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Abstract  Photo-driven advanced oxidation pro-
cess (AOP) with pharmaceutical wastewater has been 
poorly investigated so far. This paper presents the 
results of an experimental investigation on the pho-
tocatalytic degradation of emerging pharmaceutical 
contaminant chloroquine (CLQ) in water using zinc 
oxide (ZnO) nanoparticles as the catalyst and solar 
light (SL) as the source of energy. The catalyst was 
characterized by X-ray powder diffraction (XRD), 
scanning electron microscopy (SEM), scanning elec-
tron microscopy-energy dispersive X-ray analysis 
(SEM-EDAX), and transmission electron microscopy 
(TEM). The effect of various operating parameters 
such as catalyst loading, the concentration of target 
substrate, pH, and the effect of oxidants and anions 
(salts) on the efficiency of degradation was tested. 
The degradation follows pseudo-first-order kinet-
ics. Surprisingly, contrary to the observation in most 
photocatalytic studies, the degradation is more effi-
cient under solar radiation, with 77% under solar (SL) 
irradiation and 65% under UV light in 60 min. The 

degradation leads to slow and complete COD removal 
through several intermediates identified by the liquid 
chromatography–mass spectrometry (LC-MS) tech-
nique. The results suggest the possibility of using 
inexpensive natural, non-renewable solar energy for 
the purification of CLQ-contaminated water, thereby 
enabling the reuse of scarce water resources.
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1  Introduction

Pharmaceutical contaminants and endocrine-disrupt-
ing compounds (EDCs) have emerged as a new class 
of environmental pollutants over the last few decades. 
The rapid growth of the population along with urban-
ization, industrialization, and economic development, 
together with pollution-related and lifestyle diseases, 
raised the demand for the production and consump-
tion of such products. The presence of pharmaceuti-
cal compounds in various aquatic systems such as 
rivers, lakes, oceans, groundwater, and consequently 
in drinking water has been well documented (Bottoni 
2010; Chander et al., 2016; Balakrishna et al., 2017; 
Lozano et al., 2022). The improper disposal and treat-
ment of municipal and industrial effluents increased 
their levels in water sources (Miettinen et  al., 2022; 
Dhanalakshmi et al., 2022). Residues of pharmaceu-
ticals in water can affect the food and reproductive 
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cycle of aquatic organisms and may even lead to their 
death due to the highly toxic effects of pharmaceuti-
cals on natural fauna and flora. In humans, they can 
affect the endocrine system’s normal functioning, 
resulting in neurological disorders, reproductive and 
sexual irregularities, and increased incidents of tes-
ticular, prostate, ovarian, and breast cancer. Thus, the 
presence of these pollutants in water remains a great 
threat to aquatic as well as human health (Sayadi 
et al., 2012; Rzymski et al., 2017; Vaudin et al., 2022; 
Mohan et al., 2022; Ortuzar et al., 2022).

One of the major pharmaceutical families in use 
is quinolines. Chloroquine (chloroquine diphos-
phate), an aminoquino​line derivative, was discovered 
in 1934 and introduced into medicine in the 1940s 
as an important class of synthetic drugs for treating 
malar​ia. CLQ is a generic medication, advised as the 
principal antimalarial preventative drug and to treat 
conditions including rheumatism (lupus erythemato-
sus) and amoebic dysentery. The advantages of this 
drug are its low cost, long usage history, and easy 
availability. It is administered orally as chloroquine 
phosphate and by intramuscular injection as chloro-
quine hydrochloride. In recent times, CLQ has been 
proven effective for vitro antiviral activity against 
SARS-CoV-2 (Khuroo et al., 2020; Rebeaud & Zores, 
2020). International and national health organizations 
recently approved the use of chloroquine to treat cer-
tain hospitalized patients who are infected with coro-
navirus (COVID-19). The role of chloroquine (CLQ) 
or hydroxychloroquine (HCLQ) alone or in combina-
tion with other pharmaceuticals in the management 
of the emerging coronavirus was studied by many 
researchers (Gasmi et al., 2021). Initial results show 
that the drug was effective for treating symptoms of 
COVID-19. However, preliminary results from large-
scale randomized controlled studies did not show 
any survival advantage of such medication therapy 
against the COVID-19 virus. Due to its antiviral and 
antibacterial properties, CLQ has considerable poten-
tial for persistence, bioaccumulation, and transfer to 
live organisms in enhanced hazardous forms. The 
negative effects of its use included cardiotoxic effects 
and interaction with a wide range of medications. 
During the pandemic, the uncontrolled, indiscrimi-
nate, and intensive use of CLQ in hospitals occurred 
and the concentration of CLQ increased drastically 
in our water bodies. Due to the risk of heart rhythm 
problems in humans, the use of hydroxychloroquine 

