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Abstract: In recent years, the environmental impact of pharmaceutical residues has emerged as a
pressing global concern, catalyzed by their widespread usage and persistence in aquatic ecosystems.
Among these pharmaceuticals, acyclovir (ACV) stands out due to its extensive prescription during
medical treatments for herpes simplex virus, chickenpox, and shingles, as well as its heightened
usage amidst the COVID-19 pandemic. ACV is excreted largely unchanged by the human body,
leading to significant environmental release through wastewater effluents. The urgency of addressing
ACV’s environmental impact lies in its potential to persist in water bodies and affect aquatic life.
This persistence underscores the critical need for effective degradation strategies that can mitigate its
presence in aquatic systems. This study focuses on employing sodium hypochlorite as an oxidative
agent for the degradation of ACV, leveraging its common use in wastewater treatment plants. Our
research aims to explore the kinetics of ACV degradation, identify and characterize its degradation
byproducts, and optimize the conditions under which complete degradation can be achieved. By
assessing the efficiency of sodium hypochlorite in real wastewater samples, this study seeks to
provide practical insights into mitigating ACV contamination in aquatic environments. The novelty
of this research lies in its comprehensive approach to understanding the degradation pathways
of ACV and evaluating the feasibility of using sodium hypochlorite as a sustainable solution in
wastewater treatment. By addressing the environmental concerns associated with ACV and offering
practical solutions, this study contributes to the broader goal of sustainable pharmaceutical waste

management and environmental stewardship.
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1. Introduction

The use of substances for pharmaceutical purposes [1-4], as disinfectants [5-8], or
clinically for diagnostic purposes [9], for cosmetic products [4,8], or personal hygiene [3,4,8],
is extensive and widespread in all areas of daily and professional life. The pharmaceutical
industry provides numerous drugs to the community, which are used in human and
veterinary medicine for therapeutic, prophylactic, and auxiliary purposes. Pharmaceutical
substances, once administered to patients or animals, can be metabolized wholly or partially
in the body and eliminated through feces or urine as inactive metabolites, active metabolites,
or unchanged substances. Thus, a large quantity of pharmacologically active ingredients
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is released into the environment, prompting longstanding reflection within the scientific
community regarding their fate and environmental impact [10-12].

Agricultural practises involving the reuse of solid and liquid manures from livestock
farming and sewage sludges to recover nitrogen compounds for soil fertilization may
contribute to the spread of drugs in terrestrial environments and, under certain conditions,
their entry into water bodies [13,14].

To limit our impact on the environment as much as possible, it is essential to treat
domestic and industrial wastewater before it can be discharged into waterways or reused.
This role of treating polluted water is performed by wastewater treatment plants (WWTPs),
whether internal (as in the case of some industries, where a site may have its own treatment
plant) or external (covered or open-air). It is supposed that due to incomplete or completely
absent removal processes, with the use of wastewaters, some biologically active substances
may be delivered through aqueducts, posing a risk of potential allergic sensitization,
especially in infants and the elderly. In several studies, the improvement of organic
pollutants degradation using humic substances [15] or physicochemical approaches such
as absorption and advanced oxidation processes is proposed for wastewater pollutants
removal [16-22]. Therefore, the ability of removal processes to reduce the presence of
substances must be carefully evaluated. Data from the international literature seem to
indicate the reassuring suitability of the most common oxidative purification techniques
(chemical, physical, and biological, considered individually or in combination with each
other) for degrading pharmaceutical substances. However, the use of oxidants in low
quantities or in single oxidation cycles [23-26], as well as the recent proliferation of removal
processes (ozonation, UV rays, microfiltration) [27-29], all aimed at minimally altering
the chemical and sensorial characteristics of the treated water to favour its consumption,
could lead to the persistence of pollutants in the effluents of wastewater treatment plants
or drinking-water purification plants.

Acyclovir (or aciclovir), often abbreviated as ACV, is an antiviral drug capable of
interfering with virus DNA synthesis and is primarily used to treat herpes simplex virus
infections, chickenpox, and shingles [30]. Other uses include preventing cytomegalovirus
infections after transplantation and severe complications of Epstein-Barr virus infection [31].
From a chemical standpoint, Acyclovir is an acyclic analogue of guanosine, one of the
nucleosides that make up DNA. Acyclovir is available in numerous medicines administered
topically, orally, and intravenously and is one of the most used antiviral drugs [32-35]. Its
consumption has steadily increased since the early 1990s, from around 100,000 kg/p.a. in
1990 to approximately 300,000 just a decade later. It is presumed that consumption further
surged during the COVID-19 pandemic [36]. Acyclovir is poorly soluble in water and is
characterized by a very short residence time in the human body. High doses are generally
prescribed, considering that only 15-20% of the used product is metabolized or accumu-
lated in the human body, while the remaining 80-85% is excreted unchanged through feces
and urine [37]. Thus, given its extensive use, it is not surprising to find it in surface waters
and effluents from wastewater treatment plants, but its presence in groundwater and even
drinking water is certainly concerning. In some industrial discharges, concentrations of
up to 2600 mg/L have been found [38], although these are undoubtedly isolated cases
linked to criminal management of industrial plants. However, it has been found in efflu-
ents from wastewater treatment plants at concentrations of up to 2500 ng/L, as in some
Japanese plants [39] or up to 2200 ng/L in Germany [40] and up to almost 2000 ng/L in
China [41]. In the United States, it has been detected in surface waters at concentrations
of up to 1600 ng/L [42]. It has also been found in groundwater at concentrations of over
130 ng/L [42] and in drinking water at concentrations of up to 40 ng/L [43]. However,
these technologies seem unable to achieve complete mineralization of the molecule, and
on the other hand, there are few data on any chlorine-based treatments [44]. Indeed, its
presence has been measured between 400 and 1360 ng/L in effluents from wastewater
treatment plants [42].
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The purpose of this study is to investigate the possible fate of Acyclovir when sub-
jected to treatment with sodium hypochlorite, the most used oxidation reaction in wastew-
ater treatment plants. This study aimed to determine the optimal processing conditions
to achieve the highest percentage of Acyclovir mineralization and the identification of
degradation products. Of these, 11 were identified and quantified, for which a plausible
mechanism of formation was proposed.

