99% methyl 

orange.   
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Fotopemangkinan aktif TiO2 dan pemangkin TiO2/AC dengan pelbagai 

nisbah berat karbon teraktif (AC) telah disediakan melalui kaedah sol-gel. Metil oren 

(MO) digunakan sebagai bahan pencemar untuk menguji aktiviti pemangkin dibawah 

dua sumber cahaya yang berbeza. Pemangkin telah dicirikan menggunakan 

pembelauan sinar-X (XRD), mikroskop imbasan elektron (SEM), Transformasi 

Fourier inframerah (FTIR) dan Brunauer-Emmett-Teller (BET). Pemangkin telah 

didapati lebih berkesan daripada TiO2 yang disediakan untuk menguraikan metil 

jingga dengan kehadiran kedua-dua sumber cahaya. Sinergi yang diperkenalkan oleh 

kebolehserapan karbon teraktif dan fotoaktiviti TiO2 meningkatkan prestasi 

pemangkin. Kesan parameter seperti sumber cahaya (UV dan cahaya nampak) dan 

jumlah pemangkin kepada degradasi fotopemangkinan bahan pencemar sasaran telah 

diuji. Keputusan SEM dan XRD menunjukkan kesan pengagihan TiO2 yang lebih 

baik, peningkatan zarah morfologi daripada zarah sfera kepada yan lebih zarah besar, 

dan kenaikan dalam bilangan fasa anatase apabila AC digunakan. Pembentukan 

ikatan dicirikan melalui FTIR, sementara Ti-O-C menunjukkan konjugasi antara AC 

pukal dan TiO2. Keputusan yang diperolehi ini menunjukkan bahawa karbon teraktif 

memberi pengaruh ke atas aktiviti TiO2 terutamanya bagi 50 wt.% pemangkin yang 

menunjukkan degradasi metil oren sebanyak 99.0%.   
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INTRODUCTION 

 Background of the Study 1.1

The process of photocatalysis is conventionally defined as the acceleration of 

the rate of a chemical reaction, induced by the absorption of light with the presence 

of catalyst or coexisting molecule [1]. The substrate absorbed photons of light 

(ultraviolet or visible) along its surface generating valence band holes and 

conducting band electron. The oxidizing holes are formed when electrons from the 

valence band are being upgraded to the new energy level, the holes react with water 

molecules to produce reactive radicals. Electron promoted from the new energy level 

to the conducting band formed conducting band electrons which react with oxygen 

molecule to produce superoxide. The radicals formed react with organic pollutant on 

the surface of the photocatalyst and decompose it into harmless products. Once the 

reaction has begun the molecules generated by the oxidation of the organic pollutant 

can be adsorbed on the catalyst and oxidized again due to the constant formation of 

HO? radical during the irradiation period. 

Dyes are synthetic chemical that gives characteristic color to different 

materials. They are used in many industrial applications to give color for the final 

products. Industries such as cosmetics, plastics, food, paper and textile used dyes to 

color their products as an integrated part of the material [2]. They are also applied for 
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analytical purposes in chemical laboratories, biomedical and biological laboratories 

as biological stain [3]. Textile industries are among industries that have been ranked 

first in the usage of dyes. Therefore wastewater from textile industries consist of 

toxic dyes, heavy metals and sometime surfactants which poses serious health risk to 

human and the environment. Several classes of dyes are considered sources of 

carcinogens or mutagens uneasy to decolorize due to their complex structure and 

synthetic origin [4].  Dyes give permanent colors to fibers and resist fading upon 

exposure to sweat, light, water and many chemicals including oxidizing agents and 

microbial attack  due to their chemical structure [5].  

Dyes can be classified as cationic, anionic or nonionic type. Anionic dyes are 

being regarded as the direct and reactive acid dyes, cationic dyes are basic and the 

nonionic dyes are neutral. Both cationic and anionic dyes are water soluble, the 

nonionic or neutral dyes have a low water solubility, thereby exhibit hydrophobic 

character. The dye that mostly used on industrial scale are the azo, anthraquinone, 

sulphur, indigoid, trimethylphenyl and phthalocyanine derivatives, recently azo 

derivatives are the most used synthetic dyes in the industries [6]. The most 

problematic dyes are the brightly colored, water soluble reactive and acid dyes. They 

tend to pass through conventional treatment systems unaffected [7]. Physical and 

chemical treatment has been employed to minimize the toxic effect of these effluents 

due to the environmental problems impact by such pollutants.  