or chloroquine for COVID-19 outside of the hospi-
tal setting or a clinical trial is discouraged. But its 
usage continued due to a lack of awareness among the 
masses resulting in drastic adverse effects on human 
health and the environment. The high risks of natu-
ral water contamination and consequent effects on 
human health and the environment necessitated more 
attention on CLQ compared to other pharmaceutical 
drugs in water bodies.

Advanced oxidation processes (AOP), broadly 
defined as aqueous phase oxidation methods 
based on the generation of highly reactive oxy-
gen species (ROS) such as •OH, HO2

•
, and O2

−• 
are widely investigated in recent years as a poten-
tial safe technique for the removal of chemi-
cal and bacterial pollutants from water (Glaze 
et  al., 1987(a) and Glaze et  al., 1987(b)). Exten-
sive research has been carried out in the area of 
AOPs for industrial and urban effluent treatment 
(Pandis et  al., 2022). Of these, the most promis-
ing technique for industrial applications has been 
photocatalysis and its variations (Karungamye, 
2020; Chen et  al., 2022; Saravanan et  al., 2022). 
Most catalysts used in photocatalysis are of the 
semiconductor oxide type, of which ZnO and its 
nanocomposites are the most extensively studied 
(Mahdizadeh et al., 2020; Pham et al., 2020; Cruz 
et  al., 2020; Hosny et  al., 2022). This is mainly 
due to their non-toxicity, wide band structure, 
spectral overlap with SL emission (about 5%), 
high catalytic activity, low cost, low toxicity, bio-
logical and chemical stability, and easy applica-
bility in ambient and harsh conditions (Raizada 
et al., 2019). ZnO nanoparticles enabled a higher 
degradation rate of target pollutants in water than 
regular ZnO under solar/UV irradiation (Hari-
haran, 2006; Sanna et al., 2016). The presence of 
light can excite ZnO resulting in the shifting of 
electrons from the valence band to the conduction 
band creating holes in the valence band. The elec-
trons and holes result in the generation of •OH 
radicals, though by different mechanisms, which 
interact with organic pollutants and degrade them. 
The well-defined crystal structure of ZnO nano-
particles and the high specific surface area pro-
vide many positively charged sites for scaveng-
ing photo-generated electrons, thereby preventing 
their recombination with the holes and facilitating 
the redox reactions.
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In the present study, the application of photoca-
talysis as an AOP for removing CLQ from water is 
investigated using ZnO nanoparticles as the catalyst 
and SL as the energy source. The structure of CLQ is 
as follows:

Chloroquine diphosphate (Aminoquinoline)

Chemical Formula  C18H29ClN3O4P

Molar mass                          515.86

Melting Point                 193-1980 C

Chloroquine diphosphate (Aminoquinoline)
Chemical formula C18H29ClN3O4P
Molar mass 515.86
Melting Point 193-1980 C

2 � Materials and Methods

2.1 � Materials

Chloroquine diphosphate salt (98.5–100.0% 
purity) was purchased from SIGMA-ALDRICH. 
The ZnO nanoparticles (>99.5% purity, specific 
surface area of 15–25 m2/g, and particle size of 
40–100 nm) were purchased from ALFA-AESAR. 
Other chemicals used for the study were also 
of AnalaR grade or equivalent unless indicated 
otherwise.

