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Abstract
Pharmaceuticals are one of the persistent emerging contaminants that are ubiquitous in the aquatic environment due to their 
extensive application as human and veterinary medicines. The ecotoxicity and microbial resistance are considered to be 
major adverse environmental and health impact of pharmaceuticals even in trace amounts, which raise global concern. The 
recalcitrant nature of these pollutants restricts the application of the conventional treatment system for their remediation 
and triggers extensive research on the various advanced oxidation processes as a promising treatment system. Among them, 
visible-light-assisted semiconductor photocatalysis has significant potential as an efficient, low-cost, and green technology, 
which can use even solar energy as a clean and sustainable light source. A comprehensive review on the application of vari-
ous visible light photocatalysts on the degradation of aqueous pharmaceutical pollutants was attempted to highlight their 
physiochemical properties, reaction mechanism, and catalytic activity in the laboratory- as well as field-scale operations. The 
challenges and gaps in the current literature have been identified, and recommendations for prospective research opportuni-
ties have been placed based on the findings.

Graphic abstract

Keywords Photocatalysis · Visible light · Solar light · Pharmaceutical pollutants · Emerging pollutants · Advanced 
oxidation process

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s1009 8-019-01766 -1) contains 
supplementary material, which is available to authorized users.

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s10098-019-01766-1&domain=pdf
https://doi.org/10.1007/s10098-019-01766-1


12 A. Majumdar, A. Pal 

1 3

Introduction

The water resources of the world are under a constant 
threat of contamination from both old and new pollutants 
generated by anthropogenic activities. Speaking of “new 
pollutants,” the term “emerging pollutants” come forward, 
whose presence and persistence in the aquatic environ-
ment even in trace amounts (µg  L−1 to ng  L−1) have caused 
adverse effects on the environment and health of living 
organisms. Among these emerging contaminants, many 
are still unregulated (Rivera-Utrilla et al. 2013). Pharma-
ceuticals belong to such category of emerging pollutants 
with adverse environmental and health impacts such as 
ecotoxicity and microbial resistance. They occur in the 
aquatic environment due to their widespread applications 
to protect and improve human and animal health (Halling-
Sørensen et al. 1998). Since conventional treatment meth-
ods have failed to mitigate the problem of pharmaceutical 
pollution single-handedly, the removal of pharmaceuticals 
from the aquatic environment by various advanced tech-
nologies gained tremendous research interest very recently 
(Rivera-Utrilla et al. 2013).

Among the advanced technologies applied for phar-
maceutical removal, the semiconductor photocataly-
sis has been one of the booming research areas, with a 
study reporting a substantial increase in the number of 
publications between 2009 and 2017 (Borges et al. 2014; 
Zhao et al. 2018). Following the breakthrough study of 
Fujishima and Honda on water splitting by semiconductor 
photocatalysis (Fujishima and Honda 1972), photocataly-
sis processes using semiconductors have been extensively 
applied in various fields, including water splitting (Maeda 
2011) and  CO2 reduction (Low et al. 2017) for energy 
production, water treatment for disinfection (Byrne et al. 
2015), and degradation of recalcitrant organic pollutants 
(Lang et al. 2014). In the era of growing concerns over 
global energy and environment-related problems, visible-
light-assisted photocatalysis is a promising green technol-
ogy that may use an efficient, low-cost, and eco-friendly 
photocatalyst and sun as a source of clean and sustainable 
light energy.

As per the authors’ knowledge, reviews on ultraviolet 
(UV)-based photocatalysis (Serpone et al. 2017), with 
special focus on  TiO2-based photocatalysts (Kanakaraju 
et al. 2014; Mahmoud et al. 2017; Awfa et al. 2018) and 
ZnO-based photocatalysts (Mirzaei et al. 2016), for phar-
maceutical removal have been reported. Another review 
has given insight into the recently developed visible-light-
active photocatalysts, broadly toward water treatment with 
a very tiny focus on pharmaceutical removal (Dong et al. 
2015). The present review attempts to fill the gap by cov-
ering the progress in the research of visible-light-active 

photocatalysts aimed toward the removal of aqueous phar-
maceutical pollutants, over the decade. The review will 
systematically introduce its readers to the environmental 
occurrence, fate, and harmful effects of pharmaceutical 
pollutants, highlighting the importance of its removal from 
the aqueous environment. The fundamentals and mecha-
nism of semiconductor photocatalysis are discussed in 
details. The main focus of the review is on the current 
development of various unmodified and modified visi-
ble-light-active photocatalysts, along with the in-depth 
understanding of their reaction mechanisms. The role of 
influential parameters on pharmaceutical removal and the 
real field applications of the photocatalysts has also been 
discussed. A brief outlook on the future of visible light 
photocatalysis for pharmaceutical removal is critically 
assessed to streamline the research in this area.

A brief overview of pharmaceuticals 
and their removal technologies

Pharmaceuticals are medicines intended for human and 
animal use against diseases and to boost growth. The exist-
ence of pharmaceuticals was first ascertained in the surface 
water and groundwater of Europe and the USA in the 1960s. 
Adverse effects of pharmaceuticals surfaced later in the 
1990s with studies conducted on aquatic organisms and their 
terrestrial consumers (Kyzas et al. 2015). Pharmaceuticals 
pose a threat to the environment, even at negligibly low con-
centrations. A constant supply of pharmaceuticals, even with 
shorter half-lives, is responsible for their pseudo-persistence 
in the aquatic environment. Pharmaceuticals have diverse 
nature, chemical structure, usage, dosage, and breakdown 
process in the human and animal body and the environment 
(Halling-Sørensen et al. 1998). The use, adverse environ-
mental and health effects, and maximum detected concentra-
tions of pharmaceuticals found ubiquitously in the aquatic 
environment worldwide are given in Table S1.

Occurrence and fate of pharmaceuticals 
in the environment

Global production and administration of pharmaceuticals 
for human and veterinary use amount to thousands of ton 
per year (Ganiyu et al. 2015). The occurrence of pharma-
ceuticals in the environment results from their release from 
different sources such as residences, hospitals, agriculture, 
aquaculture, and livestock farms (Kummerer 2001). The 
occurrence and fate of pharmaceuticals in the environ-
ment are portrayed in Fig. 1. The consumed pharmaceuti-
cals are not fully metabolized and are excreted by humans 
and animals in both unmodified (parent pharmaceuticals) 
and modified (transformed products) forms. Wastewater 
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treatment plants (WWTPs) receive pharmaceuticals mainly 
via human excretion, rejected drug disposal (Bound et al. 
2006), and untreated pharmaceutical industry effluent (Lars-
son et al. 2007). It has been reported in many studies that 
though WWTPs have high removal efficiencies toward the 
likes of analgesics and anti-inflammatory drugs, the removal 
efficiency toward therapeutic classes such as antiepileptic, 
antibiotics, and trimethoprim is very low or nil (Kosma et al. 
2014). The WWTP effluent bearing residual pharmaceuticals 
is discharged into surface waters, while the sludge contain-
ing sorbed pharmaceuticals (Kosma et al. 2014) is landfilled 
or used as manure in agriculture. Pharmaceutical industry 
wastes are also dumped in municipal solid waste landfills 
(Larsson 2010). The excretory products of livestock are also 
used as fertilizers in farming. The pharmaceuticals can run 
off and leach into surface and groundwater, respectively, 
from these landfills and farms. As analytical techniques 
have progressed, the detection of pharmaceuticals occurring 
at concentrations as low as ng L−1 in the environment has 
been possible. Worldwide, numerous studies have reported 
their prevalence in different aquatic environments, includ-
ing surface and groundwater sources used as drinking water 
supplies (Kosma et al. 2014; Robles-Molina et al. 2014).

Impacts on the environment and human health

Pharmaceuticals are commonly bioactive, recalcitrant, and 
bio-accumulative in nature. These characteristics are a major 
cause of harmful effects such as endocrine disruption, repro-
ductive anomalies, development of bacterial resistance, and 
eco-toxicity even at low concentrations. However, their 

metabolites can be much more harmful than the parent 
compound itself. Several studies, including reviews, have 
reported the toxic behavior of pharmaceuticals toward living 
organisms (Gunnarsson et al. 2009; Ortiz de García et al. 
2014). In addition to being toxic to the environment, heav-
ily used human and veterinary pharmaceutical antibiotics 
also create bacterial resistance. A study reported the pres-
ence of 56,000 resistant genes against almost all classes of 
antibiotics, including those which mobilize genetic mate-
rial, in an Indian lake polluted by pharmaceutical industry 
effluent (Bengtsson-Palme et al. 2014). Antibiotic resist-
ance is not desirable from the viewpoint of human health 
as human pathogens are provided with resistance genes by 
environmental bacteria (Martinez 2009). This rapid increase 
in resistance is one of the prime challenges encountered by 
the global healthcare sector (Larsson 2010). To develop and 
implement a monitoring policy, a study selected 40 prior-
ity pharmaceuticals including antibiotics, analgesics/anti-
inflammatory drugs, antiepileptic/psychiatrics, lipid regula-
tors, β-blockers, and a diuretic along with their metabolites, 
based on their potential ecotoxicity over a particular region 
(Besse and Garric 2008). A similar study reported thyroid 
hormone, analgesic and antihypertensive drugs, antibiotics, 
antiulcers, bronchodilators, antidiabetics, antidepressants, 
diuretics, and antiasthmatic among others to be pharmaceu-
ticals of high priority (Dong et al. 2013). Another study 
claimed that high to medium risk had been posed by a few 
antibiotics, psychiatric drugs, analgesics–anti-inflamma-
tories, lipid regulators, and beta-blockers (Verlicchi et al. 
2012). Moreover, tests with combinations of various phar-
maceuticals revealed stronger effects than expected from 

Fig. 1  Occurrence and fate of 
pharmaceuticals in the environ-
ment
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the effects measured singly (Cleuvers 2003). Dietrich et al. 
reported the different toxicological effects of the pharma-
ceutical mixture on daphnids as compared to the individual 
pharmaceuticals (Dietrich et al. 2010). The adverse impacts 
of various selective pharmaceuticals on the environment are 
summarized in Table S1.

Removal technologies

Although conventional WWTPs are highly efficient in 
degrading homogeneous biodegradable organic wastes, 
they struggle against pharmaceuticals, each with unique 
characteristics. While activated sludge and similar biologi-
cal processes are ineffective against toxic and recalcitrant 
pharmaceuticals, physicochemical processes such as coagu-
lation, flocculation, sedimentation, and filtration result in 
low removal and negligible degradation (Onesios et al. 2009; 
Verlicchi et al. 2012). The incapability of the WWTPs in 
handling pharmaceuticals is evident from data summarized 
from various studies compiled in Table S1, showing the 
maximum detected concentration of pharmaceuticals from 
WWTP effluents, among other sources. Studies also reported 
the ineffective destruction or removal of pharmaceuticals in 
conventional water treatment plants (Stackelberg et al. 2007; 
Yang et al. 2017). Thus, employing alternative advanced 
treatment methods is essential.

Among advanced treatment methods, adsorption, mem-
brane processes, and advanced oxidation processes (AOPs) 
are popularly used to tackle a wide variety of pollutants 
present in an aqueous system. Adsorption is an efficient 
and low-cost method for pharmaceutical removal, but it 
essentially results in the transfer of the adsorbate from the 
liquid to the adsorbent, producing a new solid waste with 
high pharmaceutical concentration (Kyzas et al. 2015; De 
Andrade et al. 2018). Membrane processes are also effec-
tive in pharmaceutical removal, but high operating cost and 
pressure requirement, membrane fouling, and incapability of 
handling large volumes are the biggest drawbacks (Homem 
and Santos 2011). Moreover, this technique also does not 
degrade the pollutant but concentrates the pollutant onto 
the membrane.