2. Results and Discussion
2.1. Degradation Experiments

The experimental procedures for the oxidation of ACV were conducted assuming
conditions that ensure the maximum degradation of ACV, both in analytical and prepar-
ative settings. A solution of ACV at a concentration of 107> M was treated for 20 min in
the presence of equimolar hypochlorite at room temperature. Subsequently, experiments
were repeated using ACV concentrations exceeding 103 M, employing a significantly
higher ratio of hypochlorite (hypochlorite—ACV: molar ratio of 7:1) to ensure effective
degradation of the target contaminant and to yield adequate quantities of degradation
products (DPs) for the subsequent structural elucidation. Under these conditions, two
experiments were carried out which lasted 20 and 60 min, respectively. The resulting DPs
(depicted in Figure 1) were purified by column chromatography and HPLC and identified
by MS analyses or spectrophotometrically by comparison with commercially available
authentic samples.
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Figure 1. Chemical structures of ACV and its degradation products.

2.2. Structure Elucidation of Degradation Byproducts DP1-DP11
In ACV treatment, the degradation was monitored by HPLC. The concentration of
DP1-DP11 (Figure 1) was at a maximum after 20 min and ranged from 0.3 to 4.9% (Table 1).
Table 1 shows the percentages in which the 11 isolated byproducts were obtained in
the two different chlorination reactions.
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Table 1. Recovery percentages of Acyclovir and those of its isolated byproducts.

DP 1st Chlorination % * 2nd Chlorination % *
ACV ~34 ~4
1 42 0.9
2 3.8 15
3 2.5 1.0
4 24 0.5
5 2.3 1.1
6 2.1 0.6
7 3.1 3.3
8 2.8 3.3
9 1.6 2.1
10 35 49
11 0.5 0.3

Transformation

£%DPs 229 219

* The percentages were calculated based on the quantity of ACV that was not recovered unchanged.

DPs were isolated by chromatographic processes (Scheme 1) and identified by employing
MS analyses or spectrophotometrically by comparison with commercially available authentic
samples. These studies often involve the structural determination of the degradation byprod-
ucts obtained through one- and two-dimensional NMR analyses. In this case, NMR was not
very useful given that the DPs obtained were low-molecular-weight compounds, some of
which were very soluble in water (DP7-DP11) and difficult to isolate, and with few diagnostic
signals for NMR studies. The use of authentic samples allowed us to identify the DPs ob-
tained, quantify them using specific calibration curves, and then further confirm their exact
identification using MALDI-TOF mass spectrometry, also working with samples that were not
necessarily completely pure.

Acyclovir
1. ACV/NaOCl 1:7, 90 min, r.t., stirring
2. Initial pH = 6.5, final pH = 9.5
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4. Liquid-liquid extraction
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Scheme 1. Isolation of the degradation products DP1-DP11.
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Figures 2 and 3 show a plausible mechanism of the DPs formation.
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Figure 2. Proposed reaction mechanism leading to the formation of DP1-DP3 and DP6-DP10. The
lowercase letters in the figure indicate possible reaction mechanisms.
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Figure 3. Proposed reaction mechanism leading to the formation of DP4, DP7-DP8, DP10-DP11.
The lowercase letters in the figure indicate possible reaction mechanisms.

In general, given the nature of the isolated and/or identified degradation byprod-
ucts, it reasonable to hypothesize that the initial step in the oxidation reaction of ACV
involves the hydrolysis of its glycol sidechain, resulting in the formation of the degradation
byproduct DP1.

Indeed, ACV could undergo oxidation at the carbon C-13, resulting in the formation
of intermediates I; and I, respectively (Figure 2).

Decarboxylation of intermediate I, could yield the intermediate I3, which could be
oxidized at the carbon C-10 to form the corresponding intermediates I4 and I5. Hydrolysis
of the last intermediate could provide DP1 as the final product.

The product DP1, through tautomerism, could generate its protonated form at the
nitrogen N-1 on the pyridine ring and exist in equilibrium with its imine form. The
hydrolysis of the latter would lead to the formation of product DP2. This byproduct could
undergo oxidation at the carbon C-8 of the imidazole ring to form intermediate I, which
could then yield, through further oxidation, the product DP3. By hydrolysis, the latter
could provide the compound Iy, which has not been isolated.
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Product DP2 could also undergo the addition of hypochlorous acid to the double bond
between carbons C-4 and C-5, resulting in the formation of intermediate Ig. Subsequently,
through intramolecular epoxidation, intermediate Ig gives rise to intermediate Ig. This latter
can then undergo hydrolysis and intramolecular oxidation, forming the open intermediate
I1; through the cyclic intermediate I;g. Intermediate I;; may undergo cleavage of an amide
bond via two possible pathways: pathway a leads to the formation of product DP7, while
pathway b results in product DP10. DP7 can subsequently undergo hydrolysis to one of
the two amide functions to yield product DP8, which then may also undergo hydrolysis at
the second amide function to produce DP9. Alternatively, intermediate I1; might undergo
an intramolecular attack by one of the two amino functions on one of the carbonyl carbons,
as indicated by pathway c, to generate compound I, (that was not isolated) or by the other
amino function, following the pathway d, to form product DP6. Hydrolysis of the terminal
amide bonds, as indicated by pathway e, leads to the formation of DP5.

