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ARTICLE INFO ABSTRACT
Handling Editor: Keith Maruya Chloroquine phosphate (CQ) is an antiviral drug for Coronavirus Disease 2019 and an old drug for treatment of
malaria, which has been detected in natural waters. Despite its prevalence, the environmental fate of CQ remains
Keywords: unclear. In this study, the direct photodegradation of CQ under simulated sunlight was investigated. The effect of
Chloroquine phosphate various parameters such as pH, initial concentration and environmental matrix were examined. The photo-

Direct photodegradation
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Energy barrier
Photodegradation pathway

degradation quantum yield of CQ (4.5 x 107°—0.025) increased with the increasing pH value in the range of
6.0-10.0. The electron spin resonance (ESR) spectrometry and quenching experiments verified that the direct
photodegradation of CQ was primarily associated with excited triplet states of CQ (3cQ*). The common ions had
negligible effect and humic substances exhibited a negative effect on CQ photodegradation. The photoproducts
were identified using high-resolution mass spectrometry and the photodegradation pathway of CQ was proposed.
The direct photodegradation of CQ involved the cleavage of the C-Cl bond and substitution of the hydroxyl
group, followed by further oxidation to yield carboxylic products. The photodegradation processes were further
confirmed by the density functional theory (DFT) computation for the energy barrier of CQ dichlorination. The
findings contribute to the assessment of the ecological risk associated with the overuse of Coronavirus drugs
during global public health emergencies.
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1. Introduction

The COVID-19 pandemic has spread rapidly around the world in
December 2019, causing serious impacts on both human health and the
global economy (Zhao et al., 2020). Chloroquine phosphate (CQ), an old
drug for treatment of malaria, was an effective drug for treating
COVID-19 (Gao et al., 2020; Wang et al., 2020; Sulistyaningrum et al.,
2020). Consequently, CQ has been used in the therapeutic processes and
subsequently released into the environment through medical waste-
water emissions since it is incompletely absorbed by the human body
(Du and Chen, 2020; Simani et al., 2021; Yao et al., 2020). The CQ
release could pose a potential ecological risk to both animal and human
health. Therefore, it is essential to understand the fate of CQ in natural
waters.

Photodegradation is the primary elimination process of organic
pollutants in natural waters under solar irradiation. Direct photo-
degradation occurs when the absorption spectra of organic pollutants
overlap with the emission spectrum of terrestrial sunlight. Given that the
CQ molecule has considerable sunlight absorption in the wavelength
range of 290-360 nm, it can be activated to its excited singlet state
(ICQ*) under sunlight irradiation (Gaigalas et al., 2004). Subsequently,
the excited triplet states of CQ (3CQ*) are formed through intersystem
crossing (ISC), which is unstable and readily decomposed, leading to the
direct photodegradation. For instance, direct photodegradation domi-
nated the photochemical processes of metoclopramide and chlortetra-
cycline (Chen et al., 2012; Dabic et al, 2022) and the direct
photodegradation processes depend on chemical structures of the
organic pollutants (Chen et al., 2000, 2001a, 2001b). Additionally, the
excited state CQ molecular (*:CQ*, 3CQ*) could produce reactive oxygen
species (ROS, such as hydroxyl radical (HO®) and singlet oxygen (102)),
which could lead to the self-sensitized oxidation of organic pollutants in
the aquatic environment by analogy with fluoroquinolone antibiotic (Ge
et al., 2010) and p-aminobenzoic acid (Zhang et al., 2016). Thus, it is
essential to investigate the generation of 3CQ*, HO® and 10, during the
irradiation to explore the mechanism of CQ photodegradation.