Various approaches have been found in literatures dealing with the removal 

of dyes from industrial effluents. However, many of these methods which include 

direct precipitation, separation of pollutant, coagulation by chemical agent, ion 

exchange on synthetic adsorbent resin, reverse osmosis, ultrafiltration, adsorption on 

activated carbon and other adsorbents need further treatment in order to generate the 

adsorbent or to separate the purified effluent in the solution [8]. Most of the 

conventional methods create other secondary pollutants by transferring of organic 

compound from water to other phases [9]which further analysis has to be performed 

which is not cost effective. Alternatively, photochemical methods could be used in 

order to reduce the drawbacks mentioned above. Recent works have been dedicated 
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to the use of photocatalysis for the treatment of industrial effluent because of its 

ability to mineralized the target pollutant [10]. 

TiO2 nanomaterials have played an important role in photodegradation of 

organic pollutants; it appears the most studied photocatalyst due to it cost 

effectiveness, photostability, abundance and high oxidizing power towards many 

organic pollutants [11, 12]. Despite these positive attributes, its application is limited 

due to its wide band gap (3.2 eV), difficulty of separating the catalyst TiO2 from the 

solution and recombination of the photogenerated electron-hole pairs, this results in  

low efficiency of  the photocatalytic reaction [13]. TiO2 is effective in  decomposing 

a wide variety of organic, inorganic and  also toxic material in both liquid and gas 

phase systems however, energy band gap of pure TiO2 of 3.2 eV limit its application 

only to ultraviolet light (λ < 387 nm, about 4% of the solar light).  Various  methods 

have been applied to improve the photocatalytic activity of TiO2, two major 

categories which include chemical methods such as doping with non-metals, 

transition metals, dye sensitization, spatial structuring and rare earth metal doping 

[14]. The other method is to use physical approaches; introducing microwave or 

ultrasonic irradiation into TiO2 photoreaction systems [15]. Activated carbon could 

be considered as a good support for TiO2 to check out its drawbacks.  

This is promising by the combination of the photocatalytic activity of the 

catalyst and adsorptivity property of the activated carbon. Commercial activated 

carbon is considered an effective adsorbent for liquid phase removal of organic 

pollutant [6]. However, its use is limited because of its high cost. Alternatively, 

activated carbon can be produced from waste materials from  agricultural by-

products [16] and wood industry, non-conventional waste from municipal and 

industrial activities .  The use of waste materials for the preparation of activated 

carbon can be very useful to decrease waste disposal in the environment which could 

lead to other consequences. One of the major problems of using TiO2 is the 

separation of the powder catalyst from the effluent at high concentrations which 

could contributes to catalyst coagulation and formation of aggregates [17]. 
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The advantage of using activated carbon with TiO2 is the ease at which the 

catalyst is separated from the bulk solution, high porosity, high surface area, high 

photostability and suitability of working at ambient temperature. Apart from 

activated carbon other materials such as clays [18], zeolite [19], silica, alumina [20], 

glass and nickel were used to improve the photocatalytic efficiency of the catalyst, 

but no significant contribution has been recorded. Activated carbon has been a 

promising for TiO2 which can be attributed to the combine effect between the two 

materials. Sometimes interaction between TiO2 and certain pollutant could cause 

coagulation, thereby, preventing large amount of UV or solar radiation from reaching 

the catalyst active centre. This lead to the reduction of the surface area of the catalyst 

[21], hence, reducing its photocatalytic activity. The activated carbon serves as an 

efficient adsorption trap for organic pollutant at the surface of the TiO2, this leads to 

mass transfer of the pollutant to the catalyst surface where photoreaction occur. 

Enhancement of photocatalytic degradation of pollutants has been observed by 

activated carbon, which is attributed to the increase quantity of the substrate to come 

into contact with the catalyst through adsorption.  

 Problem Statement 1.2

Despite the attractive characteristics of TiO2 mention earlier its wide band 

gap (3.2 eV) can only be excited by a small UV fraction of solar light, which account 

for less than 5.0% and 0.1% for both indoor lighting and solar light, respectively 

[22], making it impractical for use under sunlight/visible light. Another drawback of 

TiO2 is the post-separation and recycling of the photocatalyst from the treated water 

prior to discharge. This separation process is important to avoid loss of the catalyst 

and importation of new contamination to the treated effluent [23]. This is 

accompanied by an additional operation cost and time extension. Also, high rate of 

electron-hole recombination which causes poor efficiency of the photocatalytic 

reaction. 