The DP1 is a key product that, in the protonated form at the nitrogen N-3 on the
pyridine ring, could undergo an oxidation reaction at the double bond between carbons
C-4 and C-5, resulting in the formation of intermediate I3 (Figure 3). This intermediate,
through intramolecular epoxidation, could give rise to intermediate 114, that, through
subsequent oxidation and intramolecular hydrolysis, could give rise to intermediate I;5.
Upon hydrolysis of the imine function of this last one, intermediate 114 could be obtained,
and the following pathway f, could undergo an intramolecular attack by one of its two
amine functions on one carbonyl function, forming DP4 and carbamic acid. The latter
would subsequently degrade to carbon dioxide and ammonia. Hydrolysis of one of the
two terminal amide bonds, as indicated by the pathway g, could lead to intermediate I;7
and carbamic acid. From I;7, hydrolysis of the imine bond, as indicated by the pathway 1,
could yield products DP7 and DP10.

Alternatively, intermediate I, could undergo hydrolysis of its other amide bond, as
indicated by pathway h, leading to the formation of product DP8 and intermediate I;g.
This last one, upon hydrolysis of the imine bond, could create the product DP11, while the
hydrolysis of the imine bond of its tautomer I;9 could explain the formation of product
DP10. DP10 could also be obtained through the hydrolysis of DP11.

Finally, the hydrolysis of the amide bond indicated by pathway i could explain the
obtaining of the intermediate g, from which it would be easy to derive many of the isolated
products.

With the first chlorination, which lasted 20 min, about one-third or slightly more of the
starting product was recovered (Table 1), while the DP1-DP11 products were isolated in a
total amount equal to about 30% of the reacted ACV. The most abundant product was DP1
(just over 4%), and the least abundant (less than 0.5%) was DP11. It is assumed that the
unrecovered ACV, about 70% of the initial amount, was either mineralized or transformed
into minor products that were not isolated and/or identified.

If the reaction times are tripled under the same experimental conditions, the amount
of unrecovered ACV decreases to around 4%, and the total amount of DP1-DP11 products
accounts for approximatively 19% of the ACV. In this case, the most abundant product was
DP10, with a percentage just below 5%.

2.3. Spectral Data and Description of the Isolated Byproducts

The name, physical appearance, chemical formula, theoretical molecular weight, and
experimental molecular weight obtained for the pseudo-molecular ion [M + H]* are shown
in Table 2.
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Table 2. Spectral data of ACV and its degradation byproducts DP1-DP11.
. . mlz
DP Name P:ysmetll (}Zjhemlclal cal 1mt/zd - Found
spec ormula alculate [M + HJ*
2-Amino-9-((2-hydro xyethoxy)me o
ACV thyl)-3H-purin-6(9H)-one Grey powder CgH11N503 225.20 226.08 (88%)
2-Amino-3H- o
DP1 purin-6(9H)-one Grey powder CsH5N50 151.05 152.12 (55%)
1H-Purine- o
DP2 2,6(3H,9H)-dione. Grey powder CsHsN4O, 152.03 153.13 (66%)
DP3 1H-Purine-2,6,8(3H,7H,9H)-trione Grey powder CsH4N4O5 168.03 169.12 (38%)
DP4 6-Amino-1,3,5-triazine-2,4(1H,3H)-dione White powder C3HyN4O, 128.03 129.09 (41%)
1,3,5-Triazinane- . o
DP5 2 4 b-trione White powder C3H3N30;3 129.02 130.07 (42%)
Imidazolidine- . o
DP6 2.4 5-trione White powder C3H,yN,O3 114.01 115.06 (51%)
DP7 Oxalamide Grey powder CoH4N,O, - -
DP8 2-Amino-2-oxoacetic acid Grey powder Co,H3NO;3 - -
DP9 Oxalic acid Grey powder CyH,04 - -
DP10 Urea Grey powder CH4N,O - -
DP11 Carbamylurea Grey powder C,H5N30, - -

A total of 11 degradation byproducts have been isolated from Acyclovir; of these, the
first 3 (DP1—DP3) retain the purine ring. In particular, DP1 is the degradation byproduct
deriving from the loss of the methyl glycol side-chain of the starting molecule; DP2 was
devoid of the side-chain and the amino function linked to the carbon C-2 of the pyrimidine
ring results oxidized to the corresponding carbonyl group; while, finally, DP3 is similar to
DP2 but the carbon C-8 of the imidazole ring results also oxidized to the corresponding
carbonyl group (Figure 1).

DP4 and DP5 products retain only the pyrimidine nucleus of the starting product.
Evidently, the latter has undergone the cleavage of bonds C-4/N-9 and C-5/N-7 and
oxidation to the carbon C-2 in the case of DP4 and to the carbons C-2 and C-4 in the case
of DP5.

DP6 is actually a derivative of only the imidazole ring of ACV, in that all the carbons
are oxidized.

The last five products, namely DP7—-DP11, are characterized by a low molecular
weight and high water-solubility. Among these, DP9 can be considered in all respects
to be the oxidation product obtained from the glycol side-chain. It is the last product
before complete mineralization occurs with the formation of carbon dioxide and water. The
byproducts DP7 and DP8 are, in principle, the mono- and di-amide derivatives of DP9.
However, it is easier to imagine that they occurred from the degradation of the aromatic
nucleus of ACV, as hypothesized in the mechanisms proposed in Figures 2 and 3.

