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a b s t r a c t

The high concentrations of pharmaceuticals and personal care products (PPCP) that found in water in
many locations are of concern. Among the available water treatment methods, heterogeneous photo-
catalysis using TiO2 is an emerging and viable technology to overcome the occurrence of PPCP in natural
and waste water. The combination of carbonaceous materials (e.g., activated carbon, carbon nanotubes
and graphene nanosheets) with TiO2, a recent development, gives significantly improved performance. In
this article, we present a critical review of the development and fabrication of carbonaceous-TiO2 and its
application to PPCP removal including its influence on water chemistry, and the relevant operational
parameters. Finally, we present an analysis of current priorities in the ongoing research and development
of carbonaceous-TiO2 for the photodegradation of PPCP.

© 2018 Elsevier Ltd. All rights reserved.
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Abbreviations

PPCP pharmaceuticals and personal care products
NSAIDs nonsteroidal anti-inflammatory drugs
AOPs advanced oxidation processes
OH hydroxyl radical
O2
¡ superoxide anion radical

HO2 hydroperoxyl radical
1O2 Singlet molecular oxygen
H2O2 hydrogen peroxide
e-aq solvated electron
3NOM� triplet excited state of NOM
hþ

TR trapped conduction band hole
e-TR surface trapped valence band electron

SMP soluble microbial products
SWCNT single walled carbon nanotubes
MWCNT multi walled carbon nanotube
CVD chemical vapor deposition
EPD Electrophoretic vapor deposition
PVD physical vapor deposition
PZC point of zero charge
pHPZC pH of the PZC
AC activated carbon
CNT carbon nanotubes
GO graphene oxide
rGO reduced graphene oxide
NOM natural organic matter
EfOM effluent organic matter
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1. Introduction

Pharmaceuticals and personal care products (PPCP) are man-
made persistent substances that are intended for human and/or
animal healthcare and medical purposes (Jiang et al., 2013; Omar
et al., 2016; Yang et al., 2017a). PPCP can be further classified as
antibiotics, anticonvulsants, contrast agents, hormones, nonsteroidal
anti-inflammatory drugs (NSAIDs), b-blockers, lipid regulators,
painkillers, preservatives, disinfectants, insect repellants, fungicides,
soaps and detergents, fragrances, and sunscreen UV filters (Yang
et al., 2017a). PPCP are transported to the aqueous environment
through domestic wastewater, industrial wastewater, runoff and
landfill leachate (Cardoso et al., 2014; Chen et al., 2016; Kapelewska
et al., 2016; Lu et al., 2015) (Fig. 1). Of these, treatment plants for
sewage and industrial wastewater were found to be the largest
Fig. 1. Sources and pathways of pharmaceuticals and personal care products in the
environment.
sources of PPCP (Jiang et al., 2013; Lester et al., 2013). Previous
studies found that concentrations of diclofenac as low as 5 mg L�1 can
accumulate inside the bodies of rainbow trout (Schwaiger et al.,
2004) and a mixture of acetaminophen, carbamazepine, gemfibro-
zil, and venlafaxine at concentration 0.5 and 10 mg L�1 can cause
significant effects to zebrafish including tissue degeneration, a
decline in embryo production, and increased in embryo mortalities
(Galus et al., 2013). It is therefore extremely troublesome that PPCP
can be found in surface and groundwaters at concentrations ranging
up to 10,000 mg L�1 and 100 mg L�1 for pharmaceuticals and personal
care products respectively (Yang et al., 2017a).

Numerous techniques for removing PPCP from water have been
reported including activated sludge (Jewell et al., 2016), fungi (Li et al.,
2016), microalgae (Bai and Acharya, 2016; Matamoros et al., 2016),
wetlands (Rühmland et al., 2015; Zhang et al., 2013a, 2013b, 2016),
adsorption (Ali et al., 2016; Baghdadi et al., 2016; Lerman et al., 2013;
Mailler et al., 2016; Nielsen and Bandosz, 2016; Wei et al., 2013), and
membranes (Jin et al., 2012; Sheng et al., 2016; Wang et al., 2016).
Conventional wastewater treatment plants use biological processes
(e.g., activated sludge and wetlands) with removal efficiencies for
PPCP, in the range of 50e90% (Ib�a~nez et al., 2013; Zhang et al., 2013b).
While PPCP removal becomes relatively high in some cases, many of
the PPCP are antimicrobial agents and designed to be persistent
(McClellan and Halden, 2010). Thus, PPCP can be and are detected in
the effluent of conventional wastewater treatment plants in many
countries around the world (Yang et al., 2017b). There is therefore a
need for improved physical treatment methods (e.g., adsorption-
based systems and membranes) for PPCP removal. Adsorption and
membrane filtration have shown high removal efficiencies, over 90%
(Ali et al., 2016; Baghdadi et al., 2016; Jin et al., 2012; Sheng et al.,
2016). However, adsorption-based systems and membranes only
trap PPCP, they do not destroy them. Moreover, the spent adsorbents
and rejected water from the membrane processes are classified as
secondary contaminants (Ateia et al., 2018; Xu et al., 2017).

Several reviews have examined photocatalyst performance, and
the limitations and advanced modification of TiO2 (Chong et al.,
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2010; Dong et al., 2015; Leary and Westwood, 2011; Melchionna
et al., 2016; Woan et al., 2009). Daghrir et al. (2013) reviewed
some modified forms of TiO2 including anion and cation doping,
and coupling with narrow band gap semiconductors (MXOY/TiO2 or
MSSY/TiO2). In addition, Khalid et al. (2017) reviewed the modifi-
cation of TiO2 with carbonaceous nanomaterials as an alternative
and innovative approach for the enhancement of photocatalytic
activity. All of these reviews suggest that, intentionally modified
TiO2 have better photocatalytic activity than pristine TiO2. One
modified form in particular, carbonaceous-TiO2; has attracted a lot
of attention for environmental applications. However, in the case of
PPCP photodegradation, most reviews have focused on the use of
TiO2. Tong et al. (2012) reviewed the parameters governing TiO2
photocatalysis for the removal of pharmaceuticals and the eco-
toxicity of photoproducts. In the recent years, Mahmoud et al.
(2017) also reviewed TiO2 photocatalysis for removing pharma-
ceuticals, and the possible formation of photodegradation by-
products. Kanakaraju et al. (2014) presented an overview of TiO2
photocatalysis for treatment of pharmaceuticals in wastewater. Lee
et al. (2017) reviewed the occurrence of pharmaceuticals in the
aquatic environment, and the application of TiO2 photocatalysis.
Sarkar et al. (2014) presented an in-depth review of the application
and process parameters that affect TiO2 photocatalysis for the
removal of pharmaceuticals. In Fig. 2, we illustrate the compilation
of all studies in the literature and the current trends for PPCP
photocatalysis by carbonaceous-TiO2. PPCP even with the same
molecular weight and under the same light conditions showed
variations of half-life, which can be caused by the differences in the
chemical backbone (Rom~ao et al., 2017) as well as in operating
Fig. 2. Meteor rain chart of the literature review on the photocatalysis data of PPCP by
carbonaceous-TiO2 under (a) UV irradiation and (b) visible light irradiation. Half-life
(t1/2)¼ ln 2/kapp (kapp is pseudo-first order kinetic rate of photocatalysis). The size of
each circle represents the number of studies in the literature.
conditions. To the best of our knowledge, there is currently no re-
view considering the use of carbonacoues-TiO2 composites for
removing PPCP from contaminated water. Thus, a comprehensive
understanding of the use of carbonaceous-TiO2 for the remediation
of PPCPwould help optimize the development and implementation
of this composite. In this paper, we present a critical review of
recent developments and applications of carbonaceous-TiO2 com-
posite photocatalysts for removing PPCP from water, and the key
water chemistry and operational parameters.

2. Pharmaceuticals and personal care products

Pharmaceuticals and personal care products (PPCP) are a class of
compounds that mainly consists of polar molecules with molecular
weights ranging from 150 to 1000 Daltons (DA) and a wide variety
of physicochemical properties (Barcel�o and Petrovic, 2007; Kim and
Tanaka, 2009; Rahman et al., 2009; Su�arez et al., 2008). In the last
decade, the global annual consumption of PPCP has increased and
top countries consumers include Brazil, Russia, India, China, and
South Africa (Tijani et al., 2016). To date, more than 3000 PPCP have
been produced and the constant development of new chemical
compounds has led to an increasing abundance and variety of PPCP
in the environment (Chen et al., 2016; Of et al., 2009). Previous
investigations showed that sewage treatment plants are the main
source of PPCP into aquatic environments (Brunsch et al., 2018).
Accordingly, PPCP can be found in lakes (Bonvin et al., 2011;
Ferguson et al., 2013; Subedi et al., 2014; Zhang et al., 2018; Zhu
et al., 2013), rivers (Carmona et al., 2014; Dai et al., 2015;
Hanamoto et al., 2018; Hughes et al., 2013), ground water (Del
Rosario et al., 2014; Gottschall et al., 2012; Peng et al., 2014; Sui
et al., 2015; Yang et al., 2017b), marine and coastal areas (Ali
et al., 2018; Arpin-Pont et al., 2016; Benotti and Brownawell,
2009; Dsikowitzky et al., 2015; Pereira et al., 2016), and in drink-
ing water (Aristizabal-Ciro et al., 2017; Batt et al., 2017; Benotti
et al., 2009; T. Lin et al., 2016a). Currently, the main methods for
removing PPCP in conventional wastewater treatment plants are
biotransformation/biodegradation and/or adsorption on conven-
tional adsorbents (e.g., activated carbon) (Alvarino et al., 2018).
However, conventional wastewater treatment plants are inefficient
at removing PPCP due to their low biodegradability (Coelho et al.,
2009; Lagesson et al., 2016; Mirzaei et al., 2016). The continuous
input of PPCP into the environment is a serious concern. For
instance, wastewater containing a mix of pharmaceuticals caused
significant reproductive and other health impacts for fish (Al-Salhi
et al., 2012). Moreover, PPCP (e.g., acetaminophen, caffeine, 1,7-
Dimethylxanthine, dehydronifedine, tetracycline, oxytetracycline,
sulfonamides, macrolides, and ormetoprim) have been detected in
fruits, vegetables, fish, meat and milk due to uptake from an
environment contaminated by PPCP (Baron et al., 2014; Done and
Halden, 2015; Pan et al., 2014). Alternative solutions, such as
advanced treatment processes, should be implemented to diminish
the release of PPCP into environment. Heterogeneous photo-
catalysis is considered as a sustainable technique.