5 

 Agricultural waste such as palm kernel shell, coconut shell, palm kernel 

fibre, saw dust, bamboo tree, cashew nut, almond shells, tomato stem and leaves, 

wild olive cores [24] are agricultural waste that have been successfully used in the 

production of activated carbon. The largest amount of palm kernel shell waste 

generated in Malaysia can be used as potential source of activated carbon that can be 

used with TiO2 photocatalyst. Despite application of palm kernel shell as fuel, large 

amount are unutilized causing serious environmental problems. Malaysia as a leading 

palm oil producer and exporter in the world has an estimate of 4.6 million tons palm 

kernel shell waste annually [25] which create huge disposal problem. The 

environmental threat posed by this waste leads to several studies to make use of the 

palm kernel shell as the raw material for the preparation of activated carbon by 

several researchers [26]. 

The focus of this research is to develop a means to concentrate target 

pollutant around the TiO2 particles and also to overcome the problem of post-

separation of the photocatalyst in the slurry before disposal which add cost and time-

consumption to the whole process. Both can be achieved by immobilizing the 

photocatalyst particles on activated carbon which ease the separation process. 

Activated carbon properties such as ability to adsorb variety of synthetic organic 

compound, long tradition of application in wastewater management and its capability 

of prolonging the separation lifetime of photogenerated electron-hole pair [27], thus 

increasing the rate of radical generation can be utilize to achieve a successful 

research. Even though there are a lot of research on improving the photocatalytic 

efficiency of TiO2 using activated carbon support derived from agro-waste, only a 

few studies have been done on palm kernel shell activated carbon. A literature 

review showed that preparation and photocatalytic activity of immobilized composite 

TiO2/palm kernel shell was not thoroughly investigated. 
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 The objectives of this research are: 1.3

 Synthesize TiO2 photocatalyst impregnated carbon from palm kernel shell 

using sol-gel method. 

 Optimize operating parameters such as effect of chemical activation and 

calcination temperature of the immobilized photocatalyst. 

 Characterize the synthesized TiO2/AC and TiO2 photocatalysts. 

 Measure the photocatalytic activity of the TiO2/AC and TiO2 using methyl 

orange dye as the target pollutant. 

 Scope of the Study 1.4

In this research the preparation of titanium dioxide impregnated activated 

carbon was carried out. The activated carbon was produced from palm kernel shell 

(PSK) and impregnated with concentrated nitric acid as an oxidizing agent. The 

carbonization was accomplished by heating the material in a furnace at a temperature 

of 600
o
C for 1 h. The TiO2 was successfully synthesized by sol-gel method using 

Titanium(IV) isopropoxide as titanium dioxide precursor in the presence of 

Isopropanol and distilled water. The photocatalyst was calcined at 450
o
C for 2 h. 

Characterization techniques were used to characterize the samples using X-

ray Diffraction (XRD), Field emission scanning electron microscopy (FESEM), 

Fourier transform Infrared (FTIR), Brunauer-Emmett-Teller (BET) and UV-visible 

spectrometer. The above physicochemical techniques were correlated to the 

photocatalytic degradation of methyl orange. 
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 Significances of this Study 1.5

This research will aim at study of the photocatalytic effect of activated carbon 

immobilized with TiO2. The combined effect of adsorption by the activated carbon 

and photoreaction of TiO2 will combined to produce a photocatalyst with high 

photocatalytic activity. The novelty of this research is the use of palm kernel shell 

(PKS) in the synthesis of TiO2/AC catalyst, and the use of a locally homemade 

photoreactor for MO decomposition. The utilization of the waste for the preparation 

of activated carbon will help in reducing the environmental problem posed by PKS. 

The photocatalyst is expected to be a potential catalyst due to its ability to efficiently 

trap organic pollutant at the surface of the TiO2, that leads to mass transfer of the 

pollutant to the catalyst surface where photoreaction occur. It is the goal of this 

research to synthesize a new material using palm kernel shell activated carbon 

immobilize with TiO2 photocatalyst to check out the harmful effect of dyes in our 

environment. 



 

REFERENCES 

1. Gaya, U.I. and A.H. Abdullah, Heterogeneous photocatalytic degradation of 

organic contaminants over titanium dioxide: a review of fundamentals, 

progress and problems. Journal of Photochemistry and Photobiology C: 

Photochemistry Reviews, 2008. 9(1): p. 1-12. 

2. Tan, I., A. Ahmad, and B. Hameed, Enhancement of basic dye adsorption 

uptake from aqueous solutions using chemically modified oil palm shell 

activated carbon. Colloids and Surfaces A: Physicochemical and Engineering 

Aspects, 2008. 318(1): p. 88-96. 

