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Photocatalytic pathway toward degradation of
environmental pharmaceutical pollutants:
structure, kinetics and mechanism approach

Samira Bagheri, @ Amin TermehYousefi and Trong-On Do ®*

During the last few years, the presence of pharmaceuticals in the aquatic environment, classified as
so-called emerging contaminants, has attracted attention from the scientific community. Based on uptake
mechanism and route administration of pharmaceuticals, they are expelled as a mixture of metabolites,
neutral substance, or conjugated complex with an inactivating compound attached to the molecule. After
usage, the expelled by-products are usually only partially metabolized and end up in the wastewater
treatment plants. Large amounts of these substances are not destroyed by traditional sewage and waste-
water treatment plants, thus eventually getting released into the environment. Their environmental exis-
tence has gained attention worldwide owing to related abnormal physiological processes in species
reproduction, spurt incidences of cancer, enhancement of antibiotic-resistant bacteria and potential in-
crement of hazardous chemical mixtures. Pharmaceutical pollution in the environment exists as a major
issue for humans as well as the environment. These types of pollutants have been discovered in areas of
low human population, such as the Antarctic. Although their influence, on both human health and the
environment, is barely discernible, behavioral and physiological effects have already been detected in a
number of species. In addition, there are several verified unfavorable impacts on human health such as
presence of endocrine disruptors in low concentrations in the environment. Environmental pollution by
pharmaceutical waste needs to be controlled through the quality use of medicines and quality sewage
treatment. Through appropriate use of pharmaceuticals and suitable sewage systems, the environmental
impact of pharmaceuticals may be reduced, without affecting the health danger gained through the intake of
these medicines. Therefore, photocatalytic degradation of pharmaceutical pollution is a suitable method
that should be reviewed and studied.

Introduction

Over recent years, the use of antibiotics has considerably in-
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and agricultural productivity." Keiji Fukuda once said that
“the world without antibiotics would look very different to
the world we live in now”. However, with the deliberate re-
lease of antibiotics to the environment and lack of effective
treatments of antibiotic wastewater, antibiotic pollution
poses a serious environmental threat to both aquatic and ter-
restrial ecosystems. Generally, antibiotics are a type of anti-
microbial used for medical applications in humans and ani-
mals and are also added to animal feeds to prevent diseases
and enhance growth.> Based on their pharmacological prop-
erties, the main categories of antibiotics include amino-
glycoside, B-lactam, glycopeptide, macrolide, quinolone, sul-
fonamides, and tetracycline (TC).

Sulfonamides, polar, photo- and thermally stable sub-
stances that are soluble in water,* are the most frequently
used antibiotic in human medicine as they have a high mi-
gration ability in the environment.®> Subsequently, the second
most frequent antibiotic used is tetracycline (TCs). In many
countries like the USA, China and India, tetracycline (TC) is
reported as the most widely used antibiotic® in animal feed.”
Tetracycline antibiotics, (TCs) especially tetracycline (TC),
oxytetracycline (OTC), and chlortetracycline (CTC), have been
widely used in animal medicine and aquaculture activities
due to their ability to present a threat to biota, disrupt indig-
enous microbial populations, and disseminate antibiotic-
resistant genes among microorganisms.®° Thus, by-products
of tetracycline antibiotics are hazardous to humankind.

Non-steroidal anti-inflammatory drugs (NSAIDs) are some
of the most frequently detected groups of pharmaceuticals in
environmental samples, as they are one of the most widely
available drugs in the world.’®"" The main characteristic of
the NSAID group is the carboxylic aryl acid moiety that is re-
sponsible for their acidic properties.'® Ibuprofen (IBP) be-
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longs to this family of medicines; it is an analgesic drug
mainly used for treatment of myoskeletal injuries and fever.
IBP has been reported to have a toxic impact on microbial
communities."*'* Carbamazepine (CBZ) is a neutral anticon-
vulsant pharmaceutical used primarily in cases of epilepsy
and bipolar disorder. CBZ has been reported to be present in
effluents of wastewater treatment plants, and toxicity studies
have concluded that CBZ is associated with early maturation
and chronic toxicity in ceriodaphnids.""®> Therefore, the re-
moval of pharmaceutical compounds up to an allowable per-
missible limit from the wastewater is essential before dis-
charge into the drainage system.'®'” The presence of these
pharmaceutical pollutants may cause serious threats to the
environment. The photocatalytic decomposition of pharma-
ceuticals has been a promising degradation method.'® Semi-
conductor photocatalysis is capable of splitting water into hy-
drogen and oxygen and degrading organic pollutants under
sunlight illumination. Since the driving force of semiconduc-
tor photocatalysis comes from sustainable and “green” solar
energy, it is regarded as one of the most promising strategies
to address worldwide energy and environmental issues.'’
TiO, is widely investigated due to its high photocatalytic ac-
tivity, non-toxicity, long-term stability and relatively low
price.*”*" However, it has shortcomings such as fast
electron-hole recombination and low quantum yield, which
lead to a low effectiveness and high cost. Therefore, substan-
tial research efforts have aimed to modify TiO, materials to
expand the band gap to slow down electron-hole recombina-
tion rate.”*>* Photocatalyst modification methods include
doping metal and nonmetal ions and the creation of a hetero-
junction with other semiconductors.”* Another approach to
improve photocatalytic activity of TiO, is to incorporate nano-
structured carbon materials.>” Sioi et al. have investigated the
decolorization of pharmaceutical wastewater using TiO, P25 as
a heterogeneous photocatalyst, revealing that photocatalytic
oxidation is a powerful alternative technology for degradation
of hematoxylin.>®*” Their results also show that the perfor-
mance of P25 nanoparticles do not decrease after reuse, and
thus, these nanoparticles are suitable for practical wastewater
treatment.*®

1.0 Environmental persistent
pharmaceutical pollutants (EPPPs):
organic pollutants

Among other things, microbial populations pose a potential
threat of transfer of the genes favoring survival.> These per-
sistence genes are often resistant and can barely be elimi-
nated, even without the antibiotic pressure.® Therefore, es-
sential action to eliminate antibiotic residues in wastewater
should be taken. Various treatment processes such as photo-
catalytic degradation,™ ultrasonic induced processes,®’
electro-coagulation,*® advanced biological methods with COD
removal of up to 80%,*° adsorption® and photoperoxi-
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coagulation®” have been studied for the removal and degrada-
tion of recalcitrant contaminants like TC in the aqueous
phase.

1.1 Analgesics and non-steroidal anti-inflammatory drugs

These days, anthropogenic pollution has evoked serious envi-
ronmental issues worldwide, concerning the relationship be-
tween humans and the environment if no appropriate pre-
cautions are taken.*” One of the major problems is the
presence of pharmaceutical pollutants in natural water sys-
tems and groundwater,**> which usually exist in concentra-
tions of parts per billion (ppm) or even parts per million
(ppb). Pollutants reach water effluents through discharge
from industries and secretion of non-metabolized drugs by
humans or animals through urine and feces. Among these
pollutants, non-steroidal anti-inflammatory drugs (NSAIDs)
such as diclofenac (DCF) and fluoxetine are common.

Diclofenac, the most prescribe non-steroidal anti-inflam-
matory drug (NSAID), is usually found in hospitals and in
sewage water systems and septic tanks, and it is excreted
unmetabolized and released in the aquatic environment be-
cause of the inability of conventional wastewater treatment
plants to degrade this type of contaminant, causing various
problems.**** According to Lindholm-Lehto and co-workers,
diclofenac is detected in concentrations ranging from ng L™"
to ug L™ in surface water as only it is only moderately re-
moved in wastewater treatment.*® Such levels are a cause of
concern as DCF concentration above 5 pg L™ can cause renal
lesion and gill alteration in rainbow trout.*® Besides, studies
have reported that DCF may also be the cause of the tremen-
dous increase in renal failure in countries such as Bangla-
desh, Pakistan, Nepal, and India.**® Another study on
diclofenac reports that its residues can prompt structural
problems in the kidney and intestine and alter functional
genes that are associated with the main process of control-
ling metabolism.*® Thus, DCF has recently been added to the
pollutant “watch list” compiled by the European Union. Flu-
oxetine is a selective serotonin reuptake inhibitor, used for
the treatment of clinical depression, obsessive-compulsive
disorder, and bulimia. It is one of the most often prescribed
drugs in the United States. According to literature data, FXT
detected in wastewater treatment effluent in high concentra-
tions (ug L™)* is also considered as a hazardous pollutant to
the aquatic environment and is toxic to neonate sea species
such as Ceriodaphnia dubia, with average lethal concentra-
tions being 0.51 mg L.*"*> Hence, in order to prevent long-
term effects, it is crucial to develop efficacious technologies
to eliminate and break down such compounds to prevent
their discharge into the environment. Besides, it is essential
that such technologies are effective, environmentally friendly
and economically viable.****

1.2 Antineoplastics

Antineoplastics are agents that traverse the whole body and
kill cancer cells. The most common effect of antineoplastics
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is bone marrow depression. Hydroxyapatite is a calcium
phosphate (Ca;o(PO,)(OH),,HAp) mainly used in biomedicine;
as the main component of human bones and teeth, it is
highly biocompatible.*” HAp can also be employed for envi-
ronment remediation; its capacity to adsorb heavy metals has
been investigated.’® More recently, it has been shown that
HAp has photocatalytic properties; moreover, when combined
with TiO,, very powerful photocatalysts can be synthesized
due to a synergistic effect between the two compounds.*”*®
Ti-doped HAp is also reported to have photocatalytic activ-
ity.*> HAp-based materials have been tested in liquids for
photodegradation of organic molecules and/or dyes (ie.
methylene blue, calmagite);"”*® however, they have never
been utilized to degrade pharmaceutical pollutants.

Most HAp-based materials used today are prepared syn-
thetically by chemical reaction between calcium and phos-
phorus. However, HAp can also be extracted naturally from
animal/fish bones and/or minerals.”” Previous work done by
our group showed that HAp can be extracted from cod fish
bones through a simple calcination process; the resulting
materials showed biocompatibility.”® Moreover, with the
bones treatment in appropriate solutions, HAp-based mate-
rials with photocatalytic properties could be obtained. A full
physical and structural characterisation of these materials
were previously performed, while their photocatalytic proper-
ties were only tested for degradation of blue methylene.>
The objective of this work is to use HAp-based materials of
marine origin to photodegrade two micropollutants - DCF
and FXT. As HAp-based photocatalysts have never been
employed to degrade this kind of molecules, our aim is to
verify if these photocatalysts are suitable for this application.