2.4. Degration Using Different HOCI:ACV Ratios and in Wastewater

To investigate the degradation of ACV, a series of experiments were conducted using
a fixed concentration of 107> M ACV while varying the concentrations of hypochlorite.
In these experiments, 1 mL samples were withdrawn at fixed time intervals and immedi-
ately mixed with 10 uL of 0.1 M Nay5,03 to quench the hypochlorite and prevent further
oxidation before analysis [44]. The degradation efficiency of ACV after 30 s of reaction,
at which point the degradation had reached a plateau, is presented as a function of dif-
ferent hypochlorite-~ACYV ratios in Figure 4. The results indicate a linear increase in ACV
degradation efficiency from 17% to 98% as the hypochlorite~ACV ratio increased from
0.5 to 5. Beyond this ratio, the degradation efficiency reached a plateau, indicating that
higher concentrations of hypochlorite did not significantly enhance the degradation process
further. This behaviour can be attributed to the saturation point where all available ACV
molecules have reacted with the hypochlorite. In addition, we explored the impact of using
wastewater (Table S1) instead of Milli-Q water to prepare the solutions. It was observed that
the degradation efficiency was similar in both cases; however, there was a slight inhibition
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in the degradation efficiency at lower concentrations of hypochlorite when wastewater was
used. This inhibition is likely due to the presence of dissolved organic matter (DOM) in the
wastewater, which competes with ACV for reaction with hypochlorite. DOM can react with
hypochlorite, thus reducing the amount of hypochlorite available to degrade ACV. Despite
this competitive interaction, complete degradation of ACV was still observed when higher
concentrations of hypochlorite, specifically five to seven times more, were used.

[ miliQ
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[ wastewater

(o]
o
1

D
o
1

B
o
1

H

ACV degradation efficiency (%)

N
o
1

A\Fm R

05 1 3 5 7
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Figure 4. Degradation efficiency of ACV after 30 s of reactions in different ratios of hypochlorite~—ACV

in MilliQ and wastewater.

3. Materials and Methods
3.1. Drug and Reagents

Acyclovir and sodium hypochlorite solution (6-14% active chlorine) were purchased
from Merck (Darmstadt, Germany). Solvents were purchased from Merck (Darmstadt,
Germany) and were of HPLC grade and used as received. All other chemicals were of
analytical grade and supplied by Merck.

3.2. Apparatus and Equipment

Kieselgel 60 (230-400 mesh, Merck, Darmstadt, Germany) was used for column chro-
matography (CC). HPLC analysis utilized a Shimadzu LC-8A system equipped with a
Shimadzu SPD-10A VP UV-VIS detector (Shimadzu, Milan, Italy). MALDI-TOF mass
spectrometric analyses were conducted on a Voyager-De Pro MALDI mass spectrometer
(PerSeptive Biosystems, Framingham, MA, USA). UV-vis spectra were recorded on a JASCO
V-750 UV-Visible Spectrophotometer. Lyophilization of samples was performed using a
Lyovapor TM-200 (Buchi, Cornaredo (MI), Italy), with a compressor featuring a cooling
capacity of 1.97 kW for 50 Hz and minimum condenser temperature of —55 °C.

3.3. Chlorination Reaction

A solution of ACV at a concentration of 107> M was treated with a 10% hypochlorite
solution (hypochlorite~ACV: molar ratio of 1:1) for 20 min at room temperature. The solu-
tion initially had a pH close to neutral, which, after the addition of hypochlorite, reached
approximately 8.0. The presence of ACV was determined spectrophotometrically with
absorbance peaks measured at 252 nm [45] using a previously prepared calibration curve.
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Under these conditions, the byproducts DP1-DP11 formed were too low in abundance
to isolate.

Preparatory experiments were thus conducted, using an ACV solution at a concen-
tration higher than 10~ M, treated with a 10% hypochlorite solution. The oxidant was
added slowly, dropwise, under magnetic stirring, at room temperature and in a molar ratio
approximately seven times higher than that of ACV itself. The progress of the reaction
was monitored approximately every 10 min by taking aliquots of the solution, which was
immediately extracted with ethyl acetate. The organic phase was then analyzed by HPLC.
The reaction was stopped after 60 min to ensure maximum degradation of the ACV and
the formation of its degradation products. The resulting solution was immediately frozen
in a bath of acetone and dry ice and then freeze-dried.

The crude reaction was analyzed by HPLC, comparing the chromatographic profile
with that obtained from the corresponding experiments under analytical conditions and
identifying the common degradation byproducts.

3.4. Product Isolation Procedure

Acyclovir (0.85 g, 3.77 mmol) dissolved in MilliQ water (850 mL) was treated with
a 10% hypochlorite solution, the concentration of which was determined via iodometric
titration (hypochlorite—_ACV: molar ratio of 7:1) at room temperature. The pH of the
solution increased from an initial value of 7.0 to 8.0 within 3 min and remained constant for
the duration of the experiment.

Two different chlorination reactions were carried out, with the first stopped after
20 min and the second after 60 min. Immediately after the appointed times, the solutions
were frozen at —78 °C and immediately reduced in volume by freeze-drying. Each residue
was extracted with ethyl acetate. The ethyl acetate fractions (523 mg after 20 min and
234 mg after 60 min) were chromatographed on silica gel column chromatography (CC)
using a gradient of chloroform—acetone to give 11 fractions (Scheme 1). The fraction Fr.
3, eluted with 95:5 chloroform-acetone, was purified by HPLC using a reversed-phase
column Phenomenex Synergi 10 pm 110 A C18 (250 x 10 mm) column and eluted with
40:60 water—acetonitrile to give compounds DP5 and DP6. The fraction Fr. 5, eluted with
85:15 chloroform-acetone, contained compound DP4, which was purified by HPLC using
the same column as fraction Fr. 3 and eluted with 50:50 water—-acetonitrile. The fraction Fr.
6, eluted with 75:25 chloroform-acetone, was rechromatographed on silica gel CC eluted
with a gradient of chloroform-methanol, and 8 fractions were obtained. The fraction Fr.
6.3, eluted with 70:30 chloroform-methanol, contained the unreacted ACV. The fraction
Fr. 7, eluted with 65:35 chloroform-acetone, was chromatographed on reversed-phase
silica gel CC with water and acetonitrile, and 5 fractions were obtained. Fraction 7.4,
eluted with 5:95 water—acetonitrile, was separated on Sep-Pak RP-18 with methanol and
the eluate Fr. 7.4.M was purified by HPLC using a reversed-phase column Phenomenex
Luna 5 pm C18(2) (250 x 10 mm), eluted with potassium phosphate buffer (50 mM, pH
1.5), to create DP1 and DP2. The fraction Fr. 10, eluted with 50:50 chloroform-acetone, was
rechromatographed on silica gel CC eluted with a gradient of ethyl acetate-methanol, and
6 fractions were obtained. The fraction Fr. 10.3, eluted with 85:15 ethyl acetate-methanol,
contained compound DP3.