Dissolved organic matters (DOM), including humic acid (HA) and
fulvic acid (FA), are ubiquitous in aquatic environment and can absorb
solar irradiation to form the excited triplet state of DOM (’poM*)
(Janssen et al., 2014; Makunina et al., 2015; Chen et al., 2017) and ROS
(HO®, 102) (Mathon et al., 2019; Cheng et al., 2023). It is widely re-
ported that DOM plays dual roles for the photodegradation of organic
pollutants in natural waters (Redman et al., 2021; Zhang et al., 2019a).
3DOM* and ROS lead to photosensitization degradation of pollutants,
while the inner-filter of DOM acts as light-screening effect (Bai et al.,
2021; Boreen et al., 2008; Wenk et al., 2011; Zhou et al., 2013). Addi-
tionally, the coexistent ions in the natural waters may affect the direct
photodegradation of organic pollutants (Wang et al., 2015). Therefore,
the effect of DOM in different water matrices on the photodegradation
process of CQ needed to be investigated.

The overall objective of this study was to investigate the direct
photodegradation mechanism of CQ and the effect of environmental
matrix on CQ photodegradation. The roles of 3CQ"", HO® and 102 was
examined using chemical probes and electron spin resonance (ESR)
spectrometry. The major photodegradation products of CQ was identi-
fied through high-resolution mass spectrometry. The toxicity of photo-
products in direct photodegradation of CQ was evaluated. The
degradation pathway was proposed according to the photoproducts and
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energy barrier model of CQ via DFT calculation.
2. Material and methods
2.1. Material and reagents

Chloroquine phosphate (>98%) was purchased from Shanghai
Lianshuo Biological Technology Co, Ltd. The humic acid (HA) and fulvic
acid (FA) were obtained from Sigma-Aldrich and Henan Changsheng
Science Company, respectively. Methanol and acetonitrile were pur-
chased from Merck. All chemicals used were of at least analytical re-
agent grade. Ultra-pure water with a resistivity of 18.25 MQ cm was
used in the whole experimental process.

2.2. Photodegradation experiments

The direct photodegradation experiment was performed using a
temperature controlled photodegradation device equipped with a 150 W
xenon lamp and a <300 nm cutoff filter, which is depicted in Schematic
S1 of Supporting Information. The emission spectrum of the light source
is shown in Fig. S1. The total photon irradiance in the range of 290-380
nm (Eg, o, 1.51 x 1078, Einstein-em™2 s™') was determined and
calculated by a p-nitroanisole/pyridine (PNA/PYR) actinometer (See
Text S1 for details). The CQ stock solution was dispersed in phosphate
buffered solutions (5.0 mM) at various pH values (6.0—10.0) with a total
solution volume of 20.0 mL in the quartz reactor. The irradiation source
was then opened for 30 min before experiments. 200 pL aliquots of
samples (1.0 ml in all for sampling 5 times) were withdrawn at various
intervals and substrate decay was measured by HPLC. The pseudo-first-
order reaction rate constants (kops) and half-lifetime (t;,2) of CQ pho-
todegradation were calculated as described in Text S2.

2.3. Analytical methods

The concentration of CQ was determined using an Agilent 1260
HPLC system equipped with a C18 reverse phase column (Agilent
Technologies, 350 mm x 4.6 mm, 5 pm) and a DAD detector set at 329
nm. The mobile phase consisted of acetonitrile (phase A) and 0.01 M
KH3POy4 solution (pH = 2.5, phase B) with ratio of 18/82. The column
temperature was set to 30 °C, the flow rate was 1.0 mL min~! and the
injection volume was 20 pL.

The degradation products of CQ were identified using liquid chro-
matography high-resolution mass spectrometry (Agilent LC/MS D1100
Q Exactive Orbitrap) with an UltiMate 3000 HPLC and Hypersil GOLD
C18 phase column (100 mm x 2.1 mm, 3 pm). The mobile phase was
water (0.1% formic acid) and acetonitrile (0.1% formic acid) at a flow
rate of 0.2 mL min~'. The sample was gradient eluted with 10%
acetonitrile. Subsequently, the acetonitrile linearly increased to 70% in
10 min and then recovered to 10% in another 10 min. The injection
volume was 30 pL. The ESI source parameters were as follows: spraying
voltage 3200 V, capillary temperature 300 °C, sheath gas 40, probe
heater 350 °C.

