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GRAPHICAL ABSTRACT

ABSTRACT

In this study, the degradation of four emerging contaminants (losartan potassium
(LP), furosemide (FRSM), caffeine (CAF), and carbendazim (CBZ) under UV-C,
UV-C/H202, and UV-C/S208% was investigated. A comparative evaluation of the
efficiency of UV-C/H202 and UV-C/S20s? in the degradation of these target CECs
has not yet been reported. Moreover, target compounds were submitted to UV-
C/AOPs individually in pure water and their simultaneous degradation was
investigated in real surface water. Evolution of the acute toxicity of each
compound during treatment was evaluated using Alivibrio fischeri. Quantum
yields were determined for LP (0.011 to 0.016), FRSM (0.024 to 0.092), CAF
(0.0007 to 0.0009), and CBZ (0.0016 to 0.0036) at different pH values. UV-
C/H202 and UV-C/S20g? achieved more than 98% removal of all compounds

within 600 mJ cm?, and pseudo-fist-order kinetic constants (k’app) for the
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degradation reactions were up to seven times higher in the presence of these
oxidants when compared to k'app values obtained for UV-C photolysis. Kapp
measured for UV-C/H202 were higher than those calculated for UV-C/S20g*
except in the case of LP. Acute toxicity analysis suggested the formation of toxic
intermediates during the UV-C photolysis of LP and FRSM, and the degradation
of LP via UV-C/S208> also enhaced acute toxicity although electric energy
efficiency per order identified UV-C/S20s? as the most efficient process for the
removal of this compound. Finally, different transformation products obtained
during the degradation of caffeine under the different UV-C AOPs suggested that

distinct degradation routes were involved in each treatment tested.

Keywords: advanced oxidation processes, persulfate, UV-C process, quantum
yield, contaminants of emerging concern
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1. Introduction

After the scientific community raised awareness regarding the presence of
contaminants of emerging concern (CECs) in different water resources (i.e.
drinking water, groundwater, surface water, and wastewater) these compounds
have been intensively studied over the past two decades. Therefore, many

technologies have been developed for the removal of CECs from these matrices.

Advanced oxidation processes (AOPs) have proven to be effective methods for
the degradation of CECs [1]. AOPs incorporating UV-C irradiation (UV-C AOPS)
are attractive alternatives within this category [2, 3], because the UV-C reactors
already being used worldwide in water and wastewater treatment plants could be

easily adapted for these processes [4].

Photoperoxidation (UV-C/H202) is one of the most disseminated AOPs [5],
wherein H202 undergoes UV-C photolysis (A=254 nm ) and is cleaved into two
hydroxyl radicals (HO) [6]. HO- presents a high redox potential (E°= 1.8-2.7 V),
thus being highly reactive and non-selective [7]. In addition, the UV-C/H202
process does not require pH adjustment, simplifying operational requirements in
comparison to those involved in other AOPs such as Fenton and photo-Fenton

[8, 9].

Most of the studies using UV-C/H20:2 to remove CECs from water have used pure
solutions of target compounds in synthetic matrices [6, 10-12]. Meanwhile, in real
matrices containing natural organic matter (NOM), inorganic ions (HCOs, CI;, NOz
, and S0O4%), and dissolved oxygen (DO), UV-C/H202 reactions may be disturbed

due to quenching of HO- [13], thus reducing the process efficiency. There has,
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thus, been increased interest in alternative systems that employ strongly reactive

yet selective radicals, such as the sulfate radical (SOa4) [14].

In irradiated systems, SOg4* (E° = 2.55-3.1 V) is formed when persulfate (PS,
S208%) or peroxymonosulfate (PMS, SOs%) are cleaved under UV-C (254 nm)
irradiation [15]. SOa4* reacts primarily via an electron transfer mechanism, and is,
thus, more selective and resistant than HO- in the presence of matrix constituents
such as NOM and inorganic ions [16]. In addition, SOa4*is not as easily influenced
by carbonate ions (HCO3") due to the lower rate constant of the reaction between
SOs+and HCO3 (2.6 t0 9.1 x 106 M! s1) compared to that of the reaction between
HO+ and HCOs (10’ Mt s1) [6, 14, 17-20]. The removal of CECs via UV-C/H202
and UV-C/S20g? varies according to the chemical structure of the compound
involved and as a consequence of the different reaction mechanisms promoted

by each radical [2, 21, 22].

Toxic intermediates may be generated during UV-C AOPs [23], and appropriate
treatment conditions for the simple removal of target compounds may not
effectively eliminate their toxic effects [24]. Therefore, it is essential to follow the
evolution of the toxicity of compounds during their treatment by UV-C AOPs in
order to comprehensively understand treatment efficiency [25], especially with
regard to UV-C/S20s?, for which only a few studies have investigated toxicity
evolution [26, 27]. In addition, since in industrial applications these advanced
treatments would not be utilized to achieve complete mineralization of CECs, it is
necessary to investigate the evolution of toxicity resulting from the degradation of
various harmful CECs present in environmental samples, as well as to identify

any intermediates and/or byproducts of their degradation processes.
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Considering the vast diversity of emerging contaminants present in surface water,
four CECs were chosen as representative compounds for different classes of
contaminants because of their environmental relevance as they have been
increasingly consumed and consequently detected in surface water worldwide.
Losartan potassium (LP) and furosemide (FRSM) represent pharmaceutical
drugs. These compounds are widely prescribed to hypertensive patients
worldwide and have been detected in environmental matrices in various locations
[28-33], especially in developing countries where sanitary conditions are
inadequate [34]. Caffeine (CAF) was chosen due to its regular occurrence in
surface water and drinking water resources, for which it was recently proposed
as an urban pollution tracer [35-37]. The fungicide carbendazim (CBZ), which has
been detected in surface water around the world and is known for its toxicity,

represents the diverse group of agrochemicals [36, 38, 39].

In this context, the goals of this study were to assess the susceptibility LP, FRSM,
CAF and CBZ to UV-C photolysis; to evaluate the performance of UV-C/S20g?
and UV-C/H20:2 in the degradation of each target compound individually in pure
water as well as that of the four compounds in conjunction in pure water and real

surface water; and to investigate the impact of each UV-C AOP on acute toxicity.