The aqueous phase obtained after the extraction with ethyl acetate was immediately
stored in a dark glass bottle with a Teflon cap at 4 °C. An aliquot of this solution was
acidified to pH 2 with 0.1% sulfuric acid. The acidified solution was then subjected to
chromatographic analysis under ion-exchange conditions using a column Dionex IonPac
ICE-AS1 (9 x 250 mm, 7.5 um particle, Dionex, Sunnyvale, CA, USA). The optimal mobile
phase was a mixture of 5:95 acetonitrile—0.1% H,SO; at a flow rate of 0.8 mL/min. The
sample was prepared in 30:70 acetonitrile-H,O with an injection volume of 10 pL and
detection was performed at 205 nm. In this way, products DP7-DP9 were identified
by comparison with commercial references and quantified by interpolation with their
respective calibration curves, obtained using five different solutions of compound DP7 in
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concentrations between 2 x 107 and 7 x 107> M and five different solutions of DP8 and
DP9 compounds in concentration between 5.5 x 107% and 2 x 10~* M.

The qualitative and quantitative determination of urea (DP10) was carried out accord-
ing to a slightly modified version of the protocol described by Langenfeld et al. [46]. Urea
was determined by reacting an aliquot of the aqueous solution with diacetyl monoxime in
an acidic solution of H,SO4/H3PO, under heat. The resulting species were then complexed
with thiosemicarbazide in the presence of ferric chloride. The pink-coloured complex
formed has a maximum absorption at 520 nm, which is proportional to the concentration
of urea. Its calibration curve was obtained using five different solutions in concentrations
between 1 x 1073 and 5 x 1073 M.

A further aliquot of the aqueous phase (50 mL) was lyophilized and then re-dissolved
in MilliQ water. The fraction was analyzed via HPLC using a Luna NH; 5 pm column
(250 x 4.6 mm, Phenomenex, Bologna, Italy), with an eluent consisting of a solution of
85:15 acetonitrile-water. Detection was performed at a wavelength of 195 nm using a UV
detector [47]. The product DP11 was identified by comparison with a commercial reference
and quantified by interpolation using the appropriate calibration curve, obtained using
five different solutions in concentrations between 9.7 x 107% and 4.4 x 107> M.

4. Conclusions

In conclusion, our study highlights the transformations of ACV because of chlori-
nation, the most used oxidation method in wastewater treatment systems. ACV is an
emerging microcontaminant, present even in surface waters and, in some cases, even in
drinking water, with the suspicion that its presence, given its widespread use (especially
during the COVID-19 pandemic), may constantly increase over the coming years. The
chlorination reaction could prove to be a convenient method for treating wastewater to
eliminate this pollutant and others that are structurally similar. In fact, while 11 degrada-
tion products were isolated, mostly identified through mass spectrometry studies or by
comparison with commercially available products, the presence of unaltered recovered
Acyclovir decreased from 34% to just 4% by extending the reaction times from 20 to 60 min.
The degradation products were obtained in percentages ranging from 0.3% to 4.9%, with a
transformation percentage of all isolated byproducts of about 29% for a 20 min chlorina-
tion and 19% for a 60 min reaction. A plausible mechanism for their formation has been
proposed in relation to the isolated products. Finally, experiments using different ratios of
hypochlorite in MilliQ and wastewater highlight the relevance of this work.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/molecules29163783/s1. Table S1. Wastewater physico-chemical
characteristics.

Author Contributions: A.M. and G.L. performed the oxidation experiments; M.D.N., G.D.F. per-
formed supervision and writing—review and editing; A.Z. designed the research study, performed
the supervision and writing—original draft preparation, and wrote the final version of the manuscript.
M.B. was involved in supervision and wrote the final version of the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: This research was supported by AIPRAS-Onlus (Associazione Italiana per la Pro-
mozione delle Ricerche sull’Ambiente e la Salute umana) for the grants in support of this investigation.

Conflicts of Interest: The authors declare no conflicts of financial interest.


https://www.mdpi.com/article/10.3390/molecules29163783/s1
https://www.mdpi.com/article/10.3390/molecules29163783/s1

Molecules 2024, 29, 3783 12 of 13

References

1.  WHO Model List of Essential Medicines 18th list (April 2013) (Final Amendments—October 2013). Available online: https:
/ /iris.who.int/bitstream /handle /10665/93142 /EML_18_en?sequence=1 (accessed on 15 March 2024).