3. Shakir, K., A.F. Elkafrawy, H.F. Ghoneimy, S.G. Elrab Beheir, and M. 

Refaat, Removal of rhodamine B (a basic dye) and thoron (an acidic dye) 

from dilute aqueous solutions and wastewater simulants by ion flotation. 

Water Research, 2010. 44(5): p. 1449-1461. 

4. Alves de Lima, R.O., A.P. Bazo, D.M.F. Salvadori, C.M. Rech, D. de Palma 

Oliveira, and G. de Aragão Umbuzeiro, Mutagenic and carcinogenic 

potential of a textile azo dye processing plant effluent that impacts a drinking 

water source. Mutation Research/Genetic Toxicology and Environmental 

Mutagenesis, 2007. 626(1): p. 53-60. 

5. Rai, H.S., M.S. Bhattacharyya, J. Singh, T. Bansal, P. Vats, and U. Banerjee, 

Removal of dyes from the effluent of textile and dyestuff manufacturing 

industry: a review of emerging techniques with reference to biological 

treatment. Critical Reviews in Environmental Science and Technology, 2005. 

35(3): p. 219-238. 

6. Rajamanickam, D. and M. Shanthi, Photocatalytic degradation of an azo dye 

Sunset Yellow under UV-A light using TiO2/CAC composite catalysts. 

Spectrochim Acta A Mol Biomol Spectrosc, 2014. 128: p. 100-8. 



58 

 

7. Robinson, T., G. McMullan, R. Marchant, and P. Nigam, Remediation of dyes 

in textile effluent: a critical review on current treatment technologies with a 

proposed alternative. Bioresource Technology, 2001. 77(3): p. 247-255. 

8. Hachem, C., F. Bocquillon, O. Zahraa, and M. Bouchy, Decolourization of 

textile industry wastewater by the photocatalytic degradation process. Dyes 

and pigments, 2001. 49(2): p. 117-125. 

9. Sleiman, M., D. Vildozo, C. Ferronato, and J.-M. Chovelon, Photocatalytic 

degradation of azo dye Metanil Yellow: optimization and kinetic modeling 

using a chemometric approach. Applied Catalysis B: Environmental, 2007. 

77(1): p. 1-11. 

10. Madhavan, J., P. Maruthamuthu, S. Murugesan, and S. Anandan, Kinetic 

studies on visible light-assisted degradation of acid red 88 in presence of 

metal-ion coupled oxone reagent. Applied Catalysis B: Environmental, 2008. 

83(1): p. 8-14. 

11. Xu, Y.-J., Y. Zhuang, and X. Fu, New insight for enhanced photocatalytic 

activity of TiO2 by doping carbon nanotubes: a case study on degradation of 

benzene and methyl orange. The Journal of Physical Chemistry C, 2010. 

114(6): p. 2669-2676. 

12. Zhou, J., M. Takeuchi, A.K. Ray, M. Anpo, and X. Zhao, Enhancement of 

photocatalytic activity of P25 TiO2 by vanadium-ion implantation under 

visible light irradiation. Journal of colloid and interface science, 2007. 

311(2): p. 497-501. 

13. Keller, V., P. Bernhardt, and F. Garin, Photocatalytic oxidation of butyl 

acetate in vapor phase on TiO2, Pt/TiO2 and WO3/TiO2 catalysts. Journal of 

Catalysis, 2003. 215(1): p. 129-138. 

14. Bingham, S. and W.A. Daoud, Recent advances in making nano-sized TiO2 

visible-light active through rare-earth metal doping. Journal of Materials 

Chemistry, 2011. 21(7): p. 2041-2050. 



59 

 

15. Wang, J., Y. Lv, L. Zhang, B. Liu, R. Jiang, G. Han, R. Xu, and X. Zhang, 

Sonocatalytic degradation of organic dyes and comparison of catalytic 

activities of CeO2/TiO2, SnO2/TiO2 and ZrO2/TiO2 composites under 

ultrasonic irradiation. Ultrasonics Sonochemistry, 2010. 17(4): p. 642-648. 

16. Hameed, B.H., A.T. Din, and A.L. Ahmad, Adsorption of methylene blue 

onto bamboo-based activated carbon: kinetics and equilibrium studies. J 

Hazard Mater, 2007. 141(3): p. 819-25. 

17. Asiltürk, M. and Ş. Şener, TiO2-activated carbon photocatalysts: 

Preparation, characterization and photocatalytic activities. Chemical 

Engineering Journal, 2012. 180: p. 354-363. 