AOPs are promising methods, categorized into ozone-
based, chemical, UV-based, catalytic, electrochemical, and 
physical processes, generating powerful oxidizing agents 
(such as ·OH) capable of degrading and mineralizing phar-
maceuticals (Kanakaraju et al. 2018). The electrochemical 
AOPs, though capable of handling high concentrations of 
pharmaceuticals, are limited by their applicability to low 
flow rates and the high cost of reactor operation (Sirés et al. 
2014). Although ozone-based AOPs have been effective 
in degrading many pharmaceuticals barring clofibric acid 
(CA), diazepam (DZP), and ibuprofen (IBP), high operation 
costs, low mineralization efficiencies, and formation of toxic 

intermediates or by-products are major drawbacks (Ikehata 
et al. 2006). Among UV-based AOPs, UV photolysis yields 
the lowest degradation efficiency compared to the others 
that involve a strong oxidizing agent, as the process relies 
upon irradiation intensity, the sensitivity of the target phar-
maceutical, and the quantum yield (Yuan et al. 2009). UV/
H2O2 and UV/S2O8

2−, in particular, are efficient in degrading 
pharmaceuticals but cannot be deemed as clean processes 
due to the use of chemical oxidants (Kanakaraju et al. 2018).

Fenton processes are effective for degrading a wide range 
of pharmaceuticals (Mirzaei et al. 2017). The homogene-
ous Fenton systems use iron salts as catalysts and  H2O2 
as the oxidant. They are limited by a narrow pH range of 
operation to avoid the precipitation of iron oxyhydroxides, 
and the requirement of an additional treatment step to 
recover dissolved ions from the treated effluent (Klavari-
oti et al. 2009). These two drawbacks have been overcome 
by the heterogeneous Fenton systems (Babuponnusami and 
Muthukumar 2014). In addition to the stand-alone AOPs, 
there are reviews of literature highlighting membrane filtra-
tion and biological processes combined with the AOPs to 
obtain greater efficiency in treating pharmaceutical waste-
waters (Oller et al. 2011; Ganiyu et al. 2015). A recent 
review reported a comparative study of energy efficiency 
of different AOPs and categorized them into three groups 
based on their electrical energy per order (EEO) values: (1) 
highly energy efficient (median EEO values < 1 kWh m−3) 
AOPs such as  O3,  O3/H2O2,O3/UV, UV/H2O2, UV/S2O8

2−, 
UV/Cl2, and electron beam, (2) medium energy efficient 
(median EEO values 1–100 kWh m−3) AOPs for instance 
photo-Fenton, plasma, and electrolytic AOPs, and (3) 
low energy efficient (median EEO values > 100 kWh m−3) 
AOPs, for example, UV-based photocatalysis, sonolysis, 
and microwave-based AOPs (Miklos et al. 2018). Sonoly-
sis and microwave processes are energy demanding and are 
unsuitable for large-scale applications (Kanakaraju et al. 
2018). Although UV-based photocatalysis is falling under 
the category of energy-consuming process due to the usage 
of artificial UV light, the visible light photocatalysis, based 
on sunlight as a renewable source of light energy, is a green 
and self-sustaining AOP.

There are several reports of the application of visible-
light-based semiconductor photocatalysis for efficient deg-
radation and complete mineralization of pharmaceuticals, 
given in Sect. 3. The detailed mechanism of semiconductor 
photocatalysis is provided in Sect. 2.4.

Semiconductor photocatalysis

In semiconductor photocatalysis, photon energy (hv) greater 
than the bandgap (Eg) of the semiconductor excites an elec-
tron  (e−) from the valence band (VB) to the conduction band 
(CB) generating a hole  (h+) in the VB (Eq. 1).
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After the charge carriers or excitons  (e− and  h+) are sepa-
rated and transported to the catalyst surface, they participate 
in the redox reactions with pollutants adsorbed onto the sur-
face of the catalyst. Holes are capable of oxidizing  OH− or 
 H2O at the surface to produce the powerful oxidant, hydroxyl 
radicals (·OH) (Eq. 2).

(1)Photocatalyst + hv → e− + h+
(

when, hv > Eg

)

(2)h+ + H2O → H+
+

⋅OH

(3)⋅OH + pollutant → CO2 + H2O

(4)e− + O2 → O⋅−

2

(5)O⋅−

2
+ H+

→
⋅HO2

(6)⋅HO2 +
⋅HO2 → H2O2 + O2

(7)H2O2 + hv → 2⋅OH

(8)O⋅−

2
+ pollutant → CO2 + H2O

(9)⋅HO2 + pollutant → CO2 + H2O

Oxygen adsorbed on the surface of the catalyst is reduced 
to form superoxide radicals (O2

·−) by the  e− in the CB (Eq. 4), 
which may subsequently react with  H+ to generate hydrop-
eroxyl radical (·HO2) (Eq. 5), further yielding hydrogen per-
oxide  (H2O2) by electrochemical reduction (Eq. 6).  H2O2 is 
further decomposed by light to generate ·OH (Eq. 7). The 
formed reactive oxygen species (ROS), viz. ·OH, O2

·−, ·HO2, 
and  H2O2, can degrade and mineralize recalcitrant organic 
pollutants to harmless end products such as  CO2 and  H2O 
(Eqs. 3, 8, 9) (Pelaez et al. 2012). Furthermore, the pho-
togenerated  h+ is also regarded as an oxidant to degrade 
organic pollutants directly to some extent, depending upon 
the reaction conditions and type of catalyst used (Dong et al. 
2015). Finally, the  e−–h+ pairs recombine on the catalyst 
surface or in the bulk medium producing light or heat. A 
schematic representation of the mechanism of semiconduc-
tor photocatalysis toward organic pollutant degradation is 
shown in Fig. 2a.

The efficiency of the photocatalyst depends on three 
essential factors: (1) bandgap energy (Eg): Photocatalyst 
with wide bandgap is UV light sensitive and photocatalyst 
with narrow bandgap is visible light sensitive; (2) band edge 
potentials, i.e., the potentials of VB and CB: The ROS can 

Fig. 2  Mechanism of visible-light-assisted pharmaceutical degradation by a semiconductor photocatalyst, b doped photocatalyst, and c vacancy 
engineered photocatalyst
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only be generated when the CB potential is more negative 
than reduction potential of  O2 to O2

·− (− 0.33 eV vs. NHE) 
and/or VB potential is more positive than standard oxida-
tion potential of ·OH/H2O (+ 2.68 eV vs. NHE) or ·OH/
OH− (+ 1.99 eV vs. NHE) (Panneri et al. 2017). If that is 
not the case, then the  h+ in the VB reacts with the pollutant 
directly. The more ROS generated, the more is the efficiency 
of the semiconductor; and (3) rate of recombination of  e−–h+ 
pairs: Recombination of  e−–h+ pairs, owing to the strong 
Coulombic attraction between them, also reduces the cata-
lyst efficiency. Recombination causes the  e− to turn back to 
the VB without performing the reduction reaction to form 
O2

·− (Pelaez et al. 2012). Thus, the choice of the photocatalyst 
should be made considering these three important factors.

Visible light photocatalysts for removal 
of pharmaceuticals

Numerous wide-bandgap semiconductors such as  TiO2 
and ZnO have been reported to be used as photocatalysts 
for the degradation of a wide variety of organic pollutants 
including pharmaceuticals (Chong et al. 2010; Omorogie 
and Ofomaja 2017). Good chemical stability, low cost, eco-
friendly nature, and remarkable electronic and optical prop-
erties have made  TiO2 the most prevalent among the other 
semiconductors (Gaya and Abdullah 2008). Various studies 
have reported the photodegradation of a wide range of phar-
maceuticals present in different aqueous matrices by  TiO2 
under UV light (Zhu et al. 2013; Safari et al. 2014). Palo-
minos et al. used both  TiO2 and ZnO for complete degrada-
tion and effective mineralization of tetracycline (TC) under 
simulated solar light (Palominos et al. 2009). Another study 
using photocatalyst  TiO2 was performed under simulated 
solar light in which oxytetracycline (OTC) was completely 
degraded (Pereira et al. 2011). However, these wide-bandgap 
photocatalysts have fast charge recombination rates and are 
sensitive only to UV light (high hv), which is merely 4–5% 
of the solar spectrum, making them an impractical choice 
for large-scale applications. From this viewpoint, the narrow 
bandgap photocatalysts, sensitive to visible light (low hv), 
that make up about 52% of the solar spectrum, seem to be a 
greener and more sustainable solution toward the degrada-
tion of recalcitrant organic pollutants.

Unmodified semiconductor photocatalysts

Among visible light photocatalysts, graphitic carbon nitride 
(g-C3N4) is a popular metal-free narrow bandgap (2.7 eV) 
semiconductor, which is easy to prepare, has high chemical 
stability, and has efficient visible light response. Hernández-
Uresti et al. have successfully used g-C3N4 in the photodeg-
radation of TC and ciprofloxacin (CIP) in aqueous solution 

under UV–visible irradiation (Hernández-Uresti et al. 2016). 
The VB potential of g-C3N4 (+ 1.57 eV vs. SHE) is more 
negative than the standard redox potentials of ·OH/H2O and 
·OH/OH, which restricts the generation of ·OH (Hong et al. 
2016). The rapid recombination of photogenerated  e−–h+ 
pairs is also a major limitation of pure g-C3N4 as a photocat-
alyst (Xue et al. 2015a). Sturini et al. studied the simulated 
solar-light-assisted degradation of ofloxacin (OFL) present 
in tap water and river water by g-C3N4 (Sturini et al. 2017). 
However, a high rate of photo-excited charge carrier recom-
bination is a major limitation of pure g-C3N4.

Semiconductors, for instance, bismuth oxyhalides (BiOX, 
X = F, Br, Cl and I), have become much popular visible-
light-active photocatalyst due to their narrow bandgap and 
low  e−–h+ recombination resulting from a distinctive layered 
structure with an internal static electric field sandwiched 
between each layer (Hao et al. 2012). BiOI has the small-
est bandgap (~ 1.85 eV) with high surface-to-volume ratio 
and anti-aggregation properties, making it highly effective 
as a photocatalyst. Hao et al. synthesized mesoporous BiOI 
microspheres for adsorption and subsequent degradation and 
mineralization of tetracycline hydrochloride (TCH) (Hao 
et al. 2012). Another study reported the photocatalytic deg-
radation of IBP by BiOBr microspheres (Li et al. 2016b). 
Xiao et al. reported that stable, hierarchical  Bi24O31Br10 
nanoflakes with a bandgap of 2.51 eV, larger surface area, 
and negatively charged surface, exhibited higher efficiency 
than hierarchical BiOBr microspheres for TCH degradation 
in real wastewater (Xiao et al. 2013). Hierarchically struc-
tured materials possess multiple morphologies and struc-
tures and exhibit enhanced photocatalytic performance. 
Hierarchical BiOCl microspheres were used as a photocata-
lyst for carbamazepine (CBZ) degradation using a solar light 
simulator (Gao et al. 2015).

Bismuth-based transition metal oxides have also been 
reported as good visible light photocatalysts in the degrada-
tion of pharmaceuticals. Successful photocatalytic degrada-
tion of IBP was reported using  BiVO4, which has a narrow 
bandgap (Eg ~ 2.4 eV) and chemical stability, but poor  e−–h+ 
pair separation (Li et al. 2016a). Xue et al. have used  BiFeO3 
with a bandgap of 1.97 eV, as a visible light photocatalyst 
for the degradation of TC (Xue et al. 2015b). Studies have 
reported the efficient degradation of norfloxacin (NOR) and 
TC in water under simulated solar light irradiation using 
 Bi2WO6, a layered perovskite, which can inhibit  e−–h+ pair 
recombination (Chen and Chu 2015; Chu et al. 2016). The 
layered structure of the perovskites supports efficient charge 
carrier separation. Hailili et al. synthesized a 3D hierarchi-
cally nano-structured  Bi5FeTi3O15 perovskite for photocat-
alytic degradation of TC (Hailili et al. 2017). The charge 
transfer efficiency between  Fe3+ and  Ti4+ and also between 
the individual layers, the extended light absorption range 
due to the formation of a hybridized VB by the presence 
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of Bi and Fe, which also allows fast hole transfer, magnetic 
property aided by Fe, everything contributes to this highly 
efficient photocatalyst. Furthermore, the best photocatalytic 
efficiency obtained from the 3D nanoflower-like morphology 
over other morphologies provides an insight into the effects 
of morphological changes on the change in photodegrada-
tion efficiency.