3. Heterogeneous photocatalysis

Heterogeneous photocatalysis is an oxidation process occurring
on semiconductor solid catalysts illuminated at suitable wave-
lengths (Ahmad et al., 2016; Sudha and Sivakumar, 2015; Venkata
Laxma Reddy et al., 2011). Among frequently used semiconductor
materials, TiO2 shows the greatest potential among developing
green chemistry technologies. There are three different poly-
morphs of TiO2 crystals, namely anatase, rutile and brookite
(Friedmann et al., 2010). When Zhang et al. (2014a) compared the
photocatalytic activity of the three polymorphs, anatase TiO2 was



Fig. 3. The key components of photocatalytic oxidation and reduction mechanism.
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found to exhibited the highest photocatalytic activity, the longest
lifetime of the photoexcited electron, and the fastest migration of
photogenerated electrons. Therefore, anatase is the preferred
polymorph of TiO2 in photocatalysis. Basically, light with a certain
energy (l< 380 nm), an energy that is greater than the band gap
(i.e., the energy difference between the valence band and the
conduction band in semiconductors) of TiO2 (3.2 eV), excites the
electron from the valence band to the conduction band and creates
an electron-hole pair (e� and hþ). Electrons and holes on the sur-
face of a semiconductor participate in redox reactions that produce
reactive species such as hydroxyl radicals (�OH) and superoxide
anion radicals (�O2

�). The key reactions in the photocatalytic
oxidation and reduction mechanism are summarized in Fig. 3.

Photoexcitation: TiO2 þ hv/ e� þ hþ (1)

Charge-carrier trapping of e�: e�CB/ e�TR (2)

Charge-carrier trapping of hþ: hþVB/ hþTR (3)

Electron-hole recombination: e�TR þ hþVB (hþTR)/ e�CB þ heat(4)

Photoexcited e� scavenging: (O2)ads þ e�/ �O2
� (5)

Oxidation of hydroxyls: H2O þ hþ/ �OH þ Hþ (6)

Photodegradation by �OH:
Contaminants þ �OH / intermediate(s) þ H2O (7)

Direct photoholes: Contaminants þ hþ/ Intermediate(s)/final
degradation products (8)

Protonation of superoxide: �O2
� þ Hþ/ �HO2 (9)

Co-scavenging of e�: �HO2 þ e�/HO2
� (10)

Formation of H2O2: HO2
� þ Hþ/H2O2 (11)

The surface trapped valence band electron (e�TR) and conduc-
tion band hole (hþTR) are formed by the processes shown in Eqs. (2)
and Eq. (3), respectively. These trapped carriers on the TiO2 surface
do not recombine immediately after photoexcitation (Chong et al.,
2010). In parallel, in the absence of an electron scavenger, the
photoexcited electron recombines with the valence band hole in
nanoseconds (Eq. (4)) (Schneider et al., 2014). Therefore, the pres-
ence of electron scavengers is very important in photocatalysis to
retard recombination. The presence of oxygen prevents the
recombination of the electron-hole pair (electron scavenger), and
allows the formation of superoxide (�O2

�) (Eq. (5)). Superoxide
radicals can be protonated to form hydroperoxyl radicals (�HO2)
that can react further to form H2O2 (Eqs. (9)e(11)). It should be
noted that all of these reactions to produce reactive �OH occurred
due to the presence of both dissolved oxygen and water.
The overall process of heterogeneous photocatalysis can be

decomposed into five steps (Herrmann, 1999). First, PPCP move
from the fluid phase to the interface region of the catalyst by
diffusion. Second, PPCP are adsorbed onto the surface of the pho-
tocatalyst. Third, a chemical reaction occurs with oxidizing and/or
reducing species in the vicinity of the surface. Fourth, by-products
desorb. Finally, products are removed from the interface region into
the bulk fluid. Previous studies showed that the photocatalytic
degradation of PPCP using TiO2 could reach up to 99% within one to
three hours (Czech and Buda, 2016; Lin et al., 2016a; Murgolo et al.,
2015). However, the use of bare TiO2 has critical limitations such as
lower activity under solar irradiation than UV light (l> 400 nm),
low adsorption capability and the difficulty of recovering it from
the treated water (Dong et al., 2015). Various techniques (e.g.,
cation-doped, anion-doped, coupled semiconductor) have been
tested in the development of TiO2-based systems (Daghrir et al.,
2013). Despite significant efforts, carbonaceous materials offer
unique advantages (e.g., chemical inertness, stability, electrical
properties, and tunable structure) that have not been adequately
tested. Combining TiO2with carbonaceousmaterials has attracted a
lot of attention as a strategy for enhancing the performance of TiO2
photocatalysts, as described in the following section.

4. Carbonaceous-TiO2 photocatalysis

Activated carbon (AC), carbon nanotubes (CNTs) and graphene
are the main carbonaceous materials that have been tested for use
in water and wastewater treatment (Santhosh et al., 2016). These
materials have large specific surface areas, and high charge carrier
mobility (Leary and Westwood, 2011). Table 1 shows a summary of
29 studies on PPCP removal using three different carbonaceous-
TiO2 composites published over the past seven years. Overall, the
composites of carbonaceous materials with TiO2 have higher pho-
tocatalytic activity, adsorption capacity, electron scavenging and
sensitization ability, and extended visible light absorption relative
to bare TiO2 (Khalid et al., 2017). Table 1 summarizes studies of the
ability of photocatalytic carbonaceous-TiO2 to degrade personal
care products. Such studies are very limited compared for example
to pharmaceuticals. Further, studies of using photocatalytic carbo-
naceous-TiO2 for PPCP photodegradation in complex water
matrices are limited. Overall, CNT-TiO2 and graphene-TiO2 showed
better response to visible light irradiation than AC-TiO2 due to
better heterojunction interaction. However, synthesis methods
affected the characteristics of carbonaceous-TiO2 as well as their
photocatalytic activity. Table 2 presents a comparison among the
common synthesis methods of carbonaceous-TiO2 composites.

The degradation of PPCP is enhanced when using composites of
carbonaceous materials with TiO2 because of four main mecha-
nisms. First, the affinity and the mobility of PPCP on carbonaceous
materials and the high specific surface areas of carbonaceous ma-
terials help to harvest the PPCP and concentrate them close to the
TiO2 active site for enhanced photodegradation (Kuvarega and
Mamba, 2016; Li Puma et al., 2008). Carbonaceous material is
well known as an effective adsorbent due to hydrophobic interac-
tion, p-p interactions, hydrogen-bonding interactions, and elec-
trostatic and dispersion interactions (Ateia et al., 2017a). Second,
carbonaceous materials acts as electron scavengers due to their
large electron storage capacity; this property which hinders elec-
tron recombination is known as the Hoffmann mechanism (Woan
et al., 2009). Simply, when a photon with sufficient energy excites
an electron from the valence band to the conduction band of TiO2, a
hole is created in the valence band (hþ). Instead of returning to the
valence band, in carbonaceous materials the excited electrons are
transferred into the graphitic p electron band, retarding



Table 1
The photocatalysis of PPCP using carbonaceous-TiO2 composites.

Compounds Categories Catalysts (g L�1) Initial
concentrations
(mg L�1)

Light
wavelengths
(nm)

Water matrices Irradiation
Time (min)

Removal
(%)

Kinetics Light
intensity (W
m�2)

pH Ref.

Activated carbon -TiO2 (AC - TiO2)
Amoxicillin Pharmaceuticals AC-TiO2

(1.0e2.5)
150 366 Ultrapure water 240 75e90 Langmuir-Hinshelwood NA 3e9 (Basha et al., 2011)

Amoxicillin Pharmaceuticals AC-TiO2

(0.4e1.6)
50 Sunlight Ultrapure water 180 60e100 Langmuir-Hinshelwood NA 3

e10
(Gar Alalm et al.,
2016)

Ampicillin Pharmaceuticals AC-TiO2

(0.4e1.6)
50 Sunlight Ultrapure water 180 50e100 Langmuir-Hinshelwood NA 3

e10
(Gar Alalm et al.,
2016)

Paracetamol Pharmaceuticals AC-TiO2

(0.4e1.6)
50 Sunlight Ultrapure water 180 40e70 Langmuir-Hinshelwood NA 3

e10
(Gar Alalm et al.,
2016)

Diclofenac Pharmaceuticals AC-TiO2

(0.4e1.6)
50 Sunlight Ultrapure water 180 40e85 Langmuir-Hinshelwood NA 3

e10
(Gar Alalm et al.,
2016)

Metoprolol Pharmaceuticals Magnetic AC-TiO2

(0.25e0.375)
10 >300 Ultrapure water 120 50 aPseudo-first order 550 NA (Rey et al., 2012)

Metoprolol Pharmaceuticals Magnetic AC-TiO2

(0.28)
50 300-800, 320

e800, 390-800
Ultrapure water 300 20e60 Pseudo-first order 550 NA (Qui~nones et al.,

2014)
Carbamazepine Pharmaceuticals AC-TiO2

(120)
10 254 Ultrapure water 60 80e98 NA 105 7 (Khraisheh et al.,

2013)
Ibuprofen Pharmaceuticals AC-TiO2 co-doping N

(0.5)
20 254 & 420 Ultrapure water 120 11e100 Langmuir-Hinshelwood NA NA (El-Sheikh et al.,

2017)
Indomethacin Pharmaceuticals AC-TiO2

(1.2)
35.8e537 366 Ultrapure water 240 60e80 First-order, second-order, and

Langmuir-Hinshelwood
NA NA (Basha et al., 2010)

Famotidine Pharmaceuticals AC-TiO2

(1.5)
1000 366 Ultrapure water 180 60e80 Langmuir-Hinshelwood NA NA (Keane et al.,

2011)
Estrogen Pharmaceuticals AC-TiO2

(0.25)
1 320e400 Ultrapure water 10 >90 Pseudo-first order NA 6 (Rosa et al., 2017)

Salicylic acid Personal care
products

Magnetic AC- TiO2 co-
doping F-N
(0.1)

30 >420 nm Ultrapure water 180 60e80 Pseudo-first order NA 4.95 (Ma et al., 2017)