18. Mogyorosi, K., I. Dekany, and J. Fendler, Preparation and characterization 

of clay mineral intercalated titanium dioxide nanoparticles. Langmuir, 2003. 

19(7): p. 2938-2946. 

19. Shankar, M., S. Anandan, N. Venkatachalam, B. Arabindoo, and V. 

Murugesan, Fine route for an efficient removal of 2, 4-dichlorophenoxyacetic 

acid (2, 4-D) by zeolite-supported TiO2. Chemosphere, 2006. 63(6): p. 1014-

1021. 

20. Li, X., H. Liu, L. Cheng, and H. Tong, Photocatalytic oxidation using a new 

catalyst TiO2 microsphere for water and wastewater treatment. 

Environmental Science & Technology, 2003. 37(17): p. 3989-3994. 

21. Mahmoodi, N.M., M. Arami, and J. Zhang, Preparation and photocatalytic 

activity of immobilized composite photocatalyst (titania 

nanoparticle/activated carbon). Journal of Alloys and Compounds, 2011. 

509(14): p. 4754-4764. 

22. Zhao, W., C. Chen, W. Ma, J. Zhao, D. Wang, H. Hidaka, and N. Serpone, 

Efficient Photoinduced Conversion of an Azo Dye on Hexachloroplatinate 

(IV) Modified TiO2 Surfaces under Visible Light Irradiation—A 

Photosensitization Pathway. Chemistry-A European Journal, 2003. 9(14): p. 

3292-3299. 



60 

 

23. Yang, G.C. and C.-J. Li, Electrofiltration of silica nanoparticle-containing 

wastewater using tubular ceramic membranes. Separation and Purification 

Technology, 2007. 58(1): p. 159-165. 

24. Nasri, N.S., U.D. Hamza, S.N. Ismail, M.M. Ahmed, and R. Mohsin, 

Assessment of porous carbons derived from sustainable palm solid waste for 

carbon dioxide capture. Journal of Cleaner Production, 2014. 71: p. 148-157. 

25. Ahmad, M., W. Wan Daud, and M. Aroua, Adsorption kinetics of various 

gases in carbon molecular sieves (CMS) produced from palm shell. Colloids 

and Surfaces A: Physicochemical and Engineering Aspects, 2008. 312(2): p. 

131-135. 

26. Jumasiah, A., T.G. Chuah, J. Gimbon, T.S.Y. Choong, and I. Azni, 

Adsorption of basic dye onto palm kernel shell activated carbon: sorption 

equilibrium and kinetics studies. Desalination, 2005. 186(1): p. 57-64. 

27. Cordero, T., C. Duchamp, J.-M. Chovelon, C. Ferronato, and J. Matos, 

Influence of L-type activated carbons on photocatalytic activity of TiO2 in 4-

chlorophenol photodegradation. Journal of Photochemistry and Photobiology 

A: Chemistry, 2007. 191(2): p. 122-131. 

28. Ochiai, T. and A. Fujishima, Photoelectrochemical properties of TiO2 

photocatalyst and its applications for environmental purification. Journal of 

Photochemistry and photobiology C: Photochemistry Reviews, 2012. 13(4): 

p. 247-262. 

29. Fujishima, A., T.N. Rao, and D.A. Tryk, Titanium dioxide photocatalysis. 

Journal of Photochemistry and Photobiology C: Photochemistry Reviews, 

2000. 1(1): p. 1-21. 

30. Nosaka, Y., T. Daimon, A.Y. Nosaka, and Y. Murakami, Singlet oxygen 

formation in photocatalytic TiO2 aqueous suspension. Physical Chemistry 

Chemical Physics, 2004. 6(11): p. 2917-2918. 



61 

 

31. Bussi, J., M. Ohanian, M. Vázquez, and E.A. Dalchiele, Photocatalytic 

removal of Hg from solid wastes of chlor-alkali plant. Journal of 

Environmental Engineering, 2002. 128(8): p. 733-739. 

32. Fujishima, A. and K. Honda, Electrochemical Evidence for the Mechanism of 

the Primary Stage of Photosynthesis11. NOTES, 1971. 44(4). 

33. Peral, J., X. Domenech, and D.F. Ollis, Heterogeneous photocatalysis for 

purification, decontamination and deodorization of air. Journal of Chemical 

Technology and Biotechnology, 1997. 70(2): p. 117-140. 

34. Dunlop, P., J. Byrne, N. Manga, and B. Eggins, The photocatalytic removal 

of bacterial pollutants from drinking water. Journal of photochemistry and 

photobiology A: Chemistry, 2002. 148(1): p. 355-363. 