Transition metal sulfides have shown great visible light 
photocatalytic efficiency and photochemical corrosion resist-
ance. Ai et al. used  In2S3, with a bandgap of ~ 2.3 eV for 
photocatalytic degradation of TC under natural sunlight (Ai 
et al. 2015). Another study reported  ZnIn2S4 photocatalyst 
for visible light degradation of CBZ (Bo et al. 2017).

For efficient visible-light-induced photocatalysis, the 
semiconductors should possess narrow band gaps, dimin-
ished charge recombination rates, and strong redox ability. 
However, a single photocatalyst simultaneously exhibiting 
good visible light response and high redox ability is not 
feasible. To achieve strong redox ability for ROS forming 
reactions to occur, the bandgap of a single photocatalyst 
must be large enough to ensure that the respective bandgap 
edge is sufficiently more negative than the reduction poten-
tial of O2

·−/O2 and more positive than the oxidation potential 
of ·OH/H2O simultaneously. A photocatalyst with a large 
bandgap will be unable to use the visible light. Various mod-
ification strategies must be undertaken to overcome these 
constraints and enhance the photocatalytic efficiency. The 
efficiency of unmodified semiconductor photocatalysts for 
the degradation of pharmaceuticals is presented in Table 1, 
along with their detailed reaction conditions.

Semiconductor photocatalysts doped with metals 
and nonmetals

Doping wide-bandgap photocatalysts with metals (Sr, Bi, Fe, 
etc.) and nonmetals (C, N, S, B, etc.) can narrow its bandgap 
by creating impurity energy levels within the bandgap, to 
utilize visible light and also to enhance  e−–h+ separation. 
Optimal content of the dopant serves as electron traps to 
suppress the  e−–h+ recombination (Jesudoss et al. 2016), 
while an excess dopant would facilitate charge recombina-
tion (Wang et al. 2011a). A schematic of the mechanism for 
visible-light-mediated pharmaceutical degradation by doped 
photocatalysts is presented in Fig. 2b.

An example of the nonmetal-doped visible-light-active 
photocatalyst is  TiO2 tri-doped with the optimum amount of 
C–N–S that has been successfully used for TC degradation 
(Wang et al. 2011a). The tri-doping was instrumental in nar-
rowing the bandgap to expand the light-harvesting capacity 
of the photocatalyst, while the excited carbonaceous species 
acting as a photosensitizer, injected  e− into the CB of the 
photocatalyst. Similarly, Wang et al. developed a C-sensi-
tized and N-doped  TiO2 for photocatalytic degradation of 

sulfanilamide (SNM) (Wang et al. 2011b). Panneri et al. 
synthesized a C-doped g-C3N4 photocatalyst by an aqueous 
spray drying process, as given in Fig. 3a, and reported the 
solar-light-assisted degradation of TC (Panneri et al. 2017). 
Sheets of g-C3N4 are spray-dried using polyvinyl alcohol 
as a binder to create g-C3N4 microsphere (Fig. 3b), which 
retains its spherical morphology after calcination and ther-
mal oxidation etching processes to produce C-doped g-C3N4 
(Fig. 3c). Compared to pure g-C3N4, C-doping changes both 
the band edge potentials of g-C3N4 to narrow down the band-
gap (Fig. 3d) and reduces  e−–h+ recombination (Fig. 3e), 
thus improving the visible light activity. Spiramycin (SP) 
was degraded using N-doped  TiO2 photocatalyst in a study 
(Vaiano et al. 2015). Simsek used B-doped  TiO2 photocata-
lysts to degrade IBP and flurbiprofen (FLU) (Bilgin Simsek 
2017).

One of the many examples of metal-doped semiconduc-
tor photocatalyst is a Sr-doped β-Bi2O3 photocatalyst that 
has been used for the degradation of TC (Niu et al. 2013). 
Strontium titanate  (SrTiO3) is a wide-bandgap (Eg = 3.2 eV) 
semiconductor photocatalyst that is only responsive to UV 
light and has good photochemical stability and biocompat-
ibility. Li et al. reported that  Fe3+-doped  SrTiO3 showed 
excellent degradation of TC (Li et al. 2014). Electrons are 
transferred to the CB from an impurity energy level created 
by the dopant near the VB edge, which narrows down the 
bandgap. Similarly, Cai et al. and Wu et al., respectively, 
found that Cr- and Mn-doped  SrTiO3 to be efficient pho-
tocatalysts for TC degradation (Cai et al. 2015; Wu et al. 
2015). Ding et al. reported the  Bi3+ self-doped  NaBiO3 pho-
tocatalyst for the degradation and mineralization of CBZ 
(Ding et al. 2017). Another study reported Cu-doped  TiO2 
photocatalyst for paracetamol (PAR) degradation (Lin and 
Yang 2013). The efficiency of doped photocatalysts and their 
operating conditions for visible-light-assisted degradation of 
pharmaceuticals is given in Table 2.

Vacancy engineered photocatalysts

The influence of surface and crystal structures on the phys-
icochemical properties of a semiconductor is profuse. 
Defects, such as vacancies, introduce new energy levels in 
the band structure of the semiconductors and help reduce 
the bandgap energy. This reduction in bandgap broadens 
the light-harvesting range of the semiconductor. Oxygen 
vacancy (OV) is one such crystal defect in a semiconductor 
that forms OV state, i.e., a new energy level between VB 
and CB, which narrows the bandgap of the semiconductor 
and makes it visible light responsive (Yu et al. 2018). OV 
also acts as a photogenerated charge-trapping site to increase 
 e−–h+ pair separation (Hailili et al. 2018). The mechanism of 
visible light photocatalysis of pharmaceuticals by vacancy 
engineered photocatalysts is presented in Fig. 2c.
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Table 1  Efficiency of unmodified semiconductor photocatalysts for degradation of pharmaceuticals and their operating conditions

Photocatalyst Pharmaceutical Operating conditions Degradation 
efficiency/time 
(min)

Mineralization 
efficiency/time 
(min)

kapp  (min−1) References

Bi5FeTi3O15 TC TC: 4.45 mg  L−1

Catalyst: 0.4 g  L−1

300 W Xe lamp with 
420-nm cutoff filter

99.34%/60 93.21%/60 0.197 Hailili et al. (2017)

BiOBr IBP IBP: 10.31 mg  L−1

Catalyst: 1 g  L−1

500 W Xe lamp with 
UV cutoff filter

pH: 4–9

80%/120 63%/120 – Li et al. (2016b)

BiOCl CBZ CBZ: 2.5 mg  L−1

Catalyst: 0.5 g  L−1

350 W Xe lamp Solar 
simulator

pH: 9

100%/150 – 0.0237 Gao et al. (2015)

ZnIn2S4 CBZ CBZ: 0.1 mg  L−1

Catalyst: 0.03 g  L−1

100 W I-Ga lamp
pH: 9

100%/20 – – Bo et al. (2017)

BiVO4 IBP IBP: 10 mg  L−1

Catalyst: 5 g  L−1

350 W Xe lamp
pH: 4.5

90%/25 – – Li et al. (2016a)

g-C3N4 TC
CIP

TC: 20 mg  L−1

CIP: 10 mg  L−1

Catalyst: 1 g  L−1

35 W Xe lamp Solar 
simulator

TC: 86%/240
CIP: 60%/240

TC: > 80%/2880
CIP: > 50%/2880

TC: 0.005
CIP: 0.0024

Hernández-Uresti et al. 
(2016)

g-C3N4 OFL OFL: 10 mg  L−1

Catalyst: 0.5 g  L−1

Solar simulator
pH: 7.7

100%/10 – 0.49 Sturini et al. (2017)

Bi2WO6 TC TC: 20 mg  L−1

Catalyst: 0.5 g  L−1

350 W Xe lamp Solar 
simulator

97%/120 31%/360 0.0139 Chu et al. (2016)

Bi2WO6 NOR NOR: 10 mg  L−1

Catalyst: 0.5 g  L−1

300 W Xe lamp Solar 
simulator

83.7%/20 – 0.087 Chen and Chu (2015)

In2S3 TC TC: 20 mg  L−1

Catalyst: 2.5 g  L−1

Sunlight
pH: 7

100%/40 – – Ai et al. (2015)

BiFeO3 TC TC: 10 mg  L−1

Catalyst: 0.5 g  L−1

Visible light
pH: 8

78%/120 19%/120 0.012 Xue et al. (2015b)

BiOI TCH TCH: 40 mg  L−1

Catalyst: 1 g  L−1

1000 W Xe lamp with 
420-nm cutoff filter

94%/120 72.58%/240 – Hao et al. (2012)

Bi24O31Br10 nanoflakes TC TC: 40 mg  L−1

Catalyst: 1 g  L−1

1000 W Xe lamp with 
420-nm cutoff filter

94%/60 70.9%/60 – Xiao et al. (2013)
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Yu et al. synthesized OV-rich  Bi2O2CO3 (OV-BOC) by 
a solution precipitation method which showed greater TCH 
degradation efficiency than BOC under visible light (Fig. 4a) 
(Yu et al. 2018). The synthesis method was similar to BOC 
preparation, but additionally, glyoxal was used in case of 
OV-BOC, which reduced  Bi3+ resulting in the evacuation of 
a few atomic oxygen atoms from the BOC structure. Obser-
vations from electron paramagnetic resonance (EPR) spec-
tra validated the presence of OV, with a prominent signal 
for OV-BOC, as opposed to the BOC spectrum with almost 
no signal (Fig. 4b). Although  Bi2O2CO3 is a perovskite, its 
layered structure aids the separation of  e−–h+ pairs and it 

is a wide-bandgap (3.3–3.5 eV) semiconductor. Thus, the 
introduction of OV in BOC narrows its bandgap (Fig. 4c), 
making it a visible-light-active photocatalyst with a modi-
fied band structure (Fig. 4d). Hailili et al. synthesized OV-
rich  CaCu3Ti4O12 photocatalyst for TC degradation (Hailili 
et al. 2018). The ample OV and defects in the surface of 
 CaCu3Ti4O12 (i.e.,  Ti3+ and  Cu+) make it visible light active, 
and they also act as  e− capture sites to increase the  e−–h+ 
pair separation, thus boosting its photocatalytic efficiency. 
There are not many reports of vacancy engineered photo-
catalysts for pharmaceutical degradation, which leaves scope 
for further studies. The efficiency of vacancy engineered 

Fig. 3  a Synthetic method of spray-dried porous  C3N4 granules with 
carbon doping: g-C3N4 nanosheets are spray granulated to micro-
spheres, which, after thermal oxidation treatment, resulted in in  situ 
doping of carbon; scanning electron microscope (SEM) images of 
spray-dried  C3N4 granules b before calcination and c after calcina-

tion; d bandgap estimation from diffuse reflectance spectra (DRS) 
analysis; e photoluminescence (PL) emission spectra show lowered 
 e−–h+ recombination for spray-dried  C3N4 than bulk  C3N4 (Panneri 
et al. 2017)
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Table 2  Efficiency of doped and vacancy engineered photocatalysts and their operating conditions for visible-light-assisted degradation of phar-
maceuticals

Doped photocatalyst Pharmaceutical Operating conditions Degradation 
efficiency/time 
(min)

Mineralization 
efficiency/time 
(min)

kapp  (min−1) References

B-doped  TiO2 IBP, FLU IBP, FLU: 20 mg  L−1

Catalyst: 1 g  L−1

Visible light
pH: 6.5

IBP: 79.4%/240
FLU: 71%/240

IBP: 65%/240
FLU: 60%/240

IBP: 0.01818 
FLU: 
0.01319

Bilgin Simsek (2017)

