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HIGHLIGHTS GRAPHICAL ABSTRACT

® UVC/HOCI, UVC/S;05%~, and UVC/
H,0, processes were assessed for bi-
sphenol A removal.

® UVC irradiation led to production of
HO+/SO,® S04 species boosting con-
version to CO,,

® High mineralization rates were only
attained using the UVC/HOCI method.

® Oxidation by-products might be re-
sponsible for the toxicity towards
Artemia salina.
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® UVC/HOCI method is the best choice Bisphenol A

as it allows high CO, conversion rates

at lower costs.
ARTICLE INFO ABSTRACT
Keywords: Water contamination by contaminants of emerging concern (CEC) represents a major challenge to our society
Plasticizers regarding the need to assure a high quality drinking water to prevent humans from developing health problems.
Synthetic o'rganic co.mpounds Thus, the performance of three different advanced oxidation processes (AOP: UVC/HOCI, UVC/S,05%7, and
Hydroxylation reactions UVC/H,0,) based on the homolysis of oxidants were investigated for the oxidation and mineralization of bi-

Advanced oxidation processes
UVC irradiation
Synergistic effect

sphenol A (BPA) containing solutions as well as assessment of biotoxicity and identification of oxidation by-
products. In all AOP, UVC irradiation led to a significant improvement for the oxidation and mineralization of
BPA due to the production of HO /SO, ~ species. UVC/HOCI method was able to achieve high rates of con-
version of BPA and its oxidation by-products to CO,. All detected oxidation by-products resulted from hydro-
xylation reactions. Considering the short chain carboxylic acids, mainly produced after opening the aromatic
ring, high concentrations appeared mainly during the first two hours of treatment for the UVC/HOCI method
with a complete elimination within 6 h of treatment, including the dichloroacetic acid. Biotoxicity assays using
Artemia salina crustacean showed that the mortality was ceased after 4 h of treatment using the UVC/HOCI and
UVC/S,0g%~ processes. In contrast, a low mortality decrease was observed when using the UVC/H,0, process,
probably due to the accumulation of toxic intermediates. In all scenarios, toxicity of the BPA compound and its
oxidation by-products seem to be responsible for the distinct decays of mortality, as confirmed on the ECOSAR
software. Finally, the UVC/HOCI method is an interesting option to eliminate CEC for removing levels attained
and energy consumption.
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1. Introduction

Many studies have reported the frequent toxic effect of some organic
contaminants of emerging concern (CEC), such as pharmaceuticals,
pesticides, personal care products, found in different sources of water
[1-3]. These findings emphasize the necessity to remove, inactivate, or
transform CEC into less toxic by-products than the initial compound
before their disposal into the environment [4-6]. Among the available
methods to treat contaminated solutions, investigations have increas-
ingly focused on the ultraviolet-based advanced oxidation processes
(UV/AOP) for the production of a large variety of short-lived radicals,
e.g., hydroxyl (HO"), chlorine (CIl’), carbonate (CO3 ™), sulfate (SO4 ),
quite feasible leading to high elimination rates of organic pollutants at
ambient temperature and pressure [5,7-14].

UVC/hydrogen peroxide (UVC/H50,) has been extensively used as
an AOP for degradation of organic pollutants and water disinfection
[9,15]. In this process, the non-selective HO" species can be produced
from the homolytic cleavage of H>O, through UVC radiation absorption
(200-280 nm), as shown in Eq. (1), with a quantum efficiency at
254 nm (P ;54, 1,0,) as low as 0.5 mol Es~ ! [16-19]. Because of its high
oxidizing power (E°no/m,0 = 1.8 — 2.7 V) [20], HO" can react non-se-
lectively with various organic compounds through electron transfer,
hydrogen abstraction or electrophilic addition mechanisms at near
diffusion-controlled rates [21].

hy
H,0, —» 2HO* (€D)]

Recently, AOP based on sulfate radical (SO, ) has been proposed
as an alternative method to remove recalcitrant organic compounds for
its very high oxidation potential

(E°502‘— so- =2.5—31 V) [20,22] possibly to develop through the
activation of persulfate or peroxymonosulfate precursors through heat,
UV irradiation, and transition-metal species [10,23]. In the case of UVC
activation, particularly at 254 nm, the production of SO, ~ species also
occurs through a homolytic cleavage reaction (see Eq. (2)), which has a
quantum yield efficiency 280% higher than with the use of H,0,
(613254‘520%— ~ 1.4 mol Es™ 1) [24,25]. Consequently, high amounts of
SO, ~ species are generated, which can react with H,O molecules re-
sulting in the production of HO" species (see Eq. (3)). These electro-
philic species can also react with aromatic compounds through three
main mechanisms: i) radical adduct formation, ii) hydrogen atom ab-
straction, and iii) single electron transfer [23,26-28]. In addition, de-
pending on the properties of the electron donating/withdrawing func-
tional groups in the aromatic compound, the SO, ~ species can lead to
high oxidation rates of specific contaminants [28].

. hv .
S,0%~ — 250y (2)
SO;” + H, O— HO" + SO~ + H* 3

Active chlorine (represented by Cl,, HOCI, and OCl ™) are the most
frequent oxidizing species in solutions used to deactivate dangerous
pathogens [29-31] due to their medium to high oxidation power, low
cost, and high accessibility compared to other reactive oxygen species
used in AOP. The HOCI species is a weak acid that can co-exist in
aqueous solution with its conjugate base (OCl™), according to the
equilibrium reaction shown in Eq. (4). The relative concentration of
each species is strongly dependent on many variables, such as pH - so
that at medium to low pH (3-7), HOCI is the main species [32].