35. Nakata, K., M. Sakai, T. Ochiai, T. Murakami, K. Takagi, and A. Fujishima, 

Antireflection and self-cleaning properties of a moth-eye-like surface coated 

with TiO2 particles. Langmuir, 2011. 27(7): p. 3275-3278. 

36. Nagaveni, K., G. Sivalingam, M. Hegde, and G. Madras, Photocatalytic 

degradation of organic compounds over combustion-synthesized nano-TiO2. 

Environmental Science & Technology, 2004. 38(5): p. 1600-1604. 

37. Sayama, K., K. Hara, N. Mori, M. Satsuki, S. Suga, S. Tsukagoshi, Y. Abe, 

H. Sugihara, and H. Arakawa, Photosensitization of a porous TiO2 electrode 

with merocyanine dyes containing a carboxyl group and a long alkyl chain. 

Chemical Communications, 2000(13): p. 1173-1174. 

38. Fujishima, A., X. Zhang, and D.A. Tryk, Heterogeneous photocatalysis: from 

water photolysis to applications in environmental cleanup. International 

Journal of Hydrogen Energy, 2007. 32(14): p. 2664-2672. 

39. Nowotny, J., T. Bak, M. Nowotny, and L. Sheppard, Titanium dioxide for 

solar-hydrogen I. Functional properties. International Journal of Hydrogen 

Energy, 2007. 32(14): p. 2609-2629. 



62 

 

40. Fox, M.A. and M.T. Dulay, Heterogeneous photocatalysis. Chemical 

reviews, 1993. 93(1): p. 341-357. 

41. Lim, T.-T., P.-S. Yap, M. Srinivasan, and A.G. Fane, TiO2/AC composites for 

synergistic adsorption-photocatalysis processes: present challenges and 

further developments for water treatment and reclamation. Critical Reviews 

in Environmental Science and Technology, 2011. 41(13): p. 1173-1230. 

42. Malato, S., J. Blanco, D.C. Alarcón, M.I. Maldonado, P. Fernández-Ibáñez, 

and W. Gernjak, Photocatalytic decontamination and disinfection of water 

with solar collectors. Catalysis Today, 2007. 122(1): p. 137-149. 

43. Yu, H., H. Irie, and K. Hashimoto, Conduction band energy level control of 

titanium dioxide: toward an efficient visible-light-sensitive photocatalyst. 

Journal of the American Chemical Society, 2010. 132(20): p. 6898-6899. 

44. Gokce, Y. and Z. Aktas, Nitric Acid Modification of Activated Carbon 

Produced from Waste Tea and Adsorption of Methylene Blue and Phenol. 

Applied Surface Science, 2014. 131: p. 352-359. 

45. Ahn, C.K., D. Park, S.H. Woo, and J.M. Park, Removal of cationic heavy 

metal from aqueous solution by activated carbon impregnated with anionic 

surfactants. Journal of Hazardous Materials, 2009. 164(2): p. 1130-1136. 

46. Abiko, H., M. Furuse, and T. Takano, Reduction of adsorption capacity of 

coconut shell activated carbon for organic vapors due to moisture contents. 

Industrial health, 2010. 48(4): p. 427-437. 

47. Abiko, H., M. Furuse, and T. Takano, Quantitative evaluation of the effect of 

moisture contents of coconut shell activated carbon used for respirators on 

adsorption capacity for organic vapors. Industrial health, 2010. 48(1): p. 52-

60. 

48. Abdullah, A.H., A. Kassim, Z. Zainal, M.Z. Hussien, D. Kuang, F. Ahmad, 

and O.S. Wooi, Preparation and Characterization of Activated Carbon from 

Gelam Wood Bark (Melaleuca cajuputi). Malaysian Journal of Analytical 

Sciences, 2001. 7(1): p. 65-68. 



63 

 

49. Shafeeyan, M.S., W.M.A.W. Daud, A. Houshmand, and A. Shamiri, A review 

on surface modification of activated carbon for carbon dioxide adsorption. 

Journal of Analytical and Applied Pyrolysis, 2010. 89(2): p. 143-151. 

50. Yin, C.Y., M.K. Aroua, and W.M.A.W. Daud, Review of modifications of 

activated carbon for enhancing contaminant uptakes from aqueous solutions. 

Separation and Purification Technology, 2007. 52(3): p. 403-415. 

51. Boehm, H., Surface oxides on carbon and their analysis: a critical 

assessment. Carbon, 2002. 40(2): p. 145-149. 