2.2 � Experimental Setup

The photocatalytic experiments were conducted 
using simulated wastewater containing CLQ. In 
a typical experiment, the sample solutions of the 
required concentrations and catalyst at the required 

dosage are taken in a 2500-ml open Pyrex glass 
reactor. The reaction system is mixed periodically. 
Solar experiments were performed under natural 
SL, specifically from 11.00 a.m. to 14.00 p.m.in 
sunny weather on the rooftop of our laboratory at 
Kochi, Kerala, India (9°59′28.29″ N, 76°13′57.08″ 
E), on sunny days in February–April 2022. The SL 
intensity was 780 W/m2 built on Metravi 207 Solar 
Power Meter. For UV experiments, the UV source 
(400W low-pressure mercury arc lamp), was 
placed in a chamber in the inner compartment of 
the photo reactor setup. In all the experiments, the 
samples were placed such that the light radiation 
directly fell on the sample solutions. The tempera-
ture was kept at 34 ± 2° C, the whole experiments 
were performed under varying reaction conditions, 
and optimum parameters for the degradation of the 
CLQ were identified.

2.3 � Analytical Methods

The morphological characterizations and details 
of the surface of the ZnO nanoparticles were 
performed using SEM analysis. The determina-
tion of the composition and characteristics of the 
nanocomposite crystalline structure was done by 
XRD (Model Bruker D8 Advance). The elemen-
tal identification and quantitative compositional 
information were performed using the surface 
analytical technique SEM-EDAX (Model Jeol 
6390LA-OXFORD XMX N). TEM analysis was 
done to determine the particle size, shape and dis-
tribution of the catalyst.

2.3.1 � Dark Control Experiments

Preliminary experiments under dark conditions were 
performed to evaluate the effect of light on the degra-
dation of the target CLQ pollutant in water. Different 
concentrations of an aqueous solution of CLQ were 
used. After 60 min of stirring in the dark, the control 
sample was taken to evaluate the concentration of the 
contaminant.

2.3.2 � Solar/UV Irradiation Experiments

Investigations on the degradation of target pol-
lutant CLQ were conducted under appropriate 
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reaction conditions in presence of light to evalu-
ate the efficiency of photodegradation of CLQ in 
water. Further, the effect of semiconductor oxides, 
which are known as good photocatalysts, on the 
degradation of CLQ is tested using regular and 
nano TiO2 (nTiO2) and ZnO (nZnO). The effect 
of the concentration of CLQ on its photocatalytic 
degradation was investigated using varying con-
centrations of the substrate (5 to 50 mg/L) and a 
constant amount (0.10 g/L) of ZnO under SL. All 
other parameters are kept constant.

The experiments were performed under varying 
reaction conditions and optimum parameters for 
the degradation of the pollutants were identified. 
The reaction volume is maintained at 50 ml unless 
indicated otherwise. Samples (2 ml) were drawn 
periodically and filtered through a 0.22-μm fil-
ter head in the case of experiments with catalysts 
to remove the suspended materials and analyzed 
for the remaining substrate in the solution using 
ELICO Double Beam SL 210 UV-VIS Spectropho-
tometer by measuring maximum absorbance (λmax) 
at 342 nm. Duplicate experiments were conducted 
for each study and the mean values were used to 
represent each evaluation. The percentage degra-
dation was calculated using the following Eq. (1):

where C0 and Ct are the concentration of CLQ in 
the solution before and after the time t of the reaction, 
respectively.

The mineralization of CLQ in the solar catalytic 
degradation process was evaluated by measuring 
the COD of the solution using the standard method 
(Clesceri et  al., 1998). The kinetics of pollutant 
degradation and mineralization was assessed by 
the pseudo-first-order kinetic model (Eq. 2) which 
will be discussed in detail later in this paper.

where C0 and Ct are the concentration of CLQ 
in the solution before and after the time t of the 
reaction, respectively, and k1 is the pseudo-first-
order reaction rate constant.

(1)CLQ degradation(%) =

(

C0 − Ct

)

V

C0

× 100

(2)ln

(
(

Ct

)

C0

)

= k1t

LC-MS analysis was used to evaluate the by-
products and intermediates generated during the 
photocatalytic degradation of CLQ. The stand-
ard analytical procedure for LC-MS is followed. 
LC-MS analyzer used for the study was of make 
SHIMADZU (LCMS-8045 (Mass), Nexera X2 
(HPLC)). The mobile phase used was 0.1% formic 
acid in water (Gradient A) and Methanol (Gradi-
ent B), and the column was C18 (2.1×150 mm, 1.9 
Um). The flow rate was kept as 0.3 ml/min.