HOCI 2 OCI~ + Hf (pKa = 7.5at25°C) (©)]

The HOCI can be also used to produce HO" through a homolysis
reaction in combination with a UVC source, as demonstrated in Eq. (5);
however, the simultaneous formation of chlorine radical (Cl"), which
might be so effective to oxidation and degradation of pollutants (E°q /¢
= 2.41 V) [33] as HO" and SO, ~ species, can produce chlorinated
intermediate compounds as the main drawback. According to Chuang
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et al. [34], the UVC/HOCI method achieves a higher HO" production
than the UVC/H,0, process due to its superior quantum efficiency
(P254,10c1 ~1.5 mol Es™ 1) [32,35]. Consequently, the energy require-
ments to treat solutions containing organic pollutants using the UVC/
HOCI method can be significantly lower.

h
HOCI = HO" + CI 5)

The residual amount of HOCI after treatment using the UVC/HOCL
process is not a concern since a final post-chlorination step is usually
required for water disinfection against regrowth of bacteria and ex-
ternal contamination [31].

Even though previous studies had investigated the efficiency of
different UVC/AOP using distinct oxidizing agents [36-39], such as
H,0,, S,05%~, free chlorine, and HSOs ~, to the best of our knowledge
none of those works compare the performances of UVC/H,0,, UVC/
$,0¢%~ and UVC/HOCI processes in terms of total organic carbon
(TOC) removal, identification of oxidation by-products (long and short
chain), and particularly toxicity evolution during treatment. Thus, we
aimed at investigating the degradation and mineralization (conversion
to CO,) levels and rates of synthetic solutions of bisphenol A (BPA)
using the above-mentioned UVC/AOP processes, i.e. UVC/H50,, UVC/
$,0¢%~ and UVC/HOCI homogeneous processes. We will assess and
compare the possible synergistic effects through experiments using only
the UVC lamp (photochemical process) or addition of oxidants (che-
mical process). To investigate the main susceptible sites to the addition
reactions generated from the electrophilic HO" species in the BPA mo-
lecule, high-performance liquid chromatography (HPLC) will monitor
the BPA concentration evolution, main generated short-chain car-
boxylic acids, and long chain oxidation by-products coupled to mass
spectrometry. Finally, we will assess and compare the toxicity evolution
of the treated solutions towards Artemia salina, an aquatic crustacean,
with the oxidation by-product compounds and TOC removal found.

2. Materials and methods
2.1. Chemicals

All chemicals were used without further purification, including BPA
(99%, Sigma Aldrich), H,O5 (29-31%, Synth), Na,S-Og (a.r., Sigma
Aldrich), NaOCl (10-12%, Nalgon), H3PO, (85%, Mallinckrodt),
Na,S,03 (a.r., Qhemis), KI (a.r., Sigma Aldrich), NaOH (a.r., Synth),
H,S0, (a.r., Mallinckrodt), NH,OH (28-30%, Macron), ethanol (99.5%,
Synth), isopropanol (99.5%, Qhemis), tert-butyl alcohol (99%, Exodo),
benzoic acid (a.r., Sigma Aldrich), salicylic acid (a.r., Sigma Aldrich),
acetonitrile (HPLC grade, JT Baker), and short-chain carboxylic acids
(a.r., Sigma Aldrich). The preparation of all solutions used deionized
water (Millipore Milli-Q system, p = 18.2 MQ cm).

2.2. Degradation experiments

UVC/AOP experiments for oxidation of BPA (0.44 mmol L™') so-
lutions were carried out using a glass vessel of 1.5 L equipped with a
magnetic stirrer and a quartz tube. A 9 W UVC lamp (main emission line
at 253.7 nm from Phillips) with a fluency rate of 20.2 mW cm ™ 2 (details
on the fluency rate calculation and other information are available in
the supplementary file of a previous work [14]) was inserted inside the
tube (see Fig. S1 in the supplementary file). Control experiments were
carried out using only the oxidants (H,O,, Na5S,0g, or HOCI - chemical
method) or UVC lamp (photochemical method) to better understand the
synergistic effect resulting from coupling these methods. As the litera-
ture reports [40-47], the use of high initial oxidant concentrations in
UVC/AOQP leads to recombination reactions of radicals, thus reducing
their efficiency in the CEC degradation and mineralization (see rate
constants for some self-scavenging reactions in Table S1, in the sup-
porting information file). To avoid these undesirable reactions, we
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continuously added freshly prepared solutions of the oxidants
(0.6 mol L™1) to the reaction vessel during the experiments at a flow
rate of 0.1 mL min~! using a peristaltic pump (Gilson Miniplus 3). The
solution pH was maintained around 3.0 by adding concentrated H,SO4
or NaOH solutions. Other operational variables, such as treatment time,
solution temperature, and solution volume, were maintained fixed at
360 min, 38 °C, and 1.0 L, respectively. Before further analyses and to
avoid oxidation from any residual oxidant, a few drops of a con-
centrated reducing solution of Na,S,03 to BPA extracted samples con-
taining solution.

2.3. Analyses

The concentration evolution of BPA (detected at 280 nm) was
monitored through high-performance liquid chromatography (HPLC)
using a core-shell C-18 reversed phase as the stationary phase
(Phenomenex®: 150 mm X 4.6 mm, 5 pm particle, 100 Z\) and a mix-
ture of aqueous 0.1% (V/V) formic acid and acetonitrile (60:40 V/V) in
an isocratic elution mode as the mobile phase, at 1.0 mL min . The
injection volume and temperature of the column were 25 pL and 23 °C,
respectively. For analysis purposes, the BPA removal during the UVC/
AOPs processes is expressed in its remaining fraction, i.e. as
Xgpa = [BPA],/[BPA]y, in which [BPA], and [BPA], are the values at
time t and prior to the experiment, respectively.

