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ABSTRACT

In recent decades, the occurrence of pharmaceutically active compounds in
wastewater has emerged as one of the major environmental issues due to its toxicity
and adverse impact towards human beings and aquatic life. Photocatalytic
degradation is one of the promising techniques for degrading organic compounds.
Among the photocatalysts, titania (TiO2) is the most attractive since it is a non-
hazardous compound and eco-friendly. However, it has a low photocatalytic
performance. This present study was focused on the photodegradation of ibuprofen
(IBP) using modified TiO2 namely fibrous silica titania (FST) as photocatalyst. FST
was prepared using the hydrothermal method under different molar ratios of toluene
and water. The catalysts were characterised using X-ray diffraction, ultraviolet-
visible spectrophotometer diffuse reflectance spectroscopy, nitrogen adsorption-
desorption, field emission scanning electron microscope, transmission electron
microscopy, Fourier transform infrared, and electron spin resonance. The increase in
molar ratio of toluene and water has resulted in increase in particle size and surface
area with reduction of crystalline anatase TiO». The highest distribution of active site
(Si-O-Ti bond), terminal silanol and defeated site hydroxyl were observed in the
catalyst FST(6:1), thereby showing the highest performance in degrading IBP. The
photocatalytic performance of the catalysts towards degradation of 10 mg L IBP
under visible light at pH 7 and 0.375 g L catalyst after 4 hours was in the following
order: FST(6:1) (90%)> FST(5:1) (80%)> FST(7:1) (71%)> commercial TiO2 (67%).
Kinetic study shows that the degradation of IBP followed the pseudo first order
Langmuir-Hinshelwood model. The response surface methodology study for
FST(6:1) catalyst demonstrated good significance of model with a high coefficient of
determination (R?=0.937) while reusability study displayed that the catalyst was still
stable after 5 cycles. The employment of catalyst on degradation of other pollutants
revealed that the performance was above 20% degradation, suggesting the potential
use of the catalysts for various wastewater treatments.
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ABSTRAK

Pada dekad kebelakangan ini, kewujudan sebatian aktif farmaseutikal
dalam air sisa merupakan salah satu isu alam sekitar yang utama akibat
ketoksikannya dan kesan buruk terhadap manusia dan kehidupan akuatik. Degradasi
fotopemangkinan adalah salah satu teknik yang meyakinkan untuk mengurai sebatian
organik. Antara fotomangkin, titania (TiO2) adalah yang paling menarik kerana ia
adalah sebatian yang tidak berbahaya dan mesra alam. Walau bagaimanapun, TiO>
mempunyai prestasi fotopemangkinan yang lebih rendah. Kajian ini lebih fokus
kepada fotopenyahbuangan ibuprofen (IBP) menggunakan TiO terubahsuai iaitu
silika titania berserat (FST) sebagai fotomangkin. FST disediakan dengan mengguna
kaedah hidroterma dengan nisbah molar toluena dan air yang berbeza. Sifat-sifat
mangkin telah dicirikan dengan menggunakan pembelauan sinar-X, spektroskopi
pantulan serakan spektrofotometer cahaya nampak-ultraungu, penjerapan-
penyahjerapan nitrogen, mikroskop elektron imbasan pancaran medan, mikroskop
elektron transmisi, spektroskopi inframerah transformasi Fourier, dan resonans
putaran elektron. Peningkatan nisbah molar toluena dan air telah menyebabkan saiz
zarah dan luas permukaan meningkat dengan pengurangan kristal anatase TiOo.
Mangkin FST(6:1) telah menunjukkan taburan yang tinggi terhadap tapak aktif
(ikatan Si-O-Ti), silanol terminal dan kekurangan tapak hidroksil, justeru itu, ia telah
menunjukkan prestasi tertinggi dalam degradasi IBP. Prestasi fotomangkin terhadap
degradasi 10 mg L IBP menggunakan cahaya boleh lihat pada pH 7 dan 0.375 g L™
mangkin selepas 4 jam adalah dalam urutan berikut: FST(6:1) (90%)> FST(5:1)
(80%)> FST(7:1) (71%)> komersil TiO2 (67%). Kajian kinetik menunjukkan bahawa
degradasi IBP mengikut model Langmuir-Hinshelwood tertib pertama pseudo.
Kajian kaedah gerak balas permukaan untuk mangkin FST(6:1) menunjukkan model
penemuan baik dengan pekali penentu yang tinggi (R? = 0.937) dan kajian kebolehan
guna semula telah menunjukkan bahawa mangkin masih stabil selepas 5 kitaran.
Penggunaan mangkin terhadap degradasi bahan pencemar yang lain membuktikan
bahawa prestasi degradasi melebihi 20%, mencadangkan potensi penggunaan
mangkin untuk pelbagai rawatan air sisa.
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CHAPTER 1

INTRODUCTION

1.1 Background of Study

Pharmaceuticals belong to a chemical group which are extensively used
nowadays and have been a concern to the environment (Nina et al., 2017). These
compounds, which comprised a huge group of human and veterinary medicinal
compounds have long been used around the world. The extended and worldwide usage
of hazardous pharmaceuticals has potentially increase the pollution of surface, ground
and drinking water. Basically, pharmaceuticals contaminate soil, surface waters,
ultimately ground and drinking water after excretion process from humans or animals
through urine or faeces, as well as through the sewage system and from the influent of

wastewater treatment plants (Klavarioti et al., 2009).

Pharmaceutically active compounds (PhACs) produced in surface and ground
waters have been classified by many countries as an environmental problem. The
pharmaceutical industry uses the designation active pharmaceutical ingredients to
describe products that are pharmacologically active, resistant to degradation, highly
persistent in aqueous medium and capable of producing adverse effect in water
organisms as well as able to negatively impact the human health (Rivera-Utrilla et al.,
2013). Ibuprofen (IBP) is one of the antipyretic pharmaceuticals that is frequently
detected in the municipal wastewater systems which is biological active and has
adverse impacts on the environment even in small concentrations (Choina et al., 2013).
To overcome these problems, several treatment processes such as coagulation,
chemical precipitation, chlorination and ozonation have been developed.



However, these methods have several drawbacks including their inability to destroy
the pollutants that tend to be transferred from one phase to another (Nina et al., 2017).
Besides, Tran et al. (2017) reported that the use of conventional processes could not

completely remove recalcitrant pollutants.

Advanced oxidation processes (AOPs) are a promising alternative and have
been extensively studied among researchers, which include homogenous and
heterogeneous photocatalytic oxidation (Nina et al., 2017). AOPs are processes that
generate hydroxyl radicals (¢<OH), which are highly oxidised agents that are very useful
in reacting with a wide variety of compounds (Silva et al., 2015). Among AOPs,
heterogenous photocatalysis using semiconductors like TiO, as catalyst is a well-
developed method that provides promising results the removal and total mineralisation
of various pharmaceuticals and other micro pollutants from aquatic phase
(Antonopoulou et al., 2016). In addition, these methods are excellent in terms of
performance and environmental friendly due to its ambient operating conditions, and
the fact that the catalyst is cost effective, non-toxic and photochemically stable
(Surenjan et al., 2017).

The application of TiO> catalyst is fascinating for an effective photocatalytic
degradation of drugs and other harmful organic pollutants under UV-light irradiation.
Countless treatments have been done using TiO catalysts since it is less hazardous,
eco-friendly with no additional chemicals required, as well as the possibility of
completing abatement of drugs (Choina et al., 2012). Notwithstanding, TiO suffers
from several drawbacks such as wide band gap, low surface area, poor accessibility of
active site, high electron-hole recombination, weak light harvesting and difficulty in

isolation and reusability (Singh et al., 2016).