Carbon nanotubes - TiO2 (CNT-TiO2)
BP-1 Personal care

products
CNT-TiO2 (0.1) 0.2e0.5 254 and 320-

700
Ultrapure water
and wastewater

200 NA Langmuir-Hinshelwood 1000 NA (Murgolo et al.,
2015)

BP-2 Personal care
products

CNT-TiO2 (0.1) 0.2e0.5 254 and 320-
700

Ultrapure water
and wastewater

200 NA Langmuir-Hinshelwood 1000 NA (Murgolo et al.,
2015)

BP-4 Personal care
products

CNT-TiO2 (0.1) 0.2e0.5 254 and 320-
700

Ultrapure water
and wastewater

200 NA Langmuir-Hinshelwood 1000 NA (Murgolo et al.,
2015)

Warfarin Pharmaceuticals CNTs-TiO2 (0.1) 0.2e0.5 254 and 320-
700

Ultrapure water
and wastewater

200 NA Langmuir-Hinshelwood 1000 NA (Murgolo et al.,
2015)

Diclofenac Pharmaceuticals CNT-TiO2 (0.1) 0.2e0.5 254 and 320-
700

Ultrapure water
and wastewater

200 NA Langmuir-Hinshelwood 1000 NA (Murgolo et al.,
2015)

Mefenamic acid Pharmaceuticals CNT-TiO2 (0.1) 0.2e0.5 254 and 320-
700

Ultrapure water
and wastewater

200 NA Langmuir-Hinshelwood 1000 NA (Murgolo et al.,
2015)

Triclosan Personal care
products

CNT-TiO2 (0.1) 0.2e0.5 254 and 320-
700

Ultrapure water
and wastewater

200 NA Langmuir-Hinshelwood 1000 NA (Murgolo et al.,
2015)

Metoprolol Pharmaceuticals CNT-TiO2 (0.1) 0.2e0.5 254 and 320-
700

Ultrapure water
and wastewater

200 NA Langmuir-Hinshelwood 1000 NA (Murgolo et al.,
2015)

Estradiol Pharmaceuticals CNT-TiO2 (0.1) 0.2e0.5 254 and 320-
700

Ultrapure water
and wastewater

200 NA Langmuir-Hinshelwood 1000 NA (Murgolo et al.,
2015)

Estriol Pharmaceuticals CNT-TiO2 (0.1) 0.2e0.5 254 and 320-
700

Ultrapure water
and wastewater

200 NA Langmuir-Hinshelwood 1000 NA (Murgolo et al.,
2015)

Acetaminophen Pharmaceuticals CNT-TiO2 (0.1) 0.2e0.5 254 and 320-
700

Ultrapure water
and wastewater

200 NA Langmuir-Hinshelwood 1000 NA (Murgolo et al.,
2015)

Carbamazepine Pharmaceuticals CNT-TiO2 (0.1) 0.2e0.5 254 and 320-
700

Ultrapure water
and wastewater

200 NA Langmuir-Hinshelwood 1000 NA (Murgolo et al.,
2015)

Gemfibrozil Pharmaceuticals CNT-TiO2 (0.1) 0.2e0.5 254 and 320-
700

Ultrapure water
and wastewater

200 NA Langmuir-Hinshelwood 1000 NA (Murgolo et al.,
2015)
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Iopamidol Pharmaceuticals CNT-TiO2 (0.1) 0.2e0.5 254 and 320-
700

Ultrapure water
and wastewater

200 NA Langmuir-Hinshelwood 1000 NA (Murgolo et al.,
2015)

Naproxen Pharmaceuticals CNT-TiO2 (0.1) 0.2e0.5 254 and 320-
700

Ultrapure water
and wastewater

200 NA Langmuir-Hinshelwood 1000 NA (Murgolo et al.,
2015)

Iopromide Pharmaceuticals CNT-TiO2 (0.1) 0.2e0.5 254 and 320-
700

Ultrapure water
and wastewater

200 NA Langmuir-Hinshelwood 1000 NA (Murgolo et al.,
2015)

Trimethoprim Pharmaceuticals CNT-TiO2 (0.1) 0.2e0.5 254 and 320-
700

Ultrapure water
and wastewater

200 NA Langmuir-Hinshelwood 1000 NA (Murgolo et al.,
2015)

Diatrizoate Pharmaceuticals CNT-TiO2 (0.1) 0.2e0.5 254 and 320-
700

Ultrapure water
and wastewater

200 NA Langmuir-Hinshelwood 1000 NA (Murgolo et al.,
2015)

Sulfamethoxazole Pharmaceuticals CNT-TiO2 (0.1) 0.2e0.5 254 and 320-
700

Ultrapure water
and wastewater

200 NA Langmuir-Hinshelwood 1000 NA (Murgolo et al.,
2015)

Ibuprofen Pharmaceuticals CNT-TiO2 co-doping
Urea (0.4)

5 410 nm Ultrapure water 120 50e90 Pseudo-first order 183 2
e11

(Yuan et al., 2016)

Diclofenac Pharmaceuticals CNT-TiO2 (0.1e2) 8 254 and 366 Ultrapure water 60 >90 Pseudo-first order NA 6 (Martínez et al.,
2011a)

Tetracycline Pharmaceuticals CNT-TiO2 (0.1e0.4) 0.5e30 240 Ultrapure water
and wastewater

120 20e100 Pseudo-first order NA 3
e11

(Ahmadi et al.,
2016)

Carbamazepine Pharmaceuticals CNT-TiO2 (0.1e2) 8 254 and 366 Ultrapure water 60 >95 Pseudo-first order NA 6 (Martínez et al.,
2011b)

Caffeine Pharmaceuticals CNT-TiO2 (1) 50 >350 Ultrapure water 180 100 Pseudo-first order 500 NA (Marques et al.,
2013)

Caffeine Pharmaceuticals CNT-TiO2 (0.05) 50 >350 Ultrapure water 120 100 Pseudo-first order 430 NA (Miranda et al.,
2014)

Bisphenol-A Pharmaceuticals CNT-TiO2-SiO2 (0.5) 10 366 Ultrapure water 60 >50 Pseudo-first order 10 NA (Czech and Buda,
2015)

Carbamazepine Pharmaceuticals CNT-TiO2-SiO2 (0.5) 10 366 Ultrapure water 60 >50 Pseudo-first order 10 NA (Czech and Buda,
2015)

Diclofenac Pharmaceuticals CNT-TiO2-SiO2 (0.5) 10 365 and 500-
550

Ultrapure water 60 >99 Pseudo-first order NA 6 (Czech and Buda,
2016)

4-chlorophenol Pharmaceuticals Immobilized CNT-TiO2

layer
15 365 Ultrapure water 300 70 First order 10 9 (Zouzelka et al.,

2016)
Aniline Pharmaceuticals CNT-TiO2 (0.125) 93 366, 436, 546 Ultrapure water 15 >95 Langmuir-Hinshelwood 430 5.6 (Orge et al., 2016)
Graphene-TiO2

Sulfamethoxazole Pharmaceuticals Immobilized rGO-TiO2

on optical fiber
5 254, 365, and

>400
Ultrapure water 180 50e92 Langmuir-Hinshelwood NA 6 (Lin et al., 2016a)

Ibuprofen Pharmaceuticals Immobilized rGO-TiO2

on optical fiber
5 254, 365, and

>400
Ultrapure water 180 20e81 Langmuir-Hinshelwood NA 6 (Lin et al., 2016a)

Carbamazepine Pharmaceuticals Immobilized rGO-TiO2

on optical fiber
5 254, 365, and

>400
Ultrapure water 180 10e54 Langmuir-Hinshelwood NA 6 (Lin et al., 2016b)

Carbamazepine Pharmaceuticals 3D rGO-TiO2 (0.5) 10 365 Ultrapure water 90 >99 Langmuir-Hinshelwood 13.5 NA (Nawaz et al.,
2017)

Nitrophenol Pharmaceuticals Graphene oxide-TiO2-Pd
nanowires (0.05)

70 Visible light Ultrapure water 90 7e85 Pseudo-first order NA 4
e11

(Lee et al., 2015)

2-4-dichlorophenol Personal care
products

2D interface Graphene
oxide-TiO2 (0.04)

10 365 Ultrapure water 60 >99 Pseudo-first order NA NA (Sun et al., 2013)

Sodium
pentachlorophenol

Personal care
products

Graphene oxide-TiO2

(0.1)
50 249 Ultrapure water 120 >95 Pseudo-first order NA NA (Zhang et al.,

2014b)
4-chlorophenol Pharmaceuticals Graphene oxide-TiO2

nanofibers (0.1)
20 >420 Ultrapure water 240 60e90 Pseudo-first order NA NA (Zhang et al.,

2017a)
Diphenhydramine Pharmaceuticals rGO-TiO2 (1) 100 >350 and> 430 Ultrapure water 60 >95 Pseudo-first order 60 and 500 NA (Pastrana-

Martinez et al.,
2012)

Diphenhydramine Pharmaceuticals Graphene oxide-TiO2 (1) 100 >350 Ultrapure water 60 >95 Pseudo-first order 500 NA (Morales-Torres
et al., 2013)

NA refers to not available.
a Generally, photocatalysis kinetic follows Langmuir-Hinshelwood model which then simplified as pseudo-first order model. However, at very high concentrations of pollutants (>5� 10�3 M), the reaction rate is maximum

and followed the zero order kinetic model (Herrmann, 1999).
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Table 2
Comparison of common carbonaceous-TiO2 composites synthesis techniques.

Synthesis
Techniques

Advantages Disadvantage Ref.

Sol-gel C Homogeneous distribution and strong adhesion (i.e. chemical
bonding) of TiO2 on the surface of carbonaceous materials.

C Control over the stoichiometry of process.
C High purity of nano-sized crystallized powder of TiO2.

◦ High calcination temperature.
o High consumption of various and costly reagents.
o Long synthesis time.

(Azizi, 2017; Gao et al.,
2009; Koli et al., 2017)

Chemical vapor
deposition

C Simultaneous reduction and activation of the catalyst.
C Continuous process which is relatively easy for industrial scale

applications.

o High requirement of temperature and pressure.
o The need for inert gas supply with high purity.
o Production of by-products gas from the process.

(Li Puma et al., 2008;
Ma et al., 2012)

Electrophoretic
deposition

C Quick deposition of TiO2 on the surface of carbonaceous
materials.