Fig. 1   SEM image of ZnO 
particles

Fig. 2   XRD pattern of ZnO particles

Fig. 3   SEM-EDAX pattern of ZnO particles
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3 � Results and Discussion

3.1 � Characterization of the Catalyst ZnO

SEM images revealed that ZnO nanoparticles are uni-
form in size and have aggregated spherical shapes 
with homogeneous distribution (Fig.  1). XRD pat-
tern revealed nanoparticles that were validated using 
SEM micrograph. Using monochromatic x-rays, the 
x-ray powder diffraction patterns were recorded in the 
angular range of 20°–80° (Fig. 2). The XRD peaks at 
2θ are sharp indicating a good crystalline hexagonal 
phase of zincite. The spectra (Fig.  3) obtained from 
EDAX analysis revealed the purity of nanoparticles 
by showing the presence of separate peaks for zinc 
and oxygen. TEM (Model HRTEM: Jeol/JEM 2100) 
image showed that ZnO nanoparticles are aggregated 
loosely and nano-rods are combined in a special way 
by producing hierarchically secondary pores directing 
the flux of the pollutant solution in photo-catalysis 
(Fig. 4).

3.2 � Dark Control and SL/UV Experiments

The results showed that no degradation occurred 
in the presence and absence of ZnO catalyst at 
room temperature under dark conditions. The 
moderate decrease in the concentration of CLQ 
was confirmed to be due to adsorption. Subse-
quently, the effect of light on the degradation 
of the CLQ molecule is evaluated. The SL/UV 

experimental studies showed that both UV and 
solar photolysis are potential energy sources for 
the removal of CLQ. The results show maximum 
degradation efficiency in the case of ZnO (42% in 
SL and 38% in UV) and TiO2 (28% in SL and 22% 
in UV) in 30 min. ZnO nanoparticles showed an 
even higher degradation efficiency of 62% in SL 
and 52% in UV while the efficiency of nanoTiO2 
remained more or less the same as that of regular 
TiO2 within 30 minutes. The results are compiled 
in Fig. 5.

The solar photocatalysis was compared with UV 
photocatalysis, under identical conditions and the 
results, are presented in Fig.  6. The degradation of 
CLQ is fairly identical under SL and UV light. Hence, 
further studies were made using ZnO nanoparticles 

Fig. 4   TEM image of ZnO particles

Fig. 5   Screening of ZnO and TiO2 catalysts for the degrada-
tion of CLQ

Fig. 6   Comparison of UV and solar photocatalysis for the 
degradation of CLQ
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as the catalyst and the natural inexpensive SL as the 
energy source.

3.2.1 � The Effect of Catalyst Dosage

The effect of catalyst loading is an important param-
eter in the heterogeneous photocatalytic process and 
the results in this respect for CLQ degradation are 
presented in Fig. 7. The photodegradation efficiency 
increases with an increase in the catalyst loading pos-
sibly due to an increase in light absorption and the 
higher number of active sites in contact with the tar-
get pollutant. A catalyst dosage of 0.1 g/L ZnO nano-
particles is chosen as the optimum dosage for CLQ 
degradation under solar irradiation.

At higher loadings beyond the optimum, there is 
stabilization/reduction in the surface area available 
for light absorption and consequent generation of h+/
e− pairs. The aggregation of catalyst particles leads to a 
decrease in the number of available active surface sites 
thereby reducing adsorption of the substrate on the sur-
face. Beyond a particular loading, the particles cannot 
be fully and effectively suspended in a particular reac-
tor leading to higher turbidity which can lead to subop-
timal penetration of radiation. Higher loadings increase 
the scattering effect of light irradiation (Gayathri et al., 
2019). The adsorbed molecules get degraded faster and 
mostly desorbed from the surface where fresh molecules 
get adsorbed in presence of light. However, as the reac-
tion progresses the surface will gradually get covered 
by the relatively more stable intermediates and the opti-
mum will be reached. Since most of the molecules are 

degraded at this stage, the rate of degradation also slows 
down leading to stabilization or decrease. Yet another 
reason for the decrease in degradation at higher cata-
lyst loading is the deactivation of the activated catalyst 
particles by interaction with the ground state particles. 
However, the optimum catalyst loading will also depend 
on the size, shape, and geometry of the reaction systems. 
Hence, for each reactor configuration, the optimization 
has to be made separately.