2.4. Mechanism analysis

ESR spectra were obtained from solution samples (100 mM) using
1-20 mW microwave power and 100 kHz field modulation with the
amplitude set to 1 G, using dimethyl pyridine N-oxide (DMPO) and
2,2,6,6-tetramethylpiperidine-1-oxyl (TMPO) supplied by Aladdin as
spin trappers (100.0 mM) for HO® and 10, respectively. The light source
was 200 W xenon light. The g-values for each ESR spectrum were
extracted from simulations performed using Easyspin (v5.2.23). For the
experiment, 10.0 mg CQ dispersed in 5.0 mL water. After ultrasonic
vibration, 100 pL. DMPO/TMPO solution (100 mM) was added into 200
pL sample. The mixed solution was taken into the capillary for the
measure of reactive species.
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The quantum mechanical calculation was carried out based on the
density functional theory (DFT) method using the Gaussian 09 W. The
CQ molecular was optimizedunder the B3LYP/6-311G + (2d, p) and the
energy point was computed under M06-2X/6-311G + (2d, p). Besides,
the energy was calculated with the Solvation Model based on Density
(SMD). The energy of special photoproducts was calculated and the
barrier of energy was depicted.

3. Results and discussion
3.1. Direct photodegradation of CQ

The absorption capacity of simulated sunlight by CQ was evaluated
using the UV-vis absorption method and the quantum yield was calcu-
lated as described in Text S3. Fig. 1 shows the UV-vis absorbance spectra
of CQ (pKa = 8.4 (Yi et al., 2021)) at pH values range of 6.0-10.0 with a
primary absorption peak around 340 nm. The spectra overlap between
the light absorption of CQ (Fig. 1) and simulated sunlight (Fig. S1) could
lead to the direct photodegradation of CQ. Fig. S2 illustrated that rapid
degradation of CQ occurred upon irradiation under simulated sunlight.
As shown in Fig. 1, the absorbance of CQ at 342 nm decreased with
increasing pH, which was likely attributed to the increasing proportions
of deprotonated forms of CQ. Since the pKa value of CQ is 8.4, the
deprotonated forms increased gradually from pH 6.4 until nearly full
deprotonation at pH 10.4 in the aqueous solution. Accordingly, the
deprotonated form of CQ exhibits a weaker light absorption under
simulated sunlight.

Fig. S3 illustrates the degradation kinetics of CQ at different pH
values and initial concentration. The values of t;,» and kops for CQ
photodegradation were calculated and presented in Table S1 and
Table S2. The kops (0.0026—0.027 min 1) of CQ direct photodegradation
decreased with the increase of its initial concentration (10.0—80.0 pM)
in Fig. S3(a). As shown in Fig. S3(b), the kops (0.0095—0.046 min~!) of
CQ increased with increasing pH values in the range of 6.0-10.0.
Furthermore, the quantum yield of CQ was found to increase from 4.5 x
107> at pH 6.0 to 0.025 at pH 10.0. The quantum yield of CQ increased
markedly at higher pH values, which is corresponding to the higher
proportion of deprotonated forms of CQ (Fig. 2). Accordingly, the
deprotonation process of CQ facilitated direct photodegradation under
simulated sunlight. The influence of temperature (20—35 °C) on CQ
photodegradation was shown in Fig. S4. The CQ photodegradation ef-
ficiency increased with increasing temperature. It is likely due to the
higher generated rate of >CQ* molecules at high temperature, resulting
in more rapid direct photodegradation of CQ.
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Fig. 1. The UV-vis absorption spectra in 200-450 nm wavelength of CQ.
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Fig. 2. The existence form and photodegradation quantum yield of CQ (20.0
pM) at different pH.