1.3 Effects of EPPPs on human health

Pharmaceuticals can tremendously improve human health
and quality of life when used to treat contagious diseases.
However, misuse of drugs, especially antibiotics, impacts the
environment and human health. Notable changes in sex ratio
and fecundity of Daphnia magna were reported on exposure
to pollutants such as sulfamethoxazole, trimethoprim, and
triclosan.>® Also, experiments on male rats showed
hypoandrogenization and decrease in desire and sexual moti-
vation on exposure to cimetidine.>® Thus, continuous release
and perfusion of these pharmaceutical pollutants in water en-
vironments and organisms can seriously harm the environ-
ment by causing genetic exchange and activating drug resis-
tant bacteria.>>*® Furthermore, most pollutants, even in low
concentrations may lead to serious risk to the ecosystem and
human health.”®

According to the World Health Organization, these pollut-
ants are usually introduced into the sewage system through
excretion of unmetabolized compounds after medical use or
through improper disposal®”®® in wastewater treatment
plants (WWTPs). However, conventional WWTPs are not
designed to treat pharmaceutical pollutants present in trace
amounts, rendering the WWTPs ineffective in their
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removal.>”®® Consequently, pollutants reach the aquatic sys-
tem and accumulate in surface and ground water,®" soil, and
sediments®” and even in drinking and tap water.®® Although
usually pharmaceuticals do not present acute toxic effects on
aquatic organisms due to their low concentrations, in the
range of ng to pg per liter, concerns have been raised about
chronic exposure, as they are slightly persistent pollutants
continuously released into the environment**°>* in biologi-
cally active levels.®* Thus, elimination of emerging pollutants
from wastewater is favorable and essential for quality of life
and environmental protection. For these reasons, diverse ef-
forts to explore promising technologies for degrading phar-
maceuticals from wastewater, such as reverse osmosis, solar/
advanced oxidation processes (AOPs) and adsorption on acti-
vated carbon, have been studied.

2.0 Conventional methods for
pharmaceutical waste treatment
2.1 Reverse osmosis

Photocatalytic treatment by reverse osmosis has drawn tre-
mendous attention due to its distinct efficiency and low cost
in eliminating organic contaminants.®®> A study has been
conducted focusing on key transport mechanisms of a com-
bined membrane bioreactor (MBR) through commercially
available NF/RO membranes.®® Results show that elimination
of organic contaminants by NF/RO membrane filtration com-
plement well with MBR treatment, which tremendously en-
hances the removal of organic contaminants by 96%. Thus,
MBR treatment with NF/RO can efficaciously eliminate hydro-
phobic and readily biodegradable hydrophilic organic con-
taminants. The remaining hydrophilic and biologically
emerging contaminants are shown to be effectively elimi-
nated by UV oxidation.

Martinez et al., (2013)" have also conducted experiments
on membrane separation and heterogeneous photocatalytic
oxidation processes for treatment of emerging pharmaceuti-
cal pollutants. In this system, two different membranes (one
for nanofiltration and the other for reverse osmosis) are stud-
ied as selective barriers to eliminate pharmaceutical pollut-
ants. The efficiency of heterogeneous photocatalytic methods
by semiconductor Degussa P-25 TiO, and hematite iron oxide
supported on a mesoporous silica support (Fe,03/SBA-15) is
observed. In general, it can be concluded that reverse osmo-
sis can be very practical for removing pollutants, but it re-
quires additional treatment.

2.2 Chemical and biological degradation

Chemical and biological degradation are traditional sewage
treatment comprising four removal stages. They are prelimi-
nary treatment, primary treatment, secondary treatment and
advanced wastewater treatment. Preliminary treatment is
used in the removal of coarse and large solids, minimizing
oils, fats, grease, sand, and grit, by mechanical means such
as filtration and bar screening. Primary treatment involves

This journal is © The Royal Society of Chemistry 2017
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separation of organic suspended solids. This process enables
effective enhancement of operation and maintenance of fol-
lowing treatment units. Secondary treatment (aeration stage)
serves to break down organic content of the sewage via
microorganisms. Lastly, the ‘almost’ treated wastewater is
passed through a settling tank. This step employs bacteria
for specific contaminants that cannot be removed by second-
ary treatment to produce clean filtered water. Therefore, bio-
logical and physicochemical processes can be useful for the
removal of pharmaceutical contaminants released into
streams, rivers or lakes, as they are may be eliminated by ad-
sorption onto suspended solids, during aerobic and anaero-
bic degradation, or chemical (abiotic) degradation by hydroly-
sis.’”’®® Investigation of the elimination of organic
contaminants such as antibiotics, proteins, and lipid regulat-
ing anti-inflammatory drugs by chemical and biological deg-
radation has reported a removal efficiencies of less than
20%.°® In addition, biotic elimination processes have been
studied by Yang and co-workers, where sulfonamide was bio-
degraded in the presence of activated sludge with and with-
out addition of NaN; biocide.** Promising results in the re-
moval of trace antibiotics from wastewater have been noted.

2.3 Advanced oxidation process (Fenton-like reactions)

Approaches such as advanced oxidation processes (AOPs) are
gaining importance as promising methods to treat emerging
pharmaceutical pollutants in wastewater.®® This is because
AOPs are considered to be particularly effective in the treat-
ment of toxic and non-biodegradable persistent organic
substances’®”> due to their potential oxidizing properties.
Mainly, AOPs can be classified under ozonation, sonolysis,
homogeneous wet oxidation, ultraviolet irradiation, Fenton
process or heterogeneous photocatalysis using semiconduc-
tors, radiolysis and a number of electrical and electro-
chemical methods.”> Among these techniques, photocatalysis
by Fenton process is identified to have some advantages such
as easy setup and operation at room temperatures. Besides, it
is known as an effective system for mineralization of many
pollutants through the production of 'OH and O, radi-
cals.”>”* Catalysts of titanium dioxide in oxidation have
widely known to degrade organic pollutants as they possess
good stability and are environmentally friendly. Moreover,
generated holes (h") and electrons (e”) from the illumination
of TiO, with light (1 < 420 nm) can effectively react with ad-
sorptive water molecules to produce active radicals,”” aiding
in increased degradation efficiency.

In AOPs, hydroxyl radicals ('OH) are induced by photoin-
duced charge separation of electrons and holes. These active
species react with water or oxygen to form reactive oxygen
species (ROS), which can mineralize most resistant organic
substances and break them down into somewhat less-
persistent organic by-products, known as “green” chemicals,
carbon dioxide (CO,) and water (H,0).”* Besides, AOP involv-
ing heterogeneous photocatalysis using a ultraviolet (UV)
light source or solar irradiation has been known to be
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effective for the degradation of several types of persistent pol-
lutants’® as ultraviolet light (1 < 400 nm) can act as an energy
source and TiO, serves as a semiconductor photocatalyst.””"”®

Dhlugosz et al. (2015)”° reported that using AOPs with a
photocatalyst showed a corresponding decrease in total
organic pollutant (TOP) content and degradation efficacy
with respect to antibiotics such as ampicillin, cloxacillin,
amoxicillin,”® tetracycline® and sulfamethoxazole.*' Neamtu
and colleagues (2014)"” investigated the photodegradation of
eight micro-pollutants, namely benzotriazole, atenolol,
clarithromycin, metformin, methylbenzotriazole, metoprolol,
gabapentin and primidone, in lake water and wastewater
effluent by the photo-Fenton process and hydrogen peroxide
(UVy54/H,0,) under UV light irradiation (254 nm). In lake
water, the removal efficiency was approximately 55%, whereas
it was about 30% in wastewater effluent. In addition, evalua-
tion of performances of three different techniques of AOPs,
namely the photo-Fenton process (Fe/H,0,/UV) (as an exam-
ple of a liquid-liquid reaction), the TiO, photocatalytic oxida-
tion process (TiO,/UV) (a solid-liquid reaction), and the com-
bined ozone and hydrogen peroxide (O3/H,0,) oxidation
process (a gas-liquid reaction), for the removal of pharma-
ceuticals was conducted, whereby effects of aqueous matrices
were taken into account. The effects of Fenton process on ele-
mentary pollutant degradation improved because of the pres-
ence of CESs having additional iron ions, while the photo-
reduction reaction was hampered by the complex-forming re-
action. This was further confirmed by Tokumura et al.,** who
found that CESs could improve degradation of emerging con-
taminants not only via scavenger effects and light scattering
(photo-Fenton process), but also by adsorption on active sites
on the surface of TiO, photocatalyst.®*

2.4 Solar-driven photocatalyst

Today, solar driven photocatalysts are gaining interest be-
cause they are able to eliminate harmful or non-
biodegradable pollutants from the environment. They are
pertinent from two perspectives: (a) photocatalytic process is
the ultimate solution for elimination of pollutants in natural
aquatic systems® and (b) they are established as an emerging
green technology for wastewater treatment.”> Thus, it signifi-
cantly plays a relevant role in assisting dissolved organic mat-
ter (DOM) and humic substances (HS). This technique in-
volves “in situ” generation of active oxidizing species under
solar irradiation in the presence of a catalyst, titanium diox-
ide, as shown in Fig. 1.

Several studies have been conducted in the past decade on
the uses of these processes to treat a large range of pollutants
using sunlight.®>®® Their function as a preliminary treatment
aiding biocompatibility of hazardous, non-biodegradable
emerging effluents has earned considerable attention
lately.®"®® Therefore, using solar driven photocatalysis as a
pre-treatment might be desirable to eliminate emerging con-
taminants from effluents of wastewater treatment plants. In
fact, some reviews have investigated the applicability of solar
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Fig. 1 Solar-driven photocatalysts in elimination series of emerging
pollutants in natural aquatic systems.®®

driven photocatalysis as a tertiary treatment to remove
emerging pollutants®°" of considerably low concentrations
(ca. 5 pg 1) in effluents from wastewater treatment
plants®”*® with satisfactory results. Nonetheless, researchers
reported on the treatment of various pollutants such as
dyes®>“* or even some pharmaceuticals®® by photocatalytic re-
actors with membrane cells are able to discrete and
recirculate of TiO, catalysts to the photoreactor, which shows
an increase in the overall performance of the process, which
proved the successful results in eliminating aromatic sulfonic
acids,®® phenols, as well as azo”® and cationic dyes®® dyes by
SBO-mediated photodegradation, can be done in comple-
ment to bigger scale direct sunlight photo-remediation of a
wide number of pollutants.”®

Photocatalysis has emerged as a green technology for the
complete mineralization of hazardous organic chemicals to
water, carbon dioxide, and simple mineral acids.””° This re-
action is light-induced and is enhanced by the presence of a
catalyst. An ideal photocatalyst should be nontoxic, inexpen-
sive, stable, easily available and highly photoactive.'® This
solar-driven photocatalysis has many advantages over other
methods, such as low cost, reusability, complete degradation
and eco-friendly.’** "% TiO, has emerged as the best photo-
catalyst for degradation under UV light, because it is easy to
prepare and recyclable, tolerates both acidic and alkaline so-
lutions, is stable and does not require any strong oxidizing
agent."”*'% In recent years, semiconductor photocatalysis
has shown great potential as cost effective, environment
friendly and sustainable treatment technology with zero
waste discharge.'°®% Photocatalysis involves removal of wa-
ter contaminants that are chemically stable and resistant to
biodegradation."’® The method offers an advantage over
usual wastewater treatment techniques such as activated car-
bon adsorption, chemical oxidation, biological treatment and
membrane separation.""" Activated carbon adsorption in-
volves phase transfer of pollutants without decomposition.
This incomplete removal process further increases pollution
load on the environment."'”> Chemical oxidation is also a
cause of incomplete mineralization of organic substances
with the generation of undesirable toxic byproduct. Biological
treatment faces the crises of sludge removal, very slow reac-
tion rate and control of appropriate process conditions
(microbial growth condition). The disadvantages of retentive
components, severe membrane fouling, and costly setup