C Control over the thickness and morphology of TiO2 on the
surface of carbonaceous materials.

C Can be carried out at room temperature.
C Continuous process which is relatively easy for industrial scale

applications.

o The need of electric field to deposit TiO2 on the surface
of carbonaceous materials.

(Bordbar et al., 2015)

Impregnation C Uniform coating of TiO2 on the surface of carbonaceous
materials.

C Control over the crystal structure and surface morphology of the
composite.

C Continuous process which is relatively easy for industrial scale
applications.

o High calcination temperature.
o Long synthesis time.

(Gar Alalm et al., 2016;
Xu et al., 2010)

Pyrolysis C High purity of nano-sized powder composites.
C Control over the stoichiometry of process in multi-component

system.
C Continuous process which is relatively easy for industrial scale

applications.

o High energy requirement to produce flame in the
combustion chamber.

o High temperature requirement.

(Lara-L�opez et al.,
2017)

Evaporation and
drying (simple
mixing)

C The simplest preparation techniques.
C Low calcination temperature.
C Using water as a solvent.
C Short synthesis time.

o Non-homogeneous distribution of TiO2 on the surface
of carbonaceous materials.

o Physisorption of TiO2 on carbonaceous materials which
might provide insufficient bonding for electron
transfer.

(Yao et al., 2008)

Electrostatic
attraction

C The improvement method of simple mixing technique by
providing sufficient electrostatic attraction between TiO2 and
carbonaceous materials.

C Low calcination temperature.
C Short synthesis time.

o The needs to adjust the pH to provide optimal
condition for electrostatic attraction between TiO2

and carbonaceous materials.
o Using ethanol as a solvent.

(Daneshvar Tarigh
et al., 2015)

Hydrothermal C Possibility to control crystal structure, size and surface
morphology of the composite.

C Using water as a solvent.

o High calcination temperature and pressure.
o Long synthesis time.
o The needs of highly concentrated NaOH (basic

condition) in the synthesis process.

(Liu et al., 2007; Wu
et al., 2015; Yuan
et al., 2016)

Solvothermal C Possibility to control crystal structure, size and surface
morphology of the composite.

C Calcination temperature relatively lower than hydrothermal
process.

o Using ethanol or methanol as a solvent.
o High calcination temperature and pressure.
o Long synthesis time.
o The needs of highly concentrated NaOH (basic

condition) in the synthesis process.

(Zhou et al., 2010)

Microwave
assisted

C Rapid heating than conventional thermal method.
C Stable calcination temperature.

o The needs of energy to provide microwave irradiation. (Orha et al., 2017)

Sonochemical
treatment

C Can work at room temperature and atmosphere pressure.
C No need any post-thermal treatment (no need for calcination).

o The needs of energy and sonicator machine to provide
ultrasound irradiation.

o Long synthesis time.

(Tan et al., 2013)

Dip-coating C Method for generating thin film layer of composite. o High calcination temperature.
o Consumes various and costly reagents.
o Long synthesis time.
o Lower photocatalytic activity of thin film composite

rather than powder composites.

(Omri and Benzina,
2015)

Molecular self-
assembly

C Strong chemical bonding between TiO2 and carbonaceous
materials (chemisorption).

C Possibility to create complex multicomponent system
composites.

o Consumes various and costly reagents.
o Long synthesis time.
o High calcination temperature.

(Sun et al., 2016)

Electrospinning C Method for generating ultrathin fiber composites.
C Possibility to create various form, shape, and size of the fiber

composite.

o The needs of energy to provide electrostatic field.
o High calcination temperature.
o High consumption of various and costly reagents.
o Low productivity

(Peining et al., 2012;
Zhang et al., 2017b)
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recombination because of entropy the electron ‘becomes lost’. The
holes that remain (hþ) on the TiO2 are available to take part in redox
reactions. Third, carbonaceous materials act as sensitizers that
provide electrons toTiO2. These electrons can be excited by photons
of the light energy, thereby resulting in the generation of super-
oxide radicals from adsorbed molecular oxygen. In addition, the
positively charged carbonaceous materials attract electrons from
TiO2 and create a hole (hþ) in the TiO2 valence band, which reacts
with adsorbed water to create hydroxyl radicals. Fourth, the pres-
ence of carbon-oxygen-titanium linkages in the composite system
reduces the band gap and extends the absorption band into the
lower energy visible range (Wang et al., 2005). The carbonaceous-
TiO2 photocatalysis mechanisms are summarized in Fig. 4.



Fig. 4. The mechanism of carbonaceous-TiO2 photocatalysis.

D. Awfa et al. / Water Research 142 (2018) 26e45 33
4.1. Activated carbon-TiO2 composites

Activated carbon (AC) is a porous and amorphous solid carbon
material which can be derived from coal or plants and is the most
common carbonaceous material used for water or wastewater
treatment. AC is typically prepared in two stages: carbonization
(i.e., heating at temperature between 400 and 600 �C to drive off
volatile components) and activation (i.e., increase surface area us-
ing an activating agent such as steam or CO2) (Li Puma et al., 2008).
AC has a rigid porosity on the macro (>50 nm), meso (2e50 nm)
and micro (<2 nm) scale pore range, with a specific surface area
ranging up to 1250m2 g�1 (Leary and Westwood, 2011; Mailler
et al., 2016; Park et al., 2015; Pati~no et al., 2015). Further, AC has
wide range of functional groups on its surface including carboxyl,
carbonyl, phenol, lactone and quinone groups that enhance the
affinity of AC for PPCP (Bhatnagar et al., 2013). For these reasons,
researchers have used AC as a supporting material in photocatalysis
applications using methods such as sol-gel (Rey et al., 2012),
chemical vapor deposition (Li Puma et al., 2008), impregnation (Gar
Alalm et al., 2016), pyrolysis (Lara-L�opez et al., 2017), precipitation
(Otieno et al., 2017), hydrothermal preparation (Liu et al., 2007),
microwave assisted synthesis (Orha et al., 2017), sonochemical
treatment (Tan et al., 2013), dip-coating (Omri and Benzina, 2015),
and molecular self-assembly (Sun et al., 2016).

AC-TiO2 composites have been extensively studied for PPCP
degradation (Basha et al., 2011, 2010; El-Sheikh et al., 2017; Gar
Alalm et al., 2016; Keane et al., 2011; Khraisheh et al., 2013; Ma
et al., 2017; Qui~nones et al., 2014; Rey et al., 2012; Rosa et al.,
2017). They are effective due to their uniform pore structure that
enhances photocatalytic activity, and their high ability to adsorb
and concentrate contaminants (Ma et al., 2017). For instance,
Khraisheh et al. (2013) prepared activated charcoal from coconut
shell material, an inexpensive source of carbon known to also have
superior quality, and prepared a TiO2 composite material. AC-TiO2
had a highest removal efficiency, and the composite removed car-
bamazepine up to 98% (UVC intensity of 10.5mWcm�2 for 40min).
In addition, response surface methodology (RSM) and a central
composite design model (CCD) were used to evaluate the optimum
parameters (e.g., calcination temperature and AC loading amount)
for preparing AC-TiO2 composite. This group of researchers
demonstrated that surface area, pore-size distribution, TiO2 crystal
structure and composite size have significant influences on the
adsorption and photocatalytic activities of AC-TiO2 composites. The
complete removal of pharmaceuticals (e.g., amoxicillin, ampicillin,
paracetamol and diclofenac) can be achieved using AC-TiO2 com-
posites after 180min of sunlight irradiation, while using only TiO2
could not match this performance (Gar Alalm et al., 2016). The
enhanced performance is due to the transfer of sorbates on AC to
photoactive TiO2 through the common interface between them
(Leary andWestwood, 2011). Moreover, in this study, the total costs
of AC-TiO2 was estimated to be around 2.3e3.19V per m3 of treated
water which is similar to the total cost for TiO2. Therefore, using AC-
TiO2 rather than TiO2 is recommended. Another study of AC-TiO2
composites showed higher adsorption and photodegradation of
amoxicillin, a b-lactam antibiotic, than for pure AC or TiO2 (Basha
et al., 2011). This may occur due to chemisorption between
amoxicillin and functional groups on the AC-TiO2 surface involving
valence bond sharing or electron exchange (Basha et al., 2010).
Moreover, this AC-TiO2 maintained its photocatalytic activity over
four consecutive cycles of treatment and cleaning. This work shows
that TiO2 loadings and substrate adsorption are important factors
affecting photocatalysis by AC-TiO2 composites. Meanwhile,
Qui~nones et al. (2014) reported enhanced photocatalytic activity
and reusability of magnetic AC-TiO2-Fe by adding ozone (i.e., pho-
tocatalytic ozonation). Photocatalytic ozonation of magnetic AC-
TiO2-Fe showed a high degree of mineralization of metoprolol
(>80%) at 5 h reaction times. Moreover, this material can be easily
separated and the photocatalytic ozonation of this material
exhibited no significant loss, retaining the overall TOC removal at
75%e85% over 10 consecutive cycles. The higher removal in this
system could be attributed to the synergies of direct ozonation,
ozone photolytic decomposition, heterogeneous photocatalysis,
Fenton reaction, and the photo-Fenton reaction.

