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Abstract

One of the advanced oxidative processes is gamma irradiation, an efficient technique for removing pesticides and pharma-
ceutical products. Radiolytic degradation leads to free radical’s formation, which facilitates molecular lesion and breaks the
chemical bonds. The use of pharmaceutical compounds, such as hydroxychloroquine (HCQ), is increasing nowadays due to
the Covid 19 pandemic situation. This study focused on gamma radiation-induced degradation of HCQ in aqueous solution.
The degradation was monitored by High-Performance Liquid Chromatography (HPLC) using an Eclipse XDB-C18 column
(150 3.0 mm, 3.5 um) and a mobile phase composed of 94% water (phosphate buffer at pH =3.6) and 6% acetonitrile,
with a DAD detection at 1 =343 nm. The effect of different gamma radiation doses (from 0.05 to 3 kGy) was investigated.
Chromatographic analysis shows that 1 kGy dose is effective to degrade completely HCQ at 20 ppm and following a first-
pseudo-kinetic order with a dose constant corresponding to 4.2 kGy~!. A comparison was done between gamma degradation
and other methods. LC-QToF-MS/MS identified the intermediate products, and their kinetic constants were determined. A
mechanism pathway was proposed for HCQ degradation under gamma irradiation.
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Introduction

Most pharmaceuticals introduced into our environment
invade surface water (watercourses, lakes and streams),
groundwater and drinking water (Beek et al. 2016).
Domestic, urban, hospital and industrial wastewater added
to aquaculture and livestock farming constitute the main
sources of pharmaceutical introduction into water sources
(Bottoni et al. 2010). Due to the increasing concern about
their negative impacts on aquatic organisms and their
potential adverse health impacts on humans, pharmaceu-
tical residues are classified as environmental micropol-
lutants and they are catching the attention of researchers
worldwide (World Health Organization 2012). Hence,
achieving the degradation of pharmaceuticals in aqueous
solutions with efficient technologies and low cost is an
emerging challenge for the scientific community. Research
proved that conventional water treatment processes such
as coagulation-flocculation, filtration and adsorption can-
not completely remove pharmaceuticals (Verlicchi et al.
2013). For this reason, studies are now being focused on
advanced oxidation processes (AOPs) application. AOPs,
using highly reactive species, proved to achieve high elim-
ination rates of different pharmaceuticals (Liu et al. 2020;
Wang and Zhuan 2020). Extensive research investigated
pharmaceuticals degradation in aqueous medium using
AOPs such as photo-Fenton oxidation (Perini et al. 2017),
ultrasound (Rayaroth et al. 2016), ozone (Almomani et al.
2016) and UV radiation (Kawabata et al. 2013; Hora et al.
2019). In particular, gamma irradiation has appeared as an
effective alternative for degrading various contaminants,
including pharmaceuticals in water (Dan et al. 2019;
Wang and Chu 2016). Gamma rays excite the irradiated
solution and induce, consequently, water radiolysis. The
generated radicals are highly reactive, mainly hydroxyl
radicals, solvated electrons and hydrogen radicals (Wang
et al. 2019). These species are capable of decomposing
the target pollutant into carbon dioxide and water. Radi-
olysis treatment has recently gained much attention since
the reactive species can be formed without the addition of
chemicals or electric supply and the produced compounds
are biodegradable (Alsager et al. 2018a).
Hydroxychloroquine (HCQ), chemically the
2-[N-4-{(7-chloroquinolin-4-yl)amino } pentyl-N ethyl]
aminoethanol, belongs to the family of 4-aminoquino-
lines. It is commonly classified as an antimalarial drug
after its long history in treating malaria (Zvi et al. 2012).
HCQ is also prescribed for treatment in inflammatory
rheumatic diseases, especially systemic lupus erythema-
tosus and rheumatoid arthritis (Bothwell and Furst 2005;
Floris et al. 2018). Thanks to its anti-inflammatory and
antiviral effects, HCQ has been recently proposed as a
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possible treatment for Coronavirus (Covid-19) (Sinha and
Balayla 2020; Gautret et al. 2020) and the interest in its
potential therapeutic use continues to grow. HCQ is clas-
sified among the pharmaceutical contaminants of emerg-
ing concern due to its persistence, bioaccumulation and
possible transfer to living organisms (Howard and Muir
2011; Gosu et al. 2016). This emphasizes the need for
efficient degradation technologies able to eliminate HCQ
from water. Currently, few studies have been dealt with
the removal of HCQ from water. Bensalah et al. (Bensalah
et al. 2020) investigated the degradation of HCQ in an
aqueous solution by electrochemical oxidation with boron-
doped diamond and its combination with UV irradiation
and sonication. The authors confirmed that the combina-
tion of different AOPs enhanced degradation efficiency
and kinetics. Another study by Dabic (Dabi¢ et al. 2019)
focused on the photolytic degradation of HCQ in pure
water under simulated solar radiation and this technology
might play an essential role in preventing the accumulation
of HCQ in the aquatic environment. The use of wastewater,
not treated appropriately, can lead to emerging pollutants’
dispersion on soil and water (Medrano-Rodriguez et al.
2020). Bandala et al. (Bandala et al. 2021) reported that
the consumption of HCQ has increased due to the sanitary
situation of the corona virus and an important quantity of
contaminated water was rejected to the environment. This
emphasizes the need for effective technologies and meth-
odologies for HCQ degradation in wastewater effluent.
Nevertheless, to the better of our knowledge, no papers
were published exploring the effect of gamma irradiation as
an innovative advanced oxidation process for the elimina-
tion of HCQ from water. This work’s objective was to study
the efficiency of gamma rays to remove HCQ from aqueous
media. LC/MS/MS analysis was undertaken to identify the
degradation intermediates as well as their kinetics, and a
plausible removal pathway of HCQ radiolysis was proposed.