This journal is © The Royal Society of Chemistry 2017
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great impact membrane process. In this context, photocata-
lytic processes offer a number of advantages for the removal
of pollutants from water, complete mineralization, use of
low-cost catalyst system and comparatively hassle-free
arrangement, 113114

3.0 TiO, based photocatalytic
systems for pharmaceutical waste
treatment

Basic steps involved in the degradation of pharmaceutical
pollutants by photocatalysts are shown in Fig. 3. The whole
process includes the following: (I) when light from energy
higher than the energy band gap of the photocatalyst is
absorbed by the photocatalyst, excited electrons and holes
with high reducing and oxidizing abilities, respectively, are
generated. Thereafter, the photoinduced holes and electrons
separate and migrate to the surface of the photocatalyst; (II)
some of the electrons and holes recombine to release heat
during the migration process; (III) following migration of
electrons to the surface of the photocatalyst, a reductive path-
way is initiated, wherein O, is reduced to ‘O,; (IV) con-
versely, an oxidative pathway is initiated wherein the holes
move to the surface of the photocatalyst, and "OH is gener-
ated upon oxidation of H,O or antibiotic molecules. Then,
antibiotic molecules are degraded by the photocatalytic active
species ‘O, or ‘OH. All these processes influence the final
rate and efficiency of photocatalytic degradation of antibi-
otics over the photocatalyst system.”®''> Therefore, broaden-
ing the light absorption spectrum ability of the photo-
catalysts, enhancing excited charge separation and migration
rate, and preventing recombination of the excited charges are
expected to effectively improve the activities of photo-
catalysts.'*® Taking these factors into consideration, there are
two key methods of developing highly efficient photocatalysts
for photocatalytic degradation of antibiotics: (1) the photo-
catalyst should have a suitable narrow band gap, which
would afford absorption on both UV light and visible light
and (2) a suitable separating medium or surface defect state
is required, which is capable of trapping photoexcited
electrons or holes to prevent their recombination.

3.1 TiO, synthesis method

TiO, as a photocatalyst is not ideal due to its wide bandgap.
Besides, intricate filtration process and distinctly agglomer-
ated opaque solution are crucial restrictions related with
nanoparticles for large-scale water purification process."”’” In
conjunction, initial adsorption of aqueous phase pollutant
on the surface of the photocatalyst is also extremely essential
for effective photodegradation reactions to occur."*® Thus, de-
velopment of supported photocatalytic systems enables long-
term stability, ability to delocalize electrons and sustained ox-
idative radical attack during irradiation of light.""* Many
techniques, including  hydrothermal, sol-gel, and
solvothermal methods, have been extensively studied.
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3.2 TiO, properties: adsorption and photocatalytic activity

3.2.1 Active species. The presence of ions has a huge im-
pact on efficacy of photocatalytic reactions. Ahmed et al
(2011)"** reported that persulfate ions act as electron scaven-
gers and enhance removal efficiency of acridine orange be-
cause of the induction of highly reactive SO, (E° = 2.6 eV)
radicals, as shown in eqn (1):

S,05% + e, — SO, +S0,2% (1)

They suggested three feasible pathways for the production
of persulfate with organic molecules: i) eliminating a hydro-
gen atom from a saturated carbon, ii) reacting with unsatu-
rated or phenolic carbon and, iii) eliminating an electron
from carboxylate ions. In conjunction, persulfate may react
with the generated electron in the conduction band or with
water molecules to induce sulfate ions or hydroxide radicals,
respectively, as shown in the equations below:

SO, +eay — SO;” @)
S0,> + H,0 — OH" + SO, + H" (3)

Eqn (2) shows the improved photocatalytic reaction by re-
ducing electron-hole recombination, whereas eqn (3) shows
that produced sulfate ions (SO,>7) act as an initiator to foster
highly reactive hydroxyl radicals. However, at concentrations
of persulfate ions beyond the optimum value, the degrada-
tion of organic contaminants reduced due to reaction with
sulfate ions formed on the TiO, surface that contribute to the
deactivation of a fraction of catalyst sites. The same trend
was observed by (ref. 125) oxidants such as periodate, hydro-
peroxide, peroxydisulfate and peroxymonosulfate were used
in the removal of phenazopyridine. Other ions often found in
the water are carbonate ions present in the effluent of water
and wastewater sewage. Textile industries use sodium car-
bonate for fixing dyes on fabric and produce effluents that
contain high concentrations of carbonate ions. The carbonate
ions function as an inner filter to absorb light energy and
radical scavengers and decline the rate of degradation as in
the following reactions:'*®

CO;* + OH' — OH + CO;™~ (4)
HCO, + OH' — H,0 + CO;" (5)

The photocatalytic efficiency is considerably decreased
when inert salts such as sodium chloride, sodium phosphate,
and sodium sulfate or surfactants are present in the water.
This is because the adsorption of cationic or anionic mole-
cules occur preferentially on the catalyst surface, while inert
salts hinder degradation because of a competitive reaction of
ions with holes generated on the photocatalyst surface. For
example, for NaCl, the hole scavenging reactions are as
shown below, whereby chloride ions, which have a hole
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scavenging effect, cause deactivation of holes and inhibit the
removal of contaminants (eqn (6)):'*°

Cl" +hy, — ClI”+H" (6)
clr +cl - cl,” 7)

Therefore, the existence of organic or some inorganic spe-
cies such as chloride ions can impact the degradation rate
and effectiveness of the process (since part of ‘OH is used by
these species); therefore, a total mineralization of wastewater
is required. This is because a complex medium contains hun-
dreds of species, thus influencing the photocatalytic process
efficacy.

3.3 Limitation of TiO, in photocatalytic systems

In recent years, by use of antibiotics contamination due to a
wide range of human activities has gained special attention.
Thus, development of solar light driven photocatalysis as a
“green technology” for wastewater treatment has been stud-
ied. For almost 40 years, by Fujishima and Honda, have been
continuously exploring photocatalytic activity of TiO, (ref. 9)
as a promising approachable technology for water treatment
processes that could significantly enable reduction of phar-
maceutical  pollution based by harnessing light
energy.*****74° In addition, under visible light irradiation,
the effectiveness of TiO, to self-induce highly active scaven-
gers such as hydroxyl radicals provide favorable properties
(e.g., non-toxicity, no dissolution in water, photostability),
making TiO, a suitable candidate for the complete minerali-
zation of emerging pollutants*"** in photocatalysis.

However, some disadvantages of TiO, include fast recom-
bination between electron-hole pairs, efficient activation with
the only UVC due to a band gap energy of 3-3.2 eV, difficult
recovery of TiO, nanoparticles from treated liquid, and ag-
glomeration, which are detrimental to its use in photo-
catalysis."”” Besides, with its wide band gap (3.2 eV), only 5%
of UV light can be pass through, thus hindering its applica-
tions in large-scale wastewater treatment. Therefore, intro-
ducing semiconductor photocatalysts such as Ag;PO,, CdS,
Cu,0, ZnS, and PbS helps narrow the band gap, thus increas-
ing visible light activity.">*® However, light-driven photo-
catalyst can not be used as an efficient photocatalyst in waste
water treatment. Therefore, difficulties in separation of
photocatalyst from treated water, especially from a large
volume of water, is a troublesome process. Moreover, sedi-
mentation and centrifugation processes are demanding at in-
dustrial scale because of long time duration and technical
limitations.>® Besides, Pastrana-MartAnez et al. have stated
that use of TiO, photocatalyst involves two drawbacks: (1)
low quantum yield predominantly impeded by recombination
of electrons and holes and (2) unsatisfactory ability to
harness light limited by the wide band gap of TiO, to absorb
the UVA spectral range.>® Other limitations are TiO, powders
are prone to deposit after a while resulting in a decline of
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amount of light absorbed and in lower effectiveness and
efficiency.

This design for more efficiency of TiO, via various
methods such as ion doping, incorporation of semiconductor
compound, dye photocatalyst, noble metal deposition, etc.
was fabricated. A highly attractive alternative toward the de-
velopment of photocatalysts based on nanoscale composites
depends on the association of TiO, with carbon materials
such as mesoporous carbon, carbon nanotubes***® or more
recently graphene-based TiO,.*>

4.0 TiO, hybrid photocatalytic systems
for pharmaceutical waste treatment

Recently, heterojunction photocatalytic systems or hybrid
photocatalytic systems, which constitute a combination of
two semiconductors with matching energy band gaps, have
attracted much attention because they are effective alterna-
tives to separate photo-induced charges, thereby improving
photocatalytic performance.'*® Heterojunction architectures
are classified into three main groups denoted as type I, type
II, and type IIL.°° Of the three photocatalyst systems, type II
heterojunction is believed to show the most potential in real-
izing the highest photocatalytic efficiency as the configura-
tion can effectually impede recombination of electrons and
holes. The typical mechanism for photo-generated charge
transfer in type II heterojunction photocatalyst systems is il-
lustrated in Fig. 4. As observed, the photoexcited electrons
can migrate from semiconductor I to semiconductor II in a
type II heterojunction owing to the more negative conduction
band position of semiconductor I. Simultaneously, because
of the more positive valence band of semiconductor II, photo-
excited holes can migrate in the opposite direction to that of
electrons, leading to complete effective charge separation.’
Furthermore, type II heterojunction is conducive to regulat-
ing the range of light absorption. To date, development of
type II heterojunction photocatalyst systems and many ad-
vanced heterojunction photocatalysts with enhanced photo-
catalytic antibiotic degradation efficiency under visible-light
irradiation has been widely studied (Fig. 2).”

Much effort has been directed to designing and fabricat-
ing visible-light-driven photocatalysts, and diverse advanced
photocatalytic materials have been designed for the treat-
ment of antibiotic wastewater.’>”" Four main strategies have
been employed: (1) doping of UV light-driven photocatalysts
with metals and non-metals; (2) development of new visible-
light-driven semiconductor photocatalysts; (3) design and
construction of heterojunction photocatalysts with nano-
carbons; and (4) design and construction of surface plasmon
resonance (SPR)-enhanced photocatalytic systems.

