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lectro-oxidation coupled with UV
irradiation (UV/EO) versus conventional oxidation
processes (UV irradiation, chlorination, electro-
oxidation, and UV/chlorine) for atenolol removal:
role of operating parameters, energy performance,
and toxicity

Pannika Duangkaew and Songkeart Phattarapattamawong *

In this study, electro-oxidation combined with UV irradiation (UV/EO) was used for atenolol (ATL) removal,

and the results were compared with those of electro-oxidation (EO), UV irradiation, UV/chlorine, and

chlorination. In addition, effects of current density (CD), UV intensity, electric potential, electrolyte (NaCl)

concentration, ATL concentration, pH, and free radicals were studied. The UV/EO process was the most

effective for ATL removal, followed by UV/chlorine, EO, chlorination, and UV irradiation. The ATL

degradation was described by a pseudo-first-order rate model, and the observed rate constant (k') for

UV/EO exhibited a direct proportionality to CD, NaCl concentration, and UV intensity. In contrast, the

results were opposite for pH and ATL concentration. A change in the electric potential did not affect the

UV/EO efficiency. The energy consumption of the UV/EO process exhibited an inverse proportionality to

the k' value. cOH played the major role in ATL removal, while the role of RCS was minor. The kinetic

degradation of ATL by cCl (kClc) was 1.55 × 1011 M−1 s−1. Intermediate products formed during ATL

oxidation exhibited higher toxicity than the parent compound. This finding highlights the potential risks

associated with the formation of highly toxic byproducts. Therefore, it is necessary to optimize the

design and operating parameters of the UV/EO system to prevent the formation and accumulation of

harmful intermediates.
1. Introduction

Pharmaceutical and personal care products (PPCPs) are active
organic compounds that oen pollute water resources, causing
adverse effects on the ecosystem. Due to their high stability and
limited uptake by the body, PPCPs are released through
wastewater into the environment.1 Pharmaceutical pollutants
are difficult to remove by conventional wastewater treatment
because they are present in trace amounts and some of them
can resist biodegradation. Atenolol (ATL), a beta-blocker drug
used to treat heart and vascular diseases, is a non-
biodegradable compound with long persistence in the envi-
ronment, and 50–85% of consumed ATL is excreted through
urine.2 The ATL structure (C14H22N2O3) includes a phenyl ring
with an acetamide group on one side and an ether-linked
hydroxypropanolamine chain on the other side (SI Fig. 1). ATL
exhibits limited direct absorption in the visible light region. As
a result, the removal efficiency under visible light is minor, with
King Mongkut's University of Technology
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about 15% degradation observed aer 120 min of exposure.3,4

ATL has been found in the environment at a concentration of
0.040–122 mg L−1.5 It has been shown to inhibit the growth of
human embryonic cells and exhibit toxicity toward freshwater
species.6 Among 3466 chemical compounds found in the envi-
ronment, ATL is one of 36 PPCPs identied as a priority in the
global risk ranking list.7 In addition, the toxicity of products
derived from ATL degradation is unknown.

In general, water treatment involves either chlorination or
UV irradiation as the nal process. However, chlorination and
UV irradiation have been reported to be ineffective for ATL
removal.8,9 Moreover, chlorination requires careful chemical
management, as transportation, storage, and handling of
chlorine pose signicant safety concerns. In this context, the
generation of chlorine in situ offers an attractive alternative by
reducing safety risks and providing operational exibility.
Electro-oxidation (EO) simultaneously generates free active
chlorine (FAC) and hydroxyl radicals (cOH) on the electrode
surface (S) (eqn (1)–(4)).10 Electro-oxidation combined with UV
irradiation (UV/EO) is considered to be a novel advanced
oxidation process (AOP) because it enhances the generation of
RSC Adv., 2025, 15, 35739–35748 | 35739
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diverse reactive radicals. Decomposition of FAC (HOCl/OCl−) by
UV photolysis leads to the formation of cOH and various reactive
chlorine species (RCS) (eqn (5)–(7)).11–13 This approach not only
overcomes the limitations of conventional oxidation processes
but also enhances oxidative capacity, making it a promising
option for efficient ATL removal. The UV/EO process can be
applied over a broad pH range,14,15 whereas the Fenton process,
a conventional AOP, is predominantly used for treating acidic
wastewater due to the preferred oxidation state of iron under
acidic conditions.16,17 In the Fenton reaction, ferrous ions react
with hydrogen peroxide to generate cOH. Recent studies have
developed visible-light-driven photocatalysts to enhance the
efficiency and practical application of the process.18,19 However,
UV-based AOPs are readily implemented in water purication
because the interference from suspended solids or turbidity is
relatively minor compared with that in wastewater treatment.
The oxidation potentials of cOH, Clc, Cl2c