Materials and methods
Chemicals

Hydroxychloroquine (purity >99%) was supplied by Medis
(Tunisia). For HPLC analysis, solvents (acetonitrile and
methanol) were purchased from Sigma Aldrich. Ultrapure
water was obtained from a Milli-Q water purification sys-
tem (Millipore). Figure 1 presents the chemical structure
of HCQ.

All sample solutions were prepared with ultrapure water.
The studied samples at 20 ppm, as selected target concentra-
tion, were obtained by dissolving the analytical standard in
water. The solution pH was adjusted using HC1 and NaOH
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Fig.1 Chemical structure of HCQ

at 0.1 M. No scavenger was added to the samples to study
the fundamental approach.

Analytical system

The analysis of HCQ was carried out by LC-DAD (Agilent
1200 Infinity series) with an automatic injector. The chro-
matographic column was Eclipse XDB-C18 (150 3.0 mm,
3.5 pm). The mobile phase used to separate HCQ and its
by-products was a buffered solution (phosphate at pH=3.6)
96% with 6% acetonitrile in an isocratic mode at I mL min~!
flow rate. The oven temperature was maintained at 30 °C.
The injected volume was 20 pyL, and the wavelength was
fixed at 343 nm. This wavelength is commonly used by
researchers for HCQ analysis with HPLC (Xiong et al. 2021;
Singh et al. 2015), corresponding to the maximum of the
absorbance of HCQ in UV. Each sample was analyzed three
times to verify the stability of the system.

For structural identification of the main by-products gen-
erated by the chemical reaction between radicals formed by
water radiolysis (Eq. 1) and HCQ, a chromatographic system
coupled to a quadrupole Time-of-Flight spectrometry mass
(QTOF) was used.

H,0 — e;q + H" +° OH 1)

The Agilent system 6530 QTOF MS/MS, composed of
an ESI source, was used to collect the mass data of the com-
pounds. The mobile phase was a mixture of acetonitrile and
buffered water (phosphate salt, pH=23.6) with a gradient
mobile phase program. The gradient elution started with
60% acetonitrile to 95% in 4 min and was maintained for
2 min. The injected volume was 5 uL with a flow rate of
0.7 mL min ~!. All the mass spectra were acquired at posi-
tive mode over the mass range m/z 50-450. Nitrogen was
used as a sheath gas at a flow rate of 10 L min~!, and the
spray voltage was fixed at 3500 V. The collision energy was
optimized at 20 V.

The Briiker 700 MHz NMR system was employed to ana-
lyze the solutions of HCQ dissolved into deuterated water,
before and after treatment by gamma irradiation.

Irradiation apparatus

A cobalt-60 source, installed in the National Center for
Nuclear Science and technology in Sidi Thabet, Tunisia,
was employed as a gamma radiation source at 28 Gy min~!
(Dridi et al. 2020). All the studied samples were irradiated
at room temperature in glass vials. The irradiated doses were
conducted from 0.05 to 3 kGy.

Chemical yield values and kinetic constant

The chemical yield, commonly named G-value, is calculated
on the basis of the following equation:

23
G = AC X% 6.02310

2
D x 6.241016 @

G is G-value (umol J71), D is the absorbed dose (Gy), AC
is the pollutant concentration (mol L™!) at D, 6.023 10> is
the Avogadro’s number and 6.24 10'° the conversion factor
from Gy to 100 eV L.

G-value is defined as the number of reactive molecules
per 100 eV absorbed energy (Spinks and Woods 1990;
Woods and Pikaev 1994).