Analyses of liquid chromatography coupled to a mass spectrometer
(LC-MS/MS) determined the intermediates produced during BPA de-
gradation. For this purpose, samples (2 mL) were collected at pre-
determined times, filtered using a 0.22 um polypropylene cartridge
coupled to a glass syringe and injected without any further preparation.
The analyses were performed in a 1200 Agilent Technologies HPLC
coupled to a 3200 QTRAP mass spectrometer (QqLIT — Linear Ion Trap
Quadrupole LC-MS/MS Mass Spectrometer), AB SCIEX Instruments,
operating in a negative mode, and TurbolonSpray ionization. The
software Lightsight® 2.3 (Nominal Mass Metabolite ID Software, AB
SCIEX) was used to investigate all possible by-products after optimizing
the ionization and fragmentation parameters for the initial compound.
These parameters were obtained using a direct infusion of 10 uL min !
of a solution containing BPA (0.44 mmol L™Y in ACN:H,0 (1:1 V/V)
with 0.1% of ammonium hydroxide. The MS/MS conditions were:
curtain gas at 20 psi, ion spray at —4500 V, gas 1 and gas 2 at 50 psi,
temperature of 650 °C, interface heater on, declustering potential, en-
trance potential, and cell entrance potential were of —50, —9.5, and
—21 V, respectively. Optimized selected multiple reaction monitoring
(SRM) and fullscan experiments were performed automatically on the
LightSight® software. Different types of reactions were investigated,
such as oxidation, hydroxylation, reduction, C-C bond cleavage,
chlorination, among others. During the MS/MS experiments, the HPLC
analyses were performed as aforementioned, but with the addition of an
injection volume of 20 pL and ammonium hydroxide into the H,O
component of the mobile phase to reach a final concentration of 0.1%
v/w.

The short chain carboxylic acids were also determined during the
degradation experiments through HPLC using a Rezex™ ROA-H
column (Phenomenex®: 300 mm X 7.8 mm, 8 um particle) as the sta-
tionary phase and a 2.5 mmol L.~ ! H,SO, solution as the mobile phase
at 0.5 mL min~'. Before these analyses, samples collected at pre-
determined times were filtered using a 0.22 um polypropylene cartridge
coupled to a glass syringe. The carboxylic acids (detected at 210 nm)
were identified by comparison of their retention times with those of
previously analyzed standards. The injection volume and column tem-
perature were 25 pL and 23 °C, respectively.

The concentration evolution of oxidants was determined by two
different methods using a UV-Vis spectrophotometer (Shimadzu UV-
1800). The iodometric method used to determine $S,052~ and HOCI
concentrations was adapted from Liang et al. [48]. Briefly, 90 pL of a
0.093 mol L~ ammonium molybdate solution and 140 pL of a 2.5 mol
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L~! KI solution were added to 3.5 mL of sample previously acidified
with glacial acetic acid; subsequently, the samples were analyzed at
351 nm. The spectrophotometric method used to measure the H,O,
concentration, in turn, was adapted from Chai et al. (2004) [49] fol-
lowing a similar procedure, but without KI addition. In this case, the
peroxomolybdate complex formed was spectrophotometrically mea-
sured at 350 nm.

The extent of mineralization (i.e. conversion to CO,) was monitored
through total organic carbon concentration ([TOC]) measurements
using a GE Sievers Innovox analyzer. The [TOC] determination was
carried out after mixing a diluted volume of the treated sample with
H3PO, (6 mol L™1) and Na,S,0g (30% m/V) solutions. Further ex-
perimental details can be found elsewhere [14,50]. Once more, for
analysis purposes, the removal of TOC during the treatment is ex-
pressed in its remaining fraction, i.e. asxjg¢ = [TOC]./[TOCly, in which
[TOC]; and [TOC] are the values at time t and prior to the experiment,
respectively.

Acute toxicity assays were carried out using the crustacean Artemia
salina (A. salina), whose main advantage is their tolerance to variable
pH, temperature, and dissolved oxygen conditions in saline medium,
despite being less sensitive than other testing organisms [51,52]. The
tests were carried out according to the work of Vanhaecke et al. [53],
with modifications, as described in another study by our group [54],
using A. salina cysts from Maramar Brazil and synthetic sea salt from
Red Sea. The toxicity tests were carried out in triplicate using glass
tubes containing 10 mL of initial and treated samples after adding a few
drops of NayS,03 solution. Negative and positive controls contained
artificial seawater (3.5% m/m) with 20.0 mmol L' Na,S$,0; and ar-
tificial seawater with varying concentrations of sodium dodecyl sulfate
(SDS; 10.0, 13.5, 18.0, 24.0, and 32.0 mg LY, respectively. SDS,
which is known as a reference toxicant for A. salina, was used to ensure
the quality of the cysts and conducted experiments to determine the
median lethal concentration (LCsy) of BPA at specific values (3.12,
6.25, 12.5, 25.0 and 50.0 mg L~ ! in artificial seawater 3.5% m/m). The
LCsq values for the SDS positive control and BPA compound followed
the Trimmed Spearman-Karber method [55]. The percentage of mor-
tality was expressed by the ratio between the number of dead organisms
and the total number of organisms.

It has been increasingly relevant to predict the toxicological effects
of new chemical compounds and degradation by-products based on
their chemical structure and physical properties since a trustworthy
prediction can substitute experimental tests using animals. Thus,
quantitative structure-activity relationships (QSARs) analysis through
the ecological structure-activity relationship (ECOSAR) model [56-60]
was conducted to demonstrate the baseline acute and chronic toxicity at
three different trophic levels (i.e. fish, daphnid, and green algae) for the
BPA molecule and by-products identified through LC-MS/MS analyses.
The ECOSAR v1.11 program, developed by U.S. Environmental Pro-
tection Agency, can estimate toxicity of chemical compounds based on
data from structurally similar chemical classes.