Cu-doped  TiO2 PAR PAR: 50 mg  L−1

Catalyst: 4 g  L−1

Visible light
pH: 6

100%/180 – 0.0243 Lin and Yang (2013)

Bi3+ self-doped 
 NaBiO3

CBZ CBZ: 4.725 mg  L−1

Catalyst: 1 g  L−1

500 W Xe lamp with 
420-nm cutoff filter

pH: 6

99.8%/60 78%/120 0.087 Ding et al. (2017)

C-doped g-C3N4 TC TC: 44.4 mg  L−1

Catalyst: 0.5 g  L−1

Sunlight

> 90%/90 70%/90 – Panneri et al. (2017)

N-doped  TiO2 SP SP: 10 mg  L−1

Catalyst: 3 g  L−1

LED light
pH: 6

– 100%/90 min – Vaiano et al. (2015)

Mn-doped  SrTiO3 TC TC: 10 mg  L−1

Catalyst: 1 g  L−1

250 W Xe lamp with 
420-nm cutoff filter

66.7%/60 40.1%/60 0.0166 Wu et al. (2015)

Cr3+-doped  SrTiO3 TC TC: 10 mg  L−1

Catalyst: 1 g  L−1

250 W Xe lamp with 
420-nm cutoff filter

68%/60 – 0.01607 Cai et al. (2015)

Fe-doped  SrTiO3 TC TC: 10 mg  L−1

Catalyst: 1 g  L−1

300 W Xe lamp with 
420-nm cutoff filter

71.6%/80 42.5%/80 0.197 Li et al. (2014)

Sr-doped β-Bi2O3 TC TC: 20 mg  L−1

Catalyst: 0.06 g  L−1

500 W Xe lamp with 
420-nm cutoff filter

pH: 9

90%/120 – 0.051 Niu et al. (2013)

C–N–S tri-doped  TiO2 TC TC: 5 mg  L−1

Catalyst: 0.5 g  L−1

150 W Xe lamp with/
without UV filter

pH: 7

> 99%/180 > 67%/180 – Wang et al. (2011a)

C-
sensitized and N-doped 

 TiO2

SNM SNM: 5 mg  L−1

Catalyst: 1 g  L−1

LED light

95%/300 70%/300 0.0109 Wang et al. (2011b)

Vacancy engineered 
photocatalyst

Pharmaceutical Operating conditions Degradation 
efficiency/time 
(min)

Mineralization 
efficiency/time 
(min)

kapp  (min−1) References

Bi2O2CO3 with OV TCH TCH: 10 mg  L−1

Catalyst: 1 g  L−1

500 W Xe lamp with 
420-nm cutoff filter

50%/300 – – Yu et al. (2018)
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photocatalysts for visible-light-assisted pharmaceutical 
degradation along with their detailed reaction conditions is 
given in Table 2.

Noble metal‑deposited semiconductor 
photocatalysts

The noble metals, for example, Pt, Pd, Au, Ag, and Cu, 
can be deposited on semiconductors to increase their 

Table 2  (continued)

Vacancy engineered 
photocatalyst

Pharmaceutical Operating conditions Degradation 
efficiency/time 
(min)

Mineralization 
efficiency/time 
(min)

kapp  (min−1) References

CaCu3Ti4O12 with OV TC TC: 4.45 mg  L−1

Catalyst: 0.4 g  L−1

300 W Xe lamp with 
420-nm cutoff filter

99.1%/50 89.58%/50 – Hailili et al. 
(2018)

Fig. 4  a Photocatalytic degradation of TCH by BOC and OV-BOC, b EPR plots, c bandgaps, and d schematic of band structure of BOC and OV-
BOC (Yu et al. 2018)
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photocatalytic efficiency by enhancing the visible light 
response due to localized surface plasmon resonance and 
minimizing the  e−–h+ pair recombination due to Schottky 
barrier formation (Ray and Pal 2017). However, noble met-
als (NMs) beyond the optimal loading value will occupy 
the active sites of photocatalyst resulting in increased  e−–h+ 
recombination, lowering the photocatalytic activity (Han 
et al. 2013; Luo et al. 2015). Localized surface plasmon 
resonance (LSPR) results in the collective oscillation of the 
free  e− within the NMs when it absorbs the incident light. 
The maximum amplitude of oscillation is reached when 
the frequencies of the incident light and the oscillating free 
 e− match (Khan et al. 2015). The Schottky barrier formation 
at the interface of NM–semiconductor mainly relies upon 
the NM work function (WM) [i.e., energy difference between 
the Fermi level (EF) of NM and the vacuum energy level 
(Vac)] and the semiconductor electron affinity (XSM) (i.e., 
energy difference between the CB minimum of semiconduc-
tor and Vac). In the case of an n-type semiconductor, the WM 
is greater than the work function of the semiconductor (WS), 
as shown in Fig. 5a. When the NM comes in contact with 
the semiconductor, the free  e− in the semiconductor migrates 
to the NMs until equilibrium EF is reached, which results in 

upward bending of the band edges, leading to Schottky bar-
rier formation (ΦB = WM − XSM) (Fig. 5b). In case of a p-type 
semiconductor, where the  WM is smaller than the WS, the 
free  e− from NM will migrate to the semiconductor (Fig. 5c), 
resulting in downward bending of band edges (Fig. 5d). The 
Schottky barrier restricts the backflow of  e− to the semicon-
ductor, making the NM a sink for photogenerated  e− (Khan 
et al. 2015). The mechanism of visible light photocatalysis 
of pharmaceuticals by NM-deposited photocatalysts is pre-
sented in Fig. 5e.

Ag and Au are both plasmonic metals with excellent 
charge separation and photo-stability properties. Ag is a 
popular NM that has been used to enhance the photocatalytic 
efficiencies of semiconductors such as  Bi3TaO7 (Luo et al. 
2015),  AgIn5S8 (Deng et al. 2018), g-C3N4 (Zhang et al. 
2016), monodisperse  TiO2 aggregates (Han et al. 2013) and 
hollow  TiO2 nanoparticles (Boxi and Paria 2015) for vis-
ible-light-aided pharmaceutical degradation. The bandgap 
energy was substantially decreased to 2.25 eV for the Ag-
doped hollow  TiO2 as compared to pure  TiO2 (Eg = 3.2 eV) 
(Boxi and Paria 2015). Visible light irradiation leads to the 
flow of photogenerated  e− from the semiconductor to the 
Ag where it combines with the LSPR-induced  h+. While 

Fig. 5  Formation of the Schottky barrier between n-type semiconduc-
tors and NMs a before contact and b after contact; formation of the 
Schottky barrier between p-type semiconductors and NMs c before 

contact and d after contact; e mechanism of pharmaceutical degrada-
tion by NM-deposited photocatalyst
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the Schottky barrier prevented the  e−–h+ recombination, the 
LSPR-induced  e− on the Ag takes part in the reduction of  O2 
to O2

·− to improve the photocatalytic performance. Another 
study reported the Ag-BiVO4 and Cu-BiVO4 photocatalysts 
for the degradation of IBP (Bian et al. 2014). Jiang et al. 
developed visible-light-responsive Au/KCa2Nb3O10 photo-
catalyst for degradation of TCH (Jiang et al. 2018).

Both Pt and Pd have highly positive work function val-
ues that allow them to act as sinks for the photogenerated 
 e− from the CB of the semiconductors, which consequently 
inhibits the  e−–h+ recombination and increases the photo-
catalytic efficiency (Debnath et al. 2018).  WO3 has a nar-
row bandgap, but high charge carrier recombination sub-
dues its photocatalytic efficiency. A study reported that  WO3 
nanosheets modified with Pt exhibit enhanced photocata-
lytic activity than  WO3 nanosheets alone for TC degradation 
(Zhang et al. 2014).

Xue et al. synthesized bimetallic Au and Pt nanoparticles 
(NPs) co-decorated g-C3N4 (Au/Pt/g-C3N4) plasmonic pho-
tocatalyst that has shown better performance for degrading 
TCH, as compared to pure g-C3N4 and single NM-deposited 
g-C3N4 (Fig. 6a) (Xue et al. 2015a). Visible light irradiation 
on Au NPs generates free  e− due to LSPR, which flow to 
the CB of g-C3N4, leaving  h+ on Au NPs. As  e− are pho-
togenerated in g-C3N4 as well, the excess  e− flow to the Pt 
NPs as the CB of g-C3N4 is more negative than the work 
function of Pt (Fig. 6b). Coupling the LSPR effect of Au and 
electron-sink function of Pt NPs with g-C3N4 increased the 
 e−–h+ pair separation (Fig. 6c) and visible-light-harvesting 
capacity (Fig. 6d), boosting photocatalysis. The efficiencies 
of NM-deposited photocatalyst for visible-light-assisted 
pharmaceutical degradation along with their detailed reac-
tion conditions are given in Table 3.

Fig. 6  a Photocatalytic activities of g-C3N4, Pt/g-C3N4, Au/g-C3N4, and Au/Pt/g-C3N4 for degradation of TCH; b degradation mechanism of 
TCH by Au/Pt/g-C3N4; c PL emission spectra; and d DRS of g-C3N4, Pt/g-C3N4, Au/g-C3N4, and Au/Pt/g-C3N4 (Xue et al. 2015a)
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Table 3  Efficiency of NM-deposited photocatalysts for visible-light-assisted degradation of pharmaceuticals and their operating conditions

NM-deposited 
photocatalyst

Pharmaceutical Operating condi-
tions

Degradation effi-
ciency/time (min)

Mineralization 
efficiency/time 
(min)

kapp  (min−1) References

Ag-doped hollow 
 TiO2

Metronidazole 
(MTZ)

MTZ: 30 mg  L−1

Catalyst: 0.5 g  L−1

125 W Hg lamp

94.77%/120 – 0.024 Boxi and Paria 
(2015)

Ag/g-C3N4 DCF DCF: 100 mg  L−1

Catalyst: 0.1 g  L−1

300 W Xe lamp 
with UV cutoff 
filter

100%/120 46.5%/120 0.0429 Zhang et al. (2016)

Au/KCa2Nb3O10 TCH TCH: 35 mg  L−1

Catalyst: 1 g  L−1

500 W tungsten 
lamp

75%/120 – 0.0106 Jiang et al. (2018)

Ag/AgIn5S8 TCH TCH: 10 mg  L−1

Catalyst: 0.4 g  L−1

300 W Xe lamp 
with 400-nm 
cutoff filter

95.3%/120 83%/240 0.023 Deng et al. (2018)

Ag/Bi3TaO7 TC TC: 10 mg  L−1

Catalyst: 0.5 g  L−1

250 W Xe lamp 
with 420-nm 
cutoff filter

85.42%/120 – 0.0162 Luo et al. (2015)

Au/Pt/g-C3N4 TCH TCH: 20 mg  L−1

Catalyst: 1 g  L−1

500 W Xe with 
400-nm cutoff 
filter

93%/180 – 0.4286 Xue et al. (2015a)

Pt/g-C3N4 TCH TCH: 20 mg  L−1

Catalyst: 1 g  L−1

500 W Xe with 
400-nm cutoff 
filter

67.2%/180 – 0.1809 Xue et al. (2015a)

Au/g-C3N4 TCH TCH: 20 mg  L−1

Catalyst: 1 g  L−1

500 W Xe with 
400-nm cutoff 
filter

78.6%/180 – 0.2495 Xue et al. (2015a)

Pt/WO3 nanosheets TC TC: 20 mg  L−1

Catalyst: 1 g  L−1

250 W Xe lamp 
with 420-nm 
cutoff filter

72.82%/60 49.66%/60 0.0202 Zhang et al. (2014)

Ag-decorated 
monodisperse 
 TiO2

OTC OTC: 0.5 mg  L−1

Catalyst: 0.5 g  L−1

2 nos. 15 W 
fluorescent lamps 
with/without UV 
filter

pH: 5.8

100%/45 – – Han et al. (2013)