The dose constant was calculated based on a pseudo-first-
order kinetic, which describe the degradation rate of HCQ,
as the following equation:

Ln(Cy)—In(C) = kx D 3)

D is the absorbed dose (kGy); C is the concentration (ppm);
C, is the initial concentration (20 ppm); and k is the dose
constant (kGy ™).

The doses were calculated for 0.5 and 0.9, which repre-
sent the removal of 50% and 90% of the studied compound,
by using the following equations, respectively:

In2
D, = —
0.5 3 4
In10
Dyy = % (5)

Results and discussion

Radiolytic degradation of HCQ in aqueous solution

It is well reported that gamma-induced degradation of pol-
lutant aqueous solutions is initiated by the reactive species of

the water radiolysis such as hydroxyl radicals *OH, hydrated
electrons e,,” and hydrogen radicals H* (Boujelbane et al.
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Fig.2 Variation of concentration (a) and removal efficiency (b) of HCQ at 20 ppm in function of absorbed doses

2021; Yu et al. 2010). These powerful oxidants are able to
decompose the target organic compound into water and car-
bon dioxide.

The HCQ, with an initial concentration of 20 ppm, was
irradiated under several doses varying from 0.05 to 3 kGy.
The samples were analyzed by the liquid chromatographic
system before and after irradiation. Figure 2 shows the vari-
ation of HCQ concentration and the removal efficiency with
the different absorbed doses. It was observed that there is a
rapid decrease in HCQ concentration with higher radiation
absorbed dose and the studied compound was effectively
removed after 1 kGy reaching 98.3% of degradation extent.
Hence, gamma rays seem to be an efficient technology for
HCQ removal from aqueous solution. Indeed, Zheng et al.
(2011) reported that ibuprofen, at 28.3 ppm, was 100%
removed at 1.1 kGy and Changotra et al. (2018) found that
ofloxacin (0.05 mM) was 99.6% degraded after 3 kGy of
exposure; these two studies highlighted the efficiency of
gamma irradiation for pharmaceutical pollutant removal in
aqueous media (Zheng et al. 2011; Changotra et al. 2018a).

On the other hand, it appeared that HCQ concentration
decreased exponentially with increased absorbed dose and
a pseudo-first-order kinetic degradation (Eq. 3) could be
noticed as depicted by Fig. 3. The good R-squared value
of 0.992 confirms the pseudo-first model order. The dose
constant k is the apparent pseudo-first-order kinetic con-
stant used to describe the degradation rate (Jia-Tong et al.
2017), and it could be determined from the slope of the plot
(Fig. 3). For a solution of HCQ (20 ppm), the observed dose
constant corresponds to 4.24 kGy ™.

The chemical yields G of HCQ were calculated and plot-
ted with the degradation efficiency (%) against the absorbed
doses (Fig. 4). Results revealed that the chemical yield was
decreasing as the removal efficiency was increasing with
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Fig. 3 Kinetic degradation of HCQ at 20 ppm with absorbed doses
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Fig.5 Variation of the HCQ concentration with the absorbed doses at
pH4, 6.8 and 9

increasing radiation doses. This confirmed the competition
occurring between the by-products and the target molecule
to react with the radicals generated by water radiolysis (Bou-
jelbane et al. 2021; Changotra et al. 2018b).

For degradation of 50% and 90% of 20 ppm HCQ, on the
basis of Egs. (4) and (5), 0.16 kGy and 0.54 kGy, respec-
tively, were needed. The results showed that HCQ followed a
pseudo-first-order with a half-life of 0.16 kGy corresponding
to 5.7 min of radiation exposure; this time depends on the
compound structure, its concentration, the solvent and the
chemicals added into the solution (Liu et al. 2014). In our
case, HCQ was studied in the fundamental approach.

Effect of pH on HCQ removal by gamma irradiation

In order to investigate the effect of solution pH on the deg-
radation efficiency of HCQ using gamma rays, we irradiated
20 ppm solutions at pH of 4, 6.8 and 9. Figure 5 shows the
concentration variation with the absorbed doses for the dif-
ferent tested pH. It appeared that the HCQ concentration
decreased exponentially with the doses, for all pH values
(Fig. 5). In acidic and neutral conditions, a complete overlap
of the degradation efficiencies was noted and this result was
in concordance with what reported in the literature (Alsager
et al. 2018b). On the other hand, the efficiency for HCQ
removal decreased in a basic medium. For an absorbed dose