The extent of total mineralization (¢) was calculated through the
ratio between the removal fractions of TOC and BPA after a given time
of treatment and using Eq. (6) [61]:

_ 1 —x16¢
T 1-xR ©)

The ¢ value indicates the degree of BPA molecules conversion to
CO,, or other intermediate compounds, which can range from 0 to 1 —
no mineralization or total mineralization of the oxidized BPA molecule,
respectively.

Finally, an economic comparison between the investigated pro-
cesses was performed based on the total cost per order of BPA or TOC
removal, i.e. Cost/Ororar ($ m ™2 order™), encompassing costs of
electric energy (Cost/Oyyc) added with 45% of maintenance costs [62]
and chemicals (Cost/Opx), as shown in Eq. (7). The Cost/Oyvyc ($ m~3
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order ') is determined by the electric energy (EE in kW) required to
oxidize or mineralize the target pollutant by one order of magnitude in
1.0 m® of water per order (Oyyc), as shown in Egs. (8) and (9) [63]:

Cost/O1orar. = Cost/Oyyc + Cost/Opx @)
Cost/Oyyc = 1.45 X X electricity cost
uve ®
EE _ 2303P
Ouvc 60 Vi ©

where P is the lamp power output (i.e. fluency rate X illuminated area
of the reservoir = 20.2 mW cm 2 x 782 cm? = 15.8 W) or the rated
power (9 W), t the reaction time (h), V the solution volume (m>), k the
rate constant (pseudo-first order in min "~ 1), 2.303 is a conversion factor
for logarithm, and 60 is another conversion factor (min h™ Y. The
average electricity cost is 0.1 $ kW~ 'h™! according to the Brazilian
electricity regulatory agency in 2017.

3. Results and discussion
3.1. Oxidation and mineralization of BPA using distinct UVC/AOP

Firstly, control experiments were carried out to explore the extent of
BPA oxidation (0.44 mmol L™1!) in aqueous solution using only UVC
irradiation (photochemical method) or distinct oxidants (H2O0,
Na,S,0g, or HOCI — chemical method). Fig. 1 shows the evolution of the
remaining fraction of BPA (xgpr = [BPA],/[BPA]y) and TOC (xfgpe =
[TOC],/[TOC]o) as a function of treatment time (t) for the photo-
chemical and chemical methods at pH 3 and 38 °C. As illustrated in
Fig. 1a, a significant BPA removal (55%) was achieved after 360 min
using exclusively the UVC lamp. The BPA degradation through the UVC
irradiation can be attributed to the absorption capacity of light by the
BPA molecule, which is measured through the molar absorption coef-
ficient (es4ppa= 912 M em™!) and quantum yield (P254,8p8 =
0.0075 mol Es~!). These two fundamental parameters drive the direct
photolysis rate. Thus, under UVC irradiation, the BPA molecule absorbs
emitted photons that are capable to induce electron state transitions
resulting in the formation of excited BPA molecules (BPA*). These
molecules may lose their excess energy after decomposition with the
consequent generation of by-products. The chemical process using
H,0, and Na,S,0g as oxidant agent led to very low degradation rates
even after 360 min, suggesting that the BPA molecule is recalcitrant
towards oxidation using those chemicals. In contrast, the chemical
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Fig. 2. Remaining a) BPA and b) TOC fraction as a function of treatment time
for the UVC/H,0, (<>), UVC/S,0g%~ (/\), and UVC/HOCI ([0J) processes.
Conditions: 0.6 mol L™ ! of oxidant (flow rate 0.1 mL min 1), pH 3, and 38 °C.
Error bars refer to two and three repetitions for the BPA and TOC determina-
tions, respectively.

method was able to quickly (~10 min) oxidize the BPA molecule in the
presence of HOCI (3.2 * 0.5 x 10~ ! min™?), probably due to the high
rates of electrophilic substitution reactions in the aromatic rings of the
BPA molecule. Yamamoto & Yasuhara [64] and Lane et al. [65] also
found fast oxidation reaction of BPA when performing chlorination
reaction in neutral to alkaline solutions. As expected for the photo-
chemical and chemical processes, BPA oxidation did not result in sig-
nificant levels of conversion to CO,, i.e. mineralization, but only to
accumulation of by-products in the reaction medium, as shown in
Fig. 1b.

Subsequently, distinct UVC/AQOP processes, i.e. HyO-, $,0527, and
HOCI under UVC irradiation were carried out to assess their perfor-
mance towards the degradation and mineralization of BPA, as shown in
Fig. 2. Clearly, oxidation of the BPA molecule improved significantly
when using the UVG/H,0, or UVC/S,0g>~ methods in relation to their
chemical processes, i.e., complete removal was achieved after 300 and
120 min, respectively. This resulted from the activation of these oxi-
dants by the UVC irradiation (particularly at 254 nm) mainly to pro-
duce the electrophilic HO" and SO, ~ species (see Egs. (1), 2, and 3),
which react with the BPA molecule and its oxidation by-products
through addition/abstraction reactions. In the case of the UVC/HOCI
method, no significant improvements were observed in the oxidation
rate and level as the HOCI species promptly react with the BPA mole-
cule, as previously discussed.

Table 1 presents the values obtained for the pseudo-first order ki-
netic constants (k;s) regarding the oxidation and mineralization of BPA
upon the use of distinct UVC/AOP. As expected, the UVC/HOCI process
had higher oxidation rate values (270 = 6 X 10~% min~?') than the
UVC/S,08°~ (35 = 2 x 107° min~!) and UVC/H,0,

Table 1
Pseudo-first order kinetic constants (k;s) for the removal of BPA" and TOC'"
using different UVC/AOP.