The synthesis of TiO, with mesoporous structure has been reported in
improving the photocatalytic performance towards the desired reaction, owing to its
high surface area and total pore volume for enhanced adsorption capacity (Li et al.,
2015; Jaafar et al., 2015a). However, Dong et al. (2016) claimed that inorganic
material with high surface area and pore volume usually have low strength and

unsuitable for practical use. To overcome those shortcomings, researchers have sought



to improve the performance of mesoporous TiO2 by coupling it with other materials
and designing different morphologies. Recently, mesoporous TiO,/SiO; spheres have
attracted a great deal of attention due to their benefits, which are large surface area,
high surface acidity, abundant surface hydroxyl, ability to improve light harvesting
and could prevent electron-hole recombination that is favourable for increasing
photodegradation performance (Kapridaki et al., 2014; Wang et al., 2014). Besides,
mesoporous silica (MS) has become the focus of study due to its high surface area,
highly uniform pore distribution, tuneable pore size and unique hosting (Karim et al.,
2012). However, morphological properties of the catalyst also play a role and require

modifications to improve its effectiveness.

With regards to all the factors, herein, this study has reported the synthesis and
characterisation of fibrous silica titania (FST) with different molar ratios of toluene
and water. The performance of FST towards photodegradation of IBP and other

pollutants were evaluated using the best reaction condition.

1.2 Problem Statement and Hypothesis

A well-known semiconductor, which is TiO2 nanoparticle has several
drawbacks as mentioned in previous section. Many researchers have focused on
modifying TiO2 by incorporating it with porous supports including silica, which is
effective to increase surface area and can prevent the aggregation of titania particles
(Dong et al., 2015). In previous studies, the nanostructured TiO> or TiO> supported on
high surface area supports has been synthesised to enhance surface area and particle
size (Singh et al., 2016). Besides, it has been reported that the incorporation of SiO>
with TiO> can be effective in preventing charge recombination in dye-sensitised solar
cell (Dong et al., 2015). The synthesis of Ti-containing materials with enhanced
accessibility to the reactive sites with large pores including mesoporous silica (MS)
has been also developed (Ke et al., 2007). Even though, the modification had improved
the properties of TiO2 supported on porous material, the interaction between pollutant

and catalyst seemed to be decreased. Thus, the synthesised TiO. incorporated with



porous SiO2 has poor accessible to active sites due to the high possibility of pores

clogging which partially collapse after thermal treatment.

Recently, fibrous structure has attracted much attention in improving the
performance due to its unique structure, which has high surface area and accessibility
of active sites (Polshettiwar et al., 2010). Moreover, this structure has open pore
channels and adjustable pore sizes that can be altered by synthesis parameters such as
amount of surfactant, stirring and heating time. In the previous study, fibrous structure
doped with TiO2 which has been synthesised by Atomic layer deposited (ALD) method
was used in the degradation of methylene blue. However, this catalyst has several
limitations, which are its poor accessibility of light due to pore clogging and limited
Ti loading (Singh et al., 2016). Thus, this study aimed at reporting the synthesis of
fibrous silica titania (FST) by hydrothermal method with tuneable molar ratio of
toluene and water and their applications in photodegradation of ibuprofen and other
pollutants. It is expected that FST catalyst would have high surface area, more
accessible active sites, better light harvesting and reusability that can enhance the

photocatalytic performance.

1.3 Objective of Study

The objectives of this study are:

I.  To synthesis the fibrous silica titania (FST) photocatalysts using hydrothermal
method and characterise the physicochemical properties.
Il.  Toevaluate the photoactivity of the catalysts on degradation of ibuprofen (IBP)
and various pollutants.
I1l.  To examine the stability of the FST, kinetics and proposed mechanism of the
photodegradation of IBP.
IV.  Tooptimise the photodegradation of IBP using Response Surface Methodology
(RSM).
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Scope of Study

The scopes of this study are:

Synthesis and characterisation of physicochemical properties on fibrous silica
titania (FST).

The catalysts were prepared using hydrothermal method by varying toluene
and water molar ratio (7:1, 6:1 and 5:1). The catalysts were characterised by
X-ray diffraction (XRD), UV-visible spectrophotometer/Diffuse Reflectance
Spectroscopy (UV-vis/DRS), N2 adsorption-desorption, Field Emission
Spectroscopy (FESEM), Transmission Emission Spectroscopy (TEM), Fourier
Transform Infrared (FTIR) and Electron Spinning Resonance (ESR).
Evaluation of photodegradation.

Photocatalytic activity of the catalysts on degradation of IBP was conducted
under different molar ratio of toluene and water, light condition and various
parameters such as pH (3-9), catalyst dosage (0-0.625 g L) and initial
concentrations (10-100 mg L?). FST was also tested for different types of
pollutant including aspirin (ASP), paracetamol (PAR) and BPA (bisphenol A)
with 10 mg L of initial concentration.

Study on the stability of the FST, kinetics and proposed mechanism of the
photodegradation of IBP.

The stability test was conducted by repeating the reaction for five times. The
Kinetics expression modelling was described based on Langmuir-Hinshelwood
models and the proposed mechanism of the photodegradation of IBP was
confirmed using gas chromatography-mass spectrometry (GCMS).
Optimisation using response surface methodology (RSM).

Response surface methodology (RSM) using central composite design (CCD)
was employed to optimise the conditions of photodegradation using the high
potential catalyst under three parameters included in this part, which were pH
(5-9), catalyst dosage (0.25-0.5 g L) and initial concentration (5-15 mg L)
of IBP.



1.5  Significance of Study

In the recent approach, the modification of TiO, photocatalyst was seen to
improve its own drawbacks mentioned in the previous section and photocatalytic
performance. This study was conducted to synthesis FST by varying toluene and
water molar ratio to improve the efficiency in photodegradation. The preparation
method plays a crucial part in the modification of catalyst to obtain the desired
morphology either in a simple or complex ways. Currently, TiO2 supported with
dendrimeric morphology has not been widely practiced in photodegradation of
pharmaceutical compound. FST is one of the new modifications in photocatalysis to
obtain superior properties such as increased surface area, high accessibility of active
site and better light harvesting. These properties can be obtained by FST due to its
unique structure, which is spherical with cockscomb-like structure and having an
alternate silica and titania framework. Thus, the FST is expected to have higher

photocatalytic performance compared to commercial TiOo.

1.6 Study Outline

This study is divided into five chapters. Chapter 1 addresses the general
introduction on the pharmaceuticals wastewater in various areas of industries, types of
PhACs that are commonly used and the threat of the PhACs effluent towards the
environmental and human health. Several wastewater treatments to remove PhACs are
also mentioned. Besides, the potential of FST with different molar ratio of toluene and
water as a photocatalysts for degradation of IBP are highlighted. The problem
statement and objectives of the present study were stated. The scopes of study are
explained covering the research work to achieve the objectives. The significance of

study is also clearly elucidated.

Chapter 2 or literature review covers the details on previous studies to improve
understanding in synthesis, characterisation and photoactivity efficiency of modified

catalyst supported with dendrimeric morphology.



Meanwhile, chapter 3 or methodology describes the materials and chemicals
used, catalyst preparation, characterisation and photocatalytic reaction including the

experimental setup and analysis calculation.

Chapter 4 focuses on results and discussion which involved the details about
characterisation and photocatalytic activity of IBP as well as others targeted pollutants
in simulated wastewater. Finally, the conclusion about this study is simplified in the

chapter 5.



82

REFERENCES

Abdelmelek, S.B., Greaves, J., Ishida, K.P., Cooper, W.J. and Song, W. (2011).
Removal of pharmaceutical and personal care products from reverse osmosis
retentate using advanced oxidation processes. Environmental Science
Technology, 45: 3665-3671.