−, and OClc are 2.8,
2.43, 2.13, and 1.39 eV, respectively.20,21 These active radicals are
powerful oxidants for the removal of recalcitrant pollutants.22

The cOH is a strong and non-selective oxidant, while RCS are
more selective for unsaturated and aromatic compounds.23 The
predominant reactant signicantly inuences the reaction
efficiency and the structural characteristics of the oxidation
byproducts, thereby affecting their toxicity. Previous research
found that, rather than cOH, RCS enhanced trimethoprim
degradation rate to 87%, and played a major role in the removal
process.24 RCS can interact with organic compounds through
chlorine addition, electron transfer, and H-abstraction.25,26

These reactions contribute to the formation of disinfection
byproducts, which include compounds with potential carcino-
genic and mutagenic properties.27,28 Although the kinetic
degradation rate of ATL by cOH has been reported,29,30 studies
on the rate of ATL degradation by RCS are limited, and further
research is needed to elucidate the nature of the active radicals.

Direct oxidation: H2O + S / S(cOH) + H+ + e− (1)

Anodic reaction chlorine: 2Cl− / Cl2 + 2e− (2)

Hydrolysis of chlorine gas: Cl2 + H2O 4 HOCl + Cl− + H+ (3)

Equilibrium at pH 7.5: HOCl 4 OCl− + H+ (4)

HOCl/OCl− + hn / cOH /Oc− + Clc (5)

HOCl/OCl− + Clc / ClOc + Cl− + H+ (6)

Cl− + Clc / Cl2c
− (7)

The formation of free radicals depends on operational and
environmental factors, such as current density (CD), electric
potential, electrolytic concentration, pollutant concentration,
and pH.13,31,32 The electrical current decomposes electrolytes
such as chloride to form chlorine gas on the surface. The
chlorine is dissolved and hydrolyzed to hypochlorous acid
(HOCl), which further dissociates to hypochlorite (OCl−). The
amount of chlorine depends on the CD and the electrolyte
concentration.33 However, information on the practical aspects
35740 | RSC Adv., 2025, 15, 35739–35748
of this process is currently limited. A key question to explore is
whether substance removal is primarily governed by electric
potential or CD. Investigating the relative contributions of these
factors could provide valuable insights into optimizing removal
efficiency in various treatment processes. This knowledge is
also useful for the development and operation of UV/EO
processes.

The aim of this study was to remove ATL using the UV/EO
process and to compare the outcome with those achieved by
using electrooxidation (EO), UV irradiation, UV/chlorine, and
chlorination processes. In addition, the inuence of various
operating factors (i.e., current density (CD), electric potential,
electrolytic concentration, ATL concentration, pH, and free
radicals) on the effectiveness and energy performance was
studied. The effect of operating factors on the kinetic degra-
dation of ATL by the UV/EO process was also revealed. Lastly,
the microbial toxicity of the treated water was tested. The
ndings show the potential of the UV/EO process for removing
pharmaceutical compounds while minimizing energy demand.
2. Materials and methods
2.1. Materials

ATL (purity >98%) was purchased from Sigma-Aldrich. The
electrolyte was sodium chloride (purity >99%) purchased from
Carlo-Erba. Sodium hypochlorite solution (concentration >7%)
was laboratory grade. Ultrapure water (UPW) was generated
from an Arium® Pro DI/UV water lter (Sartorius, Germany).

The reactor was housed in an opaque, rectangular wooden
box with dimensions of 41 × 42 × 40 cm (W × L × H). Three
low-pressure UV-C lamps (Philips, 6 W, 20 mm inner diameter
and 355 mm long) were mounted within a quartz glass tube on
the ceiling of the enclosure (SI Fig. 2). The UV lamp was warmed
for 30min before starting the experiment. The UV intensities for
one, two, and three UV lamps were 0.281, 0.506, and 0.681 mW
cm−2, respectively, as determined with an actinometer and the
iodide/iodate method.34 The electrodes were constructed with
BDD (anode) and Ti (cathode). The space and surface area of the
electrodes were 3.5 cm and 28 cm2, respectively.
2.2. Experimental procedure