Table 1 Comparison of the different methods for HCQ degradation

HCQ

Fig.6 Chromatogram of HCQ and its three main by-products BP1,
BP2 and BP3 after gamma irradiation of 0.3 kGy

of 0.5 kGy, an efficiency degradation of 86% was achieved
both for neutral and acidic solutions, whereas the degrada-
tion efficiency equaled only to 68% at pH 9. The decrease
in degradation efficiency in basic solutions is in agreement
with publications reported for different pharmaceuticals such
as ofloxacin (Changotra et al. 2018a) and sulfamethoxazole
(Zhuan and Wang 2020). The variation of the degradation
efficiency with pH value could be explained by the decrease
in the effective radical concentration. In fact, the pH of the
solvent influences the percentage of the different radicals
generated during the radiolysis of the water. Under alka-
line conditions, *OH readily reacts with OH™ to generate
O~ according to Eq. (6), reducing the concentration of *OH
and the degradation efficiency hence decreased (Changotra
et al. 2018a). In acidic media, the hydrated electrons
€, reacts with H* to produce *H (Eq. 7). Thus, the reaction
of e,,~ with *OH is inhibited, thereby decreasing the avail-
able concentration of reactive radicals *OH and enhancing
the degradation process (Guo et al. 2012). Neutral or acidic
media are more preferable than an alkaline solution for the
degradation of HCQ under gamma irradiation.

"OH +OH™ - O™ + H,0 )

€t Ht* -°H 7

As depicted by Fig. 5, the data obtained from the pH val-
ues of 4, 6.8 and 9 fitted well to Eq. (3). The dose constant
k was determined for each media pH, and the correspond-
ing values were 4.07 kGy~!, 4,24 kGy~! and 2.21 kGy™~!,
respectively, for pH 4, 6.8 and 9. It appeared that the

Hydrolysis (Babi€ et al. 2017) Photolysis (Dabic et al. 2019) Photo-assisted electrochemical oxidation (Bensalah Radiolysis (this study)

et al. 2020)

k=0.001 min™!
T,,=11.6h

At25°C
T, =365 days

Completely degraded after 40 min at pH=9

98.3% removal after 1 kGy
(35 min) at pH 6.8
T,,=5.7 min
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«Fig.7 a: Spectrum of the HCQ (m/z=[M+H]* =336) and its frag-
ments by LC-MS/MS. b: Spectrum of BP1 (m/z=[M+H]" =262)
and its fragments by LC-MS/MS. ¢ Spectrum of BP2
(m/z=[M+H]* =174) and its fragments by LC-MS/MS. d: Spec-
trum of BP3 (m/z=[M+H]* =352) and its fragments by LC-MS/
MS.

alkaline solution is characterized by lower k value than
those obtained for acidic and neutral media, confirming the
decrease of degradation efficiency.

Comparative study of HCQ degradation by different
processes

Exploring the literature, we summarized in Table 1 the
results of different processes used to degrade HCQ in aque-
ous solution. It appeared that hydrolysis of HCQ (Babié
et al. 2017), at 25 °C, expiring one year and is too slow
compared to the other reported technologies. Photo-assisted
electrochemical degradation is more efficient than the pho-
tolytic one for HCQ removal (Bensalah et al. 2020; Dabié
et al. 2019). In our study, the elimination of HCQ under
gamma irradiation is faster and taking only 35 min for a
total efficiency of 98.3% at neutral pH. It can be noted that
gamma technology is a cost-effective (once the irradiator is
installed) and ecofriendly treatment (Gar Alalm et al. 2015;
Kim et al. 2015).

By-products and degradation mechanism

Figure 6 shows the chromatographic profile of HCQ at
gamma dose of 300 Gy. The peak characterizing HCQ
appeared at a retention time of 14.2 min. Three other peaks
are present corresponding to the by-products BP1, BP2 and
BP3 with retention times equaled to 5, 10.5 and 13.2 min,
respectively.

Furthermore, the by-products were analyzed by LC cou-
pled to QToF MS/MS. For each product, an extracted mass
spectrum was analyzed to identify its chemical structure.
Figure 7 a—d gathers the mass spectra of HCQ and its inter-
mediate products. Table 2 presents the [M +H]" and the
main fragments of HCQ, by-products and the respective
structures deducted after fragmentation by MS/MS. After
identifying of the different intermediate irradiation products,
a possible pathway for HCQ degradation was proposed in
Fig. 8.

Kinetics of the intermediate products
The kinetics of the appearance or disappearance of BP1, BP2

and BP3 was followed by LC-DAD. Figure 9 summarizes
the variation of the peak areas of the three main products.