The surface chemistry of AC plays an important role in the
production of oxidants such as super oxide and hydroxyl radicals
(Velo-Gala et al., 2017). AC itself can act as a photocatalyst by
promoting electrons from the valence band into the conduction
band and increasing the generation of �OH in the solution under UV
or solar irradiation (Velo-Gala et al., 2013). Studies of the correla-
tion between the surface chemistry of AC and the concentration of
oxidants shows that: 1) while an increase in lactone and anhydride
surface groups leads to more �OH under UV irradiation, generation
of �OH decreased with increasing surface oxygen content (e.g.,
carboxyl groups); 2) an increase in physisorbed water enhanced
production of superoxide (�O2

�) during UV irradiation; 3) under
solar irradiation, �OH concentrations increase with an increase in
carboxyl surface groups but the concentration of �O2

� decreases as
carboxyl and quinone surface groups increases; 4) in both UV and
solar irradiation, aromatic ring and surface oxygen groups on AC
contributed to the stabilization of photogenerated electrons; and 5)
AC with the lowest energy band gap favors enhanced �OH pro-
duction, while the larger energy band gap of AC preferentially en-
hances production of �O2

�.
The extension of absorption bands to longer visible wavelengths

is one of the proposed synergistic processes in AC-TiO2 composites.
However, at present the photocatalytic activity of AC-TiO2 com-
posites is limited due to insufficient interactions between AC and
TiO2 (Leary andWestwood, 2011). Diffuse reflectance spectra of AC-
TiO2 show absorption at wavelength shorter than UV-vis 400 nm
(approximately 380 nm) which is not so different with the bare
TiO2 (385 nm) (Omri et al., 2014; Wang et al., 2013). Thus, there is
minimal shifting towards the visible light region in the AC-TiO2
composite system. TiO2 loaded onto an AC fiber belt felt (ACF) has a
lower band gap (2.95 eV) compared to pure TiO2 (3.22 eV) due to
perterbation of the TiO2 absorption by its interaction with ACF (Li
et al., 2017a). This may be because of surface morphology; the in-
teractions that shift and scale absorption bands are intense but only
over molecular distances (Kumar et al., 2017). Another study
showed that F-N codoped TiO2 on magnetic AC exhibits an
enhanced absorption at visible wavelengths with a significant red
shift in the transition measured using UV-vis diffuse reflectance
spectra (Ma et al., 2017). Codoping with F and N gave a better match
for excitation with sunlight. The band gap of the magnetic AC-F-N-
TiO2 composite was estimated to be 2.6e3.0 eV. In addition the
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small particle size of this composite yields a greater surface defect
density, further increasing absorption at low band gap energies
(Martins et al., 2017).

There are several studies however that show decreased photo-
catalytic activity for AC-TiO2 composites compared to pure TiO2
(Rey et al., 2012; Rosa et al., 2017). The photocatalytic activity of
titania-coated magnetically activated carbon (TiFeC) was not as
high as pure TiO2 (Degussa 25) for photodegradation of metoprolol,
very likely due to non-uniform size and TiO2 concentration in the
composite particles (Rey et al., 2012). However, this TiFeC com-
posite showed continued good reactivity through five series of
photocatalytic experiments, and it is easy to separate using an
external magnetic field. The superiority of pristine TiO2 compared
to the AC-TiO2 composite may be due to the higher availability of
active sites and the physicochemical properties of AC (Cordero
et al., 2007; Rosa et al., 2017). In addition, the incorrect use of the
simplified Langmuir-Hinshelwood equation for analyzing the
photocatalytic kinetics of AC-TiO2 can lead to erroneous conclu-
sions (Asenjo et al., 2013). Therefore, the development of new
synthesis methods for AC-TiO2 composites that are active under UV
and solar irradiation is still needed. In parallel, an appropriate
photocatalysis kinetics model for AC-TiO2 composites needs to be
developed to provide a fundamental physical mechanism
describing photodegradation rates as an evaluation of synergetic
interaction.

4.2. Carbon nanotube-TiO2 composites

Recent decades have seen greatly increased interest in photo-
catalysis using carbon nanotubes-TiO2. CNTs are composed of cy-
lindrical graphene sheets and can be categorized as single walled
carbon nanotubes (SWCNTs) and multi walled carbon nanotubes
(MWCNTs) (Iijima, 1991). CNTs have an usually high specific surface
area to mass ratio (e.g., 75e1020m2 g�1) with exceptional sorption
capability (Czech and Buda, 2016; Jung et al., 2015; Lerman et al.,
2013; Pati~no et al., 2015; Peigney et al., 2001; Wang et al., 2015;
Wei et al., 2013). In contrast to AC, CNTs are prone to aggregation
because of hydrophobic interactions, van-derWaals forces, and p-p
stacking; these processes lead to the formation of four different
types of adsorption sites: inner cavities, interstitial channels,
external grooves, and outermost surfaces (Agnihotri et al., 2006;
Apul and Karanfil, 2015). In addition, CNTs show superior hydro-
phobicity making them as a promising material (Chen et al., 2007;
Jung et al., 2015; Yang and Xing, 2010). The sorption behavior of
CNTsmainly depends on their surface chemistries and the nature of
contaminants. Due to the rehybridized sp2 C-C bonds and one
dimensional microstructure, CNTs exhibit unique mechanical,
thermal and semiconductor properties (Cao et al., 2013). Further,
CNTs have many advantages, such as; large electron-storage ca-
pacity, superior metallic conductivity, and light absorption at a
broad range of wavelengths (Woan et al., 2009). In general, CNTs
are an attractive option for a supporting material to enhance pho-
tocatalytic activity due to their outstanding characteristics. Many
efforts have been made to exploit CNTs as a supporting material
with preparation methods including hydrothermal (Yuan et al.,
2016), hydrolysis (An et al., 2007), restrained hydrolysis (Chen
et al., 2011), simple evaporation and drying (Yao et al., 2008), sol-
gel (Abbas et al., 2016), surfactant wrapping sol-gel (Gao et al.,
2009), chemical vapor deposition (CVD) (Ma et al., 2012), physical
vapor deposition (PVD) (Fan et al., 2006), electrophoretic deposi-
tion (EPD) (Bordbar et al., 2015), electrostatic attraction (Daneshvar
Tarigh et al., 2015), solvothermal (Zhou et al., 2010), and impreg-
nation (Xu et al., 2010). Common to these methods is that TiO2 is
attached to the CNTs by physical and chemical bonding. TiO2 binds
more strongly to functionalized CNTs (i.e., chemisorption)
compared to physisorption on pristine CNTs (Ayissi et al., 2015). In
addition, chemical bonding provides better electron transfer than
physical bonding due to proximity and chemical coupling.

The use of CNT-TiO2 nanocomposites for the photodegradation
of PPCP has been of considerable scientific interest. In one study,
functionalized CNTs and larger TiO2 crystal sizes were necessary to
provide good contact between the CNTs and TiO2; this interaction
lead to a better enhancement of photocatalytic activity for caffeine
photodegradation (Marques et al., 2013). In another study, acid
treated CNT-TiO2-SiO2 showed better photodegradation of diclo-
fenac relative to untreated CNT-TiO2-SiO2 due to optimal structure
and well-shaped anatase TiO2 crystals (Czech and Buda, 2016). The
role of SiO2 in the CNT-TiO2-SiO2 nanocomposite was to prevent
transformation from the active anatase phase to the inactive rutile
phase of TiO2, and also as an effective agent for dispersing TiO2 on
the surface of CNTs (Kibombo et al., 2012). Further, photo-
degradation decreased the toxicity of treated waters as shown by
Microtox toxicity tests. In another study, the photocatalytic activity
of CNT-TiO2 towards diclofenac was increased with the addition of
dissolved oxygen and H2O2 as an electron scavenger (Martínez
et al., 2011a).

Use of solar radiation for photocatalysis is promising for future
photocatalytic systems. Yuan et al. (2016) showed that CNT-TiO2-N
exhibited high photocatalytic activity in degrading ibuprofen under
visible light irradiation. The function of N-doping in the composite
system was to reduce the band gap. In addition, the occurrence of
CNTs resulted in a higher adsorption capacity and increased activity
because the CNTs could act as electron scavengers. This successful
synergetic effect was mainly attributed to the good binding inter-
action between CNTs, TiO2 and urea. Meanwhile, the use of an
authentic wastewater matrix affected the photodegradation
removal of PPCP relative to ultrapure water (Murgolo et al., 2015).
These results clearly show that an idealized experiment (i.e.,
experiment in ultrapurewater) has limited value for understanding
real-world treatment operations.

Recently, increased attention has been given to the need to
recover and separate nanosized photocatalysts to reduce their
negative impacts on the environment. An effective method for
preventing these potential impacts is immobilization of the pho-
tocatalyst on a supporting material. Two possible approaches are 1)
embedding or immobilizing the photocatalyst in a matrix or layer
(e.g., electrospinning nanofibers) (Woan et al., 2009) and 2)
attaching magnetic particles to the photocatalyst composite
(Daneshvar Tarigh et al., 2015; Singh and Sarma, 2016; Zhang et al.,
2015). A thin film of CNT-TiO2 showed higher photocatalytic activity
for the photodegradation of 4-chlorophenol compared to the TiO2
thin film because the CNTs acted as an electron sink and reduced
the recombination rate (Zouzelka et al., 2016). An immobilized
photocatalyst system may be preferable for several reasons, such
as: 1) thin films can be easily adopted for use in continuous flow
systems, 2) it can prevent photocatalyst agglomeration and 3) it
does not require separation or filtration (Dong et al., 2014).
Although photocatalyst immobilization provides an alternative
solution to the separation problem, the photochemical reactivity of
supported CNT-TiO2 composites is typically reduced due to the
decreased mass transfer rate, hindrance of light harvesting by the
inert support and reduction of photocatalyst active surface area to
volume ratio (Mascolo et al., 2007). Adding magnetic particles to
nanocomposites is an alternative technique for separation and re-
covery. However, it should be noted that attaching magnetic par-
ticles to CNT surfaces would decrease the sites available for
attaching TiO2 (Fei et al., 2016; Li et al., 2015). In order to overcome
this issue, Ateia et al. (2017b) explored the potential advantage of
using the inherent magnetic impurities of magnetic carbon nano-
tubes (MCNT) which are due to magnetic particles trapped inside
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the graphene cylinders, as a green and facile method of removing
organic micropollutants from water.

CNT-TiO2 and AC-TiO2 composites show higher photocatalytic
activity relative to pure TiO2. Enhancement of photocatalytic ac-
tivity was correlated with surface area and the interaction between
carbonaceousmaterials and TiO2. For AC-TiO2, better photocatalytic
activity was correlated with the surface area of photocatalytically
active sites. In contrast, CNTs also showed better interaction with
TiO2 (UV-vis diffuse reflectance spectra results) resulting in a
smaller band gap (i.e., increased response to sunlight). Moreover,
the inherent magnetic properties of CNTs showed good potential
for use in photocatalytic applications as they would make the
composites magnetic while preserving CNTs surfaces for TiO2
particles.