Agustina, T.E., Ang, H.M. and Vareek, V.K. (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.

Aman, N., Das, N.N. and Mishra, T. (2016). Effect of N-doping on visible light activity
of TiO2>-SiO2 mixed oxide photocatalysts. Journal of Environmental Chemical
Engineering, 4: 191-196.

Ambrosio, E, Lucca, D.L., Garcia, M.H.B., De, SSM.T.F., De, S.F.T.K.F., De, S.R.P.,
Visentainer, J.V. and Garcia, J.C. (2017). Optimization of photocatalytic
degradation of biodiesel using TiO2 by experimental design. Science of Total
Environment, 581-582: 1-9.

Anderson-Cook, C. M., Borror, C.M. and Montgomery, D.C. (2009). Response surface
design evaluation and comparison. Journal of Statistical Planning and
Inference, 139(2): 629-641.

Antonopoulou, M., Karagianni, P. and Konstantinou, 1.K. (2016). Kinetic and
mechanistic study of photocatalytic degradation of flame retardant Tris (1-
chloro-2-propyl) phosphate (TCPP). Applied Catalysis B: Environmental, 192:
152-160.

Araujo, P.W. and Brereton, R.G. (1996). Experimental design Il. Optimization. TrAC
Trends in Analytical Chemistry, 15(2): 63-70.



83

Arslan, I. and Balcioglu, L. A. (1999). Degradation of commercial reactive dyestuffs by
heterogenous and homogenous advanced oxidation processes: a comparative
study. Dyes and pigments, 43(2): 95-108.

Azbar, N., Yonar, T. and Kestioglu, K. (2004). Comparison of various advanced
oxidation processes and chemical treatment methods for COD and color
removal from a polyester and acetate fiber dyeing effluent. Chemosphere,
55(1): 35-43.

Aziz, F.F.A., Jalil, A A., Triwahyono, S. and Mohamed, M. (2018). Controllable
structure of fibrous SiO2-ZSM-5 support decorated with TiO, catalysts for
enhanced photodegradation of paracetamol. Applied Surface Science, 455: 84-
95.

Aziz, M.ALA,, Jalil, ALA., Triwahyono, S. and Sidik, S.M. (2014). Methanation of
carbon dioxide on metal-promoted mesostructured silica nanoparticles.
Applied Catalysis A General, 486: 115-122.

Baena-Nogueras, R.M., Gonzalez-Mazo, E.A. and Lara-Martin, P. (2017).
Degradation kinetics of pharmaceuticals and personal care products in surface
waters: photolysis vs biodegradation. Science of Total Environment, 590-591.:
643-654.

Bayal, N., Singh, R. and Polshettiwar, V. (2017). Nanostructured Silica-Titania Hybrid
using Fibrous Nanosilica as Photocatalysts. ChemSusChem, 10: 2182.

Bayal, N., Singh, B., Singh, R. and Polshettiwar, V. (2016). Size and Fiber Density
Controlled Synthesis of Fibrous Nanosilica Spheres (KCC-1). Scientific
Reports, 6: 24888.

Banerjee, S., Dionysiou, D.D. and Pillai, S.C. (2015). Self-Cleaning Application of
TiO by Photo-Induced Hydrophilicity and Photocatalysis. Applied Catalysis
B: Environmental, 176: 396-428.

Bezerra, M.A., Santelli, R.E., Oliveira, E.P., Villar, L.S. and Escaleira, L.A. (2008).
Response surface methodology (RSM) as a tool for optimization in analytical
chemistry. Talanta, 76(5): 965-977.

Biard, P.F., Couvert, A., Renner, C., and Levasseur, J.P. (2011). Intensification of
volatile organic compounds mass transfer in a compact scrubber using the
03/H202 advanced oxidation process: Kinetic study and hydroxyl radical
tracking. Chemosphere, 85: 1122-1129.



84

Busuioc, A.M., Meynen, V., Beyers, E., Mertens, M., Cool, P., Bilba, N. and Vansant,
E. F. (2006). Structural features and photocatalytic behaviour of titania
deposited within the pores of SBA-15. Applied Catalysis A: General, 312: 153-
164.

Chen, F.J., Shao, C.W., Zhao, M.N., Bu, Z.S., Zhang, Y., Dai, X.N. and Zhao, G.W.
(2014). Controllable synthesis and photocatalytic activities of rod-shaped
mesoporous titanosilicate composites with varied aspect ratios. Chinese
Chemical Letters, 25: 962-966.

Choina, J., Kosslick, H., Fischer, C., Flechsig, G. U., Frunza, L. and Schulz, A. (2013).
Photocatalytic decomposition of pharmaceutical ibuprofen pollutions in water
over titania catalyst. Applied Catalysis B: Environmental, 129: 589-598.

Chhor, K., Bocquet, J.F. and Colbeau-Justin, C. (2004). Comparative studies of phenol
and salicylic acid photocatalytic degradation: influencer of adsorbed oxygen.
Material Chemical Physic, 86: 123-131.

Dong, R.L., Na, C., Zhang, H.P., Chen, Z.D. and Jin, C.C. (2016). TiO./SiO;
mesoporous microspheres with intelligently controlled texture. Material and
Design, 89: 830-838.

El-Sheikh, M.S., Khedr, M.T., Hakki, A., Ismail, A.A., Badawy, AW. and
Bahnemann, W.D. (2017). Visible light activated carbon and nitrogen co-
doped mesoporous TiO as efficient photocatalyst for degradation of ibuprofen.
Separation and Purification Technology, 173: 258-268.

Falcon, J.M., Otubo, L.M. and Aoki, I.V. (2016). Highly ordered mesoporous silica
loaded with dodecylamine for smart anticorrosion coatings. Surface and
Coatings Technology, 303(B): 319-329.

Fatta-Kassinos, D., Meric, S. and Nikolaou, A. (2011). Pharmaceutical residues in
environmental waters and wastewater: current state of knowledge and future
research. Analytical and Bioanalytical Chemistry, 399(1): 251-275.

Feng, L., Hullebusch, E.D.E., Rodrigo, M.A., Espito, G. and Oturan, M.A. (2013).
Removal of residual anti-inflammatory and analgesic pharmaceuticals from
aqueous systems by electrochemical advanced oxidation processes. A review.
Chemical Engineering Journal, 228: 944-964.

Firmansyah, M.L., Jalil, A.A., Triwahyono, S., Hamdan, H., Salleh, M.M., Ahmad,
W.F.W. and Kadja, G.T.M. (2016). Synthesis and characterization of fibrous



85

silica ZSM-5 for cumene hydrocracking. Catalysis Science and Technology, 6:
5178.

Fujishima, A., Rao, T.N. and Tryk, D.A. (2000). Titanium dioxide photocatalysis.
Journal of Photochemistry and Photobiology C: Photochemistry Reviews,
1(1): 1-21.

Gamonchuang, J., Poosimma, P., Saito, K., Khaorapapong, N. and Ogawa, M. (2016).
The effect of alcohol type on the thickness of silica layer of Co30s@SiO> core-
shell particle. Colloids Surface A, 511: 39-46.

Gao, M., Zhu L., Ong, W. L., Wang, J. and Ho, G, W. (2015). Structural design of
TiOz-based photocatalyst for H production and degradation applications.
Catalysis Science and Technology, 5(10): 4655-4850.

Gao, S., Wang, W., Ni, Y., Lu, C. and Xu, Z. (2015). Facet-dependent photocatalytic
mechanisms of anatase TiO2: A new sight on the self-adjusted surface
heterojunction. Journal of Alloys and Compounds, 647: 981-988.