In terms of reaction mechanisms, the decomposition of
a substance by chemical reactions will go through many
reaction stages. From the initial precursor, a reaction occurs
to decompose it into intermediate products. If continued to
react with oxidizing or reducing agents, these intermedi-
ate products will gradually be lost with the reaction time.
According to the classification of chemical reaction kinet-
ics, such reactions are called series reactions of the form
A — B —C, where B is the intermediate product of the
decomposition of substance A. For a first-order serial reac-
tion, the concentration of the intermediate B overtime is
calculated using the following formula (Himmelblau et al.
1967):

o C0
C, = —kD _ _—k,D 8
s (e e P) ®)

In Eq. 8, there are three unknown variables, &, k,, and
C,°. To solve the above system of equations with the experi-
mental data set for the concentration of substance BP by
absorbed dose, Microsoft Excel was used to find the most
suitable regression equation. In the degradation reaction of
HCQ, the concentrations of three relatively stable intermedi-
ates (BP1, BP2, and BP3) over time were investigated. Their
reaction kinetics were in good agreement with the first-order
serial reaction as shown in Table 3.

Mineralization study

To evaluate the total degradation of the treated solutions, 'H
NMR technique was used (Boujelbane et al. 2021; Liu et al.
2014; Saadaoui et al. 2021). Figure 10 presents the NMR
spectrum of HCQ after treatment at 3 kGy. In the irradiated
spectrum, there is only the peak corresponding to the deuter-
ated water. This result confirms the complete mineralization
of HCQ by gamma irradiation treatment and no by-product
exists and can be detected after this dose.

Table2 MS/MS data of HCQ with their fragments

Molecule m/z=[M+H]J* m/z main frag- structure
ments

HCQ 336 247 C,3H,cCIN;O
158

BP1 352 267 C,3H,CIN;0,
73

BP2 262 216 C,3H;4N,0,
174

BP3 174 85 C,H;sN,O
69

@ Springer
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Fig. 8 Proposed mechanism pathway of HCQ degradation under gamma irradiation

Conclusion

The AOPs technologies as gamma irradiation are an excel-
lent alternative for pharmaceutical’s degradation. The
study of gamma irradiation effect on HCQ shows that
1 kGy is enough to destroy this compound at 20 ppm
and its intermediates. The degradation of HCQ followed

@ Springer

a pseudo-first-order kinetic, with a dose constant of
4.24 kGy™!, in accordance with the reported studies for the
majority of organic compounds. The pH value appeared to
affect the HCQ degradation efficiency, and higher removal
yield was achieved in neutral or acidic conditions. LC-MS/
MS allowed to identify three by-products, and a plausible
degradation pathway of HCQ was proposed. Furthermore,



Chemical Papers (2022) 76:1777-1787 1785
5 . . . . . T Table 3 Reaction kinetic parameters of three main by-products
" No Abbre- Regressed equation R? D, (kGy)
44 3 viation of
BP
E 3 I 1 BPI 5.35€} 0.9645 0.2589
< — 3G (,-535D _ ,—268D)0. .
s Copr = ZAGS—Z};}S (e € )
= 2 BP2 _ 17 —1.72D —6.40010.9992 0.2808
% 24 - Copm = 6.4()—I.A72( € )
S 3 BP3 4918 —4.97D —40.383.9598 0.0592
A~ Cors = poasam ( —¢ dj
14 L
*Dgy is the absorbed dose at which concentrations of BP reached
maximum values
0 ] L
T T T T T T
0,0 0,2 0,4 0,6 0,8 1,0
Dose (kGy)
13 T T T T T T T T T T T
16 4 L " H NMR of HCQ
14 4 L
= 12 1 5 7 1 T3
s/ 10_ -
3
& 8- L
4
S
& 6 - )
4 4 L
2 n
0 L Fig. 10 'H NMR spectrum after 3 kGy of gamma irradiation of HCQ
T T T T T T at 20 pPpm
0,0 0,2 0,4 0,6 0,8 1,0 1,2
Dose (kGy)
' ' ' ' ' before rejection to the environment or reused in the agri-
457 - i culture field.
4,2 4 [ - . L.
Acknowledgements This work was supported by the Ministry of
E 30 Higher Education and Scientific Research, Tunisia.
7 7 - -
3
% 364 L Declarations
i
= 334 . L Conflict of interest The authors declare that they have no conflict of
interest.
3,04 L
L]
2,7 T T T T T
02 03 0,4 0,5 0,6 References
Dose (kGy)

Fig.9 Experimental and model concentration profiles of BP1, BP2
and BP3, respectively, without self-recombination of reactive species

the kinetic reactions of the intermediate products were sim-
ulated and were in accordance with the results. '"H NMR
demonstrated total mineralization of 20 ppm HCQ when
irradiated at 3 kGy. These encouraging results confirmed
the importance of radiation technology for water treatment

Almomani FA, Shawaqfah M, Bhosale RR, Kumar A (2016) Removal
of emerging pharmaceuticals from wastewater by ozone-based
advanced oxidation processes. Environ Prog Sustain Energy
35(4):982-995