3.2.2 � The Effect of Concentration of Substrate

The percentage removal of CLQ as a function of its 
initial concentration is given in Fig.  8. Chloroquine 
showed a decrease in the percentage degradation 
with an increase in its concentration. This is similar 
to the observations in most AOP systems (Anju et al., 

Fig. 7   The effect of catalyst (ZnO) dosage on the degradation 
of CLQ under SL

Fig. 8   The effect of concentration of CLQ on its % degrada-
tion under SL

Fig. 9   Rate vs. concentration graph for the degradation of 
CLQ under SL
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2012; Reza et  al., 2017; Mirzaeifard et  al., 2020). 
The photocatalytic degradation showed a downward 
trend percentage-wise when the pollutant concentra-
tion is increased. Since the catalyst dosage is con-
stant, during the reaction, the relative number of 
active catalytic sites will be reduced upon pollutant 
adsorption onto the surface of the catalyst resulting 
in a decreased production of active radicals (•O2

−, 
•OH, and •OH2) resulting in a drop in the degradation 
efficiency. Furthermore, the turbidity of the reaction 
mixture will be enhanced when the pollutant concen-
tration is increased. It inhibits the photons to reach 
the catalyst for activation thereby decreasing the rate 
of degradation of pollutants. However, the rate of 
degradation of the pollutants, rather than the percent-
age degradation, is a more appropriate parameter to 
evaluate the concentration effect. Hence, the rate at 
different concentrations is computed and the results 
are presented in Fig. 9.

3.2.3 � Reaction Kinetics

The photodegradation rate in the presence of opti-
mized ZnO nanoparticle dosage is shown in Fig.  9. 
As seen in the figure, the rate increases initially, stabi-
lizes, and decreases thereafter. This is consistent with 
the kinetics of degradation of most organic molecules 
under AOP, according to which at lower concentra-
tions the reaction follows pseudo-first-order kinetics 
(Anju et al., 2012; Cheng et al., 2015). The order of 

the reaction decreases with an increase in concen-
tration. The kinetics followed zero-order at higher 
concentrations, and at still higher concentrations fol-
lowed a negative order.

The zero-order kinetics at higher concentrations 
is because, at these concentration ranges, there are 
enough substrate molecules to interact with all of 
the available catalyst sites, activate them, and then 
react with the in-situ generated reactive oxygen spe-
cies. Therefore, as long as the catalyst dosage is kept 
constant, a subsequent rise in concentration does not 
result in more interaction or degradation. At a higher 
concentration, the substrate absorbs more photons 
thereby decreasing the photons available for ZnO 
activation. The substrate molecules are in excess in 
relation to the available active sites at very high con-
centrations (Zawadzki et  al., 2021). They are a lot 
more compared to the generated ROS as well. These 
factors can result in a decrease in the relative number 
of surface-initiated •OH radicals. Furthermore, the 
ability of the catalyst surface to activate is diminished 
as a result of the adsorption of molecules in multiple 
layers on the surface. Any hindrance to the interaction 
and activation of the catalyst to produce •OH radi-
cals will reduce degradation because free radicals are 
the primary requisite for degradation as mentioned 
above. As a result, the degradation of the pollut-
ant decreases. The kinetics is in agreement with that 
reported in the case of AOP degradation of several 
organic contaminants in water in the presence of het-
erogeneous catalysts (Anju et al., 2012; Shibin et al., 
2015; Feliciano et al., 2020).

Also, the variable kinetics can be explained as fol-
lows. In the early stages of the reaction, the substrate 

Fig. 10   Logarithmic plot for solar degradation of CLQ

Fig. 11   The effect of PS on the degradation of CLQ under SL
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has full access to the entire catalyst surface, resulting 
in a rapid rate of degradation. As the reaction pro-
ceeds, an increasing number of slowly deteriorating 
intermediates are built up in the solution and compete 
with the substrate for ROS and the catalyst’s active 
sites (Gayathri et al., 2019). Its competitive power is 
lowered by the decrease in substrate concentration. 
With time, the rate of degradation is slowed down 
by these factors. Any additional increase in sub-
strate concentration cannot produce correspondingly 
more ROS or other reactive free radicals once it has 
filled all the active sites on the catalyst and interacted 
with the available free radicals. The production of 
surface-initiated reactive free radicals is suppressed 
by the reactant, intermediaries, and/or products that 
completely dominate the catalytic surface (Zawadzki 
et  al., 2021). At any point in time, there will be an 
optimum for the maximum number of substrate mole-
cules to interact with the reactive free radicals formed 
by the surface. This optimum will be determined by 
several factors, including the substrate’s initial con-
centration, the mass of the catalyst, and the type and 
geometry of the reactor. As a result, measurements 
and calculations cannot be generalized beyond the 
specific reaction conditions.