Gautam, A. K., Kumar, S. and Sabumon, P. (2007). Preliminary study of physico-
chemical treatment options for hospital wastewater. Journal of Environmental
Management, 83(3): 298-306.

Gou, J., Ma, Q., Cui, Y., Deng, X., Zhang, H., Cheng, X., Li, X., Xie, M., Cheng, Q.
and Liu, H. (2017). Visible light photocatalytic removal performance and
mechanism of diclofenac degradation by AgsPO4 sub-microcrystals through
response surface methodology. Journal of Industrial Engineering Chemistry,
49:112-121.

Guo, C., Wang, K., Hou, S., Wan, Li., Lv, J.,, Zhang, Y., Qu, X., Chen, S. and Xu, J.
(2017). H202 and/or TiO2 photocatalysis under UV irradiation for the removal
of antibiotic resistant bacteria and their antibiotic resistance genes. Journal of
Hazardous Materials, 323: 710-718.

Haaland, P.D. (1989). Experimental Design in Biotechnology. Marcel Dekker Inc.,
New York.

Hamid, M.Y.S., Firmansyah, M.L., Triwahyono, S., Jalil, A.A., Mukti, R.R,,
Febriyanti, E., Suendo, V., Setiabudi, H.D., Mohamed, M. and Nabgan, W.
(2017). Oxygen vacancy-rich mesoporous silica KCC-1 for CO2 methanation.
Applied Catalysis A, 523: 86-94.

Hao, Z. and Igbal, A. (1997). Some aspects of organic pigments. Chemical Society
Reviews, 26(3): 203-213.



86

Hassan, N.S., Jalil, A.A., Triwahyono, S., Hitam, C.N.C., Rahman, A.F.A., Khusnun,
N.F., Mamat, C.R., Asmadi, M., Mohamed, M., Ali, M.W. and Prasetyoko, D.
(2018). Exploiting copper—silica—zirconia cooperative interactions for the
stabilization of tetragonal zirconia catalysts and enhancement of the visible-
light photodegradation of bisphenol A. Journal of the Taiwan Institute of
Chemical Engineers, 82: 322-330.

Hayat, K., Gondal, M.A., Khaled, M.M., Ahmed, S. and Shemsi, A.M. (2011). Nano
ZnO Synthesis by Modified Sol Gel Method and Its Application in
Heterogenous Photocatalytic Removal of Phenol from Water. Applied
Catalysis A: General. 393(2-1): 122-129.

Herrmann, J. M. (1999). Heterogeneous photocatalysis: fundamentals and applications
to the removal of various types of aqueous pollutants. Catalysis today, 53(1):
115-129.

Hitam, C.N.C., Jalil, A.A., Triwahyono, S., Ahmad, A., Jaafar, N.F., Salamun, N.,
Fatah, N.A.A., Teh, L.P., Khusnun, N.F. and Ghazali, Z. (2016). Synergistic
interactions of Cu and N on surface altered amorphous TiO> nanoparticles for
enhanced photocatalytic oxidative desulfurization of dibenzothiophene. RSC
Advance, 6: 76859.

Homem, V. and Santos, L. (2011). Degradation and removal methods of antibiotics
from aqueous matrices — A review. Journal of Environmental Management,
92(10): 2304-2347.

Hu, M., Cao, Y., Li, Z., Yang, S. and Xing, Z. (2017). Ti** self-doped mesoporous
black TiO./SiO. nanocomposite as remarkable visible light photocatalyst.
Applied Surface Science, 426: 734-744.

Huo, Y.D., Wang, X.C., Wu, L., Chen, X.F., Ding, Z.X., Wang, X.X. and Fu, X.Z.
(2008). N-Doped SiO2/TiO2 mesoporous nanoparticles with enhanced
photocatalytic activity under visible-light irradiation. Chemosphere, 72(3):
414-421.

Isarain-Chavez, E., Rodriguez, R.M., Cabot, P.L., Centellas, F., Arias, C., Garrido, J.
A. and Brillas, E. (2011). Degradation of pharmaceutical beta-blockers by
electrochemical advanced oxidation processes using a flow plant with a solar
compound parabolic collector. Water Resources, 45: 4119-4130.

Islam, S., Bidin, N., Riaz, S., Naseem, S. and Marsin, F.M. (2016). Correlation

between structural and optical properties of surfactant assisted sol-gel based



87

mesoporous SiO>-TiO2 hybrid nanoparticles for pH sensing/optochemical
sensor. Sensors and Actuators B: Chemical, 225: 66-73.

Ismail, K.L. and Bahnemann, D.W. (2014). Photochemical splitting of water for
hydrogen production by molecular photocatalysis: a review. Solar Energy
Material Solar Cells, 128: 85-101.

Jaafar, N.F., Jalil, A.A., Triwahyono, S. and Shamsuddin, N. (2015a). New insights
into self-modification of mesoporous titania nanoparticles for enhanced
photoactivity: effect of microwave power density on formation of oxygen
vacancies and Ti* defects. RSC Advances, 5(110): 90991-91000.

Jaafar, N.F., Jalil, A A., Triwahyono, S., Efendi, J., Mukti, R.R., Jusoh, R., Jusoh,
N.W.C., Karim, A.H., Salleh, N.F.M. and Suendo, V. (2015b). Direct in situ
activation of Ag® nanoparticles in synthesis of Ag/TiO and its photoactivity.
Applied Surface Science, 338: 75-84.

Jaafar, N.F., Jalil, A.A. and Triwahyono, S. (2017). Visible-Light Photoactivity of
Plasmonic Silver Supported on Mesoporous TiO2 Nanoparticles (Ag-MTN) for
Enhanced Degradation of 2-Chlorophenol: Limitation of Ag-Ti Interaction.
Applied Surface Science. 392: 1068-1077.

Jalil, A.A., Triwahyono, S., Karim, A.H., Nordin, N.K., Asli, U.A., Hassim, M.H. and
Prasetyoko, D. (2015). Grape-like mesostructured silica nanoparticle-
decorated single-walled carbon nanotube: Silica growth and dye adsorptivity.
RSC Advance, 5: 71796-71804.

Jung, K.Y. and Park, S,B. (2000). Enhanced photoactivity of silica-embedded titania
particles prepared by sol-gel process for the decomposition of
trichloroethylene. Applied Catalysis. B. Environment, 25: 249-256.

Jusoh, N.W.C., Jalil, A.A., Triwahyono, S., Setiabudi, H.D., Sapawe, N., Satar,
M.A.H., Karim, A.H., Kamarudin, N.H.N., Jusoh, R., Jaafar, N.F., Salamun,
N. and Efendi, J. (2013). Sequential Desilication—Isomorphous Substitution
Route to Prepare Mesostructured Silica Nanoparticles Loaded with ZnO and
their Photocatalytic Activity. Applied Catalysis A: General, 468: 276-287.

Jusoh, N.W.C., Jalil, A.A., Triwahyono, S. and Mamat, C.R. (2015a). Tailoring the
metal introduction sequence onto mesostructured silica nanoparticles
framework: Effect on physicochemical properties and photoactivity. Applied
Catalysis A, 492: 169-176.



88

Jusoh, R., Jalil, A.A., Triwahyono, S. and Kamarudin, N.H.N. (2015b). Synthesis of
dual type Fe species supported mesostructured silica nanoparticles:
synergistical effects in photocatalytic activity. RSC Advance, 5: 9727- 9736.

Joss, A., Zabczynski, S., Gobel, A., Hoffman, B., Loffler, D., S.McArdell, C.,
A.Ternes, T., Thomsen, A. and Siegrist, H. (2006). Biological degradation of
pharmaceuticals in municipal wastewater treatment: Proposing a classification
scheme. Water Research, 40: 1686-1696.