2. Material and Methods

2.1 Determination of quantum yields

LP, FRSM, CAF, and CBZ were purchased from Sigma-Aldrich. Table S1
(Supplementary Material) shows the chemical structures and some
physicochemical properties of each of the four CECs. Figure S1 shows the UV-

Vis absorption spectra of the CECs at the natural pH of each solution.



116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

Experiments for the determination of quantum yields (®) were conducted in a UV-
C bench reactor (volume 0.0035 L, pathway length 1 cm?) equipped with a low-
pressure mercury-xenon lamp (LightningCure LC8, Hamamatsu City, Japan)
under constant agitation by using a magnetic stirrer. Lamp intensity (lo) was
determined prior to experiments using H202 (lo = 2.54 J m2s?) and atrazine (lo =
2.14 J m2s1) as actinometers [40, 41]. A UV filter (254 nm; Semrock MaxLamp)
was placed at the light source. Initial concentrations of LP, FRSM, CAF, and CBZ
were 2.2, 3.0, 5.2, and 5.5 uM, respectively. Quantum yields were calculated by
quantifying the decay of each compound when exposed to light at pH = 3.0, the
natural pH of the solution (6.0 for LP, 5.5 for FRSM, 5.8 for CAF, and 7.1 for
CBZ), and at pH = 9. The pH was adjusted using 0.01 M HCI or 0.01 M NaOH

solutions.

The photolysis coefficient (Cp) was calculated for each of the target compounds.
C, is defined as the product of the quantum vyield (@2ssm) and the molar
attenuation coefficient (g254nm) Of a substance, and can be calculated according

to Equations 1 and 2 [4]:

Ka = (P25anm X g2sanm X 2302)/U = (Cp x 2302/U) (Eg. 1)

Cp = (ka x U)/2302 (Eq. 2)

where kaq is the fluence-based pseudo-first-order rate constant (units J** cm2), U
is the energy per mole of photons at 254 nm (4.72 x 10° J Einstein't), and 2302

is a factor used for unit conversion purposes (base 10 to base e, and mJ to J).

2.2 High-Performance Liquid Chromatography analyses

A liquid chromatograph equipped with a UV detector (Agilent 1260 Infinity I
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series, UV and diode array detector equipped with a 60 mm high-sensitivity cell)
was used for the quantification of CECs. The separation was performed on Cis
columns (Poroshell 120 EC-C18 (3 x 50 mm, internal diameter 2.7 um) followed
by Poroshell HPH-C18 (4.6 x 150 mm, internal diameter 2.7 um) at a flow rate of
0.5 mL mint, Ultra-pure water (40%) and MeOH (60%; MERCK HPLC grade,
98% purity), both containing 0.1% formic acid (SIGMA-ALDRICH HPLC grade,
98% purity), was used as the mobile phase for LP and FRSM, adapting previously
described procedures [42]. Both LP and FRSM were monitored at A=240 nm.
Methods adapted from those described by the USA Environmental Protection
Agency (EPA) [43, 44] were used for the quantification of CAF (MeOH/H20 30/70

(v/v), 273 nm) and CBZ (MeOH/H20 50/50 (v/v); 285 nm).

2.3 Degradation of target compounds by UV-C AOP

UV-C, UV-C/H202, and UV-C/S208> treatments were performed in a 2 L
cylindrical bench photo-reactor equipped with a low-pressure mercury vapor lamp
emitting monochromatic radiation at 253.7 nm (Heraeus GPH212T5L/4, 10 W) in
the axial position. The optical pathway (1.7 cm) was calculated according to the
method developed by Beltran et al. (1995) [45]. Incident photonic flux (lo) was
determined via actinometry experiments using H202 and atrazine as actinometers
[40, 41], the results of which indicated an lp of 2.41 J m2 s1. The reactor was
coupled to a cooling system, and temperature was kept constant at 20 °C during

reactions.

The UV-C lamp was pre-heated for 20 minutes before each reaction. Once the
solution temperature was stabilized at 20 °C, H202 (commercial grade, 39%) or

sodium persulfate (Na2SOs, Aldrich) were added to the solution at a concentration
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of 103 M (molar ratio of H202 or S20s?"; target substance 20:1 for CAF, LP, and
FRSM, and 32:1 for CBZ). Samples were withdrawn during the reactions for
quantification of the target compounds using HPLC, total organic carbon (TOC;
TOC-VCSH Total Carbon Analyzer, Shimadzu), and residual H20: or persulfate,
according to previously described procedures [46]. All conditions were tested in

duplicate, and the pH was monitored during reactions.

In order to assess the influence of natural scavengers, namely inorganic ions
(HCOs,, NOs,, POs*) and NOM, on the degradation of CECs via UV-C, UV-
C/H202, and UV-C/S20g?, reactions were performed in surface water and ultra-
pure water each containing all four target compounds. Both matrices were spiked
with a solution containing a mix of the four compounds such that the final
concentration of each compound was 10 uM (total CECo concentration = 40 uM).
The surface water (SW) used in these experiments was sampled from the Lys

River at Aire sur la Lys, France.

2.4 Acute toxicity assays

Acute toxicity analyses were performed using the Microtox® method (Model 500
Analyzer SDI) (ISO 11348-3:2007) on samples withdrawn during UV-C photolysis
and the UV-C AOP processes performed in the UV-C reactor, as described
previously [47]. Allivibrio fischeri was exposed to samples diluted to different
degrees, luminescence was measured after 5, 15, and 30 min of exposure, and
relative inhibition (ECso, %) was obtained and converted to acute toxicity units
(a.T.u.; = 100/ECso0). According to the method employed, samples were
considered toxic when the a.T.u. value was above 1.2 (ECso> 81.9%). Catalase

(Synth®, 460 mg L in 0.04 M phosphate buffer) and ascorbic acid (Merck, 440



187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

mg L) solutions were used as quenching agents for the consumption of residual
hydrogen peroxide and persulfate present in the samples, respectively [48, 49].
Neither of these reagents are toxic to Allivibrio fischeri, as previously reported
[49] and as confirmed experimentally by blank tests. The pH was adjusted (to

6.5—7.5) prior to toxicity analysis.