Process kst (BPA)/107 % min~1* kis (TOC)/1073 min™*"
UVC/H,0, 15.0 * 0.3 (0.994) 1.3 + 0.2 (0.889)
UVC/S,052~ 35 + 2(0.950) 2.3 * 0.3 (0.870)
UVC/HOCL 270 + 6 (0.921) 5.8 + 0.3 (0.938)

Fig. 1. Remaining a) BPA and b) TOC fraction as a function of treatment time
for the photochemical () and chemical (H505 (+), S05>~ (+), and HOCI (+))
processes. Conditions: 0.6 mol L~ of oxidant (flow rate 0.1 mL min~ 1), PH 3,
and 38 °C. Error bars refer to two and three repetitions for the BPA and TOC
determinations, respectively.

™ mean values obtained after two repetitions.

mean values obtained after three repetitions.

* The value in parentheses refers to the mean coefficient of determination
(R?) of the linear regression carried out to determine the respective value of
kst

T
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(15 = 0.3 x 1073 min™YH processes. Therefore, for the last two
methods, it is clear that the generation of HO" (and SO, ~ when using
$,0427) species might have improved the oxidation towards BPA.
Furthermore, the rate constant in UVC/S,0g> ™ is slightly higher than in
UVC/H,0, due to the additional HO" species generated from reaction of
SO, ~ species with H,O (see Eq. (3)). Similarly, Sharma et al. [36]
found that the UVC/S,0g>~ process (ki = 9.4 x 10~ >min~ ") is more
efficient at BPA oxidation ([BPA], = 0.22 mmol L™') than the UVC/
H,0, process (kisx = 5.4 X 1072 min~'). The ki values achieved
ranged one order of magnitude below those found in this work, even
when using a 40 W UVC lamp. Sanchez-Polo et al. [66] also obtained
similar values for ki (~10~2 min~!) as well as 80% and 70% of BPA
oxidation ([BPAl, = 0.044 mmol L™1) after 180 min for the UVC/
$,05>~ and UVG/H,0, methods, respectively, despite using a high
power (700 W) mercury medium pressure lamp. The low efficiency
towards BPA oxidation reported in these works could be attributed to
the self-scavenging reactions of radicals (SO, ~, HO", HO,', O, ", etc.)
upon a high initial oxidant concentration in solution. Clearly, this issue
could be minimized by continuously adding oxidants, as carried out in
this study.

For the UVC/HOCI method and its consequent similar removal level
and rate as the chemical method using HOCI (see. Fig. 1a), it is not clear
whether the HO™ and Cl species also mediated the oxidation process of
the former; however, an analysis of the BPA mineralization (Fig. 2b)
reveals the conversion of the produced by-products into CO» (90%
mineralization after 360 min), which is mainly mediated by HO" spe-
cies, as discussed below. These results are more satisfactory than that
achieved using the UVC/H,0, (~30%) and UVC/S,05~ 2 (60%) pro-
cesses, which is also demonstrated in the calculated rate constants (see
Table 1). In addition, all coupled methods had improved performance
upon the use of UVC light due to the formation of HO" and SO, ~ (when
using S,0g> ™) species, despite the distinct levels of the tested methods.
Sharma et al. [36] also reported similar mineralization levels for BPA
when using UVC/H,0, (38%) and UVC/S,05%~ (55%) processes after
360 min of treatment.

More recently, researches have applied the UVC/HOCI method to
eliminate various CEC (pharmaceuticals, insecticides, herbicides, etc.)
[13,67-69]; however, only few works have reported high TOC removal
levels, which is an important parameter from the environmental point
of view. Yin et al. [68] investigated the oxidation of two neonicotinoid
insecticides (imidacloprid and thiacloprid) using the UVC/HOCI pro-
cess (full HOCI addition at the beginning of treatment) for both com-
pounds and reached only ~30% of mineralization in relation to ~90%
reported in this study, demonstrating the advantage of continuously
adding the HOCI oxidant. In contrast, degradation and mineralization
rates obtained in this work corroborate the theoretical kinetic model
proposed by Li et al. [38], which estimated the performance of these
UV-based oxidation technologies. The model predicted that photolysis
of the HOC), S,052~, and H,0, oxidants mediated by UVC irradiation
(i.e. radical production) and their performance towards organics oxi-
dation follows the order: HOCl > S,04>~ > H,0,. As expected for
the superior oxidation and mineralization of BPA using the HOCl/UVC
method, high values (close to 1.0) for the extent of total mineralization
(o) were achieved after 360 min, as shown in Fig. S2 in the supple-
mentary file. Low ¢ values for the UVC/S,052~and UVC/H,0, methods
indicate an accumulation of oxidation by-products of BPA in the reac-
tion system.

To better understand the synergistic effect associated with the
coupled processes, the experimental curves for the remaining fractions
of BPA and TOC as a function of treatment time (t) using the different
UVC/AOP processes were compared with the theoretical curves ob-
tained from the summation of the experimental remaining fractions of
the photochemical and chemical processes used separately. The ex-
perimental and theoretical curves for the remaining fractions of BPA
and TOC for the UVC/HOCI, UVC/H,0,, and UVC/S,04%~ processes
can be seen in Figs. 3-5, respectively. As above mentioned and due to
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dant (flow rate 0.1 mL min~}), pH 3, and 38 °C. Error bars refer to two and
three repetitions for the BPA and TOC determinations, respectively.
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Fig. 4. Remaining fraction of a) BPA and b) TOC as a function of treatment time
(t) for the photochemical method (), chemical method (), UVC/H50, pro-
cess (> +), and after summation of the experimental photochemical and che-
mical methods (— — —). Conditions: 0.6 mol L™! of oxidant (flow rate
0.1 mL min~ 1), pH 3, and 38 °C. Error bars refer to two and three repetitions for
the BPA and TOC determinations, respectively.

