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isphenol A during heat-activated
peroxodisulfate treatment: kinetics, mechanism,
and transformation products

Chunyu Wang, a Juan Yan,a Jia Yuan,a Ling Zhang,a Wei Qian,b Guochen Bian,b

Yunhong Song,a Xu Gao *a and Han Mao*c

In this study, we systematically investigated the degradation kinetics, mechanism, and transformation

products of bisphenol A (BPA) in a heat-activated peroxodisulfate (heat/PDS) system. The pseudo-first-

order rate constants (kobs) values of BPA increased with initial PDS dosage (0–1.0 mM), temperature (50–

65 °C), and solution pH (4.0–10.0). The presence of natural organic mater (NOM), chloride ion (Cl−), and

bicarbonate ion (HCO3
−) manifested inhibiting influence on the degradation of BPA during reaction,

while nitrate (NO3
−) was insignificant impact. According to radical scavenging experiments, the main

oxidizing species were both hydroxyl radical (HOc) and sulfate radical (SO4c
−), but the HOc played an

important role. Transformation products were concentrated by solid phase extraction and identified by

liquid chromatography high-resolution mass spectrometer (LC-HRMS). A total of fifteen transformation

products derived from hydroxylation, demethylation, C–C bond cleavage, and dimerization reaction

were identified. Further combining the quantum chemical calculation, the transformation pathways of

BPA in the heat/PDS system were proposed. Toxicity analysis shows most of transformation products

had less toxicity than that of BPA, indicating that oxidation of BPA by heat/PDS system was

a detoxification process. These results illustrated that heat-activated PDS oxidation could be an efficient

method to remove BPA from contaminated water.
1. Introduction

Endocrine disrupting compounds (EDCs) refer to exogenous
substances capable of stimulating or suppressing endogenous
hormone reactions, thereby disrupting the reproductive and
developmental processes in living organisms.1–3 Among the
prevalent EDCs, bisphenol A (2,2-bis(4-hydroxyphenyl)propane,
BPA) is widely used as an intermediate in the production of
many consumer products, including electronic equipment,
polycarbonate (PC) plastics, sports safety equipment, and epoxy
resins.4,5 BPA is a synthetic organic compound with the chem-
ical formula C15H16O2 and a molecular weight of 228.29 g
mol−1.6 Its structure consists of two phenolic rings linked by an
isopropylidene bridge, forming 4,40-isopropylidene diphenol.
The speciation of BPA (pKa1 = 9.6, pKa2 = 10.2) to monobasic
BPA and dibasic BPA at pH 9. The global annual production of
BPA reached 3.9 million tons in 2006, and was projected to
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increase by approximately 30% by 2020.7,8 With the extensive
use of these products, BPA is frequently detected in surface
water, wastewater, and groundwater at concentrations typically
ranging from a few ng L−1 to hundreds of mg L−1.6,7,9 In sedi-
ments and landll leachates, concentrations can even reach up
to mg L−1.2 Critically, BPA and its derivatives can accumulate in
the food chain of humans and animals, leading to persistent
chronic toxicity.10 Consequently, developing effective technolo-
gies to degrade BPA in contaminated surface water and
groundwater is urgent.

In recent years, advanced oxidation processes (AOPs), char-
acterized by generating highly reactive species via oxidants
activation (i.e., ozone, hydrogen peroxide (H2O2), perox-
ymonosulfate (PMS), and peroxydisulfate (PDS)), have been
widely explored for degrading refractory organic compounds in
water.11–14 Among these, the in situ generated sulfate radical
(SO4c

−) from activation of PMS/PDS has attracted signicant
attention.15,16 Compared to hydroxyl radical (HOc, 10−3 ms),
SO4c

− possesses a longer half-life (30–40 ms), and it exhibits
stronger selectivity with a high redox potential (E0 = 2.5–3.1
V).17,18 Compared to H2O2 (the HOc precursor), the SO4c

−

precursors (PMS/PDS) are increasingly applied as alternatives to
HOc-based AOPs for removing refractory organic contaminants
in waste waters and subsurface environments.19,20 In general,
PDS alone with most organic compounds at a low reactivity.18
RSC Adv., 2025, 15, 28949–28958 | 28949
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However, the generated SO4c
−/HOc from PDS activation via

varieties of methods, including heating, ultraviolet (UV) irradi-
ation, heterogeneous catalytic, and transition metals.21–23