2. Available online: https://nida.nih.gov/research-topics/commonly-used-drugs-charts (accessed on 15 March 2024).

3. Hoyett, Z. Pharmaceuticals and Personal Care Products: Risks, Challenges, and Solutions; InTech: London, UK, 2018. [CrossRef]

4. Anand, U.; Adelodun, B.; Cabreros, C.; Kumar, P.,; Suresh, S.; Dey, A.; Ballesteros, E.; Bontempi, E. Occurrence, transformation,
bioaccumulation, risk and analysis of pharmaceutical and personal care products from wastewater: A review. Environ. Chem. Lett.
2020, 20, 3883-3904. [CrossRef]

5. More, S.J. European perspectives on efforts to reduce antimicrobial usage in food animal production. Ir. Vet. J. 2020, 73, 2.
[CrossRef] [PubMed]

6. Tiseo, K.; Huber, L.; Gilbert, M.; Robinson, T.P.; Van Boeckel, T.P. Global trends in antimicrobial use in food animals from 2017 to
2030. Antibiotics 2020, 9, 918. [CrossRef]

7. Van Boeckel, T.P; Brower, C.; Gilbert, M.; Grenfell, B.T.; Levin, S.A.; Robinson, T.P; Teillant, A.; Laxminarayan, R. Global trends in
antimicrobial use in food animals. Proc. Natl. Acad. Sci. USA 2015, 112, 5649-5654. [CrossRef]

8. Lompo, P; Agbobli, E.; Heroes, A.S.; Van den Poel, B.; Kiihne, V.; Kpossou, CM.G.; Zida, A.; Tinto, H.; Affolabi, B.; Jacobs,
J. Bacterial contamination of antiseptics, disinfectants, and hand hygiene products used in healthcare settings in low-and
middle-income countries—A systematic review. Hygiene 2023, 3, 93-124. [CrossRef]

9.  Broza, Y.Y;; Zhou, X,; Yuan, M.; Qu, D.; Zheng, Y.; Vishinkin, R.; Khatib, M.; Wu, W.; Haick, H. Disease detection with molecular
biomarkers: From chemistry of body fluids to nature-inspired chemical sensors. Chem. Rev. 2019, 119, 11761-11817. [CrossRef]
[PubMed]

10. Rathi, B.S.; Kumar, P.S.; Vo, D.V.N. Critical review on hazardous pollutants in water environment: Occurrence, monitoring, fate,
removal technologies and risk assessment. Sci. Total Environ. 2021, 797, 149134. [CrossRef] [PubMed]

11.  Awvailable online: https:/ /www.epa.gov/international-cooperation/persistent-organic-pollutants-global-issue-global-response
(accessed on 15 March 2024).

12.  Jones, K.C. Persistent organic pollutants (POPs) and related chemicals in the global environment: Some personal reflections.
Environ. Sci. Technol. 2021, 55, 9400-9412. [CrossRef]

13. Goldan, E.; Nedeff, V,; Barsan, N.; Culea, M.; Panainte-Lehadus, M.; Mosnegutu, E.; Tomozei, C.; Chitimus, D.; Irimia, O.
Assessment of manure compost used as soil amendment—A review. Processes 2023, 11, 1167. [CrossRef]

14. Urra, J.; Alkorta, I.; Garbisu, C. Potential benefits and risks for soil health derived from the use of organic amendments in
agriculture. Agronomy 2019, 9, 542. [CrossRef]

15. Palma, D.; Parlanti, E.; Sourzac, M.; Voldoire, O.; Beauger, A.; Sleiman, M.; Richard, C. Fluorescence analysis allows to predict the
oxidative capacity of humic quinones in dissolved organic matter: Implication for pollutant degradation. Environ. Chem. Lett.
2021, 19, 1857-1863. [CrossRef]

16. Jain, S.; Kumar, P; Vyas, R.K,; Pandit, P; Dalai, A.K. Adsorption optimization of acyclovir on prepared activated carbon. Can. J.
Chem. Eng. 2014, 92, 1627-1635. [CrossRef]

17.  Sadat Hosseini Nasr, A.; Akbarzadeh, H.; Tayebee, R. Adsorption mechanism of different acyclovir concentrations on 1-2 nm
sized magnetite nanoparticles: A molecular dynamics study. . Mol. Lig. 2018, 254, 64-69. [CrossRef]

18. Russo, D,; Siciliano, A.; Guida, M.; Galdiero, E.; Amoresano, A.; Andreozzi, R.; Reis, N.M.; Li Puma, G.; Marotta, R. Photodegra-
dation and ecotoxicology of acyclovir in water under UVy54 and UVys54/HyO; processes. Water Res. 2017, 122, 591-602. [CrossRef]
[PubMed]

19. Palma, D.; Deganello, F; Liotta, L.F.; La Parola, V.; Bianco Prevot, A.; Malandrino, M.; Laurenti, E.; Boffa, V.; Magnacca, G.
Main Issues in the Synthesis and Testing of Thermocatalytic Ce-Doped SrFeO3; Perovskites for Wastewater Pollutant Removal.
Inorganics 2023, 11, 85. [CrossRef]

20. DPrasse, C.; Wagner, M.; Schulz, R.; Ternes, T.A. Oxidation of the antiviral drug acyclovir and its biodegradation product carboxy
acyclovir with ozone: Kinetics and identification of oxidation products. Environ. Sci. Technol. 2012, 46, 2169-2178. [CrossRef]
[PubMed]

21. Vallés, I; Santos Juanes, L.; Amat, A.M.; Palma, D.; Laurenti, E.; Bianco Prevot, A.; Arques, A. Humic acids as complexing agents
to drive photo-Fenton at mild pH in saline matrices: Process performance and mechanistic studies. J. Environ. Chem. Eng. 2023,
11, 111391. [CrossRef]

22. Zhang, Y.; Zhu, H.; Szewzyk, U.; Liibbecke, S.; Uwe Geissen, S. Removal of emerging organic contaminants with a pilot-scale
biofilter packed with natural manganese oxides. Chem. Eng. J. 2017, 317, 454—460. [CrossRef]