Kamarudin, N.H.N., Jalil, A.A., Triwahyono, S., Salleh, N.F.M., Karim, A.H., Mukti,
R.R., Hameed, B.H. and Abhmad, A. (2013). Role of 3-
aminopropyltriethoxysilane in the preparation of mesoporous silica
nanoparticles for ibuprofen delivery: Effect on physicochemical properties.
Microporous and Mesoporous Materials, 180: 235-24

Kang, J.S., Lim, J., Rho, W.Y., Kim, J., Moon, D.K., Jeong, J., Jung, D., Choi, JW.,
Lee, J.K. and Sung, Y.E. (2016). Wrinkled silica/titania nanoparticles with
tunable interwrinkle distances for efficient utilization of photons in dye-
sensitized solar cells. Scientific Report, 6: 30829.

Karim, A.H., Jalil, A.A., Triwahyono, S., Sidik, S.M., Kamarudin, N.H.N., Jusoh, R.,
Jusoh, N.W.C. and Hameed, B.H. (2012). Amino modified mesostructured
silica nanoparticles for efficient adsorption of methylene blue. Journal of
Colloid and Interface Science, 386(1): 307-314.

Kasprzyk-Hordern, B. (2010). Pharmacologically active compounds in the
environment and their chirality. Chemical Society Reviews, 39(11): 4466-4503.

Kapridaki, C., Pinho, L., Mosquera, M.J. and Maravelaki-Kalaitzaki, P. (2014).
Producing photoactive, transparent and hydrophobic SiO»-crystalline TiO
nanocomposites at ambient conditions with application as self-cleaning
coatings. Applied Catalysis B: Environmental, 2: 416-427.

Ke, X., Xu, L., Zeng, C., Zhang, L. and Xu, N. (2007). Synthesis of mesoporous TS-1
by hydrothermal and steam-assisted dry gel conversion techniques with the aid
of triethanolamine. Microporous and Mesoporous Materials, 106(1-3): 68-75.

Khusnun, N.F., Jalil, A.A., Triwahyono, S., Jusoh, N.W.C., Johari, A. and Kidam, K.
(2016). Interaction between copper and carbon nanotubes triggers their mutual
role in the enhanced photodegradation of p-chloroaniline. Physical Chemistry
Chemical Physic, 18: 12323-12331.



89

Klauson, D., Babkina, J., Stepanova, K., Krichevskaya, M. and Preis, S. (2010).
Aqueous photocatalytic oxidation of amoxicillin. Catalysis Today. 151: 39-45.

Klavarioti, M., Mantzavinos, D. and Kassinos, D. (2009). Removal of residual
pharmaceuticals from aqueous systems by advanced oxidation processes.
Environmental International, 35(2): 402-417.

Kumar, K.V., Porkodi, K. and Rocha, F. (2008). Langmuir—-Hinshelwood Kinetics-a
theoretical study. Catalysis Communications, 9(1): 82-84.

Kuster, M., Lopez de Alda, M.J., Hernando, M.D., Petrovic, M., Martin-Alonso, J. and
Barcelo, D. (2008). Analysis and occurrence of pharmaceuticals, estrogens,
progestogens and polar pesticides in sewage treatment plant effluents, river
water and drinking water in the Llobregat river basin (Barcelona, Spain).
Journal of Hydrology, 358: 112-123.

Lan, S., Liu, L., Li, R, Leng, Z. and Gan, S. (2014). Hierarchical Hollow Structure
ZnO: Synthesis, Characterization and Highly Efficient
Adsorption/Photocatalysis toward Congo Red. Industrial and Engineering
Chemistry Research, 53(8): 3131-3139.

Lazar, M.A., Varghese, S. and Nair, S.S. (2012). Photocatalytic water treatment by
titanium dioxide: recent updates. Catalysts, 2(4): 572-601.

Le-Minh, N., Khan, S.J., Drewes J.E. and Stuetz, R.M. (2010). Fate of antibiotics
during municipal water recycling treatment processes. Journal of Water
Research, 44(15): 4295-4323.

Le, N.L. and Suzana, P.N. (2016). Materials and membrane technologies for water and
energy sustainability. Sustainable Materials and Technologies, 7: 1-28.

Lei, Z.D., Wang, J.J, Wang, L., Yang, X.Y., Xu, G. and Tang, L. (2016). Efficient
photocatalytic degradation of ibuprofen in aqueous solution using novel
visible-light responsive graphene quantum dot/AgVOs nanoribbons. Journal
of Hazardous Materials, 312: 298-306.

Li, C., Zhang, D., Peng, J. and Li, X. (2018). The effect of pH, nitrate, iron (I11) and
bicarbonate on photodegradation of oxytetracycline in aqueous solution.
Journal of Photochemistry and Photobiology A: Chemistry, 356: 239-247.

Li, F., Kang, Y., Chen, M., Liu, G., Lv, W., Yao, K., Chen, P. and Huang, H. (2016).
Photocatalytic degradation and removal mechanism of ibuprofen via

monoclinic BiVO4 under simulated solar light. Chemosphere, 150: 139-144.



90

Li, G.,, Fan, H.,, Ma, J,, Li, Y., Wan, Y. and Zhao, X.S. (2010). Effect of the
agglomeration of TiO2 nanoparticles on their photocatalytic performance in the
aqueous phase. Journal of Colloid Interface Science, 348: 342-347.

Li, J., Deng, X., Guo, R., Li, B., Cheng, Q. and Cheng, X. (2018). Visible light driven
photocatalytic decomposition of penicillin G by Ti®* self-doped TiO, nano-
catalyst through response surface methodology. Journal of the Taiwan Institute
of Chemical Engineers, 87: 174-181.

Li, X., Wang, Y., Yuan, S., Li, Z., Wang, B., Huang, J., Deng, S. and Yu, G. (2014).
Degradation of the anti-inflammatory drug ibuprofen by electro-peroxone
process. Water Research, 63: 81-93.

Li, X., Liu, P., Mao, Y., Xing, M. and Zhang, J. (2015). Preparation of homogeneous
nitrogen-doped mesoporous TiO, spheres with enhanced visible-light
photocatalysis. Applied Catalysis B: Environmental, 164: 352-359.

Lin, C.X.C., Xu, C,, Yang, Y., Lei, C., Zhang, H. and Yu, C. (2017a). Dendritic
mesoporous silica—titania nanospheres with enhanced photocatalytic activities.
New Journal Chemical, 41: 8754.

Lin, L., Wang, H., Jiang, W., Mkaouar, A.R. and Xu, P. (2017b). Comparison study
on photocatalytic oxidation of pharmaceuticals by TiO2-Fe and TiO.-reduced
graphene oxide nanocomposites immobilized on optical fibers. Journal of
Hazardous Material, 333: 162-168.

Lu, J.M. Kosuda, K.P. Van Duyne, R.C. and Stair., P. (2009). Surface Acidity and
Properties of TiO2/SiO Catalysts Prepared by Atomic Layer Deposition: UV-
visible Diffuse Reflectance, DRIFTS, and Visible Raman Spectroscopy
Studies. Journal Physical Chemical C, 113: 12412-12418.

Luo, L., Yang, Y., Zhang, A., Wang, M., Liu, Y., Bian, L., Jiang, F. and Pan, X. (2015).
Hydrothermal synthesis of fluorinated anatase TiO/reduced graphene oxide
nanocomposites and their photocatalytic degradation of bisphenol A. Applied
Surface Science, 353: 469-479.