52. Montes-Moran, M., D. Suarez, J. Menéndez, and E. Fuente, On the nature of 

basic sites on carbon surfaces: an overview. Carbon, 2004. 42(7): p. 1219-

1225. 

53. Hadi, P., M. Xu, C. Ning, C.S.K. Lin, and G. McKay, A critical review on 

preparation, characterization and utilization of sludge-derived activated 

carbons for wastewater treatment. Chemical Engineering Journal, 2015. 260: 

p. 895-906. 

54. Gupta, V., Application of low-cost adsorbents for dye removal–A review. 

Journal of environmental management, 2009. 90(8): p. 2313-2342. 

55. Basiron, Y., Palm oil production through sustainable plantations. European 

Journal of Lipid Science and Technology, 2007. 109(4): p. 289-295. 

56. Ma, A., Carbon credit from palm: Biomass, biogas and bio diesel. MPOB: 

Palm Oil Engineering Bulletin, 2002: p. 24-26. 

57. Sulaiman, F., N. Abdullah, H. Gerhauser, and A. Shariff, An outlook of 

Malaysian energy, oil palm industry and its utilization of wastes as useful 

resources. Biomass and Bioenergy, 2011. 35(9): p. 3775-3786. 

58. Liu, S. and X. Chen, Preparation and characterization of a novel activated 

carbon-supported N-doped visible light response photocatalyst 



64 

 

(TiO2−xNy/AC). Journal of Chemical Technology & Biotechnology, 2007. 

82(5): p. 453-459. 

59. Ao, Y., J. Xu, D. Fu, and C. Yuan, Photocatalytic degradation of X-3B by 

titania-coated magnetic activated carbon under UV and visible irradiation. 

Journal of Alloys and Compounds, 2009. 471(1-2): p. 33-38. 

60. Sopyan, I., M. Watanabe, S. Murasawa, K. Hashimoto, and A. Fujishima, An 

efficient TiO2 thin-film photocatalyst: photocatalytic properties in gas-phase 

acetaldehyde degradation. Journal of Photochemistry and Photobiology A: 

Chemistry, 1996. 98(1): p. 79-86. 

61. Velasco, L.F., J.B. Parra, and C.O. Ania, Role of activated carbon features on 

the photocatalytic degradation of phenol. Applied Surface Science, 2010. 

256(17): p. 5254-5258. 

62. Jin, Y., M. Wu, G. Zhao, and M. Li, Photocatalysis-enhanced electrosorption 

process for degradation of high-concentration dye wastewater on 

TiO2/carbon aerogel. Chemical Engineering Journal, 2011. 168(3): p. 1248-

1255. 

63. Yao, S., J. Li, and Z. Shi, Immobilization of TiO2 nanoparticles on activated 

carbon fiber and its photodegradation performance for organic pollutants. 

Particuology, 2010. 8(3): p. 272-278. 

64. Ao, Y., J. Xu, D. Fu, X. Shen, and C. Yuan, Low temperature preparation of 

anatase TiO2-coated activated carbon. Colloids and Surfaces A: 

Physicochemical and Engineering Aspects, 2008. 312(2-3): p. 125-130. 

65. Wang, W., C.G. Silva, and J.L. Faria, Photocatalytic degradation of 

Chromotrope 2R using nanocrystalline TiO2/activated-carbon composite 

catalysts. Applied Catalysis B: Environmental, 2007. 70(1-4): p. 470-478. 

66. Zhang, X. and L. Lei, Effect of preparation methods on the structure and 

catalytic performance of TiO2/AC photocatalysts. Journal of Hazardous 

Materials, 2008. 153(1-2): p. 827-33. 



65 

 

67. Sun, J., X. Wang, J. Sun, R. Sun, S. Sun, and L. Qiao, Photocatalytic 

degradation and kinetics of Orange G using nano-sized Sn(IV)/TiO2/AC 

photocatalyst. Journal of Molecular Catalysis A: Chemical, 2006. 260(1-2): 

p. 241-246. 

68. Lachheb, H., E. Puzenat, A. Houas, M. Ksibi, E. Elaloui, C. Guillard, and J.-

M. Herrmann, Photocatalytic degradation of various types of dyes (Alizarin 

S, Crocein Orange G, Methyl Red, Congo Red, Methylene Blue) in water by 

UV-irradiated titania. Applied Catalysis B: Environmental, 2002. 39(1): p. 

75-90. 

69. Ràfols, C. and D. Barceló, Determination of mono-and disulphonated azo 

dyes by liquid chromatography–atmospheric pressure ionization mass 

spectrometry. Journal of Chromatography A, 1997. 777(1): p. 177-192. 