Among these activation methods, heat activation of PDS has
attracted increasing attention due to environmental friendli-
ness, convenient operation, and lack of secondary pollution
(i.e., metal ions dissolution from various catalyst).24–26 Heat
activation typically involves injecting hot water or steam into
the contaminated area, or applying electrical resistance heating,
to activate the PDS for in situ remediation of the contaminated
soil.25 Although previous studies have exported that BPA can be
effectively degraded by SO4c

−-based AOPs, including zero valent
iron, ferrous iron, carbon-based materials, and microwave
activated PDS.27–30 However, the reactive sites of BPA molecule
react with free radicals in heat/PDS system were largely
unknown. Several studies only focus on the decomposition rate
or degradation efficiency of BPA, while were difficult to further
identify the molecule structures of transformation products
from BPA in these processes.16 Quantum chemical calculation is
effectively supplement to the experimental results and can be
used to examine the reactionmechanism.31–33 While researchers
have studied oxidation reactions of contaminants with SO4c

− or
HOc, insufficient mechanisms and kinetic data are available on
the degradation of BPA by these radicals.20,34 Furthermore,
investigations on the water matrices affect the degradation of
BPA in heat/PDS system are still limited.

In this work, the degradation of BPA in heat/PDS system was
systematically investigated. The main purposes of this study
were to (1) investigate the degradation kinetic of BPA in the
heat/PDS system; (2) explore the effects of water matrix
(including nitrate (NO3

−), chloride ion (Cl−), bicarbonate ion
(HCO3

−), and natural organic matter (NOM)) on the degrada-
tion of BPA; (3) identify the contributions of reactive species
during the reactions; (4) identify the transformation products
and degradation pathways of BPA in the heat/PDS system
according to quantum chemical calculations and mass spec-
trometer analysis; (5) evaluate the ecotoxicity of BPA and its
transformation products during heat/PDS system. This work
aims to provide useful information for evaluating the feasibility
of degradation of BPA in contaminated water using SO4c

−-based
AOPs.
2. Materials and methods
2.1. Materials and reagents

All chemicals and reagents used in this study were of analytical
grade, and were provided in Text S1 of the SI. Ultra-pure water
(18.25 MU cm−1) used in all prepared solution.
2.2. Experimental procedures

Batch experiments were conducted in a water bath (SN-HWS-8F,
Sunne, China) thermostatically at 60 ± 0.5 °C. 50 mL reaction
solutions consisted of 1 mM PDS, 40 mM BPA, and 10 mM
phosphate buffer (for its negligible effect on the reactions) at pH
7.0 ± 0.1. Sulfuric acid and sodium hydroxide were applied to
adjust the initial pH of the reaction solutions to 4.0, 5.5, 7.0, 8.5,
28950 | RSC Adv., 2025, 15, 28949–28958
and 10.0. Control experiments were also performed in the
absence of PDS under the above same condition. Methanol
(MeOH), isopropanol (IPA), and tert-butanol (TBA) were added
to the reaction solution to investigate the main reactive species.
NO3

−, Cl−, HCO3
−, and NOM (0–10 mg L−1, was obtained from

the Suwannee river (#1R101F)) were added into the reaction
solution to investigate the inuence of water matrices on BPA
degradation during heat/PDS treatment. At the pre-set time
points, 0.8 mL samples were withdrawn, immediately quenched
by 10 mL of 2 M sodium sulte, and stored in a liquid phase vial
for subsequent analysis. All the experiments were carried out at
least twice.

To further identify the transformation products of BPA,
200 mL reaction solution consisted of 40 mM BPA, 1 mM PDS,
and 10 mM phosphate buffer was allowed to reaction for 60 min
under 60 ± 0.5 °C. Then, the reaction solution was chilled and
rapidly enriched via solid phase extraction (SPE) using
balanced-reverse-polymer (BRP) cartridges (120 mg/6 cm3).
More details of SPE procedures are given in Text S2 of the SI.

2.3. Analytical methods

Concentration of BPA was analyzed by a high-performance
liquid chromatography (HPLC, LC-20, Shimadzu, Japan)
coupled with an C18 column (5 mm, 250 mm × 4.6 mm, Agilent,
USA). The ow rate was 1.0 mL min−1, and the injection volume
was 10 mL. The mobile phase was consisted of 70% MeOH (with
0.1% formic acid) and 30% water (with 0.1% formic acid). The
detection wavelength and reaction time of BPA were 280 nm and
3.550 min, respectively.