the fast BPA oxidation reaction in the presence of HOCL, no synergistic
effect resulting from the coupling with UVC irradiation is observed, i.e.,
the experimental and summation/theoretical lines are coincident. In
the case of the UVC/H,0, (see Fig. 4) and UVC/S,05%~ (see Fig. 5)
processes, the slope of the experimental line of both methods is higher
than the summation line, confirming the synergistic effect of the com-
bined processes. Regarding TOC removal, once again by comparing the
experimental and theoretical lines for its remaining fraction, all tested
UVC/AOP methods exhibited mineralization removal levels above the
results of a simple summation. It clearly suggests the production of
HO/SO, ™~ species, which are the main species responsible for con-
verting organic compounds into CO,. As the supplementary file shows,
a significantly lower concentration of oxidants occurred in the presence
of UVC irradiation (see Fig. S3 and its discussion). Such behavior results
from the homolysis of oxidants mediated by UVC irradiation that gen-
erates HO™ (or SO4 ) species, which was confirmed with the identifi-
cation of salicylic acid during the performance of UVC/oxidant ex-
periments in the presence of benzoic acid (see Fig. S4), in addition to
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Fig. 5. Remaining fraction of a) BPA and b) TOC as a function of treatment time
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methods (- — —). Conditions: 0.6 mol L~! of oxidant (flow rate
0.1 mL min~ 1), pH 3, and 38 °C. Error bars refer to two and three repetitions for
the BPA and TOC determinations, respectively.

quenching experiments using isopropanol and tert-butyl alcohol (see
Fig. S5 and discussion) for the UVC/S,052~ process.

3.2. Identification of oxidation by-products

In order to identify the main intermediate compounds produced
during BPA oxidation using distinct UVC/AOP, aliquots were collected
at different treatment time intervals to be analyzed through LC-MS/MS.
Table 2 shows the proposed chemical structures for the main oxidation
by-products detected, as well as retention times and main fragment
ions. Among the detected intermediates, only two compounds, n. 3 and
n. 4 (m/z 247 and m/z 259, respectively) appeared in all investigated
UVC/AOP processes and only compound n. 5 (m/z 261a) occur during
treatment of BPA using the UVC/S,05%~ and UVG/HOCI processes. Fig.
S6, in the supplementary file, illustrates the integrated chromato-
graphic area of the oxidation by-products reported in Table 2 as a
function of treatment time. As expected for the UVC/H,0, process, due
to its low mineralization levels (see Figs. 2b or 4b) and low ¢ values, a
higher number of oxidation by-products fully hydroxylated were de-
tected, e.g. compounds n. 1, 2, 8, and 9. As far as we could ascertain,
this is the first report for the occurrence of these intermediates, except
for oxidation by-products 1 and 2, which were found during BPA de-
gradation through the Fenton reaction [70]. In contrast, only three
intermediates (3, 4, and 5; two of them with low intensities — see Fig.
S6¢) occurred for the HOCl/UVC method, which also corroborates the
high levels of TOC removal and ¢ for BPA, as reported earlier. More-
over, and differently from reported in the literature regarding the use of
chlorine-based processes for BPA removal [71-73], no organochlorine
oxidation by-products were detected during measurements. Such be-
havior could be attributed to the low accumulation of intermediate
compounds, precluding their identification through LC-MS/MS con-
sidering the high mineralization rate achieved. In order to confirm the
BPA susceptibility regarding the addition of reactions mediated by
chlorine species, LC-MS/MS analyses were also carried out for the
chemical experiment using only HOCI (i.e., without UVC irradiation).
Contrary to the results for the UVC/HOCI process, two organochlorine
intermediates (compounds 6 and 7) were detected during the chemical
process using HOCI. In addition, throughout the 6 h treatment process
the integrated areas for these organochlorine compounds increased (in
agreement with the low TOC removed — see Fig. 3), especially for
compound 6 (see Fig. S6d), which is more toxic than the parent BPA
molecule (see discussion below on the biotoxicity assays). These data
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do not imply the absence of chlorination in the BPA molecule during
the UVC/HOCI process since the oxidation rate for the chemical and
coupled methods were very similar, but it means a possible low amount
of organochlorine (probably in the beginning of the reaction and not
analyzed in this work, i.e. less than 2 h) completely removed after 6 h of
treatment. In contrast, the organochlorine by-products produced during
the chemical process using HOCI were detected even after 6 h treatment
(see Fig. S6d). In this sense, and to avoid (or minimize) the formation of
organochlorine compounds, it is recommended to couple HOCI process
and UVC radiation. Figs. S7-S15, in the supplementary file, show the
fragmentation route proposed for all intermediates detected. In a gen-
eral way, most of the oxidation by-products resulted from addition re-
actions mediated by the electrophilic HO" species (as expected for the
experiments with benzoic acid) in the methyl substituents and espe-
cially in the aromatic rings. The higher polar degree of by-products in
relation to the BPA molecule is another characteristic corroborating the
proposed oxidation for generating a lower retention time of inter-
mediates during LC-MS/MS as the stationary phase (C-18 column) used
is non-polar. The variety of chemical structures identified in this work
resulting from hydroxylation reactions confirm the non-selective nature
of the HO" species (and possibly SO, ™), as mentioned by other authors
[74-77].