Samples (400 mL) were prepared in UPW in a glass beaker and
placed onto a magnetic stirrer. The pH was controlled with
a phosphate buffer solution at pH 6, pH 7, and pH 8 (10 mM).
The electrolyte was prepared in a phosphate buffer solution by
adding sodium chloride (NaCl) at 300, 500, and 1000 mg L−1. A
chlorine concentration of 24 mg L−1 was used for the chlori-
nation process. This chlorine concentration was the maximum
chlorine residual formed in the EO and UV/EO processes. The
ATL concentration was 20 ± 0.5 mg L−1. A power supply (LW-
3010KDS, LONG WEI) was used to deliver currents at 0.07,
0.14, and 0.28 A to achieve CDs of 2.5, 5, and 10 mA cm−2,
respectively. The electric potentials were recorded at 7 ± 1, 10 ±

1, and 12 ± 1 voltages, respectively. The experiment was per-
formed at 25 °C in batch mode for 120 min. To study the effect
of free radicals (cOH and RCS), para-chlorobenzoic acid (pCBA)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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and benzoic acid (BA) were used. pCBA was selected as a probe
to differentiate the role of cOH, instead of nitrobenzene.
Although nitrobenzene is a scavenger of cOH with negligible
reaction with Clc,35 the high molar extinction coefficient of
nitrobenzene at 254 nm (5858 M−1 cm−1) can interfere the UV
photolysis and UV-based advanced oxidation processes.36 On
the other hand, UV photolysis of pCBA at 254 nm is negligible,37

indicating a low molar extinction coefficient and quantum
yield. BA has been used as a probe for various free radicals (i.e.,
cOH and Clc).38,39 Na2S2O3 was used as a quenching agent of free
chlorine. Each experiment was performed in triplicate.
Fig. 1 Removal of ATL by chlorination, UV irradiation, EO, UV/chlorine,
and UV/EO (pH 7, NaCl 500 mg L−1, 1 UV lamp, CD 5 mA cm−2, n = 3).
2.3. Analytical methods

The ATL concentration was determined by high-performance
liquid chromatography (HPLC, Waters e2695). A C18 column
(Vertisep™ AQS, 4.6 mm× 150 mm, 5 mm) was used to separate
the compounds in the sample. The mobile phase solution was
prepared bymixingmethanol and phosphate buffer solutions at
pH 2.4 in a ratio of 25 : 75, and a ow rate of 1 mL min−1 was
used. The sample injection volume was 100 mL. A UV detector at
254 nm was used to quantify the ATL, and the column
temperature was 30 °C. The limit of detection (LOD) of ATL was
0.5 mg L−1. Nitrobenzene (NB) and benzoic acid (BA) were
analyzed using HPLC (Nexera Series, Shimadzu) with a C18
column (Vertisep™ AQS, 4.6 mm × 150 mm, 5 mm). The mobile
phase consisted of a methanol and phosphoric acid mixture
(pH 2.11) in a 45 : 55 ratio. The analysis was conducted at a ow
rate of 1 mL min−1 with an injection volume of 10 mL, using
a UV detector set at 227 nm and a column temperature of 30 °C.
The free active chlorine (FAC) was determined by using the N,N-
diethyl-p-phenylenediamine (DPD) method. pH was measured
with a pH meter (portable S2, Mettler Toledo).

Free radical concentrations were calculated using eqn (8)
and (9).

d½pCBA�
dt

¼ kpCBA�cOH½cOH�½pCBA� (8)

d½BA�
dt

¼ ðkBA�cOH½cOH� þ kBA�Clc½Clc�Þ½BA� (9)

where kpCBA−cOH, kBA−cOH, and kBA−Clc are second-order reaction
rate constants for pCBA with cOH (5 × 109 M−1 s−1), BA with
cOH (5.9 × 109 M−1 s−1), and BA with Clc (1.8 × 1010 M−1 s−1),
respectively.35,39,40 [cOH] and [Clc] are the concentrations of cOH
and Clc, respectively.

The specic energy consumption of UV/EO for 90% ATL
removal (E, kWh m−3) can be estimated by using eqn (10).41,42

E ¼ UIt90%

1000V
þ Pt90%

1000V
(10)

where I is the applied current (A), U is the applied voltage (V),
t90% is the time at 90% removal (h), P is the power imparted to
the water (W), and V is the solution volume (m3).