BPA and its transformation products were characterized
using high-resolution mass spectrometer (HRMS) comprised of
a HPLC coupled with a Q-Exactive mass spectrometer (Thermo
Fisher Scientic, USA). Separation was accomplished using an
ZORBAX SB-C18 column (5 mm, 100 mm × 2.1 mm, Agilent,
USA). Detailed analytic parameters of HRMS were obtained in
Text S3 of the SI.

2.4. Theoretical calculations

Density functional theory (DFT) calculations were performed
using Gaussian 16 at the M062X/6-31+G(d,p) level. The M062X
functional was selected, as it is well-suited for modeling SO4c

−/
HOc reactions and thermodynamic calculations for main-group
elements.35 Optimized geometries at stable points exhibited
positive vibrational frequencies, while transition states
possessed a single imaginary frequency.20 Intrinsic reaction
coordinate (IRC) calculations veried connectivity between
transition states, reactants, and products.32 To model aqueous
environments, solvent effects were incorporated using the SMD
solvation model with water. Based on optimized structures,
Multiwfn 3.7 analyzed localized Fukui function distributions
and frontier molecular orbitals (FMOs) to predict radical attack
sites. FMOs were visualized using VMD 1.9.3.

2.5. Toxicity assessment

The toxicity of BPA and its transformation products to aquatic
organisms was assessed by Ecological Structure–Activity
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Relationship Model (E.C.O.S.A.R.) soware (version 1.11).36–38 In
terms of acute toxicity, 96 h 50% lethal concentration (LC50) for
sh, 48 h LC50 for daphnia, and 96 h 50% effective concentra-
tion (EC50) for green algae. In addition, the ChV toxicity of BPA
and its transformation products to sh, daphnia, and green
algae was also investigated.

3. Results and discussion
3.1. Degradation kinetics of BPA in heat/PDS system

The degradation kinetics of BPA in heat/PDS system was
explored. As shown in Fig. 1(a), no degradation of BPA was
observed in the control experiments without PDS at 120 min,
suggesting that BPA degradation efficiency was unlikely affected
by the volatilization of BPA. However, 41.1% of BPA was
degraded by 0.2 mM PDS at 60 °C within a reaction time of
120min in the heat/PDS system, and BPA degradation efficiency
increased from 41.1% to 100% with the increase of PDS dosage
increased from 0.2 to 1.0 mM. The degradation data of BPA
followed pseudo-rst-order kinetics model. The pseudo-rst-
order rate constant, kobs, was obtained from linear regression
of ln [BPA]t/[BPA]0 against t at each condition (eqn (1)).

�Ln ½BPA�t
½BPA�0

¼ kobst (1)

where [BPA]0 and [BPA]t are the concentrations of BPA at time
0 and t, respectively. At PDS dosage concentration of 0.2 mM,
the value of kobs for BPA degradation was 0.0046 min−1

(Fig. S1(a)). Further increasing PDS dosage concentration to
1.0 mM, the kobs value was increased to 0.0290 min−1. As shown
in Fig. 1(b), a linear relationship can be established between the
kobs and PDS dosages. These results indicated that BPA can be
effectively degraded in the heat/PDS system.

The inuence of reaction temperature on the degradation of
BPA in water was investigated. As presented in Fig. 1(c), the
degradation of BPA increased with increasing reaction
temperature. The value of kobs increased from 0.0073 to
0.053 min−1 with increasing reaction temperature from 55 °C to
65 °C (Fig. S1(b)). This is due to the accelerated rate of PDS
decomposition to generate some reactive species as the reaction
temperature increased, which accelerated the degradation of
BPA in the heat/PDS system. Note that, while the reaction
temperature was elevated to 80 °C, the increase in the kobs value
became insignicant (Fig. S2). This result indicated that
employing the heat/PDS system to treat BPA wastewater,
economic applicability should be considered. In addition,
Fig. 1(d) shows the degradation of BPA in acidic condition was
signicantly higher than that in alkaline condition. As seen in
Fig. S1(c), the kobs value reached 0.0046, 0.029, 0.0249, 0.0363,
and 0.0564 min−1 within 120 min at the solution pH of 4.0, 5.5,
7.0, 8.5, 10.0, respectively, indicating that the heat/PDS oxida-
tion system has good acid-base adaptability for BPA degrada-
tion. The