The kinetics of photocatalytic degradation of pol-
lutants usually follows pseudo-first-order kinetics 
and Langmuir-Hinshelwood Mechanism (Khezrian-
joo & Revanasiddappa et  al., 2012). This is verified 
in the case of SL/ZnO degradation of CLQ by the 
logarithmic plot (-ln [C/C0] vs with time) at low con-
centration ranges of 5, 10 15, and 20 mg/L of CLQ 
(Fig. 10). The linear plot confirms first order kinetics. 
A decrease in the rate of photocatalytic degradation 

and hence in the order of the reaction at higher con-
centrations of the reactant has also been reported ear-
lier (Hamza et al., 2013; Gayathri et al., 2017).

Once all the surface sites are occupied, any further 
increase in the concentration of the substrate cannot 
result in increased adsorption on the surface and the 
photocatalytic CLQ removal becomes independent of 
the concentration. Hence, any increase in the concen-
tration of CLQ can more effectively utilize the other-
wise limited •OH radicals leading to increased deg-
radation only up to an optimum value. This increase 
in degradation will continue until the CLQ concentra-
tion is sufficiently high to interact with an optimum 
number of •OH radicals.

3.2.4 � The Effect of Oxidants Hydrogen Peroxide 
and Persulfate on the Degradation of CLQ

The oxidant H2O2 (HP) plays an important role in 
the photocatalytic decomposition of organic con-
taminants (da Silva-Rackov et  al., 2016). But the 
addition of HP at a higher concentration and dose 
does not necessarily guarantee better performance 
of a catalytic system. The effect of HP and PS 
concentration on the degradation of CLQ is stud-
ied in the concentration range of 5 to 20 mg/L. HP 
showed almost no effect in the concentration ranges 
studied here. This may be because when the con-
centration of HP is increased, excess •OH radicals 
generated in presence of the catalyst are scavenged 
due to the interaction with the HP in the system as 
in Eq. (3).

Fig. 12   The effect of pH on the degradation of CLQ under SL

Fig. 13   Recycling of used catalyst under SL
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Persulfate-AOPs have gained significant attention 
nowadays as a viable alternative to traditional •OH-
based AOPs (Gayathri et al., 2019; Lee et al., 2020; 
Kiejza et al., 2021). Persulfate (PS) is proven to be a 
strong oxidant due to the formation of highly reactive 
SO4

−• radical anions. The probability of enhancing 
the efficiency of CLQ degradation under SL by the 
addition of persulfate is tested at various concentra-
tions at different reaction times. Different concentra-
tions of persulfate from 5 to 20 mg/L are used for the 
study. The results are plotted in Fig. 11.

Persulfate has a positive effect on the degradation 
of CLQ, probably due to the efficient generation of 
reactive radicals SO4

−• under solar radiation. With 
the increase in the concentration of PS, more reac-
tive SO4

−• radicals may be formed under the oxidiz-
ing environment. These radicals can interact with 
the substrate CLQ present in water and result in its 
enhanced degradation/mineralization (Eq. 4).

At higher concentrations of PS, SO4
−• can inter-

act with the former and transform the same to less 
reactive S2O8

−• in Eq. 5.

In presence of ZnO, the higher concentration of 
•OH radicals generated may not be useful in pres-
ence of PS because they (•OH) may be interacting 

(3)H2O2 + ̇OH → H2O + HOO ̇−

(4)SO
4
̇ − +CLQ → Intermediates → SO

4

2 − +H2O + CO
2
+ salts

(5)SO4 ̇ − +S2O8
2−

→ SO4
2 − +S2O8

.−

more with the SO4
−• resulting in the destruction of 

both by chain termination. This leads to fluctuation 
in the concentration of •OH and SO4

-• with time 
resulting in a net decrease or stabilization in the 
degradation of the substrate. The •OH radicals can 
also interact with S2O8

2- as follows (Eqs. (6) and 
(7)):