4.1 Magnetic photocatalytic system of TiO,/metal oxide for
pharmaceutical waste treatment

4.1.1 TiO,/Fe;0, hybrid photocatalytic system. Photo-
catalysis with TiO, has been studied with propitious results
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in mineralizing a series of pharmaceutical pollutants. Design-
ing of magnetic TiO,/Fe;0, and TiO,/SiO,/Fe;0, nanoparticles
(NPs) by a simple sol-gel technique assisted with
ultrasonication for removal and mineralization (i.e., TOC
removal) of five selected pharmaceutical pollutants from
aqueous solution was reported.’® In this study, a method to
improve the separation of TiO, is evaluated through the fabri-
cation of nanoparticles (NPs) and a magnetic core (Fe;0,)
with a TiO, shell. This is conducted to ease separation of pol-
lutants from the treated water under exposure of external
magnetic waves. Beydoun and co-workers modeling for magneti-
cally separable photocatalysts is a pioneer in this field. Most
TiO, photocatalyst-based magnetic fields investigated to date
contain ferum element such as magnetite (Fe;0,), maghemite
(y-Fe,05) or ferrite (e.g., NiFe,0,).>”**>" Introduction of a
barrier layer of SiO, wafer between the magnetic core and
TiO, shell has been suggested to prevent photo-dissolution of
ferum as well to hamper recombination of electrons and
holes that decreases the photocatalyst activity.”*'>* TiO,
photocatalysis based magnetic properties have already been
identified for the degradation of pharmaceutical pollutants,
dyes and phenol in most cases.****** Predominantly, favor-
able results of photocatalytic activity, separability, and catalyst
stability have been noted.

Besides, another study has investigated spinel ferrites
TFe,0, (M = Mn, Co, Zn, Ni, Mg, etc.), as they are well-known
for their cubic spinel characteristic, whereby oxygen atom
forms a face-centered cubic (fcc) close packing and T>* and
Fe" are filled either in the interstitial sites of tetrahedral or
octahedral sites.*” Thus, considering the highly stable crystal
structure along with an excellent magnetic field and chemical
stability of spinel ferrites, extensive uses in application such
as optoelectronics, drug-loading materials, spintronic de-
vices, and microwave adsorption have been implied. Manga-
nese ferrite (MnFe,0,) with promising magnetism and func-
tional surface has been vastly used in water purification
technology.>* This is because MnFe,0, has good adsorption
capacity and biocompatibility and higher magnetism than
NiFe,0,, CoFe,0,, and CuFe,O, nanoparticles.58 Lin et al
have studied the photocatalytic oxidation of pharmaceuticals
waste by TiO,-Fe nanocomposites by measuring degradation
of three pharmaceuticals (ibuprofen, carbamazepine and sul-
famethoxazole) under UV and visible light irradiation. The re-
sults suggest that the enhanced photocatalytic performance
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Fig. 2 Schematic of the mechanism of photo-generated charge trans-
fer in a (type Il) heterojunction photocatalyst system.®
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Fig. 3 Narrow band gap of graphene carbon nitride allows efficacious
light absorptivity within UV-visible light range for effective photocata-
lytic degradation of pollutants.*>!

of TiO,-Fe nanocomposites could be attributed to their
narrower band gap.'*® High photoactivity of TiO,-Fe can be
also ascribed to new impure levels introduced between the
conduction and valence band of TiO,, from which the
electrons can be excited to the conduction band. Therefore,
TiO,-Fe has a narrower band gap (2.40 eV) than pure TiO,
(3.20 eV), resulting in increased absorption in the visible-
light region."*® However, small size, agglomeration of nano-
sized ferrites and magnetic interaction make recuperation of
photocatalyst during large-scale water purification process®’
complicated. Thus, a highly efficacious degradation reaction
by visible light occurring on the photocatalyst surface'® is a
pre-requisite to develop supported photocatalytic systems in-
volving immobilization of nanosized metal oxide particles
onto appropriate support materials. The support materials
should have high stability, long half-life and ability to with-
stand radical attack during exposure to light.*®

4.1.2 TiO,/CuO hybrid photocatalytic system. It is reported
that heterogeneous photocatalytic oxidation technologies are
propitious techniques and a number of papers on photocata-
Iytic advanced oxidation technologies are aimed at dye/TiO,
system.?® Several ways to enhance the performance of cata-
lysts, for instance, doping the catalyst to narrow the band
gap,’"?? structuring the catalyst in nano-size** and combin-
ing a narrow-bandgap and wide-bandgap semiconductor®®**
have been reported. A recent study shows that Cu,O can cata-
lyze the emerging pollutants of water into H, and O, under
visible light due to excellent catalytic performance and stabil-
ity of Cu,0.*" In addition, nanosized Cu,O photocatalyst dis-
plays an excellent elimination of dye pollutants with a high

&
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(a) (b)

Fig. 4 (a) Higher pH leads to more availability of hydroxyl ions on the
TiO, surface, whereas (b) lower pH of the solution in photochemical
reaction promotes aggregation.
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degree of mineralization*> when exposed to visible light. In
this regard, when a heterostructure forms between TiO, and
Cu,0, it can aid in promoting the dissociation and move-
ment of photo-generated charge carriers in TiO,/Cu,O com-
posite, thus reducing the possibility of recombination and in
turn promoting photocatalytic properties.

Yi et al,"”' synthesized nanoscale TiO,/Cu,O hetero-
structure composite through an alcohol aqueous-based chem-
ical precipitation method. Photocatalytic activities of the
nanocomposite catalysts were explored in terms of decompo-
sition action on methyl orange dye. Results revealed that the
formation of a hetero-interface between Cu,O and TiO, aids
the dissociation and movement of photoinduced charge mol-
ecules and impairs the possibility of recombination, thus
leading to with greatly increased photocatalytic activity. The
effect of adding 5-12.5 wt% CuO to TiO, on photocatalytic
properties of the nano-composite TiO,/CuO was investigated
by Koohestani et al.'**> BET specific surface area of the TiO,/
CuO composites was lower than that of pure TiO,. Incorpora-
tion of CuO into TiO, shifted absorption spectra to the visible
region. As CuO content increased from 0 to 12.5%, a clear de-
crease in optical band gap from 2.95 to 2.30 eV was observed.
The photocatalytic performance was determined under ultra-
violet irradiation. However, the excessive incorporation of
CuO did not improve the ability of TiO, to degrade MeO and
cyanide. The highest rate of photocatalytic degradation was
found in TiO,-7.5% CuO. The rate constants of degradation
reaction using TiO, and TiO,-7.5% CuO catalysts were 0.0107
and 0.0151 min™", respectively. Another study on a dual
Z-scheme TiO,-Ag-Cu,0 photocatalytic system was also
conducted, wherein Cu,O was loaded onto electrospun TiO,
nanotubes by an easy impregnation-calcination process, and
Ag was subsequently deposited onto the photocatalyst
through a photo-deposition method. Under UV-vis light irra-
diation, both TiO, and Cu,O can be excited. The photo-
induced electrons from the conduction band of TiO, excited
to Ag due to formation of a lattice vacancy on the metal-
semiconductor matrix, while SPR-induced local electric field
drove the electrons of Ag to recombine with holes of Cu,O on
the valence band. Lastly, electrons in the conduction band of
Cu,O reacted with H' to generate hydrogen gas, resulting in
a greatly improved photocatalytic performance for hydrogen
generation.

4.2 Magnetic photocatalytic system of TiO,/metal hybrid for
pharmaceutical waste treatment

Development of a photocatalyst driven by visible light that
harnesses the utilization of effective solar energy”® has been
a focus by many researchers. Incorporation of metals ions is
a propitious technique as it helps in the dissociation of
electron-hole pairs and improves light absorption capability.”
Besides, their distinct properties such as structural pliability
and large surface area to volume ratio have led to the suc-
cessful development of metal-organic frameworks (MOFs) in
adsorption, sensor devices, catalysis, magnetism and drug re-
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lease. Thus, to retain photocatalytic performance of MOFs,
studies on the introduction of functional elements into such
materials in fabricating metal-MOF nanocomposites have
been conducted."”**

4.2.1 TiO,/Ag hybrid photocatalytic system. To date, noble
metal-TiO, composites have been applied vastly in the field
of photocatalysis.®”*®* When the nanoparticles of a noble
metal, such as Au, and a catalyst, TiO,, are bound to form
the composition the charge will allocate. From the Fermi
levels, nanoparticle noble metals (Au, Ag, or Pt) are lower as
compared to TiO,, resulting in the excitation of photo-
induced electrons from the conduction band of TiO, towards
the surface deposited noble metal.** Moreover, when the size
of metal is reduced, it displays excellence light absorption in
the visible light are due to collective oscillation of valence
electrons of the metal.*’ Therefore, coupling nanoparticle no-
ble metal adjoin with TiO, can inhibit recombination of
photoinduced electrons and holes and widen the absorption
rate of light in the visible light region, thus improving photo-
catalytic activity.*"

Yi and group investigated Ag;PO, and TiO, and stated that
it possessed excellent photoreaction catalyst activity for the
deterioration of organic emerging pollutants and water split-
ting.”*" Even though Ag;PO, showed good application in
photocatalyst driven reactions, pure Ag;PO, always shows
poor stability due to the photo-corrosion and precipitation.
However, fashion the composite of Ag;PO, to ameliorate the
defects has been a keen interest among researchers. For
example, the modeling and fabrication of a unique assem-
bled heterostructure, can be combined with other semicon-
ductors, by loading onto supports, doping ions, and so forth.
Wang et al."*’” studied reaction conditions (temperature and
time) and observed that the morphology of Ag;PO, depends
on photocatalyst activity and methylene blue was affected by
the morphology. This was predominantly owing to the distinct
framework and improved adsorption of surface morphology as
well as enhanced dissociation between electrons and holes. On
the other hand, Bi et al."** reported that by regulating various
facets of single crystalline Ag;PO, could efficaciously improve
photoreaction of catalyst on methyl orange and Rhodamine
B. Also, Zhang et al.'* noted that Ag;PO, doped Bi*" ions
can tremendously influence electronic composition and di-
minish surface hydroxyl group defect, simultaneously affect-
ing the behavior of Ag;PO, particles. Ternary TiO,-SiO,-Ag
nanocomposites with enhanced visible-light photocatalytic ac-
tivity were synthesized by Liu et al through a facile biomi-
metic approach by utilizing lysozyme as both an inducing
agent of TiO, and reducing agent of Ag".'** TiO, nano-
particles (~280 nm) were first fabricated by inducing lyso-
zyme. Afterward, SiO, layers were formed as “pancakes” stuck
out of TiO, nanoparticles through a sol-gel process. Finally,
Ag nanocrystals (~24.5 nm) were deposited onto the surface
of TiO,-SiO, composites via reduction of lysozyme, forming
Ti0,-Si0,-Ag nanocomposites. The resultant nanocomposites
displayed a high photocatalytic activity under visible-light
irradiation, which can be attributed to the synergistic effect
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of enhanced photon absorption because of surface plasmon
resonance of Ag nanocrystals and the elevated adsorption
capacity of Rhodamine B because of the high specific surface
area of SiO,. This study may provide some inspiration for the
rational design and facile synthesis of composite catalysts
with high and tunable catalytic property through a green,
efficient pathway.