Alsager OA, Alnajrani MN, Alhazzaa O (2018a) Decomposition of
antibiotics by gamma irradiation: kinetics, antimicrobial activity,
and real application in food matrices. Chem Eng J. https://doi.org/
10.1016/j.cej.2018.01.065

Alsager OA, Alnajrani MN, Alhazzaa O (2018) Decomposition of anti-
biotics by gamma irradiation: Kinetics, antimicrobial activity, and
real application in food matrices. Chem Eng J 338:548-556

Babi¢ S, Dabié D and Curkovié L (2017) Fate of hydroxychloroquine
in the aquatic environment. In: /5th International conference on

@ Springer


https://doi.org/10.1016/j.cej.2018.01.065
https://doi.org/10.1016/j.cej.2018.01.065

1786

Chemical Papers (2022) 76:1777-1787

environmental science and technology Rhodes, Greece, 31 August
to 2 September 2017.

Bandala ER, Kruger BR, Cesarino I, Leao AL, Wijesiri B, Goonetilleke
A (2021) Impacts of COVID-19 pandemic on the wastewater path-
way into surface water: a review. Sci Total Environ. https://doi.
org/10.1016/j.scitotenv.2021.145586

Beek TAD, Weber FA, Bergmann A, Hickmann S, Ebert I, Hein A,
Kiister A (2016) Pharmaceuticals in the environment-global
occurrences and perspectives. Environ Toxicol Chem 35:823-835

Bensalah N, Midassi S, Ahmad MI, Bedoui A (2020) Degradation
of hydroxychloroquine by electrochemical advanced oxidation
processes. Chem Eng J. https://doi.org/10.1016/j.cej.2020.126279

Bothwell B, Furst DE (2005) Hydroxychloroquine. In: Day RO, Furst
DE (eds) Antirheumatic therapy: actions and outcomes. Piet
L.C.M. van Riel and Barry Bresnihan, Basel, p 81-92

Bottoni P, Caroli S, Barra Caracciolo A (2010) Pharmaceuticals as
priority water contaminants. Toxicol Environ Chem. https://doi.
0rg/10.1080/02772241003614320

Boujelbane F, Nasr K, Saadaoui H, Krifi K, Manh Bui H, Takriti S
(2021) Study of the radiolytic degradation of Zectran in water by
LC-MS/MS. Int J Environ Sci Technol. https://doi.org/10.1007/
s13762-021-03357-4

Changotra R, Guin JP, Varshney L, Dhir A (2018a) Assessment of
reaction intermediates of gamma radiation-induced degradation
of ofloxacin in aqueous solution. Chemosphere. https://doi.org/
10.1016/j.chemosphere.2018.06.003

Changotra R, Guin JP, Dhir A, Varshney L (2018b) Decomposition
of antibiotic ornidazole by gamma irradiation in aqueous solu-
tion: kinetics and its removal mechanism. Environ Sci Pollut Res
25(32):32591-32602

Dabié D, Babié¢ S, Skori¢ I (2019) The role of photodegradation in the
environmental fate of hydroxychloroquine. Chemosphere. https://
doi.org/10.1016/j.chemosphere.2019.05.032

Dan C, Libing C, Wang J, Yang Z, Yang Q, Shen Y (2019) Degradation
of antibiotic cephalosporin C in aqueous solution and elimina-
tion of antimicrobial activity by gamma irradiation. Chem Eng
J1374:1102-1108

Dridi W, Daoudi M, Farah K, Hosni F (2020) Monte Carlo validation
of dose mapping for the Tunisian Gamma irradiation facility using
the MCNP6 code. Rad Phys Chem 173:108942

en-Zvi I, Kivity S, Langevitz P et al. (2012) Hydroxychloroquine: from
malaria to autoimmunity. Clinic Rev Allerg Immunol 42: 145-153

Floris A, Piga M, Mangoni AA, Bortoluzzi A, Erre GL, Cauli A (2018)
Protective effects of hydroxychloroquine against accelerated ath-
erosclerosis in systemic lupus erythematosus. Mediators Inflamm
https://doi.org/10.1155/2018/3424136

Gar Alalm M, Tawfik A, Ookawara S (2015) Degradation of four phar-
maceuticals by solar photo-Fenton process: kinetics and costs esti-
mation. J Environ Chem Eng 3(1):46-51

Gautret P, Lagier JC, Parola P et al (2020) Hydroxychloroquine and
azithromycin as a treatment of COVID-19: results of an open-
label non-randomized clinical trial. Int J Antimicrob Agents.
https://doi.org/10.1016/j.jjantimicag.2020.106243