Cu–BiVO4
Ag–BiVO4

IBP IBP: 10 mg  L−1

Catalyst: 0.8 g  L−1

300 W Xe lamp 
with 420-nm 
cutoff filter

Cu–BiVO4: 
89%/300

Ag–BiVO4: 
96%/300

– Cu–BiVO4: 0.008
Ag–BiVO4: 0.011

Bian et al. (2014)
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Semiconductor photocatalysts with heterojunctions

Heterojunctions offer the advantages of photogenerated 
 e−–h+ pair separation with the combined beneficial effects 
of the individual semiconductors. Compared to the dop-
ing method, heterojunctions have been more suitable for 
broadening the solar light absorption spectrum (Priya et al. 
2016a). The heterojunction configuration as depicted in 
Fig. 7, where the CB and VB levels of semiconductor1 (S1) 
are higher than the CB and VB levels of semiconductor2 
(S2), is reported in the literature as type II heterojunction 
(Xu et al. 2018). The charge flow mechanism of Type II 
heterojunction can be explained with the help of Fig. 7. 
Type II heterojunction can exist between a p-type and an 
n-type semiconductor, with the p-type semiconductor hav-
ing higher band edge levels and work function value than 
the n-type (Fig. 7c). After contact, the flow of free  e− from 
n-type to p-type semiconductor takes place until equilib-
rium EF is achieved (Fig. 7d), resulting in positively charged 
n-type and negatively charged p-type semiconductors at the 
heterojunction interface. Thus, the formation of an internal 
electric field with the consequent formation of a potential 

barrier due to band edge bending takes place. With incident 
light, the internal electric field facilitates the transport of 
photogenerated  e− from the CB of p-type to the CB of n-type 
and photogenerated  h+ from the VB of n-type to the VB of 
p-type (Fig. 7e), which also results in  e−–h+ pair separation. 
The heterojunctions can be classified into two types based 
on the charge carrier flow mechanism: (1) heterojunctions 
with unidirectional charge flow and (2) heterojunctions with 
bidirectional charge flow.

Heterojunctions with unidirectional charge flow

In this type of heterojunctions (Fig. 7a), only the S1 is photo-
active under the incident light to generate the  e−–h+ pairs. 
Therefore, only the photogenerated  e− on the CB of S1 will 
flow to the CB of S2. As S2 cannot generate the  e−–h+ pairs 
under the given lighting condition, there will be no transfer 
of photogenerated  h+ from the VB of S2 to the VB of S1. 
Thus, the flow of charge is in one direction. The accumulated 
 e− on the CB of S2 and  h+ in the VB of S1 will participate 
in degradation reactions, given that the band edge potentials 

Fig. 7  Schematic of a hetero-
junctions with unidirectional 
charge flow and b heterojunc-
tions with bidirectional charge 
flow; *schematic of p–n junc-
tion: c before contact d after 
contact e transfer of photogen-
erated charge carriers in p–n 
junction mode *(Xu et al. 2018)
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of the semiconductors are suitable for the formation of the 
ROS.

For instance, BiOI is a p-type visible-light-active semi-
conductor with fast recombination of photogenerated  e−–h+ 
pairs, while  SnO2 is an n-type broad bandgap semiconduc-
tor with a poor visible light response. Their heterojunction 
enhanced the photocatalytic efficiency toward OTC degrada-
tion due to the increased  e−–h+ separation, with  SnO2 acting 
as the sink for photogenerated  e− (Wen et al. 2017). Wang 
et al. reported a core–shell  In2S3@MIL-125(Ti) photocata-
lyst for TC degradation, where stable, visible-light-active 
 In2S3 was coupled to an unstable photocatalyst, MIL-125(Ti) 
with no visible light response (Wang et al. 2016a). Simi-
larly, the degradation efficiency of  In2S3/Zn2GeO4 photo-
catalyst toward acetaminophen (APAP) due to improved 
visible light absorption, and greater  e−–h+ pair separation 
was reported (Yan et al. 2017b). Graphitic carbon nitride 
has been used in the formation of heterojunction systems 

with other semiconductors acting as a sink of the photogen-
erated charge carriers to enhance the photocatalytic effi-
ciency under visible light irradiation. For example, Jiang 
et al. constructed a 2D–2D heterostructure with g-C3N4 and 
 K+Ca2Nb3O10

− perovskite nanosheets with a wide band-
gap of 3.4 eV, for efficient degradation of TCH (Jiang et al. 
2017). Interestingly, the 2D–2D heterostructure provides a 
large contact area for fast interfacial charge separation as 
well as a broadening the optical window for effective light 
harvesting as compared to 0D–2D and 1D–2D heterostruc-
tures (Cheng et al. 2015).

All the above studies have been performed with visible 
light which could activate only one of the semiconductors. 
Thus, it will be imperative to see how such systems, con-
taining both UV and visible-light-active photocatalysts, will 
respond to solar light. Hong et al. synthesized  Nb2O5/g-C3N4 
heterojunction photocatalyst and studied its efficiencies 
under both visible and solar light toward pharmaceutical 

Fig. 8  Schematic of the charge carriers separation and transfer in the  Nb2O5/g-C3N4 heterojunctions under a visible and b solar light irradiation; 
photocatalytic efficiency of  Nb2O5/g-C3N4 heterojunctions under c visible and d simulated solar light irradiation (Hong et al. 2016)
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degradation (Hong et al. 2016). He reported the enhanced 
efficiency of the photocatalyst under solar light due to the 
photogeneration of  e−–h+ pairs in both the semiconductors 
as compared to single photocatalyst excitation under visible 
light (Fig. 8). Thus, it can be safely asserted that this system 
has the best output under solar light. A few more examples 
are found in Sect. 3.5.2 of this review. The efficiency of het-
erojunctions with unidirectional charge flow for the visible-
light-assisted degradation pharmaceuticals along with the 
detailed reaction conditions is given in Table 4.

Heterojunctions with bidirectional charge flow

In this type of heterojunctions (Fig. 7b), both the semicon-
ductors produce  e−–h+ pairs under the incident light. Thus, 
the photogenerated  e− on the CB of S1 will flow to CB of 
S2, while the photogenerated  h+ on the VB of S2 will flow 
to VB of S1. Here, the flow of charge is bidirectional. The 
accumulated  e− and  h+ on the CB and VB of the S2 and S1 
actively participate in degradation reactions, provided that 
the band edge potentials of the semiconductors are suitable 
for the formation of the ROS.

Some examples of this system using purely visible light 
have been reported. Ren et  al. synthesized a magnetic 
 NiFe2O4/Bi2O3 heterojunction system for photocatalytic 
degradation of TC, where both the semiconductors have a 
narrow bandgap, and both are visible light active (Ren et al. 
2014). Similarly, g-C3N4 has been combined with two nar-
row bandgap semiconductors  Bi4O5Br2 (Ji et al. 2017), and 
 Bi2WO6 (Wang et al. 2017a) to form heterojunctions, which 
effectively degrades CIP and IBP, respectively. Shi et al. 
used CdS QDs/N-doped  TiO2 photocatalyst to effectively 
mineralize diclofenac (DCF) (Shi et al. 2015).

Examples of this system using solar light irradiation 
have also been reported. As mentioned earlier, Hong et al. 
synthesized  Nb2O5/g-C3N4 heterojunction photocatalyst for 
degradation of TCH, CIP, and levofloxacin (LEV) under 
simulated solar light irradiation (Hong et al. 2016).  Bi2O3 
has been coupled with wide-bandgap semiconductors such 
as (BiO)2CO3 (Chen et al. 2018) and  TiO2 (Sood et al. 2016) 
to form heterojunctions that have used both the UV and vis-
ible spectra of the solar radiation to degrade CIP and OFL, 
respectively, efficiently. The efficiencies of heterojunctions 
with bidirectional charge flow for visible-light-assisted phar-
maceuticals degradation along with their detailed reaction 
conditions are compiled in Table 4.

The advantages of heterojunctions in enhancing the 
charge separation come at the cost of the redox ability of 
 e− and  h+, which may fall short in concluding a particular 
photocatalytic reaction (Natarajan et al. 2018). Thus, the 
composite semiconductor systems with or without redox 
mediators have been developed to overcome this limitation 
of heterojunctions (Xu et al. 2018).

Z‑scheme photocatalysts

Z-schemes are inspired by the natural photosynthetic pro-
cess of water splitting (Natarajan et al. 2018). Although the 
band structure configuration of the Z-scheme photocata-
lyst is same as that of the heterojunction, the mechanism 
of charge carrier transfer is different, as depicted in Fig. 9. 
This exciton transfer mechanism promotes the recombina-
tion of photogenerated  e− and  h+ with weaker redox abilities, 
which spatially separates and preserves the photogenerated 
 e− and  h+ with superior redox abilities for participating in 
photocatalytic reactions (Xu et al. 2018). Additionally, the 
narrow bandgap semiconductors can be selected to build 
Z-scheme systems to extend the light absorption range, 
without sacrificing the requisite high redox ability of the 
photocatalyst. Based on current literature survey focused on 
visible-light photocatalytic pharmaceutical degradation, the 
Z-scheme photocatalysts have been classified into two types 
depending upon the presence of charge carrier mediator: (1) 
Z-scheme photocatalysts with solid-state electron mediators 
and (2) Z-scheme photocatalysts without electron mediators 
or direct Z-scheme photocatalysts.

Z‑scheme photocatalysts with solid‑state electron 
mediators

In a Z-scheme photocatalyst with solid-state electron media-
tors (SSEM), there is a solid electron mediator (Ag, Au, 
Cu, graphene or carbon, etc.) bridging the two semiconduc-
tors through which the charge transfer takes place (Xu et al. 
2018). The CB and VB levels of semiconductor1 (S1) are 
higher than the CB and VB levels of semiconductor2 (S2), 
and both the semiconductors produce  e−–h+ pairs under the 
incident light. Here, the photogenerated  e− on the CB of S2 
and the photogenerated  h+ on the VB of S1 will transfer to 
the SSEM where they will recombine. Meanwhile, the  e− in 
the CB of S1 and the  h+ in the VB of S2 would become 
free to participate in degradation reactions, provided that 
the band edge potentials of the semiconductors are suitable 
for the formation of the ROS (Fig. 9a). Thus, charge carriers 
are swiftly separated by the SSEM, resulting in increased 
photocatalytic efficiency.