2.5 Transformation products (TPs)

The samples withdrawn during UV-C and UV-C/AOP treatments were analyzed
via direct injection high-resolution electrospray ionization (ESI)-mass
spectrometry (Bruker micrOTOF-QII) in negative mode for LP and FRSM, and in
positive mode for CAF and CBZ. In order to increase the signal, formic acid was
added to the CAF and CBZ samples, and ammonium hydroxide was added to
the FRSM and LP samples (both at concentrations at 0.1%). A blank sample
containing water and formic acid or ammonium hydroxide was analyzed before
each measurement. The transformation products (TPs) obtained from the original
substances were proposed by considering two different strategies: a structure
showing the exact mass detected by the instrument; or simpler structures
considering oxidative radical attack and the energy required to break specific

chemical bonds in the original molecule.

3. Results and Discussion

3.1 Determination of quantum yields

Figure 1 shows the UV-C photolysis of each target compound at different pH
values, and Table 1 presents the quantum yields and Cp values obtained at acidic

(pH = 3.0), natural (pH of solution without adjustment), and basic (pH = 9.0) pH.
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Figure 1. Photolysis (UV-C2s4nm) of LP (2.2 puM), FRMS (3.0 uM), CAF (5.2 uM),
and CBZ (5.5 pM) in ultrapure water at acidic, natural (non-adjusted), and basic
pH (lo = 2.54 J m?2s?, volume 3.5 mL) as a function of incident energy per area
(mJ cm).

Table 1 — Quantum yields and photolysis coefficients (Cp) obtained for each
compound at 254 nm at different pH values.

@254 nm (Mol Einsteint) Cp 254 nm(L Einstein™t cm™)
pH 3 n 9 3 n 9
LP 0.0115+0.0001 0.0153+0.0001 0.0144+0.0006 123.6 190.2 190.2
FRSM  0.0815+0.0001 0.0294+0.0006 0.0245+0.0006 380.4 95.1 95.1
CAF 0.0007+0.0001 0.0005+0.0002 0.0008+0.0001 4.1 1.9 3.8
CcBz 0.0027+0.0001 0.0016+0.0001 0.0021+0.0001 7.6 4.7 9.5

n = pH of solution without adjustment (6.0 for LP, 5.5 for FRSM, 5.8 for CAF, 7.1 for CBZ). Errors were
calculated from duplicate measurements.

Considering the high €2s4nm of LP (12 355 M1 cm™) at pH 6, its degradation by
direct UV-C photolysis could have been supposed. The chemical structure of LP
(Table S1) consists of two aromatic rings and various unsaturated bonds and
functional groups containing nitrogen, all of which are known as absorbers [11],
thus explaining the high molar attenuation coefficient (Table S1) [10]. The
susceptibility of LP to photolysis at 254 nm in medical formulations based on a
drinkable cherry syrup has been reported previously [50, 51]. However, there are
no previous reports on the photolysis nor on the values of quantum-yield for LP
in water. The quantum yields obtained for LP (Table 1) varied from 0.011 to 0.015
mol Einstein (Figure 1, Table 1), and was slightly lower at acidic pH compared
to the values obtained at pH 9 and 6 (Figure 1A). The slightly higher molar

absorptivity and photolysis coefficients obtained at pH 6 and 9 in comparison to

10
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that at pH 3 could be explained by the pKa of this compound (4.15) (Table S1).
According to the pKa, LP would exist in its neutral form at pH 3 but in the
dissociated form at pH 6 and 9. As the chemical structures of the neutral and the
protonated form are distinct, the molar absorptivity may be affected [40].
Specifically, it was slightly higher for the dissociated form of LP than for the
neutral form, as confirmed by the €254nm values which increased from 10 700 M?

cm?at pH 3to 13 140 Mtcm™ at pH 9 (Table S2).

As molar attenuation coefficient is influenced by the dissociated/non-dissociated
structure and Cp describes a relation between the quantum yield and the molar
attenuation coefficient, the C, values obtained for LP also varied according to pH
(Table 1), specifically being higher at pH 6 and 9 than at pH 3. The C, obtained
for LP is higher than the value of 40 which indicates that a compound is
susceptible to direct photolysis [3]. The Cp is also similar to those obtained for
atrazine and pentachlorophenol [4]. Atrazine also presents functional groups that
contribute to light absorption and photolysis. Although atrazine exhibits a lower
€254 (3860 Mt cm ™ at pH 7) than LP, atrazine has a higher quantum yield (0.046
mol Einstein!). Therefore, these compounds show similar susceptibility to
photolysis (Cp atrazine = 160) [4]. In addition to direct UV-C photolysis, chain
reactions may be triggered after a compound undergoes photolysis due to the
formation of other radicals in the system, such as Cl+ [4]. Considering that LP,
atrazine, and pentachlorophenol all contain chlorine atoms in their structures, Cle
radicals may be generated, which would lead to further degradation of these

compounds under UV-C irradiation.

As shown in Figure S1, FRSM has a lower light absorption coefficient at 254 nm,

while it absorbs strongly at 230 nm and 270 nm. In addition, the molar attenuation

11
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coefficients obtained for FRSM at 254 nm ranged from 3200 to 4700 M1 cm™,
corresponding to pH 5.5 and 3, respectively (Table S2). As the pKa of FRSM is
3.9 (Table S1) [52], this compound exists in its neutral form at pH 3, where it
exhibited a higher absorptivity and molar attenuation coefficient at 254 nm (Table
S2) than at other pH values. As a consequence, photolysis coefficient, and UV-
C photolysis of FRSM were higher at acidic pH (Table 1, Figure 1). The photo-
instability of FRSM in the neutral form has been previously reported, and the
photolysis product showed increased reactivity, solubility in water, and

genotoxicity in comparison to the parent compound [53, 54].

As the molar attenuation coefficient (4660 M1 cm™) of FRSM at 254 nm was
highest at pH 3, the photolysis coefficient Cp of this compound was more than 3
times higher at pH 3 than at pH 5.8 and 9 (Table 1). The photolysis coefficient of
FRSM at pH 3 is comparable to that of the antibiotic sulfamethazine, likely due to
the presence of similar functional groups present, such as sulfonamide and
chlorobenzene moieties. These functional groups are light absorbers, thus
contributing to UV-C photolysis and to the occurrence of secondary chain
reactions [4]. Meanwhile, when the solution pH was above the pKa, the
absorbance of the dissociated form of the compound was lower (Table S2).
Therefore, molar absorptivity and photolysis coefficients were also lower under
these conditions. The quantum vyield obtained at pH 5.5 for FRSM was 0.0294
mol Einstein', which is in agreement with previously reported values (0.02200 +

0.0028 mol Einstein') [55].