4.2.2 TiO,/CdS hybrid photocatalytic system. In the study
reported by Park et al,’® CdS incorporated graphene/TiO,
composite was synthesized by a comparative sol-gel process
and precipitation reaction, wherein Cd(NO;), solutions and
the Cd(NO;), and Na,S solutions and titanium oxysulfate
were used. Improved TiO, and CdS-incorporated graphene
was investigated as a new photocatalytic CdS-graphene/TiO,
nanocomposite. Their structural attributes were characterized
by XRD, SEM, TEM, and EDS. Methylene blue was selected as
a typical dye to examine the photocatalytic properties of CdS
incorporated graphene/TiO, under UV light. The degradation
mechanism and kinetics of the catalysts driven by visible
light were also studied. In addition, Li et al. successfully
designed a TiO,/Au/CdS heterojunction Z-scheme photo-
anode and discovered that its electrochemical-based visible-
light performance was better than that of TiO,/CdS mate-
rial.”' One-dimensional (1D) CdS@TiO, core-shell nano-
composites (CSNs) were successfully synthesized via a
two-step solvothermal method by Liu et al'*® The results
demonstrated that a 1D core-shell structure is formed by
coating TiO, onto the substrate of CdS nanowires (NWs). The
visible-light-driven photocatalytic activities of the as-prepared
1D CdS@TiO, CSNs were evaluated by selective oxidation of
alcohols to aldehydes under mild conditions. Compared to
bare CdS NWs, an obvious enhancement of both conversion
and yield was achieved in 1D CdS@TiO, CSNs, which is as-
cribed to the prolonged lifetime of photogenerated charge
carriers in 1D CdS@TiO, CSNs under visible-light irradiation.
Furthermore, it was shown that the photogenerated holes
from CdS core can be stuck by the TiO, shell, as evidenced
by controlled radical scavenger experiments and efficient se-
lective reduction of heavy-metal ions, Cr(vi), over 1D
CdS@TiO, CSNs; consequently, it was found that the reaction
mechanism of photocatalytic oxidation of alcohols over 1D
CdS@TiO, CSNs is apparently different from that over 1D
CdS NWs under visible-light irradiation. It is hoped that our
work could not only offer useful information on the fabrica-
tion of various specific 1D core-shell nanostructures but also
open a new doorway for such 1D core-shell semiconductors
as visible-light photocatalysts in the promising field of selec-
tive transformations.

4.2.3 TiO,/Cu hybrid photocatalytic system. The potential
of TiO, as a catalyst in photocatalytic is enhanced by improv-
ing UV light harvesting and hindering recombination of
electrons and holes by mixing with a semiconductor, assem-
bly with a noble metal, and hydrogenation or doping of a
transition metal.>” Among the different techniques, devising
TiO, heterojunctions using semiconductors with more nega-
tive and narrow conduction band edge positions is a practical
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method to improve photocatalytic activity of TiO,. TiO,/
semiconductor heterojunction not only raises the potential
gradient at the interface to boost dissociation of electrons
and holes by excitation of electrons from an excited-state-
bandgap semiconductor into a ground-state bandgap semi-
conductor,® but also aids in a wide range of visible light ab-
sorption. Copper sulfide, an n-type semiconductor material
with a narrow band gap of 2.0 eV, also displays outstanding
characteristic in photocatalysis. Assembling CuS-TiO, com-
posite enhances adsorption of visible light on surface mor-
phology while enhanced the limiting electrons and holes
separation. For example, Li et al.’® have designed a unique
micro/nano-scaled TiO,/CuS composition incorporated fibers
using an electrospinning method. The micro/nanocomposite
fibers displayed a robust visible-light performance and ex-
cellent efficiency of electron-hole separation compared with
unalloyed TiO, fiber. Ratanatawanate et al>> have investi-
gated TiO, nanotubes with CuS quantum dots through a
series of CuS nanoparticle crystallizations and have shown
that photocatalytic performance and photosensitivity of
TiO, nanotubes in the visible light region are improved by
the presence of CuS quantum dots. Im et al®® have
designed a shell-structured CuS/TiO, photocatalyst, which
have a potential to absorb a wide wavelength of above 700
nm. The electrons from the valence band of CuS are ex-
cited by the existence of TiO,, leading to a faster rate of
electron-hole pair dissociation and higher photocatalytic
performance.

4.3 Highly selective photocatalytic system for pharmaceutical
waste treatment

4.3.1 TiO,: nano-carbon hybrid photocatalytic. The com-
mercial use of TiO, is demanding because of the costly treat-
ment in dissociating treated sewage from active persistent
light micromolecules. Thus, a technique for solving this issue
is the utilization of supports,"'® which give auxiliary benefits,
such as enhanced chemical and thermal stability, as well as
an improved surface area for the catalytic material, which re-
sults in higher performance.’"® Thus, numerous studies have
been conducted on various kind of supports, such as clay,
graphene, zeolites and activated carbon owing to their fast
charge transfer, efficient charge separation, superior specific
surface area and electrical conductivity. Assembling of
visible-light-driven photocatalytic systems using graphene
materials can effectively increase the migration of photo-
generated electrons and holes and enhance photoinduced
charge separation to achieve high photocatalytic efficiency.
Wang et al. reported the synthesis of hybrid TiO,:carbon hol-
low spheres by a facile and green method using a carbon
nanosphere template.’*>'*”"*% 1n this work, the carbon con-
tent of the TiO,:carbon hybrid was adjusted by changing
the duration of the final calcination step, which was shown
to significantly affect physicochemical properties and photo-
catalytic activity of the hybrid."*>**° The optimized TiO,:
carbon hybrid exhibited enhanced photocatalytic activity
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compared with commercial TiO, (P25)."*"'*> The signifi-
cantly improved photocatalytic activity was not only due to
the increased specific surface area, but also due to a local
photothermal effect around the photocatalyst caused by car-
bon.'** The preparation and photocatalytic properties of hy-
brid nanofibers/mats of anatase TiO, nanoparticles and
multi-walled carbon nanotubes (MWNTSs) using combined
sol-gel and electrospinning techniques was reported by Hu
et al."** Poly(vinyl pyrrolidone) was used as a base polymer
in the electrospinning suspension to assist the formation
of nanofibers and was subsequently removed by calcina-
tion. The hybrid nanofibers were characterized using XRD,
Raman spectra, FT-IR, XPS, SEM, TEM and N, adsorption
measurements. The results showed that MWNTs were en-
capsulated by in situ formed anatase TiO, nanoparticles,
with chemical bonding C-O-Ti between anatase TiO, nano-
particles and MWNTs. Hybrid nanofibrous mats with mod-
erate content of MWNTs (mass ratio TiO,: MWNTs = 100:
20) exhibited enhanced adsorption ability and excellent
photocatalytic activity. The composition, diameter, and
morphology of hybrid nanofibers could be tuned by vary-
ing sol-gel formulation, electrospinning parameters and
post-treatment conditions. TiO,/MWNTs hybrid nanofibers
and mats have promising applications in water
purification.

4.3.2 TiO,/CNTs hybrid photocatalytic system. The intro-
duction of metals and nonmetal materials like multi-wall car-
bon nanotubes (MWCNTS) in TiO, has been studied to over-
come this limitation."”> Previous studies show that the
performance of photocatalytic TiO, can be enhanced by
forming composites assembled with MWCNTs.*> MWCNTs
function as a bed to prepare transition metal supported cata-
lysts and allocate dispersions of functional materials to
improve their functionalities including high metallic conduc-
tivity, large electron-storage capacity, wide light range absorp-
tion and large surface area to volume ratio.'** MWCNTs en-
able trapping of electrons, transferring them from TiO,, and
stabilize charge separation, thus impeding electron-pair
recombination. This can be elucidated which MWCNTs is
acting as a stimulator and boosting the injection of photoex-
cited electrons from TiO, to reduced recombination of holes
and electrons."”"*' Moreover, MWCNTs serve as a dispers-
ing bed for reducing agglomeration of TiO, nanoparticles.'**
A carbon nanotube (CNT)/TiO, photocatalyst nanocomposite
has been prepared by a simple impregnation method, which
is used, for the first time, for gas-phase degradation of
benzene. It is found that the as-prepared CNT/TiO, nano-
composite exhibits an enhanced photocatalytic activity for
benzene degradation, as compared with commercial titania
(Degussa P25). A similar phenomenon has also been found
for liquid-phase degradation of methyl orange. CNT has two
kinds of crucial roles in the enhancement of photocatalytic
activity of TiO,. One is to act as an electron reservoir, which
helps to trap electrons emitted from TiO, particles due to
irradiation by UV light, thus hindering electron-hole pair
recombination. The other is to act as a dispersing template
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or support to control the morphology of TiO, particles in
the CNT/TiO, nanocomposite."*" Based on literature review,
there is no report about photocatalytic degradation of TC
using MWCNT/TiO, nano-composite; however, in some
studies, MWCNT/TiO, nanocomposite has been fabricated
to improve the performance of photocatalyst TiO, nano-
particles for photo-decomposition of pharmaceutical pollut-
ants in the aqueous phase and in wastewater. The effect of
operational parameters including ration of MWCNT to TiO,
ratio, photocatalyst dosage, pH, concentration and irradia-
tion time have been identified, and subsequently, a real
pharmaceutical wastewater sample undergoes photocatalytic
treatment.

4.3.3 TiO,/activated carbon hybrid photocatalytic system.
Many researchers have explored the immobilization of TiO,
nanoparticles on various support materials to enhance visible-
light-driven photocatalytic performance and enable more effec-
tive dissociation of treated sewage.>® Activated carbon (AC), a
unique carbon material, displays large specific surface area to
volume ratio, low cost and high adsorption performance,
which enhances photocatalytic reaction between TiO, catalyst
and pollutant.”® AC has vastly been used as an adsorbent for
active hydrocarbons pollutants.>® Thus, investigation of photo-
catalyst Ag-Ag;PO, incorporating AC has been investigated
using a facile deposition and photo-generated technique, and
the photocatalytic activity is evaluated by decomposition of tet-
racycline."” The loaded Ag;PO, photocatalysts exceptionally
aids in photocatalytic activity and characteristics of Ag/Ag;PO,
incorporated AC composites such as crystalline structure,
photocatalytic activity, and optical properties.

Another investigation of solar photocatalytic oxidation
using TiO, versus TiO,/AC to study its efficiency for degrada-
tion of pharmaceuticals was reported.'*® Amoxicillin, ampicil-
lin and two other prevalent drugs (diclofenac and paraceta-
mol) were used as model substrates. Characterization was
carried out and factors affecting photodecomposition such as
a change in pH and amount of TiO,/AC catalyst loading were
studied. Besides, the first order Kkinetics was evaluated
according to the Langmuir-Hinshelwood model. Conclu-
sively, the supports play an important role in photocatalytic
performance and stability.

A sequential adsorption/photocatalytic regeneration pro-
cess to remove tartrazine was investigated.'*” The aim of this
work was to compare the effectiveness of an adsorbent/photo-
catalyst composite - TiO, deposited on activated carbon (AC)
- and a simple mixture of powders of TiO, and AC in the
same proportion. The composite was an innovative material
as TiO,, was deposited on the porous surface of a micropo-
rous AC using metal-organic chemical vapor deposition on a
fluidized bed. The sequential process comprised two-step
batch cycles: every cycle alternated a step of adsorption and a
step of photocatalytic oxidation under ultra-violet (365 nm)
light at 25 °C and atmospheric pressure. Both steps, adsorp-
tion and photocatalytic oxidation, were investigated during
four cycles. For both materials, the cumulative amounts
adsorbed during four cycles corresponded to nearly twice the
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maximum adsorption capacity gmax, proving the photocata-
lytic oxidation and adsorption. Concerning photocatalytic
oxidation, the degree of mineralization was higher with the
TiO,/AC composite: for each cycle, the value of total
organic carbon removal was 25% higher than that obtained
for the mixture powder. Better photocatalytic performances
involved better regeneration and higher adsorbed amounts
for cycles 2, 3 and 4. Better performance with this promis-
ing composite compared with TiO, powder can be
explained by the vicinity of photocatalytic and AC adsorp-
tion sites.