Bacterial toxicity was tested with Bacillus cereus (B. cereus),
a Gram-positive rod-shaped bacterium. The method was
modied slightly from a previous study.43 B. cereus was inocu-
lated in culture medium (K2HPO4 2.64 g L

−1, KH2PO4 1.64 g L
−1,
© 2025 The Author(s). Published by the Royal Society of Chemistry
glucose 0.2 g L−1, and acetate 0.2 g L−1, nutrient broth 1.6 g L−1)
for 18 h before storage in a refrigerator. Resazurin (0.5 mg L−1)
was used as an inhibiting reagent to assess metabolic activity
and cell viability. Mixtures of samples and cell cultures were
incubated for 20 min before adding 1 mL of resazurin reagent.
Bacterial growth changed the resazurin color from blue to pink.
The color development was maintained for 20 min. HgCl2
solution (50 mL, 10 mg mL−1) was used to inhibit bacterial
growth. The toxicity was determined by measuring the absorp-
tion at 610 nm with a spectrophotometer. The inhibition
percentage was calculated from eqn (11). The cell control
sample (positive control) was a mixture of cells with culture
medium and UPW, while the reagent control (negative control)
sample was similar to the cell control sample without the
addition of cells.

Inhibitionð%Þ ¼ sample� cell control

reagent control� cell control
(11)

3. Results and discussion
3.1. Comparative ATL removals

Chlorination and UV irradiation for 120 min removed 30% and
20% of ATL, respectively (Fig. 1). The partial ATL removal by
both methods, which was consistent with previous studies, was
attributed to the low extinction coefficient (3254 =

462.5 M−1 cm−1) and quantum yield (F254 = 0.002 M × Ein-
stein−1) for UV photolysis,9 and to the lower reactivity towards
chlorine.8,30 The ineffective UV photolysis in ATL degradation
resulted in an estimated time required for complete ATL
removal of 24.6 h (1475 min), rendering the process impractical
for implementation. The EO and UV/EO processes effectively
reduced the ATL concentration to below the level of detection at
120 min and 50 min, respectively. The EO process generated
cOH on the electrode surface10 and FAC (HOCl/OCl−) in the
electrolyte to remove the target pollutants.12 Comparison of the
EO and chlorination processes at the same chlorine concen-
tration (24 mg L−1) indicated that the EO process removed more
RSC Adv., 2025, 15, 35739–35748 | 35741
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ATL, due to the generation of cOH in the system. The oxidation
potentials of HOCl and OCl− are lower than that of cOH, with
values of 1.49 and 0.90 eV, respectively.44 The UV/EO and UV/
chlorine processes generate cOH and RCS via UV photolysis of
FAC (HOCl/OCl−).11,38 The mechanism of formation of cOH and
RCS in the UV/EO and UV/chlorine processes can be described
by eqn (5)–(7).11–13 Briey, the O–Cl bond of FAC is cleaved
homolytically, producing either cOH from HOCl or oxygen-
centered radicals (Oc−) from OCl−, along with Clc. Hypochlo-
rite (ClOc) or dichloride (Cl2c

−) radicals can form during the
reaction of Clc with FAC or chloride ion, respectively. Regarding
reactive oxygen species, the superoxide radical (O2c

−) and
hydrogen peroxide (H2O2) are mild to weak oxidants, compared
to cOH. The contribution of O2c

− and H2O2 to ATL degradation
can be negligible due to their low redox potentials.45,46 However,
the presence of O2c

− promoted the H2O2 generation, which may
further lead to the formation of cOH. Singlet oxygen (1O2) can
attack the aromatic moiety of ATL by hydroxylation or cleavage
(k = 7.0 × 105 M−1 s−1).47 However, the 1O2 oxidation of ATL
could be minor because its formation by UV photooxidation of
natural organic matter (DOMc Y 1O2) can be negligible due to
the presence of lower amounts of natural organic matter in our
study. In addition, the quantum yield of 1O2 is typically 0.007–
0.064,48 resulting in 1O2 concentrations that are oen on the
order of 10−14–10−13 M.49,50 cOH is a strong and non-selective
oxidant with an oxidation potential of 2.8 eV, while the oxida-
tion potentials of Clc, Cl2c

− and ClOc are 2.43, 2.13, and 1.39 eV,
respectively.20,21 The presence of highly reactive free radicals
contributed to the enhanced effectiveness of the UV/EO and UV/
chlorine processes, compared to the EO process. Among various
treatments, the UV/EO process was the most effective ATL
removal process.