The absorption spectrum (Figure S1) of CAF reveals that absorbance of this
compound at 254 nm was reduced when compared to 205 nm and 273 nm, and

to the absorbance of LP and FRSM at this wavelength. According to the molar
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attenuation coefficients obtained at 254 nm (Table S2), the molar absorptivity of
CAF did not change significantly with pH. This suggests that the structure of CAF
is not influenced by the pH, which is in agreement with previous reports that the
pKa of CAF is either above 10 [56] or “not observable within the pKa scale in
water (0-14)” [10] (Table S1). Therefore, photolysis coefficients obtained for CAF
in acidic and basic conditions were similar (Table 1). This testifies for the photo-
stability of CAF over the tested pH range (Figure 1). The quantum yield obtained
for CAF in this study was similar to the value reported in the literature (0.0003
mol Einstein't) [12]. Carlson et al. [10] also reported insignificant photolysis of
caffeine, thus confirming that this compound is not susceptible to UV-C
photolysis. As the molar absorptivity was similar at pH 3, 5.5 and 9, the photolysis
coefficients of CAF were low in all of the tested pH range, ranging from 1.9 to 4.1
mol Einstein. Interestingly, the photolysis coefficients obtained for CAF were
similar to those reported for carbamazepine (Cp = 7), which is also resistant to
UV-C photolysis [4]. As caffeine and carbamazepine have been increasingly
detected in water resources, their low susceptibility to photolysis would call for
other alternative methods for their treatment in wastewater effluent or in drinking

water treatment processes.

The absorbance of CBZ at 254 nm was relatively low (Figure S1). Thus, UV-C
photolysis of this compound was expected to be relatively low in comparison to
compounds that absorb strongly at this wavelength, such as LP. The slightly
higher molar attenuation coefficients measured at pH 7 and 9 (Table S2), which
are above the pKa (4.2), in comparison to that measured at pH 3, indicate that
the substance more readily absorbs photons in its dissociated form. Quantum

yield values (Table 1) obtained for CBZ confirm the stability of this compound
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under UV-C irradiation (Figure 1). In addition, the quantum yields shown in Table
1 agree with the values reported previously [57, 58]. The slightly higher decay of
CBZ observed at pH 9 in comparison to that at pH 3 or 7 is also in agreement
with the molar absorptivity values (Table S2). As a consequence of the lower
molar attenuation coefficient, the photolysis coefficients of CBZ at different pH
are also negligible and comparative to those obtained for CAF. Similarities in the
chemical structures (such as the imidazole moiety) of CBZ and CAF may explain
the correspondence between the quantum yield and Cp, values obtained for both
compounds (Table 1, Figures 1C and D). In comparison to other pesticides such
as atrazine and alachor, CBZ is much more resistant to photolysis [4]. The higher
photolysis of atrazine and alachlor in comparison to CBZ may be related to the
de-chlorination of these compounds [59, 60], which does not occur in CBZ since

it does not contain chlorine.

3.2 Degradation of target compounds via UV-C/H202 and UV-C/S20s?

Profiles of the degradation of target compounds, pH values, and consumption of
H202 and S20s? over the courses of the UV-C AOP are shown in Figure 2.
Control experiments consisted of H202 or S20g% in the same concentration
without UV-C irradiation, and showed neither removal nor mineralization of target
compounds (Figure S2). The use of these oxidants in combination with UV-C
irradiation increased the removal of all target compounds, especially for the
photo-stable compounds CAF and CBZ, resulting in degradation of over 90%
(Figure 2) with a dose of 300 to 600 mJ cm of UV irradiation, depending on the

target compound.

14
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Figure 2. Left: Degradation of each target compound by UV-C AOPs: UV-C/H20:2
and UV-C/S20g>. Control experiments are also presented (UV-C photolysis,
H202, or S20s?" alone). Molar ratio of H202 or S208: compound = 20:1 for LP,
FRSM, and CAF, and 32:1 for CBZ; lo = 2.41 J m* s, Right: consumption (%) of
H202 (Co = 103 M), S208% (Co = 103 M), and pH values monitored during UV-C
AOPs for each of the target compounds, as functions of incident energy per unit
area (mJ cm?).

Experiments conducted with LP showed that UV-C photolysis alone achieved up
to 85% removal in one hour (corresponding to 870 mJ cm?), while UV-C/S20g*
and UV-C/Hz20: reached the same removal rate (Figure 2) after 290 and 620 mJ
cm? incident energy, respectively, both achieving 98% removal by 870 mJ cm2.
UV photolysis of FRSM reached 87% removal after 870 mJ cm2incident energy,
while in the presence of H202 or S20s%, the same efficiency was achieved with
435 and 650 mJ cm?, reaching 98% and 93% removal, respectively, after one
hour (Figure 2). Degradation rates of FRSM via UV-C only and UV-C/Hz20:2
determined in this study are in agreement with values reported in the literature
[61]. After one hour of reaction (total incident energy 870 mJ cm), both UV-C
AOPs achieved efficient degradation of LP and FRSM, despite the maximum

TOC removals being limited to 10% and 6%, respectively (Fig. S2). These results

indicate the accumulation of organic transformation products in the system.

The limited consumption of H20:2 in the presence of LP and FRSM (10%) (Figure
2) probably occurred as a result of the molar attenuation coefficients of these
compounds (€254nm, LP, pH 7 =11772 M1 cm™, €254nm, FrRsM, pr 6 = 3700 M cm™)
(Table S2) being higher than that of H202 (€254nm, H202 = 19.6 Mt cm?) [4, 62]. The
pharmaceuticals diclofenac and mecoprop, which are strong light absorbers, also
impaired the absorption of light by H202 during UV-C/H202 treatment [12], thus

reducing the process efficiency; this effect is a problem known to occur in the
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presence of strong photon absorbers [63]. One other reason for the low
consumption of H202 in these systems, when compared to the consumption of
S208% (25%), may be related to the lower rate constants for the self-scavenging
effects of SO4* with S208%" (Ksos-e/s2082- = 6:6 X 10° Mt s'1 and kso4-e/s04-« = 3:1
x 108 M1 s'1) in comparison to those of HO+ toward H202 (korH202= 2:7 x 107 M1

st and koHeioHe= 5:5 x 10° M1 s1) [17, 64, 65].