4.3.4 TiO,/graphene hybrid photocatalytic system.
Graphene, a 2D nanostructure, renders exciting opportunities
for future-generation photocatalysts as graphene oxide can be
easily obtained by scaling of graphite oxide,”” contributing a
2D substrate equipped by oxygen atoms at the bases and
edges of planes, providing abundant active and attached sites
for construction of graphene-based nanocomposites.” Be-
sides, graphene oxide is governed by the interaction of ex-
cited n-states from sp2 carbon atoms to sp3 matrix within a
large energy bandgap (o-states), showing an extremely hetero-
geneous electronic composition.’® This, in turn, may thor-
oughly alter graphene oxide electronic properties from the
“conductor-like” up to the graphene-like semi-metallic state
under favorable processing conditions. Hence, notable
improvement in visible-light-driven photocatalytic perfor-
mance has been gained when graphene oxide combined with
TiO,, due to their intersurface electron transfer and signifi-
cantly improve adsorption ability.**

Kamat and co-workers®">> have reported that electrons
induced on TiO, upon UV light irradiation are excited and
eventually transfer across to the graphene oxide layer, caus-
ing recombination between electrons and holes on the com-
posite under UV irradiation. Considerable research has led
to extensive investigation on fabrication of efficacious
graphene oxide/TiO, photocatalyst composites utilizing vari-
ous synthetic pathways that potentially harness graphene ox-
ide as an excellent adsorptive material acting as a scavenger
and transport system for electrons, thus improving light-
driven photocatalytic activity.>>**® Previous study focused on
constructing solid material-activity interaction by using the
reduced graphene oxide/TiO, photocatalyst composites, as
well as investigating their ability as an effective visible-light-
driven photocatalyst. It was found that emerging pollutants
found in sewage and industrial wastewater have a low ten-
dency to be decomposed by microorganisms;'*’ however,
their distinct absorption properties aids in offering feasible
improvement in photocatalytic performance. The prominent
quenching of graphene oxide photoluminescence under UV
laser excitation and improved radical mediated oxidation
manifested by scavenger trapping experiments showed that
reduced graphene oxide can serve as a light sensitizer of
TiO,. Therefore, it is proposed that reduced graphene oxide/
TiO, heterostructures allow TiO, photocatalysis in the UV
light range without weakening its performance upon
irradiation."°
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To date, graphitic carbon nitride has been recognized
among researchers due to its narrow band gap, leading to the
efficacious light absorptivity within the UV light range, which
is as illustrated in Fig. 3.

This distinct characteristic and its electrical conductivity
make it favorable for future applications and theories."””
Wang et al. have successfully synthesized hydrogen using gra-
phitic carbon nitride as a photocatalyst.">® Since then, H,
evolution and organic degradation has been vastly explored.
Nonetheless, pure graphitic carbon nitride has some short-
comings, such as easy recombination of photoinduced
electrons and holes, prompting low performance."* Nano-
composites of TiO,-graphene (TiO,~GR) have been prepared
via a facile hydrothermal reaction of graphene oxide and TiO,
in an ethanol-water solvent.’®> We show that such a TiO,~GR
nanocomposite exhibits much higher photocatalytic activity
and stability than bare TiO, toward gas-phase degradation of
benzene, a volatile aromatic pollutant in air. By investigating
the effect of different addition ratios of graphene on the
photocatalytic activity of TiO,—GR systematically, we find that
the higher weight ratio of TiO,—GR decreases photocatalytic
activity. An analogous phenomenon is also observed for
liquid-phase degradation of dyes over TiO,—-GR. In addition,
the key features for TiO,-GR including enhancement of
adsorptivity of pollutants, light absorption intensity, electron-
hole pair lifetime, and extended light absorption range have
also been found in the composite of TiO, and carbon nano-
tubes (TiO,~CNT). These strongly show that TiO,-GR is, in es-
sence, the same as other TiO,-carbon (carbon nanotubes, ful-
lerenes, and activated carbon) composite materials with
respect to enhancement in photocatalytic activity of TiO,, al-
though graphene by itself has unique structural and electronic
properties. Therefore, various graphitic carbon nitride photo-
catalysts have been fabricated to enhance optimum absorptiv-
ity of visible light. In another investigation, preparation of vari-
ous graphene oxide-TiO, composites liquid phase
precipitation method using ammonium hexafluorotitanate as
TiO, starting material has been reported. Results show an op-
timum GO content yield of 3.3-4.0 wt% at 200 °C. This favor-
able environment in yielding composites is higher in photo-
catalytic activity than P25 in the decomposition of methyl
orange (MO) dye and diphenhydramine (DP) pharmaceutical
upon illumination in near UV and visible region.

4.3.5 TiO,/nano cellulose fiber hybrid photocatalytic sys-
tem. In spite of the long lifespan and dependability of TiO,
catalyst, the dissociation and recuperation processes have
proved to be major challenges in application in sewage treat-
ment processes. Recent studies have reported that nano-sized
metal oxide materials could trigger unfavorable effects in
aquatic environments, suggesting post-processing is required
after using Ti0,.°®®” Therefore, to resolve these setbacks, im-
plementation of nanofiber (NF)-photocatalyst is more benefi-
cial as it improves catalytic performance and provides a large
surface area per unit volume ration’® and easy water split-
ting. This is predominantly attributed to its distinct morphol-
ogy along with nanotube groups.®> Modeling of TiO, NFs by
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electro-spinning was first reported in 2003.*> Since then, vari-
ous types of TiO, NFs have been synthesized, for instance,
polypyrrole-Ag-TiO, NFs, nano-CdS complex sensitized
electrospun TiO, NFs, and iron phthalocyanine-TiO, NF
heterostructures; hollow mesoporous TiO, NFs show a better
photocatalytic performance than TiO, NPs and Au co-
catalyzed TiO, NFs.'*!

Shen and co-workers (2014)* synthesized TiO, nanofibres
(NFs) by electrospinning. They electro-spun the starting mate-
rial of the solution, followed by hot pressing to improve the
adhesion of TiO, NF films to a conductive support for facili-
tating the use of photocatalysts more than once without sup-
plementary dissociation. Preparation of an optimum photo-
catalytic environment was determined by investigating the
oxidation rate of furfuryl alcohol (FFA) under ultra-violet illu-
mination. In addition, the influence of pH on decomposition
of three pharmaceuticals pollutants, carbamazepine, cimeti-
dine, and propranolol, was investigated using deactivated
substrate TiO, NFs. Another report investigated TiO, nano-
fibers (NFs) on the surface of a stainless steel filter with the
aid of a binder layer, poly(vinylidene fluoride) (PVDF). PVDF
enables adhesion of photocatalyst nanoparticles on to the
stainless steel filter for designing a multi-purpose visible-
light-driven photocatalyst. By doing so, diffusion restriction
of contaminants to the surface of photocatalysts was mini-
mized. Thus, deactivation performance of photocatalyst can
be significantly refined, and resilient deactivation of TiO,
nanoparticles can effectively reduce possible hazardous out-
comes on human health and environment.?” Herein, decom-
position of pharmaceutical compounds such as acetamino-
phen, sulfamethoxazole, and propranolol was noted.

Studies on photocatalytic activity of TiO, incorporated co-
conut shell powder (TCNSP) nanocomposite for photo-
degradation of three PPCP pollutants under UVC (254 nm)
and black light blue UVA (365 nm) irradiation have been
conducted. The physicochemical properties of the prepared
TiO,-coconut shell powder (TCNSP) composite have been
fully characterized and reported previously.** Studies shows
that photocatalytic reaction rate of PPCPs decreased with in-
clining initial concentration of PPCPs, but increased with in-
creasing TCNSP concentration, light intensity and dissolved
oxygen concentration. The removal trends were UVC/TCNSP
> UVA/TCNSP > UVC > UVA. The pH has a major influence
on the UV/TCNSP composite process, whereby TCNSP com-
posite and commercial GAC showed 99% and 90% removal
efficiency, respectively. Conclusively, TCNSP composites were
reused and after five runs, 80% of carbamazepine removal
still maintained, whereas removal efficiency of other adsor-
bents decreases dramatically with remarkable deactivation.

4.4 Reaction mechanism pathway studies on TiO, based
photocatalytic systems for pharmaceutical waste treatment

The stages involved in photocatalytic degradation are illus-
trated in Fig. 3. The entire process includes the following: (I)
when light from energy higher than the band gap of the

4560 | Catal. Sci. Technol.,, 2017, 7, 4548-4569

View Article Online

Catalysis Science & Technology

photocatalyst is absorbed by the photocatalyst, excited
electrons and holes, with high reducing and oxidizing abili-
ties, respectively, are generated. Thereafter, the photoinduced
holes and electrons separate and migrate to the photocatalyst
surface; (II) some of the electrons and holes recombine to lib-
erate heat during the migration process; (III) following migra-
tion of the electrons to the surface of the photocatalyst, a re-
ductive pathway is initiated, wherein O, is reduced to ‘O,
(IV) conversely, an oxidative pathway is initiated when the
holes migrate to the surface of the photocatalyst and "OH is
generated upon oxidation of H,O or the antibiotic molecules.
Then, toxic molecules (TMs) are degraded by active photo-
catalytic active ‘O,  or 'OH. All these processes influence the
final rate and efficiency of photocatalytic degradation of TM
over the photocatalyst system.>”*® Therefore, broadening the
light absorption spectrum ability of the photocatalysts, en-
hancing excited charge separation and migration rate, and
preventing recombination of the excited charges are expected
to effectively improve photocatalytic activity.** Taking these
factors into consideration, there are two key methods for de-
veloping highly efficient photocatalysts for the photocatalytic
degradation of antibiotics: (1) the photocatalyst should have
a suitable narrow band gap, which would yield absorption of
both UV light and visible light respectively and (2) a suitable
separating medium or surface defect state is required, which
is capable of trapping the photoexcited electrons or holes to
prevent their recombination.