Lutterbeck, C.A., Wilde, M.L., Baginska, E., Leder, C., Machado, E.L. and
Kimmerer, K. (2015). Degradation of 5-FU by means of advanced (photo)
oxidation processes: UV/H20,, UV/Fe?*/H,0, and UV/TiO2-Comparison of
transformation products, ready biodegradability and toxicity. Science of the
Total Environment, 527: 232-245.



91

Malato, S., Fernandez-lbanez, P., Maldonado, M. I., Blanco, J. and Gernjak, W.
(2009). Decontamination and disinfection of water by solar photocatalysis:
Recent overview and trends. Catalysis Today, 147: 1-59.

Manjumol, K.A., Mini, L., Mohamed, A.P., Hareesh, U.S., and Warrier, K.G.K.
(2013). A hybrid sol-gel approach for novel photoactive and hydrophobic
titania coatings on aluminium metal surfaces. RSC Advance, 3: 18062-18070.

Martinez-Sena, T., Armenta, S., Guardia, M.D.L. and Esteve-Turrilas, F.A. (2016).
Determination of non-steroidal anti-inflammatory drugs in water and urine
using selective molecular imprinted polymer extraction and liquid
chromatography. Journal of Pharmaceutical and Biomedical Analysis, 131:
48-53.

Mason, G. (1983). A model of adsorption—desorption hysteresis in which hysteresis is
primarily developed by the interconnections in a network of pores.
Proceedings of the Royal Society A: Mathematical, Physical and Engineering
Sciences, 390: 47-72.

Méndez-Arriaga, F., Maldonado, M.l., Gimenez, J., Esplugas, S., and Malato, S.
(2009). Abatement of ibuprofen by solar photocatalysis process:Enhancement
and scale up. Catalysis Today, 144: 112-116.

Murakami, H. (2015). Terahertz dynamics of water before and after water shedding
from reverse micelles. Journal of Molecular Structure, 210: 37-43.

Mustapha, F.H., Jalil, A.A., Mohamed, M., Triwahyono, S., Hassan, N.S., Khusnun,
N.F., Hitam, C.N.C., Rahman, A.F.A., Firmanshah, L.and Zolkifli, A.S.
(2017). New insight into self-modified surfaces with defect-rich rutile TiO; as
a visible-light-driven photocatalyst. Journal of Cleaner Production, 168: 1150-
1162.

Modirshahla, N., Hassani, A., Behnajady, M.A. and Rahbarfam, R. (2011). Effect of
Operational Parameters on Decolourization of Acid Yellow 23 from
Wastewater by UV Irradiation using ZnO and ZnO/SnO, Photocatalysts.
Desalination, 271(1-3): 187-192.

Mohammadzadeh, S., Olya, M.E., Arabi, A.M., Shariati, A. and Khosravi Nikou, M.R.
(2015). Synthesis, Characterization and Application of ZnO-Ag as a
Nanophotocatalyst for Organic Compounds Degradation Mechanism and

Economic Study. Journal of Environmental Science, 35: 194-207.



92

Nakada, N., Shinohara, H., Murata, A., Kiri, K., Managaki, S., Sato, N. and Takada,
H., (2007). Removal of selected pharmaceuticals and personal care products
(PPCPs) and endocrine-disrupting chemicals (EDCs) during sand filtration and
ozonation at a municipal sewage treatment plant. Water Research, 41: 4373-
4382.

Natarajan, T.S, Bajaj, H.C. and Tayade, R.J. (2015). Synthesis of Homogeneous
Sphere-Like Bi,WOQOs Nanostructure by Silica Protected Calcination with High
Visible-Light-Driven Photocatalytic Activity under Sunlight. Crystal
Engineering Communication, 17: 1037-1049.

Nina L.F, Jugoslav B.K, Filip S.S, Daniela V.S, Vesna N.D, Nemanja D.B, Jasmina
R.A, and Biljana F.A. (2017). Removal of alprazolam from aqueous solutions
by heterogeneous photocatalysis: Influencing factors, intermediates, and
products, Chemical Engineering Journal, 307: 1105-1115.

Ohno, T., Tsubota, T., Nakamura, Y. and Sayama, K. (2005). Preparation of S, C
cation-codoped SrTiOs and its photocatalytic activity under visible light.
Applied Catalysis A: General, 288(1): 74-79.

Oller, 1., Malato, S. and Sanchez-Perez, J. A. (2011). Combination of Advanced
Oxidation  Processes and biological treatments for  wastewater
decontamination—A review. Science of Total Environment, 49(20): 4141-
4166.

Oturan, M.A., Oturan, N., Edelahi, M.C., Podvorica, F.l. and Kacemi, K.E. (2011).
Oxidative degradation of herbicide diuron in aqueous medium by Fenton’s
reaction based advanced oxidation processes. Chemical Engineering Journal,
171:127-135.

Owens, B., (2015), Pharmaceuticals in the environment: a growing problem, The
Pharmaceutical Journal.

Ozer, A., Glirbiiz, G., Calimli, A. and Korbahti, B.K. (2009). Biosorption of copper
(1) ions on Enteromorpha prolifera: application of response surface
methodology (RSM). Chemical Engineering Journal, 146(3): 377-387.

Pal, N. and Bhaumik, A. (2013). Soft templating strategies for the synthesis of
mesoporous materials: Inorganic, organic—inorganic hybrid and purely organic
solids. Advance in Colloid and Interface Science, 189-190: 21-41.

Pelaez, M., Nolan, N.T., Pillai, S.C., Seery, M.K., Falaras, P., Kontos, A.G., Dunlop,
P. S. M., Hamilton, J. W. J., Byrne, J. A., O’Shea, K., Entezari, M. H. and



93

Dionysiou, D. D. (2012). A review on the visible light active titanium dioxide
photocatalysts for environmental applications. Applied Catalysis B:
Environmental, 125: 331-349.

Perez, J.F., Llanos, J., Saez, C., Lopez, C., Canizares, P. and Rodrigo, M.A. (2016).
Treatment of real effluents from the pharmaceutical industry: A comparison
between Fenton oxidation and conductive-diamond electro-oxidation. Journal
of Environmental Management, 195: 216-223.

Pistkova, V., Tabishi, M., Vavrona, M. and Stangar, U.L. (2015). Photocatalytic
degradation of b-blockers by using immobilized titania/silica on glass slides.
Journal of Photochemistry and Photobiology A: Chemistry, 305: 19-28.

Polshettiwar, V., Cha, D., Zhang, X. and Basset, J.M. (2010). High-Surface-Area
Silica Nanospheres (KCC-1) with a Fibrous Morphology. Angewandte Chemie
International Edition, 49: 9652—9656

Pourakbar, M., Moussavi, G. and Shekoohiyan, S. (2016). Homogenous VUV
advanced oxidation process for enhanced degradation and mineralization of
antibiotics in contaminated water.Ecotoxicology and Environmental Safety,
125: 72-77.

Qian, T., Yin, X,, Li, J., Nian, H. Xu, H., Deng, Y. and Wang, X. (2016). Nano-TiO2
Decorated Radial-Like Mesoporous Silica: Preparation, Characterization, and
Adsorption-Photodegradation Behavior. Journal of Materials Science and
Technology, 33(11): 1314-1322.

Ravikumar, K., Ramalingam, S., Krishnan, S. and Balu, K. (2006). Application of
response surface methodology to optimize the process variables for reactive
red and acid brown dye removal using a novel adsorbent. Dyes and pigments,
70(1): 18-26.

Rahman A.F.A., Jalil, A.A., Triwahyono, S., Ripin, A., Aziz, F.F.A., Fatah, N.A A.,
Jaafar, N.F. Hitam, C.N.C., Salleh, N.F.M. and Hassan, N. S. (2017). Strategies
for introducing titania onto mesostructured silica nanoparticles targeting
enhanced photocatalytic activity of visible-light-responsive Ti-MSN catalysts.
Journal of Cleaner Production, 143: 948-959.