As shown in Figure 2 (left column), after 200 mJ cm? of incident energy, the
concentrations of LP and FRSM were reduced by a factor of 2. Therefore,
competition for light decreased and H202 and S20s> consumption subsequently
increased (Figure 2, right). However, concentrations of both reagents were still
high at this moment since consumption was lower than 5% of initial concentration
(9.5 x 10* M of remaining H202 and S20s%) (Figure 2, right column). As
regeneration of hydrogen peroxide from hydroxyl radicals via self-scavenging
occurs more readily than the regeneration of S20s?" from sulfate radicals, the final
consumption of H202 at the end of treatment was limited to a maximum of 10%
of initial concentration after 850 mJ cm-? of incident energy, when compared to
nearly 30% consumption of S20s? in the presence of LP and FRSM (Figure 2,

right column).

During LP degradation, 30% of initial S20s? were consumed after 430 mJ cm of
incident energy (Figure 2, right column), while H202 consumption was limited to
10%. Assuming stoichiometric conversion of reagents to oxidative radicals 6 x
104 M of sulfate radicals were generated when compared to 2 x 10 M of hydroxil
radicals, thus explaining the faster LP degradation via UV-C/S20s% (98% within
430 mJ cm?) when compared to the degradation via UV-C/H202 (70% within 430

mJ cm?) (Figure 2, left). On the other hand, both UV-C AOPs and the UV-C

16



384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

photolysis exhibited similar patterns in terms of FRSM removal and reagent
consumption until 220 mJ cm? of incident energy (Figure 2, left column),
suggesting that photolysis was the predominant mechanism in the system, which
is supported by the fact that FRSM is a strong light absorber (Section 3.1, Figure
1, Table 1). However, after reaching 430 mJ cm? of incident energy, S208*
consumption reached 21% while only 5% of the initial H2O2 had been consumed.
Assuming stoichiometric conversions of S20s% and H20:2 to oxidative radicals,
nearly 4.2 x 104 M of sulfate radicals were formed in the system, compared to 10
4 M of hydroxyl radicals. However, FRSM degradation via UV-C/H20:2 at this
moment was 99%, while it was only 80% via UV-C/S20s? (Figure 2, left column).
In contrast with LP, for which the degradation was higher in the UV-C/S208*
system, this result suggests that FRSM is more reactive with hydroxyl radicals
than with sulfate radicals, which may be related to differences in the chemical

structures [3, 15].

CAF and CBZ did not undergo photolysis, which was expected due to their low
qguantum yields and molar absorption coefficients. In contrast, both UV-C AOPs
achieved over 99% removal of CAF and CBZ (Figure 2, left comlumn). CBZ
degradation was faster via UV-C/H202, reaching 99% removal after 290 mJ cm-?
of incident energy, in comparison to the 650 mJ cm required to achieve similar
removal by UV-C/S20s8>. Mineralization of CAF and CBZ in the UV-C/S208*
process was more extensive (reaching 60% and 70%, respectively) than it was
in the presence of hydroxyl radicals (reaching 25% and 35%, respectively)
(Figure S2). The drop in pH from 9 to 8 during UV-C/S208% (which was not
observed in UV-C/H202) was due to the formation of SO4%> and H* [16]. Higher

mineralization rates through UV-C/S20s? can likely be explained by the greater
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selectivity and lifespan of sulfate radicals in comparison to hydroxyl radicals as it
is less reactive with inorganic species that may be formed during the degradation
of target compounds (O, Cl-, NOs and COs*, HCO3%), and also towards S20s? and
sulfate radical itself (self-scavenging), thus increasing its persistence in the
system. This was also reported with other compounds such as 2,4-D,
carbamazepine, and azathioprine [14, 66-68]. In addition, the ability UV-C/S20g*
to degrade carboxylic acids and intermediate products usually formed during

oxidation processes has been previously confirmed [16].

As CAF and CBZ do not absorb UV-C light as extensively as LP and FRSM,
irradiation is promptly absorbed by reagents in the UV-C AOPs, leading to higher
and faster degradation when compared to UV-C photolysis (Figure 2, Table 2)
and higher consumption of H202 in the UV-C AOPs, reaching 23% for CAF and
30% for CBZ (Figure 2). An increase in pH at the beginning of the reactions was
observed during UV-C/H20:2 treatments of CAF and CBZ (Figure 2 — right
column), which likely contributed to higher consumption of H202 as cleavage is
favored in alkaline conditions [69]. S20s? consumption exhibited similar behavior

to that of H202 during the degradation of CAF and CBZ.

Degradation data obtained during UV-C AOPs were fitted to a pseudo-first-order
kinetics model (R?> 0.95), and apparent rate constants were calculated for each
process for the different target compounds (Table 2). Electrical energy per order
of removal (EE/O; kWh m=) was also calculated in order to compare the
efficiencies of the different processes (Table 2). EE/O values represent the
amount of energy required to decrease the concentration of the compound by
one order of magnitude [66]. Therefore, higher k’app values result in lower EE/O

values, revealing the most efficient process in terms of lowest energy
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consumption [70]. However, EE/O should not be considered alone when aiming
to identify the most affordable process; reagent costs must also be considered,
as, for example, persulfate is more expensive than H202 [71]. When compared to
UV-C photolysis alone, k’app values increased in the presence of hydroxyl and
sulfate radicals. Regarding UV-C photolysis, the EE/O values (Table 2) were
calculated using experimental data for FRSM, as this process reduced the
concentration of this compound by one order of magnitude within 650 mJ cm? of
incident energy. In contrast, for LP, EE/O values were predicted using the k'uv.c
obtained for this compound. As UV-C photolysis of CAF and CBZ did not fit the
pseudo-first-order model (R?< 0.95), it was not possible to estimate EE/O values
for the photolysis of these compounds. Apparent rate constants values for the
degradation of CAF via UV-C/H202 agree with the values obtained by Shu et al.
[12], who reported higher values of these constants for compounds with reduced
guantum vyields (caffeine and carbamazepine). Therefore, data on the photolysis
coefficients and quantum yields of emerging contaminants present in water may
be a valuable tool to predict their degradability via UV-C photolysis, or whether

UV-C AOPs would need to be applied [3].