In the final stages of the BPA molecule oxidation, the production of
carboxylic acids clearly indicates that the break of aromatic ring and
further oxidation before complete mineralization, i.e. conversion to
CO,. In addition, previous studies [78,79] demonstrated that when
molecules containing phenolic rings are further oxidized, short chain
carboxylic acids, including acetic, formic, fumaric, glyoxylic, maleic,
oxalic, and succinic, represented the main detected compounds. In this
work, a large number of short chain carboxylic acids (acetic, butyric,
dichloroacetic, formic, glycolic, glyoxylic, malic, malonic, oxalic, pro-
pionic, pyruvic, succinic, tartaric, and tartronic acids) were identified
through HPLC during BPA oxidation. Fig. 6 illustrates the concentration
evolution of these carboxylic acids as a function of treatment time using
distinct UVC/AOP processes, which shows that the occurrence of tar-
tronic acid for all tested UVC/AOP methods at high concentration va-
lues, especially for the UVC/HOCI (~27 mg L™1). This latter method
also generated the largest number of carboxylic acids, mainly during
the first two hours of experiment; however, almost all were completely
removed within 5 h of treatment, even the only chlorinated carboxylic
acid detected. Remaining amounts of acetic acid were still detected
after 6 h, which might be responsible for the residual TOC values in the
final stages of the experiment, as well as other non-identified carboxylic
acids. As expected for the chemical process using HOCI, high con-
centrations of carboxylic acids appeared in the final stages of treatment
(mainly acetic, formic, and glyoxylic acids). Moreover and similarly to
the treatment using UVC/HOCI, dichloroacetic acid was generated and
completely removed within 3 h of treatment (see Fig. S16 in the sup-
plementary file). The UVC/H,0, method produced the highest con-
centrations of carboxylic acids during the experiment; however, these
acids were not completely removed until 6 h of treatment, corrobor-
ating the low mineralization levels attained (see Fig. 2b or 4b). Finally,
tartronic and glyoxylic acids were the main carboxylic acids produced
and detected during treatment using the UVC/S,052~ method. Sig-
nificantly lower TOC resulted from the complete removal of glyoxylic
acid within 3 h of treatment.

3.3. Biotoxicity assays and energy consumption assessment

To assess the environmental compatibility of the UVC/AOP pro-
cesses, acute toxicity tests using A. salina as the testing organism for a
24 h exposure were carried out during the treatment of BPA solutions.
The percentage of mortality for A. salina decreased during the treatment
of BPA solutions and was completely ceased after 4 h with the use of
UVC/S;05~ and UVC/HOCI processes, as shown in Fig. 7. In the case
of the UVC/H,0, method, the toxicity decreased after 2 h of treatment
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Table 2
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LC-MS/MS data of the main detected oxidation by-products during treatment of BPA solutions using different UVC/AOP processes.

Molecular mass Retention time

Log Kow* Molecular ion [M—H] ™ (m/ Main fragment ions (m/z)

Proposed chemical structure Previously reported by

(Da) (min) 2) ref.
1 152* 1.86 0.95 151 133 and 107 /©/\((OH [70]
(o]
HO
2 244% 1.30 2.2 243 211, 149, and 133 OH [70]
3 248%c 1.16 2.8 247 229, 203, 167, 149, and - Ie) no
119 OH
HO x
OH
4 260%° 1.30 1.7 259 244, 215, 179, and 165 OH no
| X
HO XOH OH
5 2622 1.18 1.2 26la 197 and 119 OH OH no
6 262b¢ 1.49 4.29 261b 215 and 119 cl > [64]
HO O O OH
7 2784 1.56 2.82 277 245,135, and 119 OH no
SeRe)
HO OH
8 324°1 1.20 -1.9 323 279, 243, and 227 OH O no
CI)H OH
s
HO—-
HO)\éH/ o
9 34277 1.25 -3.5 341 261 and 243 OH OH no
Cl)H
P
HO— | HO
Ho~ [ oH o
OH

a = UVC/H,04 b = UVC/S,04%; ¢ = UVC/HOCL d = HOCI.
only detected in 4 h.

*detected in 2 and 4 h.

*values estimated using ECOSAR software.

and had been completely removed by the end of experiment. Con-
sidering the 28.9 mg L™ ! estimated value for the LCs, for BPA using A.
salina and the time below 2 h required for the BPA concentration to
decrease (see Fig. 2) for all tested UVC/AOP processes, the mortality of
A. salina was expected to cease just after 2 h of treatment if toxicity
occurred only due to the parent molecule. As the time for complete
toxicity removal was longer than expected for the LCs, values, treat-
ment of BPA solutions using different UVC/AOP processes result in
toxic intermediates whose type and concentration depend on the spe-
cific method as well as the complete detoxification of the treated BPA
solution.

Pérez-Moya et al. [80] reported a sharp mortality decrease using
Vero cells after a 5 min treatment of BPA solutions (30 mg L™Y in-
volving Fenton, Fenton-like, and photo-Fenton processes. However,
mortality was 50% higher after further reaction time, probably due to
the formation of intermediates that are more toxic than the parent
molecule. Other authors had found a similar behavior concerning
higher toxicity at the beginning of treatment [81].

To benefit the understanding of the results obtained during the
toxicity tests using A. salina, the ECOSAR software was used to estimate
the acute and chronic toxicity baseline of BPA and its oxidation by-
products (identified through LC-MS/MS analyses) for different aquatic
organisms (fish, daphnid, and green algae). Taking into account the re-
sults obtained by using the software and the classification proposed in
the Globally Harmonized System of Classification and Labelling of

Chemicals (GHS), as seen in Tables S2 and S3 (in the supplementary
file), respectively, it is possible to state that: i) except for the organo-
chlorine compound n. 6, all the remaining oxidation by-products are
less toxic than the BPA molecule; i) intermediate compounds n. 1, 4,
and 5 are not harmful for acute toxicity, but harmful for chronic toxi-
city, while intermediate n. 2 is harmful for acute and chronic toxicity —
these intermediates were found only during the treatment using the
UVC/H,0, process; iii) intermediate compound n. 3 is detrimental for
acute and chronic toxicity and appeared during all treatment processes;
however, its signal during LC-MS/MS analyses was around 15 times
higher than when the UVC/H,O, process was used; iv) the inter-
mediates identified during the HOCI chemical process, n. 6 and 7, are
considered very toxic and toxic toward chronic toxicity, respectively; v)
the remaining oxidation by-products showed no acute or chronic toxi-
city effects. All these results may explain why the UVC/H,0, process
demanded a prolonged treatment time to reduce toxicity towards A.
salina in comparison to the UVG/S,05>~ and UVC/HOCI processes. In
addition, none of the 15 carboxylic acids detected in this work were
considered toxic for acute or chronic exposure for the concentration
levels obtained and based on the ECOSAR software estimation (data not
shown). Among the detected carboxylic acids, glyoxylic acid is con-
sidered the most toxic (LCso = 256 mg L™ 1) for fish in acute exposure.