The ATL degradation could be described by a pseudo-rst-
order reaction using the initial reaction-rate method. The
determination coefficient (R2) was over 0.97 (SI Fig. 3). The
pseudo-rst-order reaction rate constants (k') for UV irradiation
and chlorination exhibited comparable values of 0.0025 and
0.0035 min−1, respectively. The EO process enhanced the ATL
degradation rate, resulting in a k' value of 0.0319 min−1. The k'
values of the UV/chlorine and UV/EO processes were 0.0437 and
0.0599 min−1, respectively. The observed k' value for the UV/EO
process exceeded the summation of the individual k' values
obtained from the UV irradiation and EO processes. This
nding suggested the presence of a synergistic effect in the ATL
removal, likely due to the enhanced generation of reactive
oxidants and improved degradation pathways when both
processes are applied simultaneously. The k' values determined
using the initial rate method exhibited slight deviations from
the overall degradation rate of ATL obtained through holistic
removal (SI Fig. 3). Although an oxidation byproduct was
presumably more resistant, the formation of free radicals (i.e.,
cOH and RCS) was sufficient to sustain the reaction rate.
3.2. Effect of operating parameters on UV/EO

3.2.1. UV intensity. The UV intensity directly depended on
the number of UV lamps. The UV intensities for 1, 2, and 3 UV
35742 | RSC Adv., 2025, 15, 35739–35748
lamps were 0.2809, 0.5059, and 0.6914 mW cm−2, respectively.
Higher UV intensities induced greater ATL removal rates; thus,
ATL could not be detected at 45, 25, and 20 min aer irradiation
with 1, 2, and 3 UV lamps, respectively (Fig. 2a). Because FAC
was cleaved and converted into cOH and RCS by UV photolysis,
higher UV intensity enhanced the formation of free radicals,
resulting in faster removal rates.51 The k' values for 1, 2, and 3
UV lamps were 0.0599, 0.0917 and 0.1602 min−1, respectively (SI
Fig. 4). The k' value was directly proportional to UV intensity,
with the corresponding value of 0.2407.

3.2.2. Current density (CD). An increase in the CD clearly
enhanced the ATL removal (Fig. 2b). With a CD of 2.5 mA cm−2,
more than 80 min was required for complete ATL removal.
Increasing the CD to 5 and 10 mA cm−2 reduced the required
removal time to 50 and 25 minutes, respectively. Higher CD
promoted FAC formation, as evidenced by the FAC concentra-
tions at 120 min of 13, 23.8, and 28mg L−1 for CDs of 2.5, 5, and
10 mA cm−2, respectively. The increase in electrical current
supplied more electrons at the anode, promoting water oxida-
tion and resulting in increased formation of chlorine and cOH.
The applied currents were 0.07 ± 0.01, 0.14 ± 0.01, and 0.28 ±

0.02 A, respectively. These stable currents provided CDs of 2.5±
0.5, 5.0 ± 0.3, and 10.0 ± 0.7 mA cm−2, respectively (SI Fig. 5).
FAC formation was directly proportional to the CD, with the
corresponding value of 1.8343 (R2 = 0.8194). The increase in the
rate of ATL removal was demonstrated by the higher k' values (SI
Fig. 6). The k' values for CDs of 2.5, 5, and 10 mA cm−2 were
0.0427, 0.0599, and 0.1309 min−1, respectively, demonstrating
a direct proportionality between the reaction efficiency and the
CD. The correlation between the CD and the k' values in this
study was consistent with our recent ndings, which demon-
strated that the k' values for pesticide degradation increased
with higher CD. Specically, the k' values were 0.0374, 0.0450,
and 0.0503 min−1 at CDs of 5, 10, and 20 mA cm−2, respec-
tively.52 The k' values increased by 0.0121 per unit increase in
CD. The k' value for a CD of 10mA cm−2 was two and three times
higher than those observed at CDs of 5 and 2.5 mA cm−2,
respectively. The formation of cOH and RCS depends on the UV
uence and the initial substrate concentration (i.e., FAC).
Increases in CD, which enhanced FAC formation, enhanced the
anodic oxidation and the formation of cOH and RCS in the bulk
phase via UV photolysis of FAC. Therefore, FAC served as an
indirect indicator of the UV/EO process potential, particularly
for bulk-phase radical generation under UV irradiation.