4.4.1 Effect of the amount of catalyst in photocatalytic sys-
tems on pharmaceutical waste treatment. Reduction loading
of catalyst reduces the number of absorbed photons
absorbed and decreases the degradation rates.®” Reducing
the amount of catalyst increases solution transparency, which
increases penetration of photon flux in the reactor and thus
declines photocatalytic decomposition performance.”® Other
studies reported that “the loading of catalyst brings both pros
and cons on the photodegradation activity.” Their studies re-
vealed the initial reaction rates were directly related to the
catalyst loading in heterogeneous pattern. Various amounts
of Degussa P25 were studied in the range of 0.5-5 g I to
observe decomposition kinetics of gentian violet. Results
showed the decomposition performance of the dye was found
to increase with amount of catalyst.">''® Besides, Qamar
and co-workers (2005)'*° discovered that the decomposition
rate of chromotrope 2B and amido black 10B increased with
addition of loading catalyst in various concentrations (vary-
ing from 0.5 to 5 g I'") of Degussa P25. Another investiga-
tion by Zhou and Wang,"*® in agreement with Saggioro
group, found that the decomposition rate of Orange G is
pro rata to TiO, loading (from 300 to 2000 mg 1'). Zhang
et al. (2002)'*® evaluated the reliability of photocatalytic
kinetics of methylene blue on the amount of loaded TiO,
and noted the rates inclined with the addition of TiO, until
a threshold level and then decreased to a constant value.
Aniline is one of the most toxic pollutants and it is released
into the environment after its use in manufacturing
pharmaceuticals. The effect of photocatalyst (TiO,)
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concentration on the degradation of aniline was investigated
by Mansouri et al. The experiments were conducted using
various amounts of TiO,. The effects of the amount of TiO,
on removal of aniline were significant, confirming the posi-
tive influence of increased number of TiO, active sites on the
process kinetics; the photocatalytic degradation efficiency in-
creased up to 60 mg L' and then declined with increasing
catalyst loading."®® Photodegradation of paracetamol using
TiO, was also investigated by Desale et al. Degradation of
paracetamol increased with increasing TiO, loading in the
range 1 to 4 g L™". Catalyst loading of 1 g L™ TiO, showed
slow degradation of paracetamol. Catalyst loading of 2 g L™
and 3 g L' TiO, had similar degradation. After 180 min, deg-
radation of paracetamol in case of 2 g L™ catalyst loading
was more than that of 3 g L™ The 2 g L™ TiO, catalyst load-
ing showed remarkable degradation as compared to the 4 g
L™ loading. Based on the results, the optimum titanium di-
oxide concentration for degradation of paracetamol in aque-
ous solution was found to be 2 g L™."*° Table 1 below shows
the optimum concentration loading of different types of cata-
lysts in a photocatalytic degradation system.

4.4.2 Effect of substrate concentration on photocatalytic
systems for pharmaceutical waste treatment. The effect of
substrate concentration plays a crucial role in the efficiency
and kinetics of photocatalytic degradation.®> Predominantly,
at low concentrations of contaminants, the rate of degrada-
tion increases with increase in substrate concentration, since
there are enough radicals and holes for reaction with con-
taminants. However, beyond the optimal concentration, the
elimination efficiency decreases due to inadequate amount of
hydroxyl radicals (OH')."®" In addition, when concentration
of contaminants increases, more active reactant species
adhere to the surface of TiO,, decreasing hydroxyl radical
generation, as there are fewer specific sites for adhesion of

Table 1 Optimum concentration loading of different types of catalysts in
a photocatalytic degradation system
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hydroxyl anions. In addition, photons are absorbed by the
contaminants before they can reach the catalyst surface, thus
decreasing photocatalytic efficiency.">

The effect of substrate concentration on photodegradation
by Degussa P25 was studied by Desale et al. using paraceta-
mol as the substrate. It was observed that complete degrada-
tion of 50 mg L' of paracetamol was achieved at 90 min.
The degradation rate depended on the initial concentration
of paracetamol and decreases with increasing initial concen-
tration of paracetamol. The degradation of paracetamol was
found to be 100%, 80%, and 50% at an initial paracetamol
concentration of 100, 200, and 500 mg L', respectively, at
240 min. It was reported in the literature that photocatalytic
reactions occur between the adsorbed substrate (paraceta-
mol) and OH' generated on TiO, surface. The concentration
of adsorbed paracetamol increases with increase in initial
paracetamol concentration."”

Ahmed and co-workers (2011)"** studied photocatalytic de-
composition influence of 2,4-dinitrophenol at an initial con-
centration of 10-76 ppm in the presence of TiO, and P25. It
was noted that the highest decomposition was noted at 76
ppm. Comparable trends were studied for the photooxidation
decomposition of erioglaucine, acephate, propachlor, phosh-
amidon, carbofuran, diphenamid and indole-3-buteric acid,
as shown in Table 2 below.

4.4.3 pH effect on photocatalytic degradation in photo-
catalytic systems for pharmaceutical waste treatment. The pH
of the solution is a paramount factor in photochemical reac-
tion since it controls the size of the generated aggregates and
the surface charge properties of the photocatalyst as well as
dissolution and solubility.>® At pH above pK, value, hydrocar-
bon substances procure a negative charge, while below pK,
value, hydrocarbon substances maintain a neutral state. How-
ever, some substances may present in all charged and neutral
forms in aqueous solution. These differences can thus greatly
affect their photooxidation decomposition behavior.
Depending on the pH, the following reactions (eqn (8) and
(9)) are expected to take place on the surface of the catalyst:

Type of Optimum concentration
catalyst loading (g 1) Ref. TiOH + H" — TIOH*" pK,, (8)
Degussa P25  0.5-5 Bahenmaan et al., (2007)"*°

& Cao et al., (2008)'"° TiOH + OH™ — TiO™ + HO pKa, 9)

Chromotrope 0.5-5 Qamar et al., (2015)"%°
2B/P25

Amido black  0.5-5
10B/P25

Orange G/P25 0.3-2

Qamar et al., (2015)"®

Zhang et al., (2002)"

where K, is the acid dissociation constant.
It can be seen that for pK,,, the positive form of the TiO,
surface rises as pH reduces; however, above pH 6, negative

Table 2 Effect of different substrate concentrations on photocatalytic decomposition by UV/TiO, photocatalyst

Substrate Photocatalyst Optimum concentration (mM) References

Phosphamidon UV/TiO, 0.46 Rahman and Muneer (2005)">
Acephate UV/TiO, 1.01 Rahman et al. (2006)'*°
Carbofuran UV/TiO, 0.08 Mahalakshmi et al. (2007)"*°
Erioglaucine UV/TiO, 0.007 Daneshvar et al. (2006)""”
Prophachlor UV/TiO, 1.34 Muneer et al. (2005)'**
Diphenamid UV/TiO, 0.59 Rahman et al. (2003)'*°
Indole-3-buteric acid UV/TiO, 0.29 Qamar and Muneer (2005)"*°
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charges formed on the surface of TiO, increase with elevating
pH (eqn (9)). This is because the pH of the solution influ-
ences the generation of OH radicals by kinetic interaction be-
tween OH ions and photogenerated holes on the TiO, sur-
face. The cationic holes are deemed as the main contributors
to photocatalytic steps at low pH, while ‘OH radicals are
regarded as the main particle at basic or neutral condi-
tions.'®*'®* Thus, when hydroxyl ions are available on the
TiO, surface, the induction of ‘OH increases, and hence, the
efficiency of mineralization of pollutants is logically en-
hanced in neutral/basic condition, as shown in Fig. 4 below.

In order to further explain the influence of pH on photo-
oxidation degradation of hydrocarbon substances and ab-
sorptivity on the TiO, surface, many investigations have been
carried, out as shown in Table 3.

The effect of pH on aniline degradation rate was investi-
gated in the range of 2-12 at aniline concentration of 50 mg
L™ and TiO, concentration of 60 mg L™". The aniline removal
rates at different pH values at two different times of 60 and
120 min were compared. As the pH increased from acidic to
alkaline, the rate of aniline removal efficiency increased and
was maximum at pH 12. In case of initial pH values 2, 4, 6, 8,
10, and 12.0, the percentage removal of aniline was 27, 56,
62, 60, 66, and 76, and Kap was 0.128, 0.189, 0.265, 0.266,
0.304, and 0.45, respectively. The increasing aniline removal
efficiency and Kap with increasing pH could be attributed to
the increase in the number of OH ions at the surface of TiO,
since OH can be formed by trapping photo-produced
holes.”®

4.4.4 Effect of electron acceptor on photocatalytic systems
for pharmaceutical waste treatment. The charge carrier scav-
enger is one of the keys in fabricating future photocatalytic
devices. Therefore, the introduction of the suitable electron
acceptors to impede recombination of electron-hole pairs
subsequently hinders quantum yield. Thus, the oxygen mole-
cule is usually employed as an electron acceptor in photo-
catalysis. Inclusion of a foreign oxidant as electron acceptors
in a semiconductor photocatalyst has been reported to en-
hance the decomposition rate of hydrocarbon pollutants as it
enhances the scavenger effect by exciting electrons to the
conduction band, proliferating ‘OH radical concentration and
oxidation rate of intermediate compounds and lastly generat-
ing more oxidizing species and radicals to hasten the decom-
position of intermediate substances.'>”'*»'*° Researchers
have investigated the influence of introducing various types
of electron acceptors such as H,0,, KBrOj;, and K,S,0z on the
photocatalytic decomposition activities on various contami-

Table 3 Influence of pH on photocatalytic degradation

Substrate Photocatalyst Optimum pH Ref.

Phorate UV/TiO, 8.1 Wu et al. (2009)'°

Dimethoate ~ UV/TiO, 11.00 Chen et al. (2007)'>°

Carbofuran UV/TiO, 6.9 Mahalakshmi et al.
(2007)"4°

Carbendazim UV/TiO, 9.1 Saien and Khezrianjoo
(2008)"'%°

4562 | Catal Sci. Technol., 2017, 7, 4548-4569

View Article Online

Catalysis Science & Technology
nants”®'?’ to improve the generation of "OH radical scaven-
ger effect. Most cases show that the introduction of oxidants
results in better efficiency decomposition rate compared to
molecular oxygen (UV/TiO,/BrO®” > UV/Ti0,/$,05>~ > UV/
TiO,/H,0,). Improvement of decomposition rate is because of
excitation of electrons from BrO®” to the conduction band,
which signifies a reduction in recombination of electron-hole
pairs.’*° Fig. 5 shows the comparison of photocatalytic degra-
dation rate of P25 in presence of different types of electron
acceptors.