3.2. Effect of environmental matrix on the photodegradation of CQ

Humic substances are ubiquitous in natural water systems and can
have a significant impact on the photodegradation of CQ. Fig. S5(a)
shows the effect of FA and HA (5 mg L.™1) on the photodegradation of CQ
at different pH values. The kqps values and t; » are listed in Table S3. It
can be found that increasing pH values accelerated the photo-
degradation of CQ in all cases. The addition of FA exhibited a noticeable
inhibition effect on CQ degradation, while the presence of HA had little
effect on the ks values. Since the HS solutions had absorbance at A >
300 nm (Fig. S5(b)), HS could act as both a photosensitizer and a light
screener for the photodegradation of CQ. The total light-screening factor
(S) of HS was calculated as described in Text S4. The S of HA and FA
were calculated to be 0.92, 0.92, 0.92, 0.91, 0.89 and 0.74, 0.74, 0.72,
0.71, 0.71 at pH values of 6.0, 7.0, 8.0, 9.0 and 10.0, respectively. The
high S value of HA, which was close to 1, suggested that HA had little
effect on CQ photodegradation, while FA acted as a light screener for the
photodegradation of CQ.

The photodegradation of CQ was also tested in different natural
waters matrices, such as lake and river waters, as well as effluent organic
matter (EfOM) solutions. The natural waters were collected from
Yangtze River, East Lake and Yujia Lake in Wuhan, China. Fig. S6(a)
shows the photodegradation kinetics of CQ in different water matrices
and the values of kgps and t; 5 are listed in Table S4. The results show
that the photodegradation of CQ was significantly inhibited in the Yujia
Lake water and EfOM solution, while the other two natural waters had
little effect on the photodegradation. This inhibition was attributed to
the light screening effect of the Yujia Lake water and EfOM solution,
which had strong absorbance at A > 300 nm (Fig. S6(b)). The phe-
nomenon was correlated with the presence of HA and FA (Kulovaara
etal., 1996). In addition, the influence of common cations (Mn2+, Mg2+,
Ca%*, and Fe3*") and anions (HCO3, NO3, SO%~, and Cl7) on the pho-
todegradation of CQ was depicted in Fig. S7. The addition of these
cations and anions had little impact on the CQ photodegradation.

3.3. Effect of ROS on photodegradation

By analogy with other compounds, the effect of dissolved oxygen
(DO) on CQ photodegradation was investigated under constant Ny or O
purging (Song et al., 1998; Zhang et al., 2019b). Fig. 3 illustrated that
the photodegradation of CQ was promoted by purging with Ny, but
inhibited by purging with O, compared to the experiments in air. The
kobs of CQ photodegradation was 0.0091, 0.0066 and 0.0075 min~! in
Nj, Oy, and pure CQ, respectively. CQ could undergo direct and
self-sensitized = photodegradation  like  the  fluoroquinolones
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Fig. 3. The ko of CQ in the reactive species quenching experiments ([IPA]o =
10.0 mM, [FFA]p = 200 puM, O, and N saturated 30 min, [CQ]o = 20.0 pM, pH
= 8.0, T = 25 °QC).

photodegradation process (Albini and Monti, 2003). The possible re-
actions were as follows:

CQ + hv - 'cQ* €h)
'cQ* - cQx )
3CQ* - product 3
3cQ* + %0, » CQ + !0, 4
3CQ* 430, - 05 + CQ** (5)

Upon excitation by irradiation absorption, the ground state of CQ
was excited to 'CQ* and then underwent ISC to generate 3cQ*.3cQ* and
ICQ“" was quenched by 302, leading to the formation of 102 and su-
peroxide radical (0%). O3 readily dismutates into Oy and HyO2, which
can be converted into HO® under sunlight irradiation. Thus, the reaction
mechanism between CQ and '0,, or HO® needed to be elucidated. Iso-
propanol (IPA) and furfuryl alcohol (FFA) was used as quenchers of HO®
and 102, respectively (Bwab et al., Lm; Yu et al., 2015). As shown in
Fig. 3, the CQ photodegradation degradation was fitted by first-order
kinetic process. The kops of CQ in absence and presence of IPA and
FFA were 0.0075, 0.0076, 0.0074 min~ !, respectively, indicating that
HO® and 'O, had little contribution to the CQ photodegradation.
Accordingly, the direct photodegradation of >CQ* played a significant
role in CQ degradation. Fig. 4(a) indicated that the ESR spectrum of HO®
was weak during the photodegradation of CQ, which further confirmed
that HO® had little impact on CQ photodegradation. As shown in Fig. 4
(b), the ESR spectrum of 'O, exhibited increasing signal intensity with
time. Nevertheless, the FFA had no effect on CQ photodegradation
(Fig. 3), indicating 'O, played a negligible role in the photodegradation.
To further investigate the specific influence of the reactive species (*Og,
3cQ*, and HO®) in the CQ photodegradation process, probe experiments
were also conducted using FFA, 2,4,6-trimethylphenol (TMP) and tere-
phthalate (TPA) (Bwab et al., Lm; Remke et al., 2022; Snyrychova and
Hideg, 2007).