Apparent rate constants obtained for the UV-C/H202 process were higher than
those of the UV-C/S208* process for all target compounds except LP. This is
likely due to the higher reaction rate of this compound with sulfate radical than
with the hydroxyl radical. A decrease in the concentration of LP by one order of
magnitude occurred after 20 minutes (290 mJ cm2 of incident energy) for UV-
C/S20¢? (Figure 2), yet 45 minutes (650 mJ cm?) were required to achieve the
same removal (Table 2) by UV-C/H202, as reflected in the k’app and EE/O values.

The lower k’app values obtained for UV-C/S20s? compared to that of UV-C/H202
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during the degradation of FRSM, CAF, and CBZ may be related to the higher
selectivity of SO4* when compared to that of HOe, since it acts preferentially via
electron transfer whereas HO- also reacts via addition and H-abstraction [72].
UV-C/H20:2 required 20 minutes (290 mJ cm) to reduce the FRSM concentration
by one order of magnitude, while 45 minutes (650 mJ cm-2) were required by UV-

C/S208?, thus explaining the higher EE/O of the former process (Table 2).

Table 2 — Pseudo-first-order rate constants (mint) obtained for each process for
the different target compounds, and EE/O values obtained for UV-C/H202 and
UV-C/S20s? for the different target compounds

Pseudo-first-order rate

constant (k> min-) LP FRSM CAF CBz
K'uvc 0.011+0.005 0.056+0.004 * *
K'Uv-ciH202 0.048+0.0003 0.11+0.01 0.100+0.001  0.22+0.01
K'uv-c/S2082- 0.0864+0.0005 0.072+0.002 0.085+0.007 0.17+0.04
EE/O (kWh m?)

uv-C 2.3 P** 15P

UV-C/H20; 15P 0.67 P 05P 0.25P
UV-C/S208% 0.6 P 15P 05P 0.33P

*Did not fit the model due to low degradation (R2< 0.95). P is the lamp power (10 W)
**Estimated using the k'uv-c value.

The EE/O values obtained for CAF degradation were the same for both UV-C
AOPs (0.5 P), indicating that the energy required to remove this compound in
water using either H202 or S208% under UV-C irradiation was the same. This
result agrees with the similarity between the kinetic rates obtained for each
process (Table 2). For CBZ, both UV-C AOPs showed comparable k’sppand EE/O
values (Table 2). The degradation of carbamazepine, another photo-resistant
compound, via UV-C/H202 and UV-C/S20s? also led to similar EE/O values in a
previous study [22]. Indeed, the quantum yield, photolysis coefficient, molar
mass, and chemical composition of CAF and CBZ are all very similar, which might

explain their comparable behavior when submitted to UV-C AOPs.
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3.4 Evolution of acute toxicity

As shown in Figure 3, acute toxicity varied between treatments for all compounds,
indicating the formation of toxic intermediates during UV-C AOPS, as has been
reported in the literature for various emerging contaminants [23]. The LP solution
was not toxic to Allivibrio fischeri (a.T.u. = 0.26), and no acute toxicity was
observed during UV-C/H20:2 treatment. However, acute toxicity developed during
the UV-C-only and UV-C/S:0s* processes, despite the high degradation
efficiencies achieved during these processes (65% for UV-C and 98% for UV-
C/S208%). According to Adachi et al. [73], the cyanide ion is formed when LP is
oxidized by sodium hypochlorite. Therefore, this ion could have been formed by
oxidation during the UV-C AOPs, which may have contributed to the increase in
acute toxicity. This difference between the degradation by sulfate and by hydroxyl
radicals have been described in previous studies [24]. However, there is no report
in the literature regarding the formation of toxic transformation products during
UV-C photolysis and UV-C/S20g? oxidation of LP, nor of other sartans with similar
structures. In contrast, the EE/O values suggest that UV-C/S20s? is more efficient
than UV-C/H20:2 in the removal of LP. This result indicates that it is not adequate

to consider the EE/O values alone for identifying the optimal treatment method.

Figure 3. Acute toxicity of samples withdrawn during the degradation of target
compounds via UV-C, UV-C/H202, and UV-C/S20s%> processes, shown as
functions of the total incident energy received (mJ cm?). The horizontal lines
represent the threshold of 1.21 a.T.u.; bars crossing the line thus indicate toxic
samples.

FRSM was reported to be non-toxic to Allivibrio fischeri [54], yet its products of
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photolysis and electro-Fenton degradation are considered toxic [74, 75]. In the
present study, before treatment, the FRSM solution exhibited a beneficial
stimulatory effect, known as hormesis, upon the photobacteria (Figure 3). This
effect occurs with luminescent bacteria as a consequence of exposure to small
concentrations of toxic chemicals [76]. As shown in Figure 3, acute toxicity was
generated during the UV-C photolysis of FRSM, but was eliminated within 600
mJ cm of incident energy, when this process reached FRSM removal of 80%
(Figure 2). Meanwhile, there was no generation of toxicity during the UV-C/H20:2
process. In contrast, UV-C/S20g?> exhibited similar behavior to the UV-C-only
process, as toxicity was generated at the beginning of the reaction but was
eliminated within 300 mJ cm? of incident energy, much less than that required

with the UV-C-only process (Figure 3).

Before treatment, the CAF solution exhibited an inhibitory effect (Ecso = 76%;
a.T.u. = 1.3) on Allivibrio fischeri, as has been reported for similar tests using a
marine photobacterium as a bioindicator (Ecso = 62.8%) [77]. Although a few
authors reported that there was no increase in CAF toxicity after AOP treatments
[78, 79], no reports on the effect of UV-C/H202 or UV-C/S208%> on CAF toxicity
have been published. This is alarming since caffeine is detected in surface waters
in a wide variety of locations in concentrations up to pg L™ [34], and was even
considered for use as an indicator of illegal sewage disposal [37]. Both UV-
C/H202 and UV-C/S20s? increased CAF toxicity at the beginning of the treatment,
although the toxic effects were entirely eliminated toward the end of the
treatments when the concentration of CAF was below 10% of its initial
concentration (Figure 3). This suggests the formation and degradation of toxic

transformation products within both processes. With regards to UV-C photolysis,
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for which only the final sample was analyzed due to the negligible effect of this
process on the removal of CAF, an increase in toxicity during treatment was also

observed.