The addition of electron acceptors to the photo-
degradation mixture significantly enhances photodegradation
rates of substrates. Paul et al. (2007)'®” observed a marked
improvement in degradation of ciprofloxacin and other
fluoroquinolones when bromate ion (BrO; ) was added as an
electron acceptor. BrO;~ promoted degradation when used in
conjunction with visible light irradiation, whereas the ab-
sence of BrO;~ or molecular oxygen (anaerobic conditions)
prevented any significant photodegradation. Since the band
gap energy of TiO, does not permit the formation of
electron-hole pairs using visible light, it was suggested that
photocatalytic oxidation of fluoroquinolones is mediated by
the transfer of electron(s) to the electron acceptor, resulting
in the formation of unstable radical fluoroquinolone species
that are further oxidized.'®® Furthermore, the addition of hy-
droxyl radical scavengers (such as methanol) and superoxide
scavengers (such as superoxide dismutase) decreased the deg-
radation rate of ciprofloxacin under UV but not visible light
irradiation. Such results suggested that visible-light-induced
photocatalysis of ciprofloxacin is not mediated by electron-
hole pairs as there are no significant changes to the photo-
degradation rate as a result of HO or O, quenching.
Diclofenac mineralization (i.e., the complete conversion of
the pharmaceutical to inorganic compounds such as CO,,
H,0, and NH;) improved with the addition of ozone to the
UV/TiO, system and only 10% of the total organic carbon
content (TOC) remained in the irradiated suspension com-
pared with 30% TOC remaining in the absence of ozone. As
TOC measures the concentration of parent pharmaceuticals
and any intermediate photoproducts, the parameter is a
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Degradation rate (mmol L' min'')
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KBrO3/P25 K»$;0s/P25  H202/P25 P25

Electron acceptors

Fig. 5 Comparison of photocatalytic degradation rate of TiO,-P25 in
presence of different types of electron acceptors.t?°
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good indicator of mineralization achieved by photocatalysis.
Since the intermediate photoproducts formed via diclofenac
photodegradation and photocatalysis were more toxic than
the parent pharmaceutical, adding ozone improved the effi-
ciency and acceptability of the UV/TiO, system as a feasible
wastewater treatment process. However, the addition of a
high concentration of H,0, (>20 mmol L) to a UV/TiO,
photocatalytic fiber system inhibited the degradation of
salicylic acid,'® while lower H,O, concentrations promoted
salicylic acid degradation. It was suggested in the study that
H,0, may also act as an electron acceptor for conduction
band electrons and may compete with molecular oxygen for
adsorption sites on the surface of the TiO,
photocatalyst.' 65170

4.4.5 Effect of temperature on photocatalytic systems for
pharmaceutical waste treatment. Mozia and co-workers
(2015)""* reported that increase in reaction temperature led
to an increase in the photocatalytic decomposition rate in
Acid Red. The study was evaluated under the influence of
TiO, loadings at 0.3 and 0.5 ¢ dm™> with increment in solu-
tion temperature from 40 °C to 50 °C. Results showed when
the temperature increased, a satisfactory degradation rate of
11% and 13% was observed under the effect of TiO, loadings.
In addition, continuous increase in temperature to 60 °C
displayed increment in the photocatalytic degradation rate
by 10% addition on catalyst loadings. However, when the
temperature reached 100 °C, the exothermic adsorption of
reactant became adverse and hindered the reaction
pathway.®’

Besides, Soares and co-workers (2007)"”? investigated the
influence of temperature on the reaction. Most favorable tem-
peratures were found to be in the range 313 to 323 K, as
shown in Fig. 6. At high temperature, sorption of the sub-
stances occurred to enhance the reaction because it is faster
as compared to the decomposition on the surface and adher-
ing of the reactants and dye on TiO,. Matlack and Dicks
(2015)"”? proposed that at higher temperatures, the decrease
of adsorbed volume and decline in degradation rate are
somewhat related to the amount of hydrocarbon and
dissolved oxygen present.

The effect of temperature on aniline photodegradation in
aqueous solution in the presence of TiO, and UV was investi-
gated by Mansouri et al. in the range of 293-323 K. Increase
in temperature from 293 to 323 K reduced the time required
for aniline removal. For a removal of around 60%, for in-
stance, the required time decreased from more than 120 min
to about 30 min. Maximum aniline removal was determined
to be 82% under irradiation of 2 h and temperature of 323 K.
The reason for this observation is thought to be the fact that
temperature is an important factor affecting adsorption and
photocatalysis. In the case of photocatalysis, the photocata-
lytic  degradation rate increases with increasing
temperature,'>®166:174

4.4.6 Effect of light intensity on photocatalytic systems for
pharmaceutical waste treatment. The influence of ultra-violet
and visible light irradiation time affects the decomposition of

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Optimum temperature of a photocatalytic reaction ranging
from 40 °C to 50 °C.*°

dye in aqueous solution using a TiO, catalyst in a photocata-
lytic reactor. Ollis and co-workers (1992),"** in agreement
with Hussein,"® stated that decomposition rate is directly
proportional to increment in light intensity at low intensities
(first kinetic order). However, beyond a certain irradiation
value (approximately 25 mW cm?), the degradation rate de-
pends on the square root of the light intensity (half order re-
action). Lastly, at high intensities, the degradation rate does
not depend on the light irradiation, as illustrated in Fig. 7. At
this rate, the number of photons per unit time/unit area is
high. Therefore, the probability of excitation of photons on
the catalyst surface increases, thus increasing photocatalytic
capacity.

Zhou and Wang'”® investigated the influence of irradia-
tion intensity for decomposition of Orange G dye. The opti-
mum degradation of pollutants was in the range of 215 to
586 UW cm 2. On the other hand, Chanathaworn and col-
leagues (2012)"7° investigated light intensity of a blacklight
lamp in the range of 0-114 W m™> and evaluated the influ-
ence of light intensity on colour removal of Rhodamine B.
Liu et al. (2006)"”” conducted a study at three different irradi-
ation intensities (1.24 mW cm™>, 2.04 mW m™>, 3.15 mW
m™) and noted that increasing irradiation intensities aids in
colour removal of Acid Yellow 17. All three studies agree that
increase in irradiation intensity improves dye decolorization
rate.®”

Diclofenac (DCF), a widely used non-steroidal anti-inflam-
matory drug (NSAID), is a commonly detected substance in

Rate =k [I] Rate = k [T]12 Rate=k [I]°
g
2
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Light intensity (Light intensity)12 Light intensity

Fig. 7 Impact of light intensity from low light intensity (leftmost) to
highest light intensity (rightmost) on kinetics of photocatalytic
degradation.*?*
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wastewater. There is no evidence of a true kinetic study on
photocatalytic degradation of DCF with respect to light inten-
sity. Therefore, a thorough investigation of rates correspond-
ing to different radiant flux in the range of 14-45 W m™> was
conducted by Hashim et al.’’® Fig. 8 shows these results. The
kinetic constant can be related to the light intensity
according to the following expression:

kr=ol) p (10)

A value of 0.53 was found for # and 0.9243 for a. Previous
studies on semiconductor photocatalysis of organic com-
pounds with respect to light intensity indicated that reaction
rate increases with the square root of light intensity at high
intensities. On the other hand, at low levels of illumination,
degradation rate was observed to be 75 with respect to inten-
sity. In this study, however, a trend close to a square root re-
lationship was observed.'”"”?

5.0 Kinetics studies on
photodegradation of pharmaceutical
pollutants

5.1 First order kinetics

The mechanism of heterogeneous photocatalysis has been
studied by many researchers in terms of Langmuir-Hinshel-
wood (L-H) rate equations. This is because photocatalytic oxi-
dation produces a series of steps that result in successive ad-
sorption and degradation under illumination by visible
light."® The first order kinetics has been proved by Liao and
co-workers on investigation of photocatalytic degradation by
studying the effect of initial concentration of organic contam-
inants and the results are compatible with the first order ki-
netics model.***

The kinetics of photodegradation rate of most organic
contaminants can be well described by pseudo-first order ki-
netics. Integration of this equation (with the same conditions
of C = Cy at ¢t = 0, with C, being the initial concentration in
the bulk solution, C is the amount of concentration, ¢ is reac-

ke (i), s 1
>

o 10 20 30 40 50

UV lignt intensity (1), W/ m?

Fig. 8 Effect of light intensity on the degradation rate of DCF.
Experimental conditions: Q = 1.15 x 10> m® s'%, VL = 4 x 107* m5,
[DCFl, = 25 ppm, T = 298 K, O, saturated.
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tion time and k is the reaction rate constant) will lead to the

expected relations (eqn (11) and (12)):'5?

DG = _de_ kC (11)
dr
c 1
j(,” —dC = kj“ d
C
In—=% =kt 12
C (12)

From the above equations, L-H equation for photocata-
Iytic degradation can be determined by plotting the recipro-
cal of rate constant (1/k) against initial dye concentration Cj,
as shown in Fig. 9.

5.2 Second order kinetics

Isotherm modeling generally contemplates interaction be-
tween organic substrate and photocatalyst until a state of
equilibrium is achieved. In order to optimize the effective-
ness of TiO,/silica in photodegradation of methyl orange, lin-
ear form of Langmuir and Freundlich models is applied for
the TiO,/silica composite photocatalyst, and pseudo-first or-
der equations are generalized to two-site-occupancy adsorp-
tion to form a pseudo-second order equation as below (where
k, represents pseudo-second order rate constant, g. represent
dye concentration at equilibrium onto absorbent).'®*

1 t

t
—=—t— 13
C kg’ q, (13)

According to Pete (2015),"** the pseudo-second order
model enables estimation of experimental g. values effec-
tively and is less sensitive in detecting random errors. An ex-
periment has been conducted by Yang and colleagues on ki-
netic mechanism of photocatalytic degradation of various
organic compounds on modified TiO,/activated carbon com-
posite photocatalyst. Results show that toluene and acetone
were deduced to be fitted with the second order mechanism.
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Fig. 9 Linear reciprocal of rate constant versus initial dye
concentrations.*®*
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Fig. 10 (a) Pseudo-first order and (b) pseudo-second order kinetic
model of photocatalytic reaction in toluene. 1>

When the initial concentration of toluene increases, the sec-
ond order kinetic rate constant increases rapidly.'®> The va-
lidity of the kinetic model is partly proved by plotting the ex-
perimental data obtained in first and second order kinetic
expressions under various conditions, as shown in Fig. 10.

Conclusions

Photocatalysis is a propitious technique for the elimination
of emerging contaminants. However, the application of ultra-
violet light in large-scale plants for treatment of huge quanti-
ties of effluents is not feasible or economical. Among semi-
conductors, TiO, has been recognized for its capacity to ab-
sorb a wide range of light spectrum at a threshold of 425 nm.
The use of modified TiO, catalyst that can exploit UV/visible/
solar irradiation produces a promising and sustainable pro-
cess. However, numerous parameters such as catalyst dosage,
pollutant concentration, pH and refinement of the photo-
catalyst (doping or heterojunction of semiconductor/nano-
material) should be considered and optimized for an efficient
removal process. Most current literature deals with commer-
cial types of TiO,, especially for dye removal, and photocata-
lytic behavior in the degradation of emerging contaminants
such as pharmaceutical compounds has been scarcely investi-
gated or reported. Besides the optimization of governing
parameters for their impact on degradation processes and
the modifications of TiO, catalyst, other factors such as the
introduction of ultrasound irradiation and electron acceptors
into the solution may considerably improve the efficiency of
the photocatalytic degradation. Considering that the gener-
ated by-products may be more hazardous than the parent
compounds, the evaluation of total organic pollutant (TOP)
removal in the process is crucial. Thus, various techniques
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yielding visible-light-driven photocatalysts with improved
photocatalytic activity can be focused either on narrowing the
band gap of the photocatalyst or improving charge separa-
tion. The recently achieved progress in this field indicates
that the application of visible-light-driven photocatalysts is a
potential method to treat antibiotic wastewater. Large-scale
production of photocatalysts is necessary to realize commer-
cial application of photocatalysis in treating antibiotic waste.
Therefore, the development of simple and effective methods
for large-scale preparation is key to photocatalyst application
in future.
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