4.3. Graphene-TiO2 composites

Graphene is a two dimensional sheet of carbon atoms connected
by sp2 bonds and with an aromatic p electron system (Novoselov
et al., 2004). Graphene has a higher density of potential adsorp-
tion sites compared to CNTs due to the open plane structure with
three main types of adsorption sites; 1) open-up surface, 2)
longitudinally-parallel external surface, 3) and interstitial channels
(Ersan et al., 2017). Graphene hasmany unique properties including
a high electron mobility, high mechanical strength, high thermal
conductivity and high specific surface area (Hu et al., 2013). Many
efforts have been made to use graphene in diverse applications
including sensors (Wang and Arash, 2014), energy conversion and
storage (Bonaccorso et al., 2015), polymer composites (Mittal et al.,
2015), drug delivery systems (Zhang et al., 2017b), and environ-
mental applications (Chabot et al., 2014; Upadhyay et al., 2014). In
the environmental applications, graphene nanomaterials can be
used as catalysts and adsorbents or disinfectant agents. Graphene is
the precursor of the graphene-family nanomaterials (e.g., graphene
oxide, reduced graphene oxide, fullerene, carbon nano-onion and
CNTs) (Su�arez-Iglesias et al., 2017). Of these, graphene oxide (GO)
and reduced graphene oxide (rGO) show high efficiency for water
treatment due to the presence of several surface functional groups
(e.g., hydroxyl, carboxyl and epoxy) that act as adsorption sites (Fei
et al., 2016; Shen et al., 2015). Moreover, GO itself is photo-
catalytically active (Yeh et al., 2011). GO can be made by chemical
functionalization of graphene in several ways, such as: 1) the Brodie
method (B.C. Brodie, 1859), 2) the Staudenmaier method (Poh et al.,
2012), 3) the Hoffman method (Poh et al., 2012), and 4) the Hum-
mers method (Hummers and Offeman, 1958). However, GO is
electrically insulating due to the chemical disruption of the p-
network and the reduction of GO (i.e., conversion to reduced gra-
phene oxide) has become an important reaction for restoring the
electrical conductivity of the material (Gao, 2015). Moreover,
reduction of GO can be achieved using chemical treatment
(Stankovich et al., 2007), thermal mediation (Lin et al., 2010), and
electrochemical treatment (Shao et al., 2010). Reduced graphene
oxide is characterized by graphene domains with residual oxygen
functionalities on their surface, and improved electrical conduc-
tivity relative to GO (Compton and Nguyen, 2010). Numerous
studies using GO or rGO as a co-material with TiO2 for photo-
catalysis have been performed. Graphene-TiO2 is a robust com-
posite and can be synthesized by several methods such as: solution
mixing (Morales-Torres et al., 2013), sol-gel (Azizi, 2017), hydro-
thermal (Wu et al., 2015), electrostatic self-assembly (Kim et al.,
2012), molecular grafting (Tang et al., 2010), chemical exfoliation
(Akhavan and Ghaderi, 2009), liquid phase deposition (Pastrana-
Martinez et al., 2012), and electrospinning (Peining et al., 2012).
Each synthesis method can affect the graphene-TiO2 characteristics
and photocatalytic activity (Faraldos and Bahamonde, 2017). A
stronger interaction between graphene and TiO2 would give
enhance photocatalytic activity (Kamat, 2010).

TiO2 nanosheet-graphene 2D-2D composite showed higher
removal of 2,4-dichlorophenol than bare TiO2 due to strong elec-
tronic and physical coupling in the material (Sun et al., 2013). This
interaction lead to enhancement of electron transfer and, thereby,
superior photocatalytic activity. Further, Minella et al. (2017)
demonstrated synergy using a graphene-TiO2 composite. They
observed electron transfer from reduced graphene oxide to TiO2,
and hole transfer from TiO2 to reduced graphene oxide. The for-
mation of Ti-O-C linkages between hydroxyl surface groups on TiO2
and the oxygenated surface of GO leads to narrower band gaps for
the GO-TiO2 composite (e.g., 2.5e2.9 eV). The surface chemistry
also changed significantly because of the GO content, with a higher
GO content giving a reduced point of zero charge (PZC), and more
acidic composites due to the abundance of oxygenated groups
(Morales-Torres et al., 2013).

Many researchers have tried to use visible light to drive gra-
phene-TiO2 photocatalysts. Under visible irradiation, rGO-TiO2
composites showed significant photodegradation of diphenhydra-
mine relative to TiO2 because rGO acted as a sensitizer (Pastrana-
Martinez et al., 2012) and electron sink (Gillespie and
Martsinovich, 2017). Similar synergism in graphene-TiO2 has also
been seen in other carbonaceous-TiO2 composites (e.g., CNT-TiO2,
fullerene-TiO2, and AC-TiO2) (Yang et al., 2013; Zhang et al., 2010).
Although GO-TiO2 has similar enhancement mechanisms, there are
significant differences in the mass ratios of carbon to TiO2 (Yang
et al., 2013). A lower mass ratio of GO is necessary to achieve op-
timum photocatalytic activity compared to CNT-TiO2. The pore
structure and aggregation behavior of GO vary among CNTs. GOs
are composed of two-dimensional graphene sheets and are more
prone to restacking compared to CNTs (Ersan et al., 2017). Thus,
higher GOmass ratios (i.e., above optimum) lead to the aggregation
of GO-TiO2 composites, lowering photocatalytic activity.

The enhanced photocatalytic activity of graphene-TiO2 com-
posites make them an ideal material for remediating PPCP. How-
ever, one of the major obstacles to using nano-scale catalysts in
water treatment is the difficulty in separating and recovering the
catalysts. Recently, 3D porous rGO-TiO2 aerogel was shown to
remove carbamazepine by more than 99% (Nawaz et al., 2017). The
macroporous 3D structure of the aerogel resulted in abundant
surface sites, effective charge separation, improved mass transport
of contaminants and easy separation. Immobilization of rGO-TiO2
on optical fibers for degradation of three different PPCP (carba-
mazepine, ibuprofen, and sulfamethoxazole) resulted in excellent
degradation (PPCP removal up to 80%) and high durability (45 h
operation) (Lin et al., 2016b). Another method for solving the
catalyst recovery issue is by using magnetic separation. In this
method magnetic nanoparticles are added to the surface of the
composite. A magnetically recyclable GO-TiO2 composite showed
up to 99% removal of carbamazepine and caffeine within 60min
under UV irradiation and this composite was fully recoverable and
reusable by magnetic separation (Linley et al., 2014). These three
methods (3D aerogel, immobilization and magnetic separation)
demonstrate a variety of solutions supporting the application of
graphene-TiO2 composite.

Overall, Table 3 summarizes the advantages and shortcomings
of AC-TiO2, CNT-TiO2, and graphene-TiO2. It should be emphasized
that carbonaceous-TiO2 composites are still in development stage
and most studies have been performed at lab scale. A variety of
synthesis methods and operating conditions within the studies
make it hard to compare directly to determine the appropriate
synthesis method (Faraldos and Bahamonde, 2017). Therefore, the
establishment of a standard method for evaluating the photo-
catalytic activity of carbonaceous-TiO2 followed by a pilot-scale



Table 3
Comparison of AC-TiO2, CNT-TiO2, and graphene-TiO2.

Materials Advantages Shortcomings Ref.

AC-TiO2 C AC initial cost is cheaper than CNT and graphene.
C AC-TiO2 has a larger particle size enabling recovery.

� Insufficient interactions between AC and TiO2 to
provide extension of absorption bands to longer
visible wavelengths.

(Asiltürk and Şener, 2012; Leary
and Westwood, 2011; Omri et al.,
2014)

CNT-TiO2 C Interactions between CNT and TiO2 extend of absorption
bands to longer, visible wavelengths.

C High mechanical strength and improved thermal stability,
large electron-storage capacity, and superior metallic
conductivity.

C Potential use of inherently magnetic impurities in magnetic
carbon nanotubes (MCNT)-TiO2 for recovery.

� CNT initial cost is higher than AC but cheaper than
graphene.

� CNT is more prone to aggregate than AC.

(Apul and Karanfil, 2015; Ateia
et al., 2017b; Woan et al., 2009)

Graphene-
TiO2

C Interactions between graphene and TiO2 extend absorption
bands to longer, visible wavelengths.

C High mechanical strength and improved thermal stability,
large electron-storage capacity, and superior metallic
conductivity.

C Possibility of high interfacial contact between graphene and
TiO2, providing higher photocatalytic activity via 2D
graphene sheet.

� Graphene cost is more expensive than AC and CNT.
� Graphene is more prone to clumping than CNT.
� Separation issues for graphene-TiO2.

(Ersan et al., 2017; Zhang et al.,
2012)
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study are needed to assess the cost and support real-world appli-
cations of carbonaceous-TiO2.

5. The role of water chemistry in photocatalytic performance

Water chemistry (e.g., pH, temperature, contaminant concen-
tration, dissolved oxygen, natural organic matters and inorganic
species) has a significant effect on the photocatalysis of PPCP. This
section discusses the significance of these parameters for the per-
formance of carbonaceous composites of TiO2.

5.1. Effect of pH

Acidity affects the surface charge of the catalyst which makes it
one of the most significant operating parameters in heterogeneous
photocatalysis (Chong et al., 2010). The net surface charge of the
catalyst can be positive or negative due to the amphoteric behavior
of the metal oxide catalyst (e.g., TiO2) (Mirzaei et al., 2016). The pH
of the point of zero charge (pHPZC) helps define the effect of pH on
the surface charge of the catalyst. pHPZC is the pH at which the
surface charge of the catalyst is zero, and it depends on the surface
chemistry. Several studies found the pHPZC of TiO2, AC-TiO2, CNT-
TiO2 and graphene-TiO2 materials to lie in the range of 6e8, 7e9,
4e6 and 4e5 respectively (Ahmadi et al., 2016; Andronic et al.,
2014; Barroso-Bogeat et al., 2016; Hua et al., 2016; Malekshoar
et al., 2014; Schindler and Gamsj€ager, 1972). For acidic conditions
(pH< pHPZC), the surface charge of the catalyst is positive and in-
creases attraction for negatively charged contaminants, while for
basic conditions (pH> pHPZC), the catalyst surface charge is nega-
tive, attracting positively charged pollutants (Chong et al., 2010).
The protonation and deprotonation of TiO2 with pH is shown by the
following reactions (Eqs. (12) and (13)):

pH < pHpzc: TiOH þ Hþ4 TiOH2
þ (12)

pH > pHpzc: TiOH þ OH�4 TiO� þ H2O (13)