Gosu V, Gurjar BR, Zhang TC, Surampalli RY (2016) Oxidative deg-
radation of quinoline using nanoscale zero-valent iron supported
by granular activated Carbon. J Environ Eng. https://doi.org/10.
1061/(ASCE)EE.1943-7870.0000981

Guo Z, Zhou F, Zhao Y, Zhang C, Liu F, Bao C, Lin M (2012) Gamma
radiation-induced sulfadiazine degradation and its removal mech-
anisms. Chem Eng J 191(474):262

Himmelblau DM, Jones KCR, Bischoff B (1967) Determination of rate
constants for complex kinetics models. Ind Eng Chem Fundam
6:539-543

Hora PI, Novak PJ, Arnold WA (2019) Photodegradation of pharma-
ceutical compounds in partially nitritated wastewater during UV
irradiation. Environ. Sci.: Water Res Technol 5:897-909

@ Springer

Howard PH, Muir DCG (2011) Identifying New Persistent and bioac-
cumulative organics among chemicals in commerce II: pharma-
ceuticals. Environ Sci Technol 45(16):6938-6946

Jia-Tong Li, Yong-Sheng L, Qing S, Da-Qian H, Dan Z, Wen-Bao J
(2017) The treatment of aniline in aqueous solutions by gamma
irradiation. J Adv Oxid Technol 20(1):20160173

Kawabata K, Sugihara K, Sanoh S, Kitamura S, Ohta S (2013) Pho-
todegradation of pharmaceuticals in the aquatic environment
by sunlight and UV-A, -B and -C irradiation. J Toxicol Sci
38(2):215-223

Kim HY, Lee OM, Kim TH, Yu S (2015) Enhanced Biodegradability
of Pharmaceuticals and Personal Care Products by Ionizing Radia-
tion. Water Environ Res 87(4):321-5

Liu Y, Zhao Y, Wang J (2020) Fenton/fenton-like processes with in-situ
production of hydrogen peroxide/hydroxyl radical for degrada-
tion of emerging contaminants: advances and prospects. J Hazard
Mater. https://doi.org/10.1016/j.jhazmat.124191

Liu Y, Hu J, Wang J (2014) Fe2+ enhancing sulfamethazine degrada-
tion in aqueous solution by gamma irradiation. Radiat Phys Chem
96:81-87. https://doi.org/10.1016/j.radphyschem.2013.08.018

Medrano-Rodriguez F, Picos-benitez A, Brillas E, Bandala ER (2020)
Electrochemical advanced oxidation discoloration and removal of
three brown diazo dyes used in the tannery industry. J Electroanal
Chem. https://doi.org/10.1016/j.jelechem.2020.114360

Perini JAL, Silva BCE, Tonetti AL, Nogueira RFP (2017) Photo-Fen-
ton degradation of the pharmaceuticals ciprofloxacin and fluoxe-
tine after anaerobic pre-treatment of hospital effluent. Environ Sci
Pollut Res Int 24(7):6233-6240. https://doi.org/10.1007/s11356-
016-7416-4 (Epub 2016 Aug 15 PMID: 27525739)

Rayaroth MP, Aravind UK, Aravindakumar CT (2016) Degradation
of pharmaceuticals by ultrasound-based advanced oxidation pro-
cess. Environ Chem Lett 14:259-290. https://doi.org/10.1007/
s10311-016-0568-0

Saadaoui H, Boujelbane F, Serairi R, Ncir S, Mzoughi N (2021) Trans-
formation pathways and toxicity assessments of two triazole pes-
ticides elimination by gamma irradiation in aqueous solution. Sep
Purif Technol. https://doi.org/10.1016/j.seppur.2021.119381

Singh A, Roopkishora C, Singh L et al (2015) Development and valida-
tion of reversed-phase high performance liquid chromatographic
method for hydroxychloroquine sulphate. Indian J Pharm Sci
77(5):586-591

Sinha N, Balayla G (2020) Hydroxychloroquine and COVID-19. Post-
grad Med J 96(1139):550-555

Spinks JWT, Woods RJ (1990) An introduction to radiation chemistry,
3rd edn. Wiley, New York

Verlicchi P, Zambello E, Al Aukidy M (2013) Removal of pharmaceu-
ticals by conventional wastewater treatment plants. Comprehen-
sive Analytical Chemistry. Elsevier, pp 231-286

Wang J, Chu L (2016) Irradiation treatment of pharmaceutical and
personal care products (PPCPs) in water and wastewater: an over-
view. Radiat Phys Chem 125:56-64

Wang J, Zhuan R (2020) Degradation of antibiotics by advanced oxida-
tion processes: an overview. Sci Total Environ 20(701):135023.
https://doi.org/10.1016/j.scitotenv.2019.135023 (Epub 2019 Nov
3 PMID: 31715480)

Wang J, Zhuan R, Libing C (2019) The occurrence, distribution and
degradation of antibiotics by ionizing radiation: an overview. Sci
Total Environ 646:1385-1397

Woods RJ, Pikaev AK (1994) Applied radiation chemistry: radiation
processing. Wiley, New York

World Health Organization (2012) Pharmaceuticals in drinking-water,
Public health and environment water, sanitation, hygiene and
health, pp 1-52.