3.2.3. NaCl concentration. The NaCl solution served as the
electrolyte, providing ions to carry the electric current during
the UV/EO process at a CD of 5mA cm−2 and pH 7 (controlled by
a phosphate buffer solution). An increase in NaCl concentration
could promote higher conductivity and lower resistance,
allowing for better charge transfer and faster reaction
rates.12,53,54 However, a slight increase in the NaCl concentration
from 300 to 500 mg L−1 led to a marginal enhancement in ATL
removal (Fig. 2c). At NaCl concentrations of 300, 500, and
1000 mg L−1, complete ATL removal was achieved within 50, 50,
and 30 min, respectively. The minimal impact on ATL removal
rates at lower levels of electrolyte concentration was evidenced
by the gradual increase in k' values. The k' values at NaCl
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 ATL removal using the UV/EO process under various UV intensities (a), CDs (b), NaCl concentrations (c), phosphate buffer concentrations
(d), ATL concentrations (e), and pH values (f).
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concentrations of 300, 500, and 1000 mg L−1 were 0.0560,
0.0599, and 0.0995 min−1, respectively (SI Fig. 7). The k' value at
the initial NaCl concentration of 1000 mg L−1 was nearly twice
that observed at 300 and 500 mg L−1. The chloride ion (Cl−) is
a substrate for anodic oxidation and photochemical pathways to
produce FAC, which is further photolyzed to form cOH and RCS
(eqn (2)–(5)). The k' value can be estimated by eqn (12). At low
NaCl concentrations (300–500 mg L−1 or 5.13–8.56 mM Cl−),
ATL removal was dominated by cOH, resulting in a slight
increase in k'. The minor effect of RCS on ATL removal was
revealed and is discussed in Section 3.2.7. High concentrations
of NaCl (1000 mg L−1 or 17.12 mM Cl−) increased the solution
conductivity and reduced ohmic loss, which increased the
current efficiency for anodic water oxidation. Higher conduc-
tivity could facilitate more efficient electron transfer, allowing
greater anodic generation of cOH through direct oxidation of
water and subsequent indirect oxidation in the bulk.55,56 Thus,
NaCl addition could nonlinearly enhance formation of cOH on
the surface and in the bulk, promoting a signicant increase in
the k' value. Additionally, elevated NaCl concentrations
© 2025 The Author(s). Published by the Royal Society of Chemistry
increased the formation of free chlorine (35 mg L−1), which
could subsequently react with ATL.

k0 z kcOH[cOH] + kClc[Clc] + kFAC[FAC] + kUV[FI] (12)

3.2.4. Phosphate buffer concentration. To understand the
effect of electric potential, various phosphate buffer concen-
trations were used to modify the system's conductivity. The
system was subjected to different electric potentials while
maintaining a constant CD (5 mA cm−2). To ensure a stable
current across varying electric potentials, phosphate buffer
concentrations were adjusted to 10, 15, and 20mM; these buffer
concentrations induced current potentials of 7.90, 8.24 and
9.60 V, respectively. However, the removal efficiencies of ATL
remained consistent, with approximately 91% removal achieved
within 30 min (Fig. 2d), suggesting that the current potential
had no signicant impact on the removal of ATL. In addition,
the ATL was removed by either chlorine reaction or anodic
oxidation, while a direct electron transfer from the electrode
surface was minor. Although the experiment was conducted
RSC Adv., 2025, 15, 35739–35748 | 35743
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Fig. 3 ATL degradation by the UV/EO process in the presence of
scavengers (BA and pCBA) (BA/pCBA 1 mM, ATL 20 mg L−1, pH 7, NaCl
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with various electric potentials, the k' values remained relatively
stable, ranging from 0.0588 to 0.0599 min−1 (SI Fig. 8).

3.2.5. ATL concentration. The UV/EO process effectively
removed ATL concentrations of 15, 20 and 25 mg L−1 to non-
detectable levels within 40, 50, and 50 min, respectively
(Fig. 2e). The highest k' value was observed at an initial ATL
concentration of 15 mg L−1, with a value of 0.0655 min−1 (SI
Fig. 9). The k' values for initial ATL concentrations of 20 and 25
mg L−1 were 0.0599 and 0.0464 min−1, respectively. The results
revealed an inverse relationship between the initial ATL
concentration and the k' value. This suggested that as the initial
concentration of ATL decreased, the rate of its degradation (as
indicated by k') was more rapid. A possible explanation could be
that lower concentrations of ATL led to less competition for
reactive species or a more efficient reaction environment,
resulting in an enhanced rate of degradation. In addition, the
ATL degradation products may either inhibit the reaction or
require additional energy to degrade, thereby affecting the
overall kinetics. The transformation of amine moieties in ATL
during UV/chlorine treatment involved complex mechanisms
inuenced by reactant concentrations.57 Similar ndings were
reported in previous studies, wherein a decrease in substrate
concentrations accelerated the reaction rate due to more
favorable conditions.58,59