The elimination and production of FFA, TMP and H-TPA are pre-
sented in Figs. S8(a and b), and the monitoring methods for FFA, TMP
and H-TPA are provided in Text S5 (Wan et al., 2022a). The efficiency of
FFA and TMP degradation was found to be 6.2% and 69.6%, respec-
tively, and the results demonstrate the absence of H-TPA production,
which is consistent with the quenching experiment and ESR detection.
To further explore the mechanism of CQ photodegradation, the
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Fig. 4. The ESR spectra of (a) HO® and (b) 0,.

competition experiment of FFA and CQ was conducted using Rose
Bengal (RB) under simulated sunlight irradiation. The light source bel-
low 400 nm or 380 was removed by the filter, respectively. The degra-
dation efficiency of CQ and FFA was shown in Fig. S9 (Wan et al.,
2022b). The FFA degradation efficiency was 6.2%, 7.2% and 7.3% in the
systems of CQ/FFA/RB/400 nm, CQ/FFA/RB/380 nm and FFA/RB/400
nm, respectively, indicating that CQ was hardly reacted with the 10,.
Figs. S10(a and b) shows that the degradation of TMP under simulated
sunlight. In Fig. S10(a), the TMP was degraded under different condi-
tions, including TMP/CQ/IPA, TMP/IPA, pure TMP and TMP/CQ. The
TMP degradation efficiency was higher when CQ was present in the
system (15.0% and 15.7% for TMP/CQ/IPA and TMP/CQ, respectively)
compared to pure TMP and TMP/IPA (8.1% and 9.5%, respectively).
Therefore, CQ exhibited an accelerating effect on TMP degradation upon
irradiation, indicating that the formation of 3CQ* which was responsible
for direct photodegradation of CQ. Moreover, the kinetic calculation of
TMP degradation is depicted in Fig. S10(b), where first-order kinetic
were used to fit the data. The kqps was ~0.002 min~! with CQ, which was
higher than that in the pure TMP photodegradation process (x0.001
min~?). The kinetic constant supports that the 3CQ* direct degradation
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plays an essential role in the CQ photodegradation process.
3.4. The photoproducts and toxicity of CQ

The HPLC-MS/MS technique was employed to determine the direct
photodegradation products of CQ. Fig. S11 shows the total ion current
chromatogram of the main photoproducts (C1-C3, C5-C6). The possible
pathways of CQ degradation are displayed in Fig. 5. The first-order and
second-order mass spectrometry of C1-C3 and C5-C6 are shown in
Fig. S12. During the photodegradation process, the -Cl connected moiety
attached to the benzene ring was substituted by —OH originating from
H20 (Albini and Monti, 2003; Anaya-Gonzalez et al., 2019). Specifically,
the -Cl connected on the benzene ring was substituted by —OH, which
was from the H5O molecular. In the reaction, the C1 was transformed
into C2. Then, C2 had the other reacted pathway to form the molecular
C3, which took off the -CH,CHs. In addition, the ~OH substituted the -H
on the ortho-carbon from C2 under the irradiation and C4 was formed.
However, C4 was unstable and the —OH on two ortho-carbons of C4 were
immediately dehydrated to form the ~-COOH of C5 and then the C5
occurred decarboxylation and hydroxyl substitution reactions to form
the C6. Besides, the relative toxicity of photoproducts was assessed
based on the decrease of the luminescence emitted by Vibrio fischeri. The
method is described in Text S6 and the relative inhibition ratio is shown
in Fig. 6. The inhibition ratio was 45.3% at 20 min, which elicited high
toxicity towards the Vibrio fischeri. Generally, the relative toxicity of the
CQ photodegradation process increased during CQ photodegradation
process, which was attributed to the different photoproduct formation.