An economic comparison to determine the most satisfactory cost-
efficiency relationship among the investigated UVC/AOP was per-
formed during BPA oxidation based on the total cost per order (Cost/
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Ororar- $ m ™2 order™1). According to Table 3, the Cost/OtoraL Values
proved significantly lower for the UVC/HOCI and UVC/H,0,, processes
than for the UVC/S,0s2~ method. Moreover, the Cost/Orgra;. for UVC/
HOCI is ~14 times lower than for UVC/H,0, due to the low oxidation
rates attained (and low quantum efficiency) through the latter process.
In the case of the UVG/S,05%~ method, the price of the Na,S,0g oxi-
dant (Cost/Opx) was higher than the other chemicals, which resulted in
higher operational costs. Thus, considering the Cost/Ororar parameter,
the UVC/S,042~ method is not recommended for BPA oxidation. This
result contrasts to the literature reports [82-84], i.e. the UVC/S,052~
process is more cost-efficient method than UVC/H,0,, which is clearly
related to the lower price of the Na,S,Og reagent reported in other
studies (0.74 $ kg_l) in relation to ours (13.7 $ kg_1 from Sigma
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Table 3
Economic comparison per order of BPAT oxidation using distinct UVC/AOP
processes.

Type of cost per order UVC/H;0, UVC/S,05%~ UVC/HOCL

Cost/Oyyc ($ m ™2 order ™) 6.87 (3.91)**  3.44 (1.96)**  0.477 (0.272)**
*Cost/Oox ($ m ™2 order ') 0.018 1.74 0.018
Cost/Ororar ($ m ™3 order™!)  6.89 (3.93)**  5.18 (3.70)**  0.495 (0.290)**

Experimental conditions: [BPA] = 0.44 mmol L™, [oxidant] = 0.6 mol L™!
(added in a flow rate of 0.1 mL min~ 1), pH 3, and 38 °C.

Tmean values obtained after two repetitions.

*Oxidant price (US$): 0.504 kg_1 for H,0, (Synth), 13.7 $ kg_1 for Na,S,0g
(Sigma Aldrich), and 3.21 kg ™! for NaOCl (Nalgon).

**Values in parentheses refer to calculation taking into account the rated power
of the UVC lamp.

Aldrich). Therefore, considering the time of treatment using the UVC
lamp and price of chemicals, UVC/HOCI is the most cost-efficient
process for BPA oxidation. Lu et al. [62] also reported that the UVC/
HOCI process is more cost-effective than the UVC/S,04>~ method for
the oxidation of clofibric acid. In the context of total cost per unit order,
an alternative treatment would be the energy consumption per unit
mass of removed TOC, as discussed in the supplementary file, see Fig.
S17.

Finally, regarding BPA conversion and its oxidation by-products
into CO,, only the UVC/HOCI method was able to remove the content
of TOC by one order of magnitude (~90%), therefore, the Cost/OrorarL
value for mineralization using this process remained around
7.8 $ m 3 order . Such value is significantly higher (~30 times) than
the one for BPA oxidation as the mineralization of complex organic
compounds, like BPA and its by-products, requires successive steps of
hydroxylation reactions (resulting in a prolonged reaction time).
Consequently, there are practically no studies reporting the Cost/
Ororar for BPA mineralization using UVC/AOP.

4. Conclusion

Among the three investigated UVC/AOP processes in this work, the
UVC/HOCI showed the best performance for the oxidation and miner-
alization of BPA in comparison to the UVC/S,052~ and UVC/H,0,
processes. In all methods, UVC irradiation resulted in a significant
improvement of the oxidation and mineralization rates and levels due
to the homolysis of oxidants and generation of HO" and SO, ~ species.

The use of the UVC/HOCI method presented only two hydroxylated
intermediates, whereas six oxidation by-products were found during
treatment of BPA using UVC/H,0,, confirming its lower mineralization
extent in relation to the UVC/HOCI method (¢ ~1). The LC-MS/MS
analyses did not indicate any organochlorine upon the use of the UVC/
HOCI process, contrasting to the results from the chemical process. As
both processes showed similar BPA oxidation rates, it is speculated that
the production of organochlorine intermediates occurs through both
methods (UVC/HOCI and HOCI), but are promptly consumed under
UVC irradiation through subsequent hydroxylation reactions.

Biotoxicity assays using the A. salina crustacean proved effective at
showing the toxicity evolution of BPA solutions during the treatment
using distinct UVC/AOQP. As expected, the mortality of these organisms
was completely ceased using the UVC/HOCI treatment process due to
the high BPA conversion rate and its intermediates to CO,. In contrast, a
low mortality rate appeared for the UVC/H»0, method, probably due to
the oxidation by-products produced as analyzed by comparing between
experimental data obtained from the LC-MS/MS analyses and theore-
tical calculations using the ECOSAR software.

Finally, the UVC/HOCI represents an interesting option for practical
applications, like wastewater treatment plants, since high organic re-
moval rates can be achieved under a low operating cost.
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