As confirmed by the results shown in Figure 3, CBZ is known to be toxic to
Allivibrio fischeri [80]. Similarly to what was observed for CAF, UV-C photolysis
alone was not able to remove CBZ due to its low molar absorptivity and quantum
yield. Consequently, UV-C photolysis had a negligible effect on the acute toxicity
of CBZ. Meanwhile, both UV-C/H202 and UV-C/S20s? eliminated the toxic effect
of CBZ; as it was also observed by other irradiated AOPs under artificial and solar
irradiation in another study [80]. During UV-C/H202, CBZ degradation occurred
alongside the reduction in acute toxicity (Figure 3). In contrast, acute toxicity
increased during the initial stages of the UV-C/S20g? process and decreased
toward the end, probably due to the formation of toxic transformation products.
This result agrees with the EE/O values (Table 2), as less energy was required

to reduce the toxicity of CBZ via UV-C/H202 compared to UV-C/S20s?".

3.5 Degradation of target compounds by UV-C/H202 and UV-C/S20g? in surface

water

In order to assess the impact of the water matrix on the degradation of target
compounds, UV-C, UV-C/H202, and UV-C/ S20g? treatments were applied to
surface water and ultrapure water each spiked with 10 uM of each compound.
Although degradation of all compounds occurred simultaneously, since all
compounds were present in the same matrix, the degradation of each pollutant
was quantified individually (Figure 3). Reduction in TOC and consumption of

H202 and S20sg?" were also monitored (Figure 4).
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Figure 4. Degradation of LP, FRSM, CAF, and CBZ (10 uM each) in ultra-pure
water and surface water by UV-C, UV-C/H202, and UV-C/S20g* processes
(CoHz02 or s2082- = 103 M), shown as functions of total incident energy per area (mJ
cm3).

The presence of scavenger compounds that are naturally present in real surface
water, including HCOs', natural organic matter (NOM), and CI, among others,
may lead to a lower degradation of target compounds in practical applications
[70]. NOM is mainly comprised of humic acids which present various functional
groups that compete with the target compounds for hydroxyl and sulfate radicals
[81, 82]. As shown in Figure 4, UV-C photolysis of CBZ in the surface water and
in the presence of the other target compounds was similar to that observed in
pure water, still exhibiting an insignificant decrease in concentration due to its
lower quantum yield and molar absorptivity at 254 nm (Table 1). On the other
hand, the UV-C photolysis of each of LP, FRSM, and CAF was slightly higher in
surface water than in pure water. This likely happened due the formation of
oxidative radicals from the natural constituents of the Lys River surface water,
which presented a DOC of 1.2 mg L% O:2 concentration 8 mg L?; NOs
concentration 22 mg L; PO4% concentration 0.1 mg L*; CI concentration 20 mg
L-1; and high alkalinity of 330 mg L* HCOs". A greater extent of photolysis of
FRSM in natural waters than in pure water was also observed previously [61].
When NOM, dissolved oxygen, and phosphate are submitted to UV-C2s4nm
irradiation, oxidative species such as NOMe, singlet oxygen (*0z), and PO4%* may
be formed [83, 84]. Although these radicals present lower redox potentials than
HO+ and SOas*, they may have contributed to the enhanced photolysis of LP,
FRSM, and CAF [85]. Further, HO+ may also be formed from the irradiation of
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NOs present in surface waters [86, 87].

Lower degradations of LP and FRSM were observed during UV-C AOPs in
surface water than in pure water. The high level of carbonate ions in surface water
may have contributed to the quenching of hydroxyl and sulfate radicals involved
in the degradation reactions. In contrast, for CAF and CBZ, the effect of matrix
constituents on the oxidative radicals formed during the UV-C AOPs could not be
observed, probably because their reaction rates with radicals are extremely high,
as shown in Table 2. The relatively high content of chloride ions, which react
strongly with sulfate radicals [88], may have influenced the effectiveness of the
UV-C/S20s? process, thus leading to the lower removal of target compounds in

surface water than in pure water.

The consumption rates of H202 and S20s?" were below 25% in all of the tested
conditions (Figure 5). H202 consumption in pure water was 13%, but 20% in
surface water, thus confirming that a higher consumption of this reagent occurred
in the presence of other matrix components. On the other hand, S20s*
consumption was very similar in pure water (20%) and in the presence of matrix
components (24%). In addition, previous studies have confirmed that the
performance of the UV-C/S20s? process is not disturbed by carbonate ions
(HCOz3) to such an extent as is the performance of the UV-C/H202 process,
probably due to the lower reaction constants for the reaction of SO4* with HCO3s"
(ksoa*", Hcos = 2.8 x 108 M1 s71) than that of OHe with HCO3" (kHo®, Hcos = 8.5 x 108
M- s1)[6, 14, 17-19]. Furthermore, the TOC removal (Figure 5) achieved by UV-
CIS208% (9% and 21% in pure water and surface water, respectively) was higher
than that achieved by UV-C/H202 (5.7 and 14.9%, respectively) in both water

matrices, thus corroborating the results reported earlier in this study (Section 3.3).
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The higher mineralization efficiency in surface water than in pure water
corresponds to the degradation of NOM via sulfate radicals, as reported

previously [65].

Figure 5. Reagent consumption and TOC removal during UV-C AOPs in surface
water (filled symbols) and pure water (empty symbols), as functions of total
incident energy per area (mJ cm) (Initial TOC in pure water 5.4 mg L and in
surface water 6.6 mg L)

3.3 Identification of transformation products

The mass spectra of CAF before UV-C radiation (zero min) shows two peaks:
protonated caffeine | ([caffeine+H*], m/z = 195.08) and another signal
([caffeine+Na*], m/z = 217.07) which refers to the sodium adduct (Figure 6A). The
peak intensities corresponding to the transformation products detected during
CAF oxidation, along with the mass spectra after 315 mJ cm of incident energy
in the UV-C/H202 (Figures 6B and C) and UV-C/S208* (Figures 6D and E)
processes show that a higher number of transformation products were formed
during UV-C/H202 than during UV-C/S20s?, likely due to the higher selectivity of
the sulfate radical than the hydroxyl radical. The oxidation of the six-membered
ring in UV-C/H20:2 first generated 2 main species which presented masses m/z =
125.98 and 142.06 (Figures 6B and C, at 50 mJ cm?, and Figure 7), with smaller
peaks corresponding to m/z 128.02 and 168.04 (Figures 6B and C and Figure 7).
However, after 300 mJ cm? of incident energy, species with m/z = 110.01,
128.02, and 146.03 were identified in the UV-C/H20:2 system (Figures 6B and C

and Figure 7).
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Figure 6. Mass spectra of (A) Caffeine solution in pure water, (B and D) signals
corresponding to masses detected during UV-C/H202 and UV-C/S20s*
treatments, and (C and E) mass spectra obtained after UV-C/H202 and UV-
C/S20g? treatments with 300 mJ cm2 of total incident energy.