70. Liu, J., Y. Yu, Z. Liu, S. Zuo, and B. Li, AgBr-coupled TiO 2: a visible 

heterostructured photocatalyst for degrading dye pollutants. International 

Journal of Photoenergy, 2011. 2012. 

71. Wang, X., Y. Liu, Z. Hu, Y. Chen, W. Liu, and G. Zhao, Degradation of 

methyl orange by composite photocatalysts nano-TiO2 immobilized on 

activated carbons of different porosities. J Hazard Mater, 2009. 169(1-3): p. 

1061-7. 

72. Serp, P., M. Corrias, and P. Kalck, Carbon nanotubes and nanofibers in 

catalysis. Applied Catalysis A: General, 2003. 253(2): p. 337-358. 

73. Leary, R. and A. Westwood, Carbonaceous nanomaterials for the 

enhancement of TiO2 photocatalysis. Carbon, 2011. 49(3): p. 741-772. 

74. Serpone, N., Is the band gap of pristine TiO2 narrowed by anion-and cation-

doping of titanium dioxide in second-generation photocatalysts? The Journal 

of Physical Chemistry B, 2006. 110(48): p. 24287-24293. 

75. Neumann, B., P. Bogdanoff, H. Tributsch, S. Sakthivel, and H. Kisch, 

Electrochemical mass spectroscopic and surface photovoltage studies of 



66 

 

catalytic water photooxidation by undoped and carbon-doped titania. The 

Journal of Physical Chemistry B, 2005. 109(35): p. 16579-16586. 

76. Liang, Y.T., B.K. Vijayan, K.A. Gray, and M.C. Hersam, Minimizing 

graphene defects enhances titania nanocomposite-based photocatalytic 

reduction of CO2 for improved solar fuel production. Nano letters, 2011. 

11(7): p. 2865-2870. 

77. Woan, K., G. Pyrgiotakis, and W. Sigmund, Photocatalytic Carbon‐
Nanotube–TiO2 Composites. Advanced Materials, 2009. 21(21): p. 2233-

2239. 

78. Sellappan, R. Mechanisms of Enhanced Activity of Model TiO2/Carbon and 

TiO2 /Metal Nanocomposite Photocatalysts. 2013. 

79. SE, A., C. Gimba, A. Uzairu, and Y. Dallatu, Preparation and 

Characterization of Activated Carbon from Palm Kernel Shell by Chemical 

Activation. Research Journal of Chemical Sciences. 2231: p. 606X. 

80. Zhu, B. and L. Zou, Trapping and decomposing of color compounds from 

recycled water by TiO(2) coated activated carbon. J Environ Manage, 2009. 

90(11): p. 3217-25. 

81. Liu, S.X., X.Y. Chen, and X. Chen, A TiO2/AC composite photocatalyst with 

high activity and easy separation prepared by a hydrothermal method. 

Journal of  Hazardous Materials, 2007. 143(1-2): p. 257-63. 

82. Zhang, H. and J.F. Banfield, Understanding polymorphic phase 

transformation behavior during growth of nanocrystalline aggregates: 

insights from TiO2. The Journal of Physical Chemistry B, 2000. 104(15): p. 

3481-3487. 

83. Yu, Y., J.C. Yu, J.-G. Yu, Y.-C. Kwok, Y.-K. Che, J.-C. Zhao, L. Ding, W.-

K. Ge, and P.-K. Wong, Enhancement of photocatalytic activity of 

mesoporous TiO2 by using carbon nanotubes. Applied Catalysis A: General, 

2005. 289(2): p. 186-196. 



67 

 

84. Li, Y.-H., S. Wang, Z. Luan, J. Ding, C. Xu, and D. Wu, Adsorption of 

cadmium (II) from aqueous solution by surface oxidized carbon nanotubes. 

Carbon, 2003. 41(5): p. 1057-1062. 

85. De Celis, J., N. Amadeo, and A. Cukierman, In situ modification of activated 

carbons developed from a native invasive wood on removal of trace toxic 

metals from wastewater. Journal of Hazardous Materials, 2009. 161(1): p. 

217-223. 

86. Oh, W.-C. and M.-L. Chen, Formation of TiO2 composites on activated 

carbon modified by nitric acid and their photocatalytic activity. Journal of 

Ceramic Processing Research, 2007. 8(5): p. 316-323. 

87. Li, Y., X. Li, J. Li, and J. Yin, Photocatalytic degradation of methyl orange 

by TiO2-coated activated carbon and kinetic study. Water research, 2006. 

40(6): p. 1119-1126. 

 

 