23.  Zarrelli, A.; DellaGreca, M.; Parolisi, A.; Iesce, M.R.; Cermola, F; Temussi, F.; Isidori, M.; Lavorgna, M.; Passananti, M.; Previtera,
L. Chemical fate and genotoxic risk associated with hypochlorite treatment of nicotine. Sci. Total Environ. 2012, 426, 132-138.
[CrossRef]

24. Romanucci, V,; Siciliano, A.; Guida, M.; Libralato, G.; Saviano, L.; Luongo, G.; Previtera, L.; Di Fabio, G.; Zarrelli, A. Disinfection
by-products and ecotoxic risk associated with hypochlorite treatment of irbesartan. Sci. Total Environ. 2020, 712, 135625. [CrossRef]

25. Ladhari, A.; La Mura, G.; Di Marino, C.; Di Fabio, G.; Zarrelli, A. Sartans: What They Are for, How They Degrade, Where They

Are Found and How They Transform. Sustain. Chem. Pharm. 2021, 20, 100409. [CrossRef]


https://iris.who.int/bitstream/handle/10665/93142/EML_18_en?sequence=1
https://iris.who.int/bitstream/handle/10665/93142/EML_18_en?sequence=1
https://nida.nih.gov/research-topics/commonly-used-drugs-charts
https://doi.org/10.5772/intechopen.70799
https://doi.org/10.1007/s10311-022-01498-7
https://doi.org/10.1186/s13620-019-0154-4
https://www.ncbi.nlm.nih.gov/pubmed/32002180
https://doi.org/10.3390/antibiotics9120918
https://doi.org/10.1073/pnas.1503141112
https://doi.org/10.3390/hygiene3020010
https://doi.org/10.1021/acs.chemrev.9b00437
https://www.ncbi.nlm.nih.gov/pubmed/31729868
https://doi.org/10.1016/j.scitotenv.2021.149134
https://www.ncbi.nlm.nih.gov/pubmed/34346357
https://www.epa.gov/international-cooperation/persistent-organic-pollutants-global-issue-global-response
https://doi.org/10.1021/acs.est.0c08093
https://doi.org/10.3390/pr11041167
https://doi.org/10.3390/agronomy9090542
https://doi.org/10.1007/s10311-020-01137-z
https://doi.org/10.1002/cjce.22026
https://doi.org/10.1016/j.molliq.2018.01.081
https://doi.org/10.1016/j.watres.2017.06.020
https://www.ncbi.nlm.nih.gov/pubmed/28628881
https://doi.org/10.3390/inorganics11020085
https://doi.org/10.1021/es203712z
https://www.ncbi.nlm.nih.gov/pubmed/22300376
https://doi.org/10.1016/j.jece.2023.111391
https://doi.org/10.1016/j.cej.2017.02.095
https://doi.org/10.1016/j.scitotenv.2012.03.047
https://doi.org/10.1016/j.scitotenv.2019.135625
https://doi.org/10.1016/j.scp.2021.100409

Molecules 2024, 29, 3783 13 of 13

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Luongo, G.; Previtera, L.; Ladhari, A.; Di Fabio, G.; Zarrelli, A. Peracetic acid vs. sodium hypochlorite: Degradation and
transformation of drugs in wastewater. Molecules 2020, 25, 2294. [CrossRef]

Temussi, F.; Cermola, F.; DellaGreca, M.; Iesce, M.R.; Passananti, M.; Previtera, L.; Zarrelli, A. Determination of photostability and
photodegradation products of indomethacin in aqueous media. J. Pharm. Biomed. Anal. 2011, 56, 678-683. [CrossRef] [PubMed]
Derco, J.; Dudas, J.; Valickova, M.; Simovicova, K.; Kecskés, J. Removal of micropollutants by ozone-based processes. Chem. Eng.
Process. 2015, 94, 78-84. [CrossRef]

Ragab, D.; Gomaa, H.G.; Sabouni, R.; Salem, M.; Ren, M.; Zhu, J. Micropollutants removal from water using microfiltration
membrane modified with ZIF-8 metal organic frameworks (MOFs). Chem. Eng. J. 2016, 300, 273-279. [CrossRef]

Gupta, A.; Vyas, RK,; Gupta, A.B. Occurrence of acyclovir in the aquatic environment, its removal and research perspectives: A
review. J. Water Process Eng. 2021, 39, 101855. [CrossRef]

Niedobitek, G.; Agathanggelou, A.; Steven, N.; Young, L.S. Epstein-Barr virus (EBV) in infectious mononucleosis: Detection of
the virus in tonsillar B lymphocytes but not in desquamated oropharyngeal epithelial cells. Mol. Pathol. 2000, 53, 37. [CrossRef]
O’Brien, J.J.; Campoli-Richards, D.M. Acyclovir: An updated review of its antiviral activity, pharmacokinetic properties and
therapeutic efficacy. Drugs 1989, 37, 233-309. [CrossRef] [PubMed]

Monicha, E.; Andayani, R.; Rivai, H. Review of acyclovir analysis in pharmaceutical preparations and biological matrices. World J.
Pharm. Pharm. Sci. 2020, 9, 849-875.