Rao, Y., Xue, D., Pan, H., Feng, J. and Li, Y. (2016). Degradation of ibuprofen by a
synergistic UV/Fe(I11)/Oxone process. Chemical Engineering Journal, 283:
65-75.



94

Reif, R., Suarez, S., Omil, F. and Lema, J.M. (2008). Fate of pharmaceuticals and
cosmetic ingredients during the operation of a MBR treating sewage.
Desalination, 221(1-3): 511-517.

Remoundaki, E., Vidali, R., Kousi, P., Hatzikioseyian, A. and Tsezos, M. (2009).
Photolytic and photocatalytic alterations of humic substances in UV (254 nm)
and Solar Cocentric Parabolic Concentrator (CPC) reactors. Desalination,
248(1): 843-851.

Rey, A., Carbajo, J., Adan, C., Faraldos, M., Bahamonde, A., Casas, J.A. and
Rodriquez, J.J. (2011). Improved mineralization by combined advanced
oxidation processes. Chemical Engineering Journal, 174: 134-142.

Rivera-Utrilla, J., Sanchez-Polo, M., Ferro-Garcia, M.A., Prados-Joya, G. and
Ocampo-Pérez, R. (2013). Pharmaceuticals as emerging contaminants and
their removal from water. A review. Chemosphere, 93(7): 1268-1287.

Robinson, T., McMullan, G., Marchant, R. and Nigam, P. (2001). Remediation of dyes
in textile effluent: a critical review on current treatment technologies with a
proposed alternative. Bioresource technology, 77(3): 247-255.

Saadon, A.S., Sathishkumar, P., Mohd Y.A.R., Hakim W.M.D., Rahmalan, M.T. and
Nur, H. (2016). Photocatalytic Activity and Reusability of ZnO Layer
Synthesised by Electrolysis, Hydrogen Peroxide and Heat Treatment.
Environmental Technology, 37(15): 1875-1882.

Salleh, N.F.M., Jalil, A.A., Triwahyono, S., Efendi, J., Mukti, R.R, Hameed, B.H.
(2015). New insight into electrochemical-induced synthesis of NiAl204/Al;03:
Synergistic effect of surface hydroxyl groups and magnetism for enhanced
adsorptivity of Pd(11). Applied Surface Science, 349: 485-495.

Santos, J.L., Aparicio, I., Callejon, M. and Alonso, E. (2009). Occurrence of
pharmaceutically active compounds during 1-year period in wastewater from
four wastewater treatment plants in seville. Journal of Hazardous Material,
164: 1509-1516.

Schulte, K.L., DeSario, P.A. and Gray, K.A. (2010). Effect of crystal phase
composition on the reductive and oxidative abilities of TiO2 nanotubes under
UV and visible light. Applied Catalysis B: Environmental, 97(3-4): 354-360.

Senobari, S. and Nezamzadeh-Ejhieh, A., (2018). A p-n junction NiO-CdS
nanoparticles with enhanced photocatalytic activity: A response surface
methodology study. Journal of Molecular Liquids, 257: 173-183.



95

Seo, H.O., Sim, C.W., Kim, K.D., Kim, Y.D. and Lim, D.C. (2012). Nanoporous
TiO2/SiO2 prepared by atomic layer deposition as adsorbents of methylene blue
in aqueous solutions. Chemical Engineering Journal, 183: 381-386.

Serpone, N. and Emeline, AV. (2002). Suggested terms and definitions in
photocatalysis and radiocatalysis. International Journal of Photoenergy, 4(3):
91-131.

Shamsuddin, N., Das, D,B. and Starov, V.M. (2015). Filtration of natural organic
matter using ultrafiltration membranes for drinking water purposes: Circular
cross-flow compared with stirred dead end flow. Chemical Engineering
Journal, 276: 331-339.

Shao, G.N., Hilonga, A., Jeon, S.J., Lee, J.E., Elineema, G., Quang, D.V., Kim, J.K.
and Kim, H.T. (2013). Influence of titania content on the mesostructure of
titania—silica composites and their photocatalytic activity. Powder Technology,
233:123-130.

Sidik, S.M., Jalil, A.A., Triwahyono, S., Abdullah, T.A.T. and Ripin, A. (2015). CO>
reforming of CH4 over Ni/mesostructured silica nanoparticles (Ni/MSN). RSC
Advance, 5: 37405-37414.

Sidik, S.M., Triwahyono, S., Jalil, A.A., Aziz, M.A.A., Fatah, N.A.A. and The, L.P.
(2016). Tailoring the properties of electrolyzed Ni/mesostructured silica
nanoparticles (MSN) via different Ni-loading methods for CO> reforming of
CHas. Journal of CO> Utilization, 13: 71-80.

Silva, W.L.D., Lansarin, M.A., Livotto, P.R. and Santos, J.H.Z.D. (2015).
Photocatalytic degradation of drugs by supported titania-based catalysts
produced from petrochemical plant residue. Powder Technology, 279: 166-
172.

Simsek, E.B. (2017). Solvothermal synthesized boron doped TiO, catalysts:
Photocatalytic degradation of endocrine disrupting compounds and
pharmaceuticals under visible light irradiation. Applied Catalysis B:
Environmental, 200: 309-322.

Sing, K.S.W., Everett, D.H., Haul, R.AW., Moscou, L., Pierotti, R.A., Rouquerol, J.
and Siemieniewska, T. (1985). Reporting physisorption data for gas/solid
systems with special reference to the determination of surface area and
porosity. Pure and Applied Chemistry, 57(4): 603-619.



96

Singh, R., Bapat, R., Qin, L., Feng, H. and Polshettiwar, V. (2016). Atomic Layer
Deposited (ALD) TiO2 on Fibrous Nano-Silica (KCC-1) for Photocatalysis:
Nanoparticle Formation and Size Quantization Effect. Catalysis, 6: 2770-2784.

Sires, I. and Brillas, E. (2012). Remediation of water pollution caused by
pharmaceutical residues based on electrochemical separation and degradation
technologies: A review. Environmental International, 40: 212-229.

Surenjan, A., Sambandam, B., Pradeep, T. and Philip, L. (2017). Synthesis,
characterization and performance of visible light active C-TiO, for
pharmaceutical photodegradation. Journal of Environmental Chemical
Engineering, 5(1): 757-767.

Teixeira, S., Mora, H., Blasse, LM., Martins P.M., Carabineiro, S.A.C., Lanceros-
Mendez, S., Kuhn, K. and Cuniberti, G. (2017). Photocatalytic degradation of
recalcitrant micropollutants by reusable Fe304/SiO2/TiO; particles. Journal of
Photochemistry and Photobiology, B, 345: 27-35.

Thockchom, B., Qiu, P., Cui, M., Park, B., Pandit, A. B. and Khim, J. (2017). Magnetic
Pd@Fe3Os composite nanostructure as recoverable catalyst for
sonoelectrohybrid degradation of Ibuprofen. Ultrasonics Sonochemistry, 34:
262-272.

Tian, H., Fan, Y., Zhao, Y. and Liu, L. (2014). Elimination of ibuprofen and its relative
photoinduced toxicity by mesoporous BiOBr under simulated solar light
irradiation. RSC advance, 4: 13061.

Tiwari, B., Sellamuthu, B., Ouarda, Y., Drogui, P., Tyagi, R.D. and Buelna, G. (2017).
Review on fate and mechanism of removal of pharmaceutical pollutants from
wastewater using biological approach. Bioresource Technology, 224: 1-12.