3.2.6. pH. The UV/EO process exhibited the highest effi-
ciency for ATL removal at pH 6, followed by pH 7 and pH 8
(Fig. 2f). Consequently, complete degradation of ATL was ach-
ieved most rapidly at pH 6, with total removal occurring within
25 min. At pH 7, ATL concentrations fell below detectable levels
within 50 min. In contrast, the removal rate was lowest at pH 8,
where ATL was no longer detected aer 100 min. The change in
pH affected free chlorine species. The [OCl−]/[HOCl] ratio
increased with higher pH values.14,60 The oxidation potentials of
HOCl and OCl− were 1.49 and 0.90 V,44,61 respectively, implying
that HOCl was more reactive towards organic compounds than
OCl−. In addition, oxygen evolution preferentially occurred
under acidic conditions, leading to longer lifetimes of cOH.62 On
the other hand, several substances in alkaline solution
(hydroxide, carbonate, bicarbonate) could act as scavengers of
cOH,63 reducing the rate of ATL removal. The k' values for pH 6,
pH 7, and pH 8 were 0.1084, 0.0599, and 0.0248 min−1,
respectively (SI Fig. 10). The enhanced ATL removal at pH 6
could be attributed to two factors. Firstly, the dominance of
HOCl under low pH conditions facilitated the generation of
cOH.38,64 Among reactive oxygen species, cOH is primarily
formed at pH levels below 7.5 by UV photolysis of HOCl, while
Oc− is produced via the photolysis of OCl− at higher pH values
(eqn (5)).38 Since cOH exhibited a higher oxidation potential
(2.80 V) than Oc− (2.42 V), a higher removal efficiency of recal-
citrant compounds could be expected.56 Secondly, the reaction
rate of OCl− with cOH was approximately four times faster than
that of HOCl, with reported rate constants of 8.8 × 109 and 2 ×

109 M−1 s−1, respectively.65 Thus, the higher fraction of OCl−

could substantially inhibit the cOH oxidation. As a result,
increasing the pH from pH 6 to pH 7 and pH 8 led to a reduction
in the removal rate by 45% and 77%, respectively.
35744 | RSC Adv., 2025, 15, 35739–35748
3.2.7. Free radicals. The ATL removal was reduced when
scavengers (i.e., pCBA and BA) were added. At 60 min, 90% and
87% of the ATL were removed aer adding pCBA and BA,
respectively (Fig. 3). Although the amounts of ATL removed
from samples containing pCBA and BA were comparable to
those in the non-scavenger samples, the presence of pCBA and
BA reduced the overall degradation rate. The k' values for the
non-scavenger sample and the samples with pCBA and BA
additions were 0.0599, 0.0367, and 0.0329 min−1, respectively.
The k' value for the pCBA sample decreased signicantly, by
39%, indicating that cOH played a dominant role in ATL
oxidation. The further reduction in k' values with BA suggested
that RCS also participated in ATL degradation, albeit to a lesser
extent than cOH. The k' value for the BA sample decreased by
45%, compared to the non-scavenger sample. Clc could rapidly
react with chloride ions to form Cl2c

− at a rate that limited their
steady-state concentrations (k1 = 6.5 × 109 M−1 s−1), while the
reverse reaction occurredmore slowly (Cl2c

− Y Clc + Cl−; k2= 1.1
× 105 M−1 s−1). In comparison, the reaction of cOH with chlo-
ride ions proceeded at a lower rate (k3 = 4.3 × 109 M−1 s−1).46 A
previous study reported that the major free radical to react with
ATL was cOH, rather than RCS.66 cOH can react at the aromatic
ring or the secondary amine of ATL with rate constants (kcOH) of
4.8–7.19 × 109 M−1 s−1.29,67,68

To quantify the concentration of free radicals, the removal
rates of pCBA and BA were determined. The k' values for pCBA
and BA removal were 0.0220 and 0.0286min−1, respectively. The
amount of cOH and RCS formed in the system was calculated as
described in SI Text 1. The amount of cOH and RCS formed in
the system was 7.33× 10−14 M and 2.44× 10−15 M, respectively.
These active radicals contributed to a kClc of 1.55 × 1011 M−1

s−1, implying that ATL was more sensitive to Clc than cOH. The
calculation of kClc is described in SI Text 2. However, the
generation of cOH was approximately 30 times greater than that
of Clc; thus, cOH was the major oxidant in the ATL degradation.