At low pH, photogenerated holes (hþ) are the dominant
oxidizing species, while under neutral or alkaline solutions, hy-
droxyl radicals play the dominant role in the contaminant oxida-
tion (Lee et al., 2016). However, at high pH, photocatalytic reactions
may be inhibited because OH� anions act as hole (hþ) scavengers to
form �OH (Yuan et al., 2016), followed by rapid scavenging of �OH
by bicarbonate species to produce radical carbonate anion which is
less oxidizing than �OH (Lai et al., 2017b). Photocatalytic oxidation
of ibuprofen using CNT-TiO2 co-doping urea, showed that the
highest removal efficiency was achieved when the pH of the so-
lutionwas 5 due to the catalyst surface charge (Yuan et al., 2016). In
this study, the pHPZC of the CNT-TiO2 compositewith co-doped urea
was around 6. In this acidic conditions, ibuprofen would deproto-
nate to become its conjugate base which has a negative charge
(Hashim and Khan, 2011). At pH 5, the surface charge of the catalyst
is positive and ibuprofen would have a negative charge. In this
example, changing pH was able to create electrostatic attraction
between the catalyst and the contaminant. When the solution pH
was greater than 5, repulsion between the catalyst and ibuprofen
reduced surface affinity and therefore photocatalytic ability. In a
different study, optimum photodegradation of amoxicillin using
AC-TiO2 was achieved at pH 9 (Basha et al., 2011). Chlorotetracy-
cline (CTC) removal using GO-TiO2 showed an increase in degra-
dationwhen the pHwas increased from 1 to 4 due to the net charge
of chlorotetracycline and an attractive p-p interaction (Li et al.,
2017b). Therefore, appropriate pH control must be considered for
carbonaceous-TiO2 photocatalysis in order to achieve effective
PPCP removal.

5.2. Effect of water temperature

Photocatalysis can occur at ambient temperature and atmo-
spheric pressure, which is one of its advantage for water treatment
(Lee et al., 2016). The optimum reaction temperature for photo-
catalysis TiO2 is in the range 20e80 �C (Herrmann, 1999). Temper-
ature effects e� and hþ diffusion/recombination rates, and
adsorption of pollutants to the photocatalyst surface (Sarkar et al.,
2014). An increase in temperature >80 �C may reduce adsorption
(Chong et al., 2010) and promote recombination of charge carriers
(Gaya and Abdullah, 2008), resulting in lower photocatalytic ac-
tivity. At very low temperatures (<0 �C), the photocatalytic activity
of TiO2 decreases due to the increase in activation energy needed to
excite a photocatalyst (Herrmann, 1999). However, we are not
aware of any studies of the influence of temperature on the activity
of carbonaceous-TiO2 photocatalysts. The effect of temperature and
the optimum conditions for effective PPCP removal by carbona-
ceous-TiO2 photocatalysis must be investigated.

5.3. Effect of initial concentration of PPCP

The initial concentration of the contaminants is an important
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parameter in photocatalysis. The highest removal efficiency of
tetracycline (>95%) by photocatalytic CNT-TiO2 was achieved when
the concentration of tetracycline was 0.5mg L�1. However for the
same CNT-TiO2 dosage, increasing tetracycline to 30mg/L
decreased the removal efficiency of tetracycline from the solution
(Ahmadi et al., 2016). In an AC-TiO2 study, longer reaction times
were needed to achieve complete removal of metoprolol when the
initial concentration was 50mg L�1 than when it was 10mg L�1

(Rey et al., 2012). At high PPCP concentrations, more PPCP mole-
cules are adsorbed on the surface of the carbonaceous-TiO2, and
these adsorbed contaminants inhibit photocatalysis by absorbing
light before it can reach the catalyst surface (Mirzaei et al., 2016). In
addition, the competitive consumption of hydroxyl radicals by
photogenerated products (Lee et al., 2016) and light scattering
(Ahmad et al., 2016) can also reduce photocatalytic activity in
highly concentrated solutions. Previous studies of photocatalytic
remediation of PPCP have been conducted with initial concentra-
tions up to 1000mg L�1 (Table 1). However, studies of photo-
catalytic oxidation of PPCP at high concentration (on the order of
mg L�1) may not be relevant for predicting photocatalytic degra-
dation of PPCP under real conditions, where PPCP concentrations
are on the order of mg L�1 (Gulyas et al., 2016). It is critical to study
photocatalytic oxidation at realistic concentrations of up to mg L�1

to avoid the inhibiting effects of high pollutant load.
5.4. Effect of dissolved oxygen

Dissolved oxygen (DO) is one of the important parameters that
can affect photocatalysis. DO acts as an electron acceptor and the
reaction of an electron (e�) with DO results in the formation of free
�OH (Hoffmann et al., 1995). �OH is unselective andmostly occurs at
the photocatalyst-H2O interface; it may also diffuse into the bulk
solution (Kondrakov et al., 2014). The photocatalysis rate tends to
increase with higher DO because O2(aq) has a strong affinity for e�,
forming �O2

� and reducing the electron-hole recombination rate
(Martínez et al., 2011a). Referring to Eqs. (5) and (6), the contri-
bution of DO to the formation of �OH is small and H2O is still the
main source of �OH from the photocatalytic process (Kondrakov
et al., 2016). For Eq. (6), the generation of �OH strongly depends
on the availability of hþ, instead of the availability of e� to react
with (O2)ads to generate superoxide (Eq. (5)). Generally, the Henry's
Law constant can be used to give an approximation of DO in an
aqueous system. The Henry's Law constant for O2 solvation inwater
is as follows:

C ¼ P
KH

(14)

kH ¼ kHo exp
�
� c

�
1
T
� 1

To

��
(15)

Where C is the concentration of O2 in the water, P is the partial gas
pressure of O2, and kH and kHo are the Henry's Law constant and the
Henry's Law constant at 298 K, respectively, T and To are tempera-
ture and standard state temperature (298 K) in Kelvin, and c is a
constant (1700 K for O2). This equilibrium law clearly shows the
reason for the decrease in DOwith increasing reaction temperature
(i.e., hot water). Therefore, if the photocatalyst is not a photo-
thermocatalyst, it may be preferential to operate the photoreactor
at ambient temperature to ensure the supply of DO.
5.5. Effect of natural organic matter

Natural organic matter (NOM) is a complex mixture of organic
substances that include humic substance, hydrophilic acids, pro-
teins, lipids, carbohydrates, carboxylic acids, amino acids, and hy-
drocarbon, commonly present in surface waters (Karanfil et al.,
1999; Ateia et al., 2017c; Shimizu et al., 2018). The effect of
organic matter on the performance of photocatalysts has been
studied by using natural organic matter (NOM) (Doll and Frimmel,
2005; Drosos et al., 2015; Li and Hu, 2016; Peng et al., 2017; Van
Doorslaer et al., 2015). This highly variable reagent impacts the
photocatalytic activity of TiO2 towards PPCP. At high concentrations
(ratio of NOM/TiO2 is more than 4mg g�1), NOM can inhibit the
ability of TiO2 to degrade carbamazepine, while at low concentra-
tions of NOM (ratio of NOM/TiO2< 500 mg g�1), the degradation
rate of carbamazepine was higher than for the pure blank solution
without NOM (Drosos et al., 2015). This enhanced degradation was
caused by the formation of reactive species from NOM (i.e., singlet
molecular oxygen (1O2), superoxide anion (�O2

�), hydrogen peroxide
(H2O2), solvated electrons (e-aq), triplet excited states of NOM
(3NOM*)) which can assist in energy transfer (Doll and Frimmel,
2003). The low degradation rate for carbamazepine at high con-
centrations of NOMwas caused by the ability of NOM to absorb and
scatter light (Frimmel, 1994). In addition, low NOM concentrations
can enhance photocatalytic removal of pollutants by creating p-p
interactions on the photocatalyst surface that attract contaminants,
while at high concentrations of NOM, NOM will prevent PPCP from
reaching the surface (Drosos et al., 2015). The inhibitory effect of
NOM (e.g., humic acid) can be counteracted with phosphate,
because it leads to a more negatively charged surface that is more
hydrophilic, and change the adsorption bind of humic acid (Long
et al., 2016). Moreover, increasing DO was seen to counteract the
inhibitory effect of NOM, because it increased the generation of
superoxide (Ren et al., 2018). However, the effect of NOM on the
photocatalysis of PPCP by carbonaceous-TiO2 is nonetheless
limited.

Generally, photocatalysis is used as a tertiary treatment on
effluent resulting from secondary treatment (e.g., bioremediation)
(Borges et al., 2014). Effluent organic matter (EfOM) is a general
term for organic matter from biologically treated wastewater
(Abbt-Braun et al., 2004; Cai and Lin, 2016; Michael-Kordatou et al.,
2015). The composition of EfOM is different from natural NOM.
EfOM is a combination of NOM, soluble microbial products (SMPs),
proteins, surfactants and trace chemicals (Barker and Stuckey,
1999; Bodhipaksha et al., 2017; Jarusutthirak and Amy, 2007;
Michael-Kordatou et al., 2015; Shon et al., 2007). EfOM is relatively
hydrophilic and has a high proportion of protein-like substances
with molecular sizes from 102 to 105 Da (Zhou et al., 2017). There-
fore, the differences between EfOM and NOM include differences in
their physical and chemical behavior, leading to differences in their
photodegradation (Bodhipaksha et al., 2017).