Tobajas, M., Belver, C. and Rodriquez, J.J. (2017). Degradation of emerging pollutants
in water under solar irradiation using novel TiO2-ZnO/clay nanoarchitectures.
Chemical Engineering Journal, 309: 596-606.

Tran, H.T.T., Kosslick, H., Ibad, F.M., Fischer, C., Bentrup, U., Vuong, T.H. and
Nguyen, L.Q. (2017). Photocatalytic Performance of Highly Active Brookite
in the Degradation of Hazardous Organic Compounds Compared to Anatase
and Rutile. Applied Catalysis B: Environmental, 200: 647-658.

Trautwein, C. and Kimmerer, K. (2011). Incomplete aerobic degradation of the
antidiabetic drug Metformin and identification of the bacterial dead-end

transformation product Guanylurea. Chemosphere, 85(5): 765-773.



97

Tsai, M.C., Lee, J.Y., Chang, Y.C., Yang, M.H., Chen, T.T., Chang, I.C., Lee, P.C,,
Chiu, H.T., Lee, R.K. and Lee, C.Y. (2014). Scattering resonance enhanced
dye absorption of dye sensitized solar cells at optimized hollow structure size.
Journal of Power Sources, 268: 1-6.

Upare, P.P., Jeong, M.G., Hwang, Y.K., Kim, D.H., Kim, Y.D., Hwang, D.W., Lee,
U.H. and Chang, J.S. (2015). Nickel-promoted copper-silica nanocomposite
catalysts for hydrogenation of levulinic acid to lactones using formic acid as a
hydrogen feeder. Applied Catalysis A General, 491: 127-135.

Verlicchi, P., Aukidy, M,A. and Zambello, E. (2012). Occurrence of pharmaceutical
compounds in urban wastewater: Removal, mass load and environmental risk
after a secondary treatment—A review. Science of The Total Environment,
429: 123-155.

Verma, A.K. Dash, R.R. and Bhunia, P. (2012). A review on chemical
coagulation/flocculation technologies for removal of colour from textile
wastewaters. Journal of Environmental Management, 93(1): 154-168.

Wang, J., Lu, C.H. and Xiong, J.R. (2014). Self-cleaning and depollution of fiber
reinforced cement materials modified by neutral TiO2/SiO hydrosol
photoactive coatings. Applied Surface Science, 298(2): 19-25.

Wang, Y., Li, B., Zhang, L., Li, P.,, Wang, L. and Zhang, J. (2012). Multifunctional
Magnetic Mesoporous Silica Nanocomposites with Improved Sensing
Performance and Effective Removal Ability toward Hg(l1). Langmuir, 28(2):
1657-1662.

Wang, Y., Shen, C., Li, L., Li, H. and Zhang, M. (2016). Electrocatalytic degradationof
ibuprofen in aqueous solution by a cobalt-doped modified lead dioxide
electrode: influencing factors and energy demand. RSC advance, 6: 30598.

Wu, C.M., Peng, R., M. Dimitrijevic, N., Rajh, T. and Koodali, R. (2014). Preparation
of TiO2-SiO- aperiodic mesoporous materials with controllable formation of
tetrahedrally coordinated Ti*" ions and their performance for photocatalytic
hydrogen production. International Journal of Hydrogen Energy, 39: 127-136.

Xiang, Y., Fang, J. and Shang, C. (2016). Kinetics and pathways of ibuprofen
degradation by the UV/chlorine advanced oxidation process. Water Research,
90: 301-308.



98

Xu, B., Gao, N.Y., Cheng, H., Xia, S.J., Rui, M. and Zhao, D.D. (2009). Oxidative
degradation of dimethyl phthalate (DMP) by UV/H,O, process. Journal of
Hazardous Materials, 162(2): 954-959.

Yacob, H., Ling, Y.E., Hee-Young, K., Oh, J.E., Noor, Z.Z., Din, M.F., Taib, S.M.
and Hun, L.T. (2017). Identification of Pharmaceutical Residues in Treated
Sewage Effluents in Johor, Malaysia. Malaysian Journal of Civil Engineering,
29(2): 165-173.

Yang, J., Zhang, J., Zhu, L., Chen, S., Zhang, Y., Tang, Y., Zhu, Y. and Li, Y. (2006).
Synthesis of nano titania particles embedded in mesoporous SBA-15:
Characterization and photocatalytic activity. Journal of Hazardous Material,
137: 952-958.

Yin, S. and Sato, T. (2000). Synthesis and photocatalytic properties of fibrous titania
prepared from protonic layered tetratitanate precursor in supercritical alcohols.
Industrial & engineering chemistry research, 39(12): 4526-4530.

Yin, S., Fujishiro, Y., Wu, J., Aki, M. and Sato, T. (2003). Synthesis and photocatalytic
properties of fibrous titania by solvothermal reactions. Journal of Materials
Processing Technology, 137(1): 45-48.

Yuan, H., Besselink, R., Liao, Z.E. and Ten E, J. (2014). The swelling transition of
lepidocrocite-type  protonated layered titanates into anatase under
hydrothermal treatment. Scientific report, 4: 4584.

Yuan, C., Hung, C.H., Li, HW. and Chang, W.H. (2016). Photodegradation of
ibuprofen by TiO2 co-doping with urea and functionalized CNT irradiated with
visible light — Effect of doping content and pH. Chemosphere, 155: 471-478.

Zarrabi, M., Entezari, M.H. and Goharshadi, E.K. (2015). Photocatalytic oxidative
desulfurization of dibenzothiophene by C/TiO 2@ MCM-41 nanoparticles
under visible light and mild conditions. RSC Advances, 5(44): 34652-34662.

Zhang, G., Song, A., Duan, Y. and Zheng, S. (2018). Enanced photocatalytic activity
of TiOz/zeolite composite for abatement of pollutants. Microporous
Mesoporous Material, 225: 61-68.

Zhang, H., Wu, X., Wang, Y., Chen, X,, Li, Z,, Yu, T., Ye, J. and Zou, Z. (2007).
Preparation of Fe»Os/SrTiOz composite powders and their photocatalytic
properties. Journal of Physics and Chemistry of Solids, 68(2): 280-283.



99

Zhang, J., Zhou, P., Liu, J. and Yu, J. (2014). New Understanding of the Difference of
Photocatalytic Activity among Anatase, Rutile and Brookite TiO,. Physical
Chemistry Chemical Physics, 16(38): 20382-20386.

Zhao, C., Liu, L., Zhang, J. and Li, Y. (2012). Photocatalytic conversion of CO, and
H,O to fuels by nanostructured Ce-TiO2/SBA-15 composites. Catalysis
Science Technology, 2(12): 2558-2568.

Zhou, K., Xie, X.D. and Chang, C.T. (2017). Photocatalytic degradation of tetracycline
by Ti-MCM-41 prepared at room temperature and biotoxicity of degradation
products. Applied Surface Science, 416: 248-258.

Zhu, J., Xie, J., Chen, M., Jiang, D. and Wu, D. (2010). Low temperature synthesis of
anatase rare earth doped titania-silica photocatalyst and its photocatalytic
activity under solar-light. Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 335(1-3): 178-182.

Ziylan, A. and Ince, N.H. (2011). The occurrence and fate of anti-inflammatory and
analgesic pharmaceuticals in sewage and fresh water: treatability by
conventional and non-conventional processes. Journal of Hazardous Material,
187: 24-37.

Zupac, M., Kosjek, T., Petkovsék, M., Dular, M., Kompare, B., Sirok, B., Blazekam,
Z., Heath, E. (2013). Removal of pharmaceuticals from wastewater by
biological processes, hydrodynamic cavitation and UV treatment. ultrasonic
Sonochemistry, 20: 1104-1112.