Xiong X, Wang K, Tang T et al (2021) Development of a chi-
ral HPLC method for the separation and quantification of


https://doi.org/10.1016/j.scitotenv.2021.145586
https://doi.org/10.1016/j.scitotenv.2021.145586
https://doi.org/10.1016/j.cej.2020.126279
https://doi.org/10.1080/02772241003614320
https://doi.org/10.1080/02772241003614320
https://doi.org/10.1007/s13762-021-03357-4
https://doi.org/10.1007/s13762-021-03357-4
https://doi.org/10.1016/j.chemosphere.2018.06.003
https://doi.org/10.1016/j.chemosphere.2018.06.003
https://doi.org/10.1016/j.chemosphere.2019.05.032
https://doi.org/10.1016/j.chemosphere.2019.05.032
https://doi.org/10.1155/2018/3424136
https://doi.org/10.1016/j.ijantimicag.2020.106243
https://doi.org/10.1061/(ASCE)EE.1943-7870.0000981
https://doi.org/10.1061/(ASCE)EE.1943-7870.0000981
https://doi.org/10.1016/j.jhazmat.124191
https://doi.org/10.1016/j.radphyschem.2013.08.018
https://doi.org/10.1016/j.jelechem.2020.114360
https://doi.org/10.1007/s11356-016-7416-4
https://doi.org/10.1007/s11356-016-7416-4
https://doi.org/10.1007/s10311-016-0568-0
https://doi.org/10.1007/s10311-016-0568-0
https://doi.org/10.1016/j.seppur.2021.119381
https://doi.org/10.1016/j.scitotenv.2019.135023

Chemical Papers (2022) 76:1777-1787

1787

hydroxychloroquine enantiomers. Sci Rep 11:8017. https://doi.
org/10.1038/s41598-021-87511-5

Yu S, Hu J, Wang J (2010) Gamma radiation-induced degradation of
p-nitrophenol (PNP) in the presence of hydrogen peroxide (H202)
in aqueous solution. J Hazard Mater 177(1-3):1061-1067

Zheng BG, Zheng Z, Zhang JB, Luo XZ, Wang JQ, Liu Q, Wang
LH (2011) Degradation of the emerging contaminant ibupro-
fen in aqueous solution by gamma irradiation. Desalination
276(1-3):379-385

Authors and Affiliations

Zhuan R, Wang J (2020) Enhanced degradation and mineralization of
sulfamethoxazole by integrating gamma radiation with Fenton-
like processes. Radiat Phys Chem. https://doi.org/10.1016/j.radph
yschem.2019.108457

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

F. Boujelbane’2 - K. Nasr' . H. Sadaoui®** - H. M. Bui® - F. Gantri' - N. Mzoughi®

Research Laboratory on Matter and Energy for Nuclear
Science Development, LRI6CNSTNO2, CNSTN, Sidi
Thabet Technopark, 2020 Tunis, Tunisia

2 Radiochemistry Laboratory, CNSTN, Sidi Thabet
Technopark, 2020 Tunis, Tunisia

Sciences and Environmental Technologies Laboratory, High
Institute of Environmental Sciences and Technologies of Borj
Cedria, University of Carthage, Tunis, Tunisia

Faculty of Science of Bizerte, University of Carthage,
Jarzouna, 7000 Bizerte, Tunisia

Department of Environmental Sciences, Saigon University,
Ho Chi Minh City 70000, Vietnam

@ Springer


https://doi.org/10.1038/s41598-021-87511-5
https://doi.org/10.1038/s41598-021-87511-5
https://doi.org/10.1016/j.radphyschem.2019.108457
https://doi.org/10.1016/j.radphyschem.2019.108457

	Decomposition mechanism of hydroxychloroquine in aqueous solution by gamma irradiation
	Abstract
	Graphical abstract

	Introduction
	Materials and methods
	Chemicals
	Analytical system
	Irradiation apparatus
	Chemical yield values and kinetic constant

	Results and discussion
	Radiolytic degradation of HCQ in aqueous solution
	Effect of pH on HCQ removal by gamma irradiation
	Comparative study of HCQ degradation by different processes
	By-products and degradation mechanism
	Kinetics of the intermediate products
	Mineralization study

	Conclusion
	Acknowledgements 
	References