Meanwhile, the transformation products accumulated during UV-C/ S20g8% were
different (m/z = 164.92 and 142.94; Figures 6D and E), thus suggesting a different
transformation pathway which has not yet been reported for caffeine in the
literature. These results are very relevant considering that the use of caffeine as
an indicator of so-called ‘fresh’ contamination of surface waters has been

suggested by some authors [35-37].

Considering the spectra obtained during the degradation of CAF via UV-C/H202,
a possible degradation route was proposed, as shown in Figure 7. The signal at
m/z = 195.09 (structure 1) corresponds to the protonated adduct of caffeine. The
oxidation process led to a decrease in intensity of the m/z = 195 signal and
increases in the intensities of other signals associated to products of oxidation.
ChemcCalc [89] was used to assign a formula to the exact mass and then propose
a structure based on these formulae. The two first products (lI: m/z = 142.06 and
[ll: m/z = 125.98) would be formed from a break of the pyrimidine moiety and the
opening of the imidazole ring (Figure 7). A signal of m/z 142 was also detected
by Dalmazio et al., (2005) [90] during the degradation of caffeine via UV-C/H20:.
However, considering the exact mass obtained here, the product proposed in the
referred paper was not realistic in our case. Species of m/z 128.02 (lll) and
146.03 (IV) would be formed from the further oxidation of II, leading to an
isocyanate structure [80] and the formation of carboxylic acid moieties. Then,
compound VI would later accumulate in the system as a product of oxidation of

the intermediate compounds. However, no structure could be proposed for the
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detected signals. No structures were proposed for the oxidation products of the
UV/S208% process, as the formulae proposed for the mass obtained were not

relevant for the process [89].

Figure 7. Degradation pathway proposed for the formation of transformation
products generated during the oxidation of caffeine via UV-C/H20:2

These analyses were also performed with samples withdrawn during the
oxidation of LP, FRSM, and CBZ via UV-C/H202 and UV-C/S20g?. However, as
shown in Figures S3, S4, and S5, decreases in the signal intensities of the target
compounds were observed, yet no other signals of significant intensity were
detected. TPs could not be observed using this methodology as they would not

have been ionized by the ESI used here.

4. Conclusion

In this study, the quantum yields and photolysis coefficients were calculated for
target compounds, indicating that LP and FRSM are susceptible to photolysis in
the UV-C range (80% removal of each LP and FRSM under UV-C photolysis
alone at total levels of 800 and 600 mJ cm incident energy). In contrast, the UV-
C photolysis of both CAF and CBZ by this process was negligible. UV-C/H20:2
and UV-C/S20s8? were extremely effective in the removal of all target compounds,
achieving over 90% degradation in a pure water matrix under the same
conditions. k’app rates were obtained for UV-C/H202 on the degradation of FRSM,
CAF, and CBZ, when compared to UV-C/ S208? due to the reactivity of hydroxyl
radicals toward these compounds and their intermediates. On the other hand,
mineralization rates and reagent consumption were higher in the UV-C/S20g?

system, probably due to the greater light absorption and lower self-scavenging
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exhibited by sulfate radicals as compared to hydroxyl radicals. During acute
toxicity analysis using Allivibrio fischeri, samples withdrawn during the UV-C-only
and UV-C/S20g? processes exhibited higher toxicity than those withdrawn during
the UV-C/H20:2 process. Simultaneous degradation of target compounds in real
surface water indicated higher stability of the UV-C/S20s? system in the presence
of natural scavengers in comparison to that of the UV-C/H202 system. A lower
number of transformation products were detected during CAF degradation via
UV-C/S20s? as compared to UV-C/H202, confirming the higher selectivity of the
sulfate radical than the hydroxyl radical, and suggesting distinct reaction

mechanisms for each radical.
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Figure 2. Left: Degradation of each target compound by UV-C AOPs: UV-C/H202
and UV-C/S20g>. Control experiments are also presented (UV-C photolysis,
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FRSM, and CAF, and 32:1 for CBZ; lo = 2.41 J m* s, Right: consumption (%) of
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Figure 3. Acute toxicity of samples withdrawn during the degradation of target
compounds via UV-C, UV-C/H202, and UV-C/S20s8*> processes, shown as
functions of the total incident energy received (mJ cm?2). The horizontal lines
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998 represent the threshold of 1.21 a.T.u.; bars crossing the line thus indicate toxic
999 samples.
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1012  Figure 4. Degradation of LP, FRSM, CAF, and CBZ (10 uM each) in ultra-pure
1013  water and surface water by UV-C, UV-C/H202, and UV-C/S20s* processes
1014  (CoH202or s2082- = 103 M), shown as functions of total incident energy per area (mJ
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1025  Figure 5. Reagent consumption and TOC removal during UV-C AOPs in surface
1026  water (filled symbols) and pure water (empty symbols), as functions of total
1027 incident energy per area (mJ em?) (Initial TOC in pure water 5.4 mg L and in
1028  surface water 6.6 mg L1).
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Figure 6. Mass spectra of (A) Caffeine solution in pure water, (B and D) signals
corresponding to masses detected during UV-C/H202 and UV-C/S208*
treatments, and (C and E) mass spectra obtained after UV-C/H202 and UV-
CIS20g? treatments with 300 mJ cm of total incident energy.
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1049  Figure 7. Degradation pathway proposed for the formation of transformation
1050  products generated during the oxidation of caffeine via UV-C/H202
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