3.2.5 � The Effect of pH on the Degradation of CLQ

The effect of pH on the degradation of CLQ under 
SL irradiation is tested under optimized conditions. 
The results are presented in Fig.  12. The degradation 
increases with an increase in pH. The rate of degradation 
varies depending on the solution pH, zero-point charges 
(ZPC) of the catalyst, and the component molecular 
structure. The CLQ is a cationic amphiphilic drug. The 
interaction of a photocatalyst with cationic compounds 
would be favored at pH greater than the photocatalyst 
ZPC, while anionic compounds would interact more 
favorably at pH less than the catalyst PZC. Since the 
ZPC of ZnO is ~ 9.07, its surface is negatively charged 
above pH ~ 9. A higher pH value could provide a higher 
concentration of hydroxyl ions to react with holes to 

(6)S2O8
2−

+ ̇OH → HSO−
4
+ SO4 ̇

− +
1

2
O2

(7)HSO4
−
↔ H+ + SO4

2−

Fig. 14   The effect of the presence of various anions in CLQ 
solution on its degradation
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Table 1   Major intermediates formed during the solar photocatalytic degradation of CLQ

Sl. 

No.

Chemical 

Formula

m/z value Structure 

1 C18H32ClN3O8P2 515

Chloroquine (Parent compound)

2 C18H28N3 O4Cl 386

3 C18H28N3O3Cl 368

4 C18H28N3O2Cl 354
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Table 1   (continued)
5 C17H26N3O2Cl 340

6 C18H26N3OCl 336

7 C17H24N3OCl 322

8 C9H7N2OCl 195

9 C9H5NO4 192
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form hydroxyl radicals. Thus, alkaline pH results in 
more •OH radical formation and better adsorption of 
CLQ on the surface of ZnO, leading to better degrada-
tion (Wu et al., 2010; Kadhim et al., 2020).

The effect of pH on the heterogeneous photo-
catalytic degradation of organics is very complex 
and depends on the characteristics of the pollutant 
and the catalyst and the multitude of interactions 
between various reactive species including those 
formed in situ. In such systems, the pH effect is often 
explained based on the ZPC of the catalyst.

3.2.6 � Recycling of Used Catalyst

From the environmental and economic angles, the 
potential for the reuse of the catalyst is very impor-
tant. To verify the reusability of ZnO, the used cata-
lyst was separated by filtration, washed with deion-
ized water, and dried at 2000C for 2 h. The recycling 
experiment was done under conditions optimized 
for fresh catalysts. Under SL (Fig. 13), CLQ showed 
98% decomposition in the 1st run, 98 % in the 2nd 
run, 96 % in the 3rd run, 94 % in the 4th run, and 
93% in the 5th run, respectively after 240 min of 
irradiation time. The decrease in degradation is only 
marginal thereby confirming the reusability of the 
catalyst for many runs.

3.2.7 � The Effect of Anions

Various anions are present in real water. The effect of the 
presence of anions such as Cl−, SO4

2−, CO3
2−, HCO3

−, 
NO3

−, F−, Br−, and I− individually and as a mixed solu-
tion on the performance of ZnO/SL/CLQ system was 

investigated. The effect of anions on the CLQ degrada-
tion is presented in Fig. 14, which indicates that the pres-
ence of anions in water can either increase or decrease 
the degradation efficiency. The inhibition was observed 
in the presence of carbonate, bicarbonate, and iodide. It 
may be because they scavenge •OH radicals resulting 
in the formation of the radical anion and subsequently 
decreasing the availability of oxidizing agent (ROS) for 
CLQ degradation. Enhancement of the degradation of 
CLQ by chloride, fluoride, and nitrate can be partially 
explained based on the hypothesis that the radicals Cl2•−, 
F•−, NO3

•− etc. undergo slower radical-radical recombi-
nation or deactivation compared to •OH. Hence, these 
radical anions are more readily available for a longer time 
than •OH to react with substrate and effect degradation. 
Thus, the relatively lower reactivity (of the radical anion) 
is compensated by the better availability for reaction with 
the substrate (Gayathri et al., 2019). The anion Sulphate 
and the mixed ions showed almost no effect on the deg-
radation of CLQ. The effect of anions in AOPs can be 
very complex and inconsistent. The reaction conditions, 
the activation source, the characteristics of the reaction 
system, the relative concentration of various compo-
nents, etc. can influence the anion effect on inhibition 
or enhancement (Jyothi et  al., 2018). Hence, the effect 
of every anion has to be individually evaluated in every 
system and general conclusions may not be applicable in 
many cases.