Nitrogen-doped graphene quantum dots (NGQDs) are 
excellent  e− mediators that accelerate the  e− transfer to 
improve the charge separation efficiency and enhance the 
photocatalytic degradation activity. Yan et  al. prepared 
NGQDs-BiVO4/g-C3N4 for the degradation of TC, OTC, 
and CIP antibiotics (Yan et al. 2016). Yan et al. reported 
NGQDs-BiOI/MnNb2O6 to degrade TC, OTC, CIP, and 
doxycycline (DOX) (Yan et al. 2017a). Chen et al. reported 
the photocatalytic degradation of TC by Ag/Ag3PO4/BiVO4/
reduced graphene oxide (RGO) nanocomposite photocata-
lyst, where Ag acts as the mediator in separating  e−–h+ pairs, 
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Table 4  Efficiency of heterojunctions with unidirectional and bidirectional charge flow for visible-light-assisted pharmaceuticals degradation 
with the detailed operating conditions

Heterojunction photocat-
alyst with unidirectional 
charge flow

Pharmaceutical Operating conditions Degradation 
efficiency/time 
(min)

Mineralization 
efficiency/time 
(min)

kapp  (min−1) References

g-C3N4/K+Ca2Nb3O10
− TCH TCH: 35 mg  L−1

Catalyst: 1 g  L−1

500 W tungsten lamp

81%/90 – – Jiang et al. (2017)

In2S3/Zn2GeO4 APAP APAP: 5 mg  L−1

Catalyst: 1 g  L−1

Xe lamp with cutoff filter
pH: 9

95%/360 55%/360 0.4458 Yan et al. (2017b)

SnO2/BiOI OTCH OTCH: 10 mg  L−1

Catalyst: 1 g  L−1

300 W Xe lamp with 
420-nm cutoff filter

pH: 5.49

94%/90 – 0.03113 Wen et al. (2017)

In2S3@MIL–125(Ti) TC TC: 46 mg  L−1

Catalyst: 0.3 g  L−1

500 W Xe lamp with 
420-nm cutoff filter

63.3%/60 – – Wang et al. (2016a)

Nb2O5/g-C3N4 TCH TCH: 20 mg  L−1

Catalyst: 1 g  L−1

250 W Xe lamp with 
420-nm cutoff filter

76.2%/150 – 0.0096 Hong et al. (2016)

Heterojunction photocat-
alyst with bidirectional 
charge flow

Pharmaceutical Operating conditions Degradation 
efficiency/time 
(min)

Mineralization 
efficiency/time 
(min)

kapp  (min−1) References

g-C3N4/Bi2WO6 IBP IBP: 5.16 mg  L−1

Catalyst: 0.2 g  L−1

300 W Xe lamp with 
420-nm cutoff filter

96.1%/60 78.1%/240 0.052 Wang et al. (2017a)

CdS QDs/N-doped  TiO2 DCF DCF: 50 mg  L−1

Catalyst: 1 g  L−1

1000 W Xe lamp with 
420-nm cutoff filter

– 65%/360 – Shi et al. (2015)

Nb2O5/g-C3N4 TCH, CIP, LEV TCH, CIP, LEV: 20 mg 
 L−1

Catalyst: 1 g  L−1

250 W Xe lamp Solar 
simulator

pH: 3

TCH: 90.2%/60
CIP: > 60%/60
LEV: > 70%/60

TCH: 65.3%/60 TCH: 0.038 Hong et al. (2016)

Bi2O3/TiO2 OFL OFL: 25 mg  L−1

Catalyst: 0.5 g  L−1

Sunlight
pH 7

92%/120 – – Sood et al. (2016)

g-C3N4/Bi4O5Br2 CIP CIP: 10 mg  L−1

Catalyst: 0.5 g  L−1

300 W Xe lamp with 
400-nm cutoff filter

Solar simulator

50%/30 – – Ji et al. (2017)

Bi2O3/(BiO)2CO3 CIP CIP: 10 mg  L−1

Catalyst: 0.5 g  L−1

300 W Xenon lamp Solar 
simulator

pH: 4.0–8.3

90%/150 20%/150 – Chen et al. (2018)

NiFe2O4/Bi2O3 TC TC: 10 mg  L−1

Catalyst: 1 g  L−1

150 W Xe lamp with 
420-nm cutoff filter

90.78%/90 51.95%/90 0.36 Ren et al. (2014)
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while RGO adsorbs more TC due to its large surface area 
and also acts as  e− trapping and transporting site (Chen et al. 
2017). Zhu et al. developed polypyrrole (PPy)@Ag/g-C3N4 
nanocomposite to degrade TC, CIP, gatifloxacin (GFLX), 
enrofloxacin hydrochloride (EH), and danofloxacin mesylate 
(DM) with visible light (Zhu et al. 2016). PPy is a narrow 
bandgap organic semiconductor which can also serve as a 
protective layer to the Ag nanoparticles exposed to harsh 
experimental conditions. Ag nanoparticles mediate the pho-
togenerated electron transfer to facilitate efficient  e−–h+ pair 
separation. The efficiency of Z-scheme photocatalysts with 
SSEM for visible-light-assisted pharmaceuticals degradation 
with their detailed reaction conditions is given in Table 5.

The limitations of this system are the expensive NMs and 
the difficult synthetic procedures of nanocarbon and gra-
phene, which serve as SSEMs. Another major drawback is 
the shielding effect, i.e., the blocking of visible light by the 
metallic SSEMs from reaching the catalyst surface (Natara-
jan et al. 2018). The feasible solution to such problems was 
the development of Z-scheme photocatalysts without redox 
mediators.

Direct Z‑scheme photocatalysts

A direct Z-scheme photocatalyst is a combination of two 
semiconductors (S1 and S2) without electron media-
tor between them (Fig. 9b). The band edges are higher 
while work function value is less in S1 as compared to S2 
(Fig. 9c). After contact, the flow of free  e− from S1 to S2 
takes place until equilibrium EF is achieved (Fig. 9d). This 
results in positively charged S1 and negatively charged S2 
at the interface. Thus, the formation of an internal electric 
field with the consequent formation of a potential barrier due 
to band edge bending takes place. Both the semiconductors 
produce  e−–h+ pairs under the incident light. Facilitated by 
the internal electric field, the photogenerated  e− from the CB 
of S2 will recombine with the photogenerated  h+ from the 
VB of S1 (Fig. 9e) promoting spatial separation of  e− and  h+ 
in the CB of S1 and VB of S2, respectively, which can par-
take in the redox photocatalytic reactions. Thus, the problem 
of photon capturing and light shielding by the mediators is 
abolished by this type of  e−–h+ pair transfer phenomenon, 
resulting in greater visible light uptake by the photocatalysts. 

Fig. 9  Schematic representation 
of a Z-scheme photocatalyst 
with solid-state electron media-
tors and b direct Z-scheme 
photocatalyst; *schematic rep-
resentation of direct Z-scheme: 
c before contact, d after contact, 
e photogenerated charge car-
rier transfer process*(Xu et al. 
2018)
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Additionally, direct Z-scheme photocatalysts are corrosion 
resistant (Xu et al. 2018).

WO3 is a stable, economic, eco-friendly narrow band-
gap semiconductor (2.4–2.8 eV), having rapid  e−–h+ pair 
recombination. Moreover,  WO3 cannot form O2

·– radicals 
under light irradiation as the CB potential (0.87 eV) is more 
positive than the  O2/O2

·– potential (–0.046 eV). Wang et al. 
reported the formation of AgI/WO3 direct Z-scheme photo-
catalyst, which suppressed the  e−–h+ pair recombination and 

resulted in the efficient visible light TC degradation (Wang 
et al. 2016b). Both semiconductors are visible light active, 
resulting in the recombination of the weak photogenerated 
 e− and  h+ from the CB of  WO3 and VB of AgI, respectively, 
leaving the strong  h+ and  e− in the VB of  WO3 and CB of 
AgI, respectively, to take part in the photocatalytic reac-
tions (Fig. 10). Similarly, the photocatalytic performance 
of  WO3/K+Ca2Nb3O10

− was reported by Ma et al. for TCH 
degradation under simulated sunlight (Ma et  al. 2017). 

Table 5  Efficiency of Z-scheme with SSEM and direct Z-scheme photocatalysts for visible-light-assisted pharmaceuticals degradation with their 
detailed operating conditions

Z-scheme photocata-
lyst with SSEM

Pharmaceutical Operating conditions Degradation effi-
ciency/time (min)

Mineralization 
efficiency/time 
(min)

kapp  (min−1) Reference

Ag/Ag3PO4/BiVO4/
RGO

TC TC: 10 mg  L−1

Catalyst: 0.5 g  L−1

300 W Xe lamp with 
420-nm cutoff 
filter

94.96%/60 27.42%/60 – Chen et al. (2017)

NGQDs—BiVO4/g-
C3N4

TC, OTC, CIP TC, OTC, CIP: 
10 mg  L−1

Catalyst: 0.5 g  L−1

250 W Xe lamp with 
420-nm cutoff 
filter

TC: 91.5%/30
OTC: 66.7%/120
CIP: 72.4%/120

TC: 68.9%/30 TC: 0.0804 Yan et al. (2016)

NGQDs—BiOI/
MnNb2O6

TC, OTC, DOX, 
CIP

TC, OTC, DOX, 
CIP: 10 mg  L−1

Catalyst: 0.5 g  L−1

250 W Xe lamp with 
420-nm cutoff 
filter

TC: 87.2%/60
OTC: 72.1%/120
DOX: 64.7%/120
CIP: 57.4%/120

– TC: 0.0331 Yan et al. (2017a)

Ppy @Ag/g-C3N4 TC, CIP, GFLX, 
EH, DM

TC, CIP, GFLX, 
EH, DM: 10 mg 
 L−1

Catalyst: 1 g  L−1

300 W Xe

TC: > 90%/60
CIP: > 90%/60 

GFLX: > 80%/60
EH: > 90%/60
DM: > 80%/60

– – Zhu et al. (2016)

Direct Z-scheme 
photocatalyst

Pharmaceutical Operating condi-
tions

Degradation effi-
ciency/time (min)

Mineralization 
efficiency/time 
(min)

kapp  (min−1) Reference

WO3/K+Ca2Nb3O10
− TCH TCH: 35 mg  L−1

Catalyst: 1 g  L−1

250 W Xe lamp 
Solar simulator

85.8%/120 – 0.0151 Ma et al. (2017)

β-Bi2O3 @ g-C3N4 TC TC: 10 mg  L−1

Catalyst: 0.5 g  L−1

250 W Xe lamp with 
420-nm cutoff 
filter

80.2%/50 59.2%/50 0.0311 Hong et al. (2018)

AgI/WO3 TC TC: 35 mg  L−1

Catalyst: 1 g  L−1

300 W Xe lamp with 
420-nm cutoff 
filter

75%/60 – 0.0235 Wang et al. 
(2016b)

Bi3TaO7 quantum 
dots/g-C3N4

CIP, CPX CIP, CPX: 10 mg 
 L−1

Catalyst: 0.5 g  L−1

86 W LED lamp

CIP: 91%/120
CPX: 77%/240

– CIP: 1.1902
CPX: 0.3728

Wang et al. 
(2017b)
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Studies have reported the use of g-C3N4 for the develop-
ment of β-Bi2O3@g-C3N4 core/shell (Hong et al. 2018) and 
 Bi3TaO7 quantum dots/g-C3N4 (Wang et al. 2017b) direct 
Z-scheme photocatalysts for efficient charge separation and 
improved visible-light-induced degradation of TC, CIP, 
and cephalexin (CPX). The efficiency of direct Z-scheme 
photocatalysts for visible-light-assisted pharmaceuticals 
degradation with their detailed reaction conditions is given 
in Table 5.

Other photocatalysts

There are a few interesting photocatalysts that do not fall 
under the categories of visible-light-active photocatalysts 
previously mentioned in this review. However, the reaction 
mechanism of a few of these photocatalysts can be under-
stood from the knowledge of the preceding categories of 
modified photocatalysts. For example, Chen et al. fabri-
cated an Au and CuS nanoparticles decorated  TiO2 nano-
belts (Au–CuS–TiO2 NBs) photocatalyst for OTC degra-
dation. CuS is an n-type narrow bandgap semiconductor. 
A p-n heterojunction photocatalyst with enhanced light 
absorption range is formed by combining  TiO2 and CuS. 
The addition of Au NPs exhibits LSPR effect that further 
extends the light-harvesting ability and also increases the 
 e−–h+ pair separation on the photocatalyst. The incident 
solar light induces photogenerated  e−–h+ pairs in the pho-
tocatalyst, resulting in the charge carrier transfer pathway 
depicted in Fig. 11a (Chen et al. 2016). Photocatalysts such 
as Ag–AgBr/TiO2 and Ag-Ag2O/reduced  TiO2, with similar 
charge carrier transfer mechanism, were reported in other 
studies (Wang et al. 2012; Cui et al. 2017).

Liu et al. synthesized  SrTiO3 (STO)/Fe2O3 nanowires 
photocatalysts for TC degradation (Liu et al. 2016a). The 

STO/Fe2O3 photocatalyst experiences a phenomenon known 
as the interfacial charge transfer (IFCT) mechanism. This 
mechanism extends the light-harvesting range of the pho-
tocatalyst by facilitating the migration of photogenerated 
 e− from the VB of the STO to  Fe2O3, which partially reduces 
the  Fe3+ to  Fe2+. The  Fe2+ reduces  O2 adsorbed on the cata-
lyst surface generating  H2O2. The photogenerated  h+ in the 
VB of STO partakes in the photocatalytic reactions. The 
IFCT spatially separates the charges and inhibits the  e−–h+ 
recombination.