Wei, Y.P; Yao, L.Y.; Wu, Y.Y;; Liu, X,; Peng, L.H.; Tian, Y.L.; Ding, J.-H.; Li, K.-H.; He, Q.G. Critical review of synthesis, toxicology
and detection of acyclovir. Molecules 2021, 26, 6566. [CrossRef]

Klysik, K.; Pietraszek, A.; Karewicz, A.; Nowakowska, M. Acyclovir in the treatment of herpes viruses—A review. Curr. Med.
Chem. 2020, 27, 4118-4137. [CrossRef] [PubMed]

Heidary, F.; Madani, S.; Gharebaghi, R.; Asadi-Amoli, F. Acyclovir as a potential add-on treatment for COVID-19: A narrative
review. SSRN Electron. J. 2021, 10, 3767875. [CrossRef]

Akimsheva, E.Y,; Dolinina, E.S.; Parfenyuk, E.V. Interactions of sol-gel encapsulated acyclovir with silica matrix. Colloid. Surf. B
Biointerfaces 2019, 178, 103-110. [CrossRef] [PubMed]

Mascolo, G.; Balest, L.; Cassano, D.; Laera, G.; Lopez, A.; Pollice, A.; Salerno, C. Biodegradability of pharmaceutical industrial
wastewater and formation of recalcitrant organic compounds during aerobic biological treatment. Bioresour. Technol. 2010,
101, 2585-2591. [CrossRef] [PubMed]

Azuma, T,; Arima, N.; Tsukada, A.; Hirami, S.; Matsuoka, R.; Moriwake, R.; Ishiuchi, H.; Inoyama, T.; Teranishi, Y.; Yamaoka,
M.; et al. Science of the total environment detection of pharmaceuticals and phytochemicals together with their metabolites in
hospital effluents in Japan, and their contribution to sewage treatment plant influents. Sci. Total Environ. 2016, 548-549, 189-197.
[CrossRef] [PubMed]

Seitz, W.; Winzenbacher, R. A survey on trace organic chemicals in a German water protection area and the proposal of relevant
indicators for anthropogenic influences. Environ. Monit. Assess. 2017, 6, 189-244. [CrossRef]

Peng, X.; Wang, C.; Zhang, K.; Wang, Z.; Huang, Q.; Yu, Y.; Ou, W. Profile and behavior of antiviral drugs in aquatic environments
of the Pearl River Delta, China. Sci. Total Environ. 2014, 466—467, 755-761. [CrossRef]

Bradley, PM.; Barber, L.B.; Duris, ].W.; Foreman, W.T.; Furlong, E.T.; Hubbard, L.E.; Hutchinson, K.J.; Keefe, S.H.; Kolpin, D.W.
Riverbank filtration potential of pharmaceuticals in a wastewater-impacted stream. Environ. Pollut. 2014, 193, 173-180. [CrossRef]
Prasse, C.; Schliisener, M.P.; Schulz, R.; Ternes, T.A. Antiviral drugs in wastewater and surface waters: A new pharmaceutical
class of environmental relevance? Environ. Sci. Technol. 2010, 44, 1728-1735. [CrossRef]

Medici, A.; Sarakha, M.; Di Fabio, G.; Brigante, M.; Zarrelli, A. Efficient Nimesulide degradation via chlorination and sun-
simulated radiation: Kinetic insights, reactive species formation, and application to real wastewater. |. Environ. Chem. Eng. 2024,
12,113247. [CrossRef]

Dagdu, K.V.; Gadhave, M.; Bhujbal, S.; Shrinath, B. Area under curve by UV spectrophotometric method for determination
albendazole in bulk. J. Drug Deliv. Ther. 2019, 9, 47-50. [CrossRef]

Langenfeld, N.J.; Payne, L.E.; Bugbee, B. Colorimetric determination of urea using diacetyl monoxime with strong acids. PLoS
ONE 2021, 16, €0259760. [CrossRef] [PubMed]

Hojjatie, M.M.; Abrams, D. Validation for the determination of biuret in water-soluble, urea-based commercial inorganic fertilizer
materials, urea solutions, and sulfur-coated urea products by reversed-phase liquid chromatography: Single-laboratory validation
of an extension of AOAC Official method SM 2003.14. |. AOAC Int. 2014, 97, 712-720. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/molecules25102294
https://doi.org/10.1016/j.jpba.2011.07.005
https://www.ncbi.nlm.nih.gov/pubmed/21807472
https://doi.org/10.1016/j.cep.2015.03.014
https://doi.org/10.1016/j.cej.2016.04.033
https://doi.org/10.1016/j.jwpe.2020.101855
https://doi.org/10.1136/mp.53.1.37
https://doi.org/10.2165/00003495-198937030-00002
https://www.ncbi.nlm.nih.gov/pubmed/2653790
https://doi.org/10.3390/molecules26216566
https://doi.org/10.2174/0929867325666180309105519
https://www.ncbi.nlm.nih.gov/pubmed/29521211
https://doi.org/10.2139/ssrn.3767875
https://doi.org/10.1016/j.colsurfb.2019.02.052
https://www.ncbi.nlm.nih.gov/pubmed/30844562
https://doi.org/10.1016/j.biortech.2009.10.057
https://www.ncbi.nlm.nih.gov/pubmed/19939666
https://doi.org/10.1016/j.scitotenv.2015.12.157
https://www.ncbi.nlm.nih.gov/pubmed/26802347
https://doi.org/10.1007/s10661-017-5953-z
https://doi.org/10.1016/j.scitotenv.2013.07.062
https://doi.org/10.1016/j.envpol.2014.06.028
https://doi.org/10.1021/es903216p
https://doi.org/10.1016/j.jece.2024.113247
https://doi.org/10.22270/jddt.v9i6.3667
https://doi.org/10.1371/journal.pone.0259760
https://www.ncbi.nlm.nih.gov/pubmed/34748601
https://doi.org/10.5740/jaoacint.12-443
https://www.ncbi.nlm.nih.gov/pubmed/25051615

	Introduction 
	Results and Discussion 
	Degradation Experiments 
	Structure Elucidation of Degradation Byproducts DP1–DP11 
	Spectral Data and Description of the Isolated Byproducts 
	Degration Using Different HOCl:ACV Ratios and in Wastewater 

	Materials and Methods 
	Drug and Reagents 
	Apparatus and Equipment 
	Chlorination Reaction 
	Product Isolation Procedure 

	Conclusions 
	References