3.2.8 � The Effect on the COD

The real measure of the efficiency of removing 
a pollutant from water is its total mineralization 

Table 2   The comparison of the current chosen method with other established methods

Sl. no. Chosen method in the present study Other methods

1 The source of energy chosen here is sunlight 
which is inexpensive and renewable. The 
method can remove even the last traces 
of contaminant from water. The method 
is simple, easy to operate environment-
friendly, and flexible in application. The 
catalyst can be recycled multiple times 
after simple physical treatment.

Conventional water treatment methods such as flocculation, sedimenta-
tion, filtration, chemical treatment, and thermal treatment do not entirely 
remove toxic pollutants from water. Further, such methods are energy-
intensive, expensive, and less environment-friendly.

2 The photocatalyst used here is simple widely 
available ZnO, with effective solar activity. 
This makes the process applicable even in 
less affluent societies.

Other photocatalytic treatment methods are expensive as they use expensive 
doped/supported/immobilized catalysts.
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into harmless end products such as CO2, H2O, 
and salts, resulting in the complete elimination 
of chemical oxygen demand (COD). In this con-
text, the COD of the system after different times 
of solar irradiation is measured and the results are 
shown in Fig. 15. Complete removal of the origi-
nal COD was achieved in 480 min of irradiation 
under SL.

3.2.9 � Photodegradation Mechanism 
and Intermediates

The mechanism of semiconductor-mediated pho-
tocatalytic degradation of pollutants in water is 
well established (Gayathri et al., 2019) and may be 
briefly presented as in Reactions (8)–(15).

(Recombination of electron-hole pairs)
Formation of primary radicals by valence band 

holes: (10) and (11)

(Scavenging of conduction band electrons (Eq. 12))
Formation of multiple peroxide species shown in 

Eqs. (13) and (14):

CLQ reacts with ROS to give intermediate prod-
ucts and further gives CO2 and H2O (Eq. 15).

The mineralization/degradation, proceeds 
through a number of intermediates, as is veri-
fied by LC-MS analysis of the reaction solution 
at approximately 50% degradation of CLQ. Eight 
transformation products were identified depending 
on their mass-to-charge (m/z) ratio. The structure 

(8)ZnO + h� → h+ + e−

(9)h+ + e− → Heat

(10)h+ + OH−
→ ̇OH

(11)h+ + H2O → ̇OH + H+

(12)e− + O2 → ̇O2−

(13)H+ + ̇O2− → HO2 ̇

(14)HO2 ̇ + e− + H+
→ H2O2

(15)
CLQ + Reactive species

(

̇O
2
,HO

2
− ̇ , ̇OH

)

→ Intermediates → H
2
O + CO

2

of some of these intermediates are as follows 
(Table 1):

The comparison of the current method with other 
established methods is briefly given in the Table 2.

4 � Summary and Conclusions

In summary, ZnO-mediated solar photocatalysis is dem-
onstrated to be an efficient method for the removal of 
CLQ pollutants from water. The relevant reaction param-
eters such as catalyst dosage, CLQ concentration, pH, 
presence of oxidants such as H2O2 and persulfate are 
optimized experimentally. When the concentrations of 
CLQ and ZnO nanoparticles were 20 mg/L and 0.1 g/L, 
respectively, with natural pH of 7–7.2, CLQ removal 
reached 100% under solar irradiation. The kinetics of 
CLQ depletion follows pseudo-first-order. The pollutant 
is completely mineralized into harmless products such as 
CO2 and water as is seen by the complete elimination of 
COD. LC-MS analysis identified some of the CLQ deg-
radation intermediates. The influence of salts present in 
water on the degradation of CLQ is moderate and varies 
from enhancement to ‘no effect’ or inhibition. The photo-
catalytic process primarily involves the formation of •OH 
radicals which interact with the pollutant on the surface 
of the catalyst as well as in the bulk. The application of 
solar energy, which is renewable and available in plenty, 
as the source of activation makes the process especially 
relevant for the inexpensive and environment-friendly 
removal of toxic pollutants such as CLQ from water.
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