Combining photocatalysts with magnetic materials facili-
tate easy separation after wastewater treatment, prevent cat-
alyst agglomeration, and increase catalyst durability (You 
et al. 2017). Liu et al. synthesized magnetic zeolite X-sup-
ported Ag/AgCl photocatalyst for degradation of TC (Liu 
et al. 2016b). Magnetic zeolite X facilitated easy catalyst 
separation, prevented metal leaching, and increased the effi-
ciency of the photocatalyst by reducing the  e−–h+ recombi-
nation (Fig. 11b). Besides, zeolites have been considered as 
ideal supports due to their properties of ion-exchange, high 
porosity, and adsorption capacity (Azimi and Nezamzadeh-
Ejhieh 2015). A study reported the use of superparamag-
netic  Bi2O4/Fe3O4 for IBP degradation (Xia and Lo 2016). In 
addition to the superparamagnetic properties,  Fe3O4 acts as a 
sink of the photogenerated  e− from  Bi2O4, due to their high 
conductivity, to reduce the  e−–h+ recombination. Kumar 
et al. prepared a magnetic BiOCl/g-C3N4/Cu2O/Fe3O4 qua-
ternary heterojunction photocatalyst for both visible-light- 
and sunlight-assisted degradation of SME (Kumar et al. 
2018). A magnetic  Fe3O4@Bi2O3–RGO heterostructured 
photocatalyst has been developed by Zhu et al. for CIP deg-
radation (Zhu et al. 2017b). Spinel ferrites  (AFe2O4, A = Mg, 
Co, Ni or Zn) are narrow bandgap semiconductors having 
a good magnetic property, chemical stability, but have poor 

Fig. 10  Mechanism for the photocatalytic degradation of TC on AgI/WO3 (Wang et al. 2016b)
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quantum yield due to the low separation of photogenerated 
 e−–h+ pairs. To improve  e−–h+ separation, Hong et al. have 
doped  NiFe2O4 with copper, to produce a  Ni(1−x)Cu(x)Fe2O4 
photocatalyst to degrade TC (Hong et al. 2015).

A study reported the degradation of TC present in waste-
water by Ni(OH)2–rutile  TiO2 photocatalyst (Leong et al. 
2016). Rutile  TiO2 has a smaller Eg, the faster recombina-
tion rate of photoelectron and holes, higher light scattering 
efficiency, better chemical stability, and lower production 
cost than anatase  TiO2. Combining Ni(OH)2 with  TiO2 nar-
rows the Eg of Ni(OH)2–TiO2 making it visible light active 
and simultaneously reduces the  e−–h+ recombination. Upon 
irradiation, the photogenerated  h+ on the VB of  TiO2 oxi-
dizes Ni(OH)2 to NiOOH, which is responsible for oxidizing 
TC (Fig. 11c). Di et al. synthesized CQDs/Bi2WO6 pho-
tocatalyst to degrade TC and CIP (Di et al. 2015). Photo-
induced  e− on the CB of  Bi2WO6 migrates to CQDs due to 
their delocalized conjugated structure promoting efficient 

charge carrier separation (Fig. 11d). Another study showed 
the efficient degradation and mineralization of IBP by GQD/
AgVO3 photocatalyst (Lei et al. 2016). The efficiency of 
other photocatalysts for visible-light-assisted pharmaceuti-
cals degradation with their detailed reaction conditions is 
presented in Table S2.

Photocatalysts with supports

Reusability or recyclability of a photocatalyst is another 
important factor to be considered for its large-scale use. 
While the larger particles can be separated by sedimentation 
or filtration, the small nanoparticles are difficult to separate 
by economic processes. There is also the requirement of ini-
tial adsorption of the pollutant on the photocatalyst surface 
for efficient photocatalytic degradation. Nano-sized photo-
catalysts have been immobilized on suitable support mate-
rials to solve these problems. Desirable support material 

Fig. 11  Proposed visible light photocatalytic degradation mechanism for a Au–CuS–TiO2 NBs system (Chen et al. 2016), b magnetic zeolite 
X-supported Ag/AgCl (Liu et al. 2016b), c T1-Ni and T2-Ni (Leong et al. 2016), d CQDs/Bi2WO6 (Di et al. 2015)
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must preferably have excellent adsorbing capacity toward 
pollutants, endurance, and stability against harsh operating 
conditions during real field applications, acting as a pool 
of  e− to minimize  e−–h+ recombination and facilitate easy 
separation after intended use.

Naturally abundant materials, for instance diatomite, 
bentonite, chitosan, etc., have been used as supports for 
photocatalysts. Chen and Liu developed N-doped  TiO2/
diatomite integrated photocatalytic pellet (N-IPP) for 
degrading TC solution (Chen and Liu 2016). N-doping 
narrows the Eg of  TiO2 nanoparticles and makes it vis-
ible light active, while immobilization on diatomite makes 
separation after photocatalysis easy (Fig. 12). Another use 
of diatomite is adsorption of TC due to its high poros-
ity and large surface area. The adsorption of pollutants 
within its interlayer space makes bentonite (BT) good sup-
port for photocatalysts. Gautam et al. reported two spinel 
ferrites  NiFe2O4 and  MnFe2O4 supported on bentonite, 
viz.  NiFe2O4/BT and  MnFe2O4/BT, respectively, for the 
degradation and mineralization of ampicillin (AMP) and 
OTC antibiotics under solar light (Gautam et al. 2016, 
2017). Zuo et al. developed an attapulgite (ATP)/Cu2O/
Cu/g-C3N4 composite photocatalyst for chloramphenicol 
(CAP) degradation (Zuo et al. 2017). Chitosan (CT) is a 
good bio-adsorbent which is non-toxic and naturally abun-
dant, making it a great choice as a support material.  Bi2O3/
BiOCl/CT and BiOCl/CT have been reported for degrada-
tion and mineralization of OTC and AMP under solar light 

(Priya et al. 2016a, b). Shi et al. synthesized palygorskite-
supported  Cu2O–TiO2 heterojunction composite for TC 
degradation under solar light (Shi et al. 2016). The het-
erojunction photocatalyst gave a higher photocatalytic per-
formance under visible light than the individual semicon-
ductors due to a decrease in Eg and increase in  e−–h+ pair 
separation. However, the agglomeration of photocatalysts 
in water was reduced by providing support, palygorskite, 
an economical, stable, non-toxic, and nonmetallic mineral. 
Zr-doped  TiO2 nanoparticles immobilized on delaminated 
clay materials proved to effective photocatalyst for the 
solar-light-aided degradation of antipyrine (Belver et al. 
2017).

Carbonaceous materials are considered as good sup-
ports for photocatalysts due to their large surface area 
and high porosity resulting in high adsorption capacity, 
and superior electrical conductivity and electron trapping 
ability for minimizing the  e−–h+ pair recombination in 
photocatalysts (Cao et al. 2013; Priya et al. 2016a).  Bi2O3/
BiOCl/graphene sand composite (GSC) and BiOCl/GSC 
have been reported for degradation and mineralization of 
OTC and AMP under solar light (Priya et al. 2016a, b). 
Similarly, GSC-supported  NiFe2O4  (NiFe2O4/GSC) and 
 MnFe2O4  (MnFe2O4/GSC) have been reported for the deg-
radation and mineralization of AMP and OTC antibiotics 
under solar light (Gautam et al. 2016, 2017). Graphene 
oxide (GO) was used as a support material to develop Ce-
doped  TiO2/GO magnetic composite (Cao et al. 2016), 
Ce(MoO4)2 nanocubes/GO composite (Karthik et  al. 
2017), and  Ag2MoO4/Ag/AgBr/GO photocatalysts (Bai 
et al. 2016) for the degradation of pharmaceuticals. GO 
sheets inhibited the photo-corrosion by trapping elec-
trons and also offered more active sites due to its large 
surface area to enhance the photocatalysis. RGO has a 
large surface area to adsorb more pollutants, and it acts as 
an  e− reservoir due to its high conductivity. CdS suffers 
from high recombination of  e−–h+ pairs and instability 
due to highly oxidation-prone sulfide ion causing photo-
corrosion. Tang et al. developed an RGO–CdS/ZnS hetero-
junction photocatalysts to reduce  e−–h+ recombination and 
photo-corrosion of CdS for efficient photocatalytic degra-
dation of TC (Tang et al. 2015). Another study reported 
the use of RGO–WO3 composites to degrade sulfameth-
oxazole (SMX) (Zhu et al. 2017a).

Among emerging support materials, side-glowing 
optical fibers (SOFs) are great photocatalyst supports as 
they allow light to pass uniformly along the length of the 
fiber providing better exposure to the photocatalysts than 
other supports (Lin et al. 2017a). Lin et al. performed the 
photocatalytic degradation of IBP, CBZ, and SMX by 
 TiO2–Fe immobilized on side-glowing optical fibers (Lin 
et al. 2017a). Doping of  TiO2 with  Fe3+ narrowed its Eg, 
making it visible light responsive and also inhibited the 

Fig. 12  Schematic illustrating the synergistic effect of photodegrada-
tion process of TC using N-IPP (Chen and Liu 2016)
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 e−–h+ recombination, resulting in higher photocatalytic 
performance. Another study reported the degradation of 
IBP with  TiO2–RGO immobilized onto SOF (Lin et al. 
2017b). The efficiency of photocatalysts with supports for 
visible-light-assisted pharmaceuticals degradation with 
their detailed reaction conditions is given in Table S3.

Influence of key parameters 
on pharmaceutical removal

Light

The formation of photogenerated charge carriers is 
directly proportional to the intensity of light. As intensity 
increases, the photocatalyst is exposed to more photons to 
produce more  e−–h+ pairs that result in increased reaction 
rates. Studies reported the increased degradation rate of 
pharmaceuticals by increasing the light intensity (Belver 
et al. 2017). Light intensity also varies with the distance 
between the light source and the point of measurement. 
As the distance increases, the intensity decreases. Belver 
et al. also reported that the highest photonic efficiency 
of the catalyst was obtained at an intensity less than the 
intensity that resulted in the highest reaction rate (Belver 
et al. 2017). This implies that increasing the light intensity 
does not necessarily increase the separation of the  e−–h+ 
pairs. The wavelength of light is also an important factor 
which can affect the rate of degradation. Wang et al. used 
four different light-emitting diode (LED) strips with the 
same intensity, emitting white (W), blue (B), green (G), 
and yellow lights (Y) with main emission wavelengths 
of 450 nm, 465 nm, 523 nm, and 589 nm, respectively. 
The SNM degradation and mineralization efficacies with 
the different irradiations were in the order W > B > G > Y 
(Wang et al. 2011b).

Solution pH

The prerequisite of photocatalytic degradation is the con-
tact of the pollutant to the photocatalyst surface. Pollutant 
adsorbed on the surface of the photocatalyst is degraded 
quicker than in bulk solution. This is due to the oblitera-
tion of short-lived charge carriers caused by migration or 
diffusion. More adsorption ensures greater degradation of 
pollutants. Thus, the pH of the solution, pKa value of the 
pollutant and zero-point charge (ZPC) of the photocatalyst 
are important parameters that dictate the extent of the sur-
face contact or adsorption due to electrostatic interaction. 
For any photocatalyst, the surface is positively charged at 
a solution pH lower than the ZPC and negatively charged 
at a pH higher than ZPC (Mahamallik et al. 2015). The 

pharmaceutical compounds also show different speciation 
at different solution pHs depending upon its pKa values. 
For example, TC has three pKa values of 3.30, 7.68 and 
9.68 by virtue of which it is completely protonated  (H3L+) 
at pH values < 3.3, the zwitterionic form  (H2L±) exists at 
pH 3.3 to 7.68, and two anionic forms  HL− and  L−2 appear 
at pH > 7.68 and pH > 9.68, respectively (Mahamallik et al. 
2015). Similarly, SMX has two pKa values of 1.8 and 5.6, 
i.e., the cationic form  (SMX+) prevails at pH ≤ 1.7, and 
the anionic form  (SMX−) dominates at pH ≥ 5.7, while it 
is neutral in pH range 1.8–5.6 (Kumar et al. 2018). Thus, 
favorable condition for electrostatic attraction is a solution 
pH which will result in unlike charges of the photocatalyst 
and the pollutant.