3.3. Correlation between specic energy consumption and k'
value

One of the primary constraints in the implementation of the
UV/EO process is the operational cost, which is predominantly
500 mg L−1, 1 UV lamp, n = 1).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Inhibition of bacterial growth in water treated using the UV/EO
process.
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attributed to energy consumption. The specic energy
consumption was calculated based on 90% ATL removal. The
energy consumption at a xed CD of 5 mA cm−2 exhibited
a strong linear relationship with the inverse of the k' value
(Fig. 4). As k' increased, the energy consumption decreased
signicantly. The data showed a high correlation (R2 = 1.000),
with the regression equation given as E = 0.1352 (1/k') + 0.0042.
This linear line suggests that energy consumption decreases
proportionally with increasing reaction kinetics. The trend
revealed that a factor modication to enhance the electro-
chemical activity (higher k') could enhance mass transfer and
minimize energy demand in the UV/EO process.44,69,70 In addi-
tion, the elevated k' enabled a more compact system because of
the reduced time requirement. On the other hand, an increase
in CD to 10 mA cm−2 resulted in greater energy consumption,
although k' also increased. A previous study also reported that
the energy demand increased with higher CD.71 This observa-
tion indicated that the primary energy demand in the UV/EO
process was the electrical current applied to the electrodes.
3.4. Toxicity

The bacterial toxicity levels of the samples treated with the UV/EO
process at 0, 30, 60, 120, and 180 min were 10%, 17%, 17%, 19%,
and 13%, respectively (Fig. 5). Interestingly, the bacterial growth
inhibition nearly doubled within the rst 120 minutes before
subsequently declining. This raised an awareness of the forma-
tion of highly toxic compounds during the oxidation of ATL. The
ATL degradation pathway during the UV/EO process was expected
to be similar to that reported in the previous study on the UV/
chlorine process. In these pathways, ATL is degraded through
hydroxylation and chlorination of the aromatic ring, cleavage of
the ether bond, and oxidation of the amine moiety.30 In addition,
variation in toxicity levels may result from a synergistic effect of
cOH and RCS, which can react with ATL to form disinfection by-
products (DBPs), such as trihalomethanes (THMs) and halo-
acetaldehydes (HALs). Furthermore, the amine moiety in the
atenolol structure can lead to the formation of nitrogenous
DBPs.30,66 In addition, cOH oxidation can render substancesmore
reactive towards chlorine and RCS.30,72,73 RCS and FAC can react
with ATL to form halonitromethanes (HNMs) and
Fig. 4 Correlation between specific energy consumption and 1/k'
(circles = fixed CD at 5 mA cm−2, diamonds = CD values of 2.5, 5, and
10 mA cm−2).

© 2025 The Author(s). Published by the Royal Society of Chemistry
haloacetonitriles (HANs), with high genotoxicity and cytotoxicity,
rather than carbonaceous DBPs.30,74,75 These intermediate prod-
ucts may exhibit higher toxicity levels than the parent compound
(ATL). The formation of intermediates with higher toxicity
aligned with ndings from similar studies on b-blockers that
were conducted under the UV/chlorine treatment regime.57,76 A
toxicity assessment using the bioluminescent freshwater bacte-
rium (i.e., Aliivibrio scheri) revealed that intermediates formed
during the ATL oxidation exhibited higher toxicity than the
parent compound.30 However, extending the treatment time to
over 120 min resulted in a reduction in bacterial inhibition,
suggesting a progressive degradation of toxic intermediates into
less harmful byproducts. These ndings highlight the necessity
for a comprehensive toxicity evaluation of intermediates and
demonstrate that optimization of the UV/EO reaction time is
required to minimize the formation of toxic transformation
products while ensuring effective pollutant removal.
4. Conclusion

The highest ATL removal was observed in the UV/EO process,
followed by UV/chlorine, EO, chlorination, and UV irradiation.
The UV/EO process exhibited a synergistic effect on the ATL
removal. The efficiency of the UV/EO process for the removal of
ATL depended directly on the UV intensity, NaCl concentration,
and CD. On the other hand, increases in pH and the initial ATL
concentration exhibited an inverse effect, leading to a reduction
in removal efficiency. Variations in current potential had no
impact on the ATL removal. The energy consumption of the UV/
EO process exhibited an inverse proportionality to the k' value.
Although cOH and RCS contributed to the degradation of ATL,
cOH played the major role, rather than RCS. The kinetic
degradation of ATL by cCl (kClc) was 1.55 × 1011 M−1 s−1. The
intermediate products formed during the UV/EO treatment for
120 min exhibited higher toxicity levels than the parent
compound (ATL). Extending the treatment time beyond
120 min decreased the bacterial inhibition.
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