3.5. Density functional theory calculations

The DFT calculation was employed to predict the probability of CQ
molecule deactivation process. During the photodegradation CQ, the
chlorine (-Cl) linked to the benzene ring was activated by solar irradi-
ation and the initial reaction played the dominant role in the process.
The transition states (TS1, TS2) were selected and optimized using the
basic set under B3LYP/6-31 + g (d, p). The structures of TS1 and TS2
were presented in Fig. S13 (a, ¢) and the atomic Cartesian coordinates of
the TS1 and TS2 were listed in Table S5 and Table S6. Moreover, the
Fig. S13 (b, d) shows the intrinsic reaction coordinate (IRC) spectra,
which are utilized to confirm the accuracy of TS1 and TS2.

The IRC path indicated that the TS state was situated at the highest
energy point, with 21 energy points in the optimized path. Moreover,
the TS possessed the highest energy in the IRC spectra, indicating the
validity of TS. The energy state of CQ combined with water through a
hydrogen bond was considered zero point of energy and the different
forms of CQ combined with water was computed, using the program ran

HO. N

C2 C4
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Fig. 6. The toxicity of photoproducts in CQ photodegradation process towards
Vibrio fischeri.

by MO06-2X/def2svp program (Mu et al., 2021). The hydrogen bond
forms (HCQ1 and HCQ2) between CQ and HyO were computed and
presented in Fig. S14. The HoO connected with the N on the CQ mo-
lecular to form the HyO---H and H-O-H---N (Mu et al., 2021). The energy
of HCQ1 and HCQ2 was 11.50 kJ mol ! and 3.92 kJ mol ! compared to
the zero point of energy, respectively, demonstrating that the hydrogen
bond was more stable in HCQ2 than that in HCQ1. Therefore, HCQ1 was
more sensitive under solar irradiation. In Fig. 7, the energies barriers
between HCQ1 and TS (1, 2) were 40.16 and 40.47 kJ mol . The en-
ergies barriers between C2 with hydrochloric acid (HCI) and TS (1, 2)
were 52.34 and 52.65 kJ mol . Similarly, the energies barriers between
HCQ2 and HCQ1 were 15.41 kJ mol L. The energy of C2 with HCl to TS
(1, 2) was higher than that of HCQ1 and lower than that of HCQ2.
Hence, the proposed transfer process HCQ1 — TS (1, 2) — CQOH + HCl
occurred at a high reaction ratio compared with HCQ2 — TS (1, 2) —
CQOH + HCI during the dechlorination of CQ.

4. Conclusions

CQ has been used in the treatment of moderate cases of COVID-19
and malaria. CQ absorbs the simulated sunlight and is activated by it.
High pH values, low CQ concentration and elevate temperature

HO | = C6
=

N/\ HNW/\/\N/\
\

[M+H]* m/z 304.2016

hv T H,0

[0}
N
B

—__» HOOC | P

[M+H]* m/z 332.19668
C5

Fig. 5. The photoproducts and proposed photodegradation pathway of CQ.
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Fig. 7. The energy barrier of the dechlorination and substitution of the hydroxyl group.

exhibited positive effect on CQ photodegradation, while HA, FA and
DOM in lakes exhibited negative effect on CQ photodegradation. The
common cations and anions play a negligible role in the CQ photo-
degradation under simulated sunlight. ESR spectra, quenching experi-
ment and probe experiment data demonstrated that the 3CQ* was
crucial in the CQ photodegradation processes. The photodegradation
pathway of CQ was analyzed by HPLC-MS/MS and DFT calculation,
revealing that C-Cl bond breaking was the first and dominant step in the
CQ photodegradation process. Generally, the photoproducts toxicity
towards Vibrio fischeri bacteria increased during CQ photodegradation
process. Finally, the results provided a possible mechanism of CQ
migration and transformation in the environment, supporting the
elimination of other pharmaceuticals and personal care products
(PPCPs) during the COVID-19 pandemic.
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