Holes can produce ·OH from water at any pH, as shown 
in Eq. (2). While the formation of ·OH in acidic condition 
requires the presence of dissolved oxygen (Eqs. 4–7) and 
Eqs. (4), (5), (10)–(12), it is not the case in alkaline condi-
tion (Eq. 13) (Wang et al. 2011b; Deng et al. 2018).

However, extreme pH will result in the likeness of charges 
causing repulsion between the photocatalyst and the pollut-
ant, and the strong alkaline condition will generate an excess 
of ·OH which may block the active site on photocatalysts 
surface, while the highly acidic medium may cause leaching 
of some photocatalyst.

Photocatalyst dosage

The photocatalyst dosage plays an important role in the 
photocatalytic degradation of pharmaceuticals. Increasing 
the quantity of catalyst increases the surface area, provid-
ing added active sites, which boosts the adsorption effi-
ciency to improve the photocatalysis. But it has been found 
that after a certain dosage, the increase in the quantity of 
photocatalyst in the solution does not increase the photo-
catalytic efficiency. The solution becomes turbid due to the 
huge catalyst load, which inhibits the penetration of light, 
causing the exposure of light only to a small fraction of 
the catalyst that is adjacent to the reactor wall. It has also 
been observed that higher dosage causes agglomeration and 
sedimentation of the photocatalyst, leading to lower surface 
area (Wang et al. 2011b). During the photocatalytic degra-
dation of SMX, Kumar et al. reported that kapp increases for 
an increase in the photocatalyst dosage up to 400 mg  L−1, 
after which the kapp decreases (Kumar et al. 2018). Hence, 
optimization of the photocatalyst dosage is vital to produce 

(10)⋅HO2 + e− → HO−

2

(11)HO−

2
+ H+

↔ H2O2

(12)H2O2 + O⋅−

2
→

⋅OH + OH−
+ O2

(13)OH−
+ h+ ↔

⋅OH
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maximum efficiency while minimizing the cost. Optimum 
photocatalyst dosage will vary with the type of pollutant to 
be degraded.

Initial concentration of pharmaceuticals

When the initial concentration of the pollutant is high, 
the contest for photon absorption with the photocatalyst 
increases, causing lesser photons to reach the photocata-
lyst surface. Thus, the photocatalytic efficiency deteriorates 
with the increase in the initial concentration of the pollutant. 
Chen et al. found that higher initial concentration of CIP 
caused lesser photocatalytic degradation (Chen et al. 2018). 
Wang et al. have reported a similar observation during SNM 
degradation, where they also predicted that the end products 
and intermediates of photodegradation might compete with 
the parent organic molecules for the absorptive and reactive 
sites on the photocatalyst surface, to hinder the photocata-
lytic efficiency (Wang et al. 2011b).

Reaction time

The intermediates and by-products formed during the pho-
tocatalysis of the pharmaceuticals may be toxic, sometimes 
even more than the parent compound. Hence, proper evalua-
tion of the reaction time is required to ensure either complete 
mineralization or enough mineralization to produce harm-
less products. The current literature has provided enough 
evidence that the reaction time needed to degrade the target 
pharmaceuticals completely is insufficient for the complete 
mineralization. This ascertains that the parent compound has 
been converted majorly into the intermediates and will usu-
ally take more time to transform into harmless by-products.

The visible light photocatalytic degradation of pharma-
ceuticals typically fits the pseudo-first-order kinetic equa-
tion (Eq. 14) corresponding to the Langmuir–Hinshelwood 
model and is consistent with the current literature.

Thus, it has been observed that the photodegradation 
reaction rate is high at the beginning, and then it gradually 
slows down with the gradual increase in reaction time. The 
reason behind this can be the increasing competition with 
time between the parent organic molecules and the by-prod-
ucts and intermediates for the reactive sites on the surface 
of the photocatalyst.

Presence of ions and natural organic matter

The natural water resources, as well as industrial and domes-
tic effluents, are enriched with inorganic ions that could 

(14)ln

(

C0

C
t

)

= kt

influence the photocatalytic reaction in practical wastewater 
application. Inorganic anions such as  S2O8

2−,  BrO3
−, and 

 SO3
− increase the photocatalytic degradation by scaveng-

ing  e−, thereby reducing  e−–h+ recombination. However, 
excessive concentrations of inorganic species can suppress 
photodegradation by scavenging ·OH. Inorganic ions, such 
as  Cl−,  NO3

−,  SO4
2−,  HCO3

−, and  H2PO4
−, could act as  h+ 

and ·OH scavengers to form ionic radicals, which are weaker 
oxidizing agents than  h+ and ·OH. Additionally, they adsorb 
on the catalyst surface and block active sites. As a result, the 
degradation efficiency is reduced in their presence. Reduc-
tion in the photodegradation efficiency of IBF (Wang et al. 
2017a) and SNM (Wang et al. 2011b) due to the effect of 
inorganic ions has been reported.

Ionic strength is an important parameter controlling pho-
tocatalytic activity; at high ionic strength, the repulsive force 
of contaminants can be mitigated to enhance adsorption. 
Photodegradation of CA was inhibited at low concentra-
tions of NaCl (< 10 g  L−1), while at higher concentrations 
(> 10 g  L−1) of NaCl the degradation efficiency was at par 
with that in pure water (Awfa et al. 2018). Similar results 
were observed during the photocatalytic degradation of TC 
(Wang et al. 2016a). Additionally, cations, for example,  Na+, 
may compete with the pollutants for the adsorption sites 
of photocatalyst with the increase in ionic strength, leading 
to the lowered photocatalytic efficiency (Chen et al. 2017). 
Chen et al. reported the significant inhibition of TC deg-
radation by  Ca2+ and  Mg2+ (Chen and Liu 2016). On the 
other hand,  Mn2+ increased the photo-oxidation by surface 
reaction, increasing the number of photogenerated  e− and 
 h+ and inhibiting  e−–h+ recombination (Kabra et al. 2004).

Natural organic matter (NOM) present in natural water 
resources is scavengers of ROS. Wang et al. reported that the 
visible light degradation of IBF mixed in a raw water sample 
by photocatalyst UTCB-25 was subdued by the NOM pre-
sent in the sample (Wang et al. 2017a).

Application in real field

The studies covered in this review are centered on labora-
tory-scale experiments. To the authors’ knowledge, there 
is no report on pilot-scale or large-scale studies of visible 
light photocatalysts toward pharmaceutical removal. Reports 
of pharmaceutical removal from real wastewater are pre-
sent though. Deng et al. used Ag/AgIn5S8 photocatalyst to 
degrade real pharmaceutical wastewater sample containing 
 COD0 ~ 31,500 mg  L−1 under visible light and obtained a 
mineralization efficiency of 56.3% in 9 h and 77.6% COD 
removal efficiency in 12 h (Deng et al. 2018). Stability and 
recyclability of a photocatalyst are also important factors 
that influence its real field applications. Jiang et al. reported 
the superior stability of CN/K+CNO−, whose photocatalytic 
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efficiency remained unchanged after four repeated cycles of 
TC degradation (Jiang et al. 2017). To apply the technol-
ogy in the real field, one has to look for technologically 
feasible, economically viable, and eco-friendly solutions. 
This can be achieved if the photocatalytic process has high 
degradation and mineralization efficiencies, non-toxic end 
products, fast kinetics, and a highly stable photocatalyst. 
The use of non-toxic photocatalysts should be considered 
to avoid any risk to the environment and human health. For 
example, histopathological changes and oxidative stress have 
been observed in certain species of fish that were exposed to 
some transition metals-doped  TiO2 NPs commonly used as 
photocatalysts (Pirsaheb et al. 2019). In addition to this, the 
catalyst should be separated easily from the aqueous solu-
tion. Combining photocatalysis with other treatment pro-
cesses may lead to an economical and efficient way toward 
its practical application. For example, Yahiat et al. reported 
some success with a hybrid process combining UV light 
photocatalysis with biological treatment (Yahiat et al. 2011). 
Although a combined treatment process integrating visible 
light photocatalysis and other methods is yet to be reported. 
Additionally, the efficient use of solar light will make the 
process an economical, sustainable, and green solution for 
water treatment.

Issues and challenges

Among the various AOPs, the visible-light-assisted photo-
catalysis has become a popular technique for the removal of 
pharmaceutical pollutants. Despite several benefits of this 
technique as discussed earlier, several issues have been iden-
tified from the critical review of the current literature that 
can be seen as prospective research opportunities:

• The single-component semiconductor photocatalysts 
have some inherent disadvantages which can be dealt 
with by suitably modifying them. However, it is inter-
esting to see whether applying multiple modifications 
may lead to higher photocatalytic efficiency, which is the 
scope for future research.

• To enhance the photocatalytic efficiency and minimize 
the cost, the multivariate optimization of synthesis pro-
cess of the photocatalyst is an essential requirement, 
although significant attention in this context is rarely 
provided.

• Apart from the photocatalytic efficiency, the stability 
and recyclability of a photocatalyst including its ease of 
separation from aqueous solutions are important consid-
erations for its practical applications, which should be 
focused for promising future of photocatalysis in field-
based treatment systems.

• Only a few studies have reported the role of influential 
parameters, such as light, pH, photocatalyst dosage, pol-
lutant concentration, different ions, and NOMs, on the 
visible light photocatalysis of pharmaceuticals. However, 
this area needs sufficient attention to ascertain the photo-
catalytic treatment process of real wastewater.

• The existing literature for visible-light-assisted photo-
catalysis of pharmaceuticals mostly focused on antibiot-
ics, especially the tetracycline group. Many therapeutic 
groups of pharmaceuticals remain unattended till date.

• More research is needed on visible light photocatalysis 
of pharmaceutical mixtures, as the composition of real 
wastewater is rarely constituted with single pollutant.

• Studies on continuous mode of operation for photocata-
lytic treatment system are rarely conducted, although it is 
an essential requirement for field-based treatment system.

• Conventional treatment methods can also be combined 
with the visible light photocatalysis to deliver a tech-
nically feasible and economically viable solution for 
pharmaceutical wastewater treatment, which needs to be 
adequately explored.

Extensive research may be carried out in the application 
of photocatalytic degradation of pharmaceutical pollutants, 
which in turn may evolve the opportunity to explore the 
future of this promising technology in the arena of environ-
mental remediation.

Conclusion

The present review focuses on the recent advancement of 
visible-light-assisted photocatalysis for pharmaceutical 
removal. Semiconductor photocatalysis using visible light 
has shown tremendous potential as a highly efficient tech-
nique to treat pharmaceuticals and protect the environment. 
The current review has covered the important aspects of 
pharmaceutical pollutants, including a concise overview 
of their occurrence, fate, and harmful effects on the envi-
ronment and health, stressing on the significant need for its 
removal from the contaminated water. The fundamentals 
and detailed mechanism of semiconductor photocatalysis 
have been focused along with a brief discussion on vari-
ous removal technologies. A detailed report on the recent 
developments of various visible-light-active photocatalysts 
for the removal of pharmaceuticals, used with or without 
modifications and supports, their detailed mechanisms, the 
role of influential parameters such as light and pH, and their 
potential practical applications, is certainly the main focus 
of this review. Overall, the reported visible-light-active pho-
tocatalysts have shown tremendous potential for practical 
applications toward the degradation and mineralization of 
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pharmaceutical pollutants. This review, covering a compre-
hensive update of the present research, will fuel new interest 
in the development of more efficient and practical applica-
tions for the photocatalytic removal of pharmaceuticals, as 
well as catalyze the research on the remediation of emerging 
contaminants in a pragmatic approach.
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