5.6. Effect of inorganic species

Inorganic species in wastewater can affect the photocatalytic
remediation of PPCP. Inorganic species such as H2O2, S2O8

2�, BrO3
�,

and SO3
� have a beneficial effect, enhancing photodegradation of

contaminants by acting as electron scavengers, thereby increasing
the production of hydroxyl radicals and generating other oxidizing
species (Lee et al., 2016). However, excessive concentrations of
inorganic species can suppress photodegradation by scavenging
hydroxyl radicals. The removal efficiency for clofibric acid by TiO2
decreasedwith the presence of many inorganic species (NaCl, FeCl3,
FeCl2, CaCl2, Al2(SO4)3, Fe2(SO4)3, Na2SO4, NaHCO3 and Na2CO3) due
to the competition for free radicals, change in the pH of the solution
and blockage of catalyst active sites by adsorption of anionic or
cationic species (Rioja et al., 2016). UV-light attenuation by iron
solutions also plays a significant role because it gives a yellowish



D. Awfa et al. / Water Research 142 (2018) 26e4538
color to the solution; other colored ions can have a similar effect.
Radical scavenging by sulfates and carbonates appeared to be
stronger than for chlorides. For the case of NaCl, photodegradation
of clofibric acid at low concentrations of NaCl (<10,000mg L�1)
inhibits photocatalysis, while at higher NaCl concentrations
(>10,000mg L�1), the photodegradation rate was almost the same
as for ultrapure water. Ionic strength has been indicated as an
important parameter controlling photocatalytic activity; at high
ionic strength, the repulsive force of contaminants can bemitigated
and enhancing adsorption (Aguedach et al., 2008). Similarly, the
presence of bicarbonate and chloride increases the toxicity of
ifosfamide and cyclophosphamide during photocatalysis because of
photodegradation products not found in the ultrapure water
reference reaction, showing that inorganic species can promote
alternative photodegradation pathways (Lai et al., 2017a). Finally,
we are not aware of any studies of how inorganic species affect
carbonaceous-TiO2 photocatalysis. The occurrence of inorganic
species in water can not be excluded from the investigation of
carbonaceous-TiO2 photocatalysis in real-world systems and pre-
treatment to remove inorganic species are essential for effective
photocatalytic treatment.

6. Effect of system parameters on photocatalytic activity

The removal efficiency (t ¼ (Co-Ct)/Co is expressed in %, where
Co is initial PPCP concentration and Ct is PPCP concentration at
certain time) and oxidation rate (ln (Ct/Co)¼ -kappt is expressed in
min�1, where kapp is pseudo-first order rate and t is reaction time)
of photocatalytic processes depend on a number of parameters
including excitation wavelength, light flux at surface, catalyst
loading and material composition (nature of carbonaceous mate-
rial, grain size, crystal structure of TiO2, and ratio of TiO2 to
carbonaceous material). To achieve high photocatalytic activity,
these entangled parameters need to be optimized.

6.1. Effect of excitation wavelength

Photon energy must exceed the bandgap to excite a photo-
catalyst, and the process is favored by a material's absorption and
scattering coefficients. All of these properties are material depen-
dent. For pure commercial TiO2 (band gap/EG¼ 3.2 eV), light at
wavelengths l� 400 nm is required (Herrmann, 1999). The basic
equation for converting bandgap to l is:

E ¼ hc
l

(16)

E ðeVÞ ¼ 1240:8
l ðnmÞ (17)

Where h is Planck's constant (6.626� 10�34 Joule s), c is the speed
of light (3� 10�8m s�1), 1 eV is equal to 1.602� 10�19 Joule, and 1
Ångstr€om is equal to 10�10m. A simple equation relating wave-
length to band gap is given by Eq. (13). The UV spectrum can be
divided into the UV-A (315e400 nm), UV-B (280e315 nm), and UV-
C (100e280 nm) regions (Rinc�on and Pulgarin, 2005). Recently the
potential excitation of carbonaceous-TiO2 with visible light has
attracted a lot of attention. Carbonaceous-TiO2 composites have a
band gap around 2.6e3 eV (413e477 nm) (Ashkarran et al., 2013;
Taleshi, 2015). Carbonaceous material as a substrate creates a
carbon-oxygen-titanium linkage which can expand the absorption
band into visible wavelengths (Mallakpour and Khadem, 2016).
Diclofenac degradation using a CNT-TiO2-SiO2 photocatalyst under
UV (365 nm) and solar irradiation (550 nm) showed good perfor-
mance, with removal efficiencies above 70% for UV and >90% for
solar light (Czech and Buda, 2016). GO-nanofiber TiO2 composite
showed a higher photodegradation rate of 4-chlorophenol under
visible light irradiation relative to pristine TiO2 (Zhang et al., 2017a).
In contrast, AC itself did not have a sufficiently strong interaction
with TiO2 to induce a bandgap reduction in the visible light region
(Leary and Westwood, 2011). Therefore, more work is needed to
improve AC-TiO2 interaction, to reduce the band gap.
6.2. Effect of the loading of carbonaceous-TiO2

The kinetic rates of the photocatalysis reactions are generally
proportional to the mass of the catalyst inside the reactor, but the
reaction rates are become independent of catalyst mass above a
certain level of loading due to the full absorption of photons by the
photocatalytic bed (Herrmann, 1999). Various dosages of CNT-TiO2
(0.1 g L�1 - 0.4 g L�1) were used in the treatment of tetracycline. The
highest removal efficiency was achieved at dosage of 0.2 g L�1

(Ahmadi et al., 2016). Adding CNT-TiO2 above its optimum loading
can cause excessive light scattering (Chong et al., 2010). Below the
optimum photocatalyst loading, radical generation may be insuf-
ficient (Mirzaei et al., 2016). A similar phenomenon occurred when
using AC-TiO2 to treat pharmaceuticals (e.g., amoxicillin, ampicillin,
paracetamol and diclofenac). Loading AC-TiO2 at other than its
optimum concentrationwill lead to compromised performance due
to an insufficient abundance of active sites and increased turbidity
(Gar Alalm et al., 2016). Optimal photocatalyst loading depends on
the size and geometry of the reactor (Fern�andez-Ib�a~nez et al., 1999)
and the hydrodynamic particle size, smaller particle sizes are better
due to the higher surface to mass ratio (Carbajo et al., 2018).
6.3. Effect of the ratio of carbonaceous material to TiO2

The mass ratio of carbonaceous materials to TiO2 is a critical
factor impacting performance. The twomaterials have a synergistic
effect on adsorption and photocatalysis. Carbonaceous material
enhances total adsorption due to the enlarged surface with favor-
able polarizability enhancing physisorption due to the p-cloud,
while TiO2 acts as a photocatalyst (Hu et al., 2015; Rabieh et al.,
2016). Increasing the ratio of carbonaceous materials to TiO2 in-
creases the amount of adsorbed PPCP available for reaction. How-
ever, at mass ratios higher than the optimum, the carbonaceous
material's surface is covered, blocking light and leading to
decreased photocatalytic activity (Cheng et al., 2016; Nawaz et al.,
2017). Ahmadi et al. (2016) tested different mass ratios of CNT to
TiO2. Mass ratios of CNTs of 1.5% enhanced tetracycline removal up
to 73% relative to 0.5%, and further increases of CNTs up to 10% did
not improve the removal efficiency of tetracycline. The highest
degradation rate at a mass ratio of 1.5% was attributed to the uni-
formity of anchoring of TiO2 to support the photocatalytic reaction
(Nawaz et al., 2017). The decrease of tetracycline removal at high
CNT mass ratios was likely due to screening of light preventing
photocatalysis (Wang and Zhang, 2011). High mass ratios of TiO2
inhibited CNT-TiO2 activity due to the aggregation of TiO2 on CNTs,
leading to the restriction of CNT-TiO2 contact, negating the syner-
getic effects (Song et al., 2012).

The ratio of rGO to TiO2 was seen to affect the wettability of the
composite. Thewater contact angle of the rGO-TiO2 composite with
a TiO2 mass ratio of 96.7% was 0� (super-hydrophilic), while with a
mass ratio of TiO2 of 14.5%, thewater contact anglewas 157� (super-
hydrophobic) (Liu et al., 2015). These results show that the surface
wettability of carbonaceous-TiO2 can be controlled by tuning the
amount of TiO2. Therefore, an optimum ratio of carbonaceous
material to TiO2 must be used when designing a carbonaceous-TiO2
composite to achieve maximum photodegradation of PPCP.
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7. Conclusions and recommendations

The occurrence of PPCP in surface waters is mainly due to
incomplete removal of PPCP by sewage wastewater treatment
plants and industrial wastewater treatment plants. Numerous
techniques for removing PPCP have been tested, including activated
sludge, wetlands, adsorption, membrane and advanced oxidation
processes (AOPs). As one of the AOP techniques, photocatalysis
based on TiO2 has shown several advantages compared to the other
techniques. Photocatalysis has the ability to degrade PPCP and
further, the photocatalyst can be recovered and recycled. Re-
searchers have tried to optimize performance by combining pho-
tocatalysts with carbonaceous materials. As a supporting material,
carbonaceous materials give further advantages compared to bare
TiO2 including high photocatalytic activity, activity under solar
irradiation, and easy separation. In the application of photocatalytic
carbonaceous-TiO2, several interdependent parameters of water
chemistry and the process are critical. Because of the many pa-
rameters, additional studies are required to find the optimum
conditions for improved photodegradation of PPCP. The review
above leads us to several recommendations:

C Many methods have been developed for preparing carbo-
naceous-TiO2 composites. However, many of them require a
lot of various chemicals and are expensive, complicated, and
time consuming. Therefore, the development of relatively
cheap, easy, scalable and environmentally friendly method is
a very high priority.

C In most cases, researchers have used TiO2 for the photo-
catalytic degradation of PPCP; very few reports are available
regarding the use of carbonaceous-TiO2 for removing PPCP.
Moreover, most of the investigations have used high con-
centrations of PPCP (mg L�1 scale). Since carbonaceous-TiO2
can enhance the performance of photocatalytic systems
relative to TiO2 itself, the performance of other PPCP photo-
degradation composites under more realistic concentrations
(up to mg L�1) is a high priority for future work.

C The characteristics of carbonaceous-TiO2 (e.g., hydrodynamic
particle size, surface wettability, surface charge and chem-
istry, pore size distribution, specific surface area, band gap,
ratio of carbonaceous material to TiO2, and TiO2 crystallite
structure) and background water chemistries (e.g., pH,
temperature, DO, NOM, and inorganic species) can influence
photocatalytic activity. Research needs to be done to under-
stand the fundamental mechanism of photocatalytic
destruction of PPCP by carbonaceous-TiO2 composite under
different environmentally relevant conditions.

C Practical applications of carbonaceous-TiO2 composites are
still limited because available studies have been conducted
using artificial conditions and in batch experimental systems
(i.e., lab scale). These are inadequate for evaluating the
photocatalytic activity of carbonaceous-TiO2 in real treat-
ment systems. Therefore, field scale experiments must be
performed to evaluate the reliability of photocatalytic
carbonaceous-TiO2 systems.

The present review examined the current state of knowledge as
well as the limitations in the application of carbonaceous-TiO2 for
removing PPCP. We hope this review will help to advance the field,
leading to further development of carbonaceous-TiO2 applications
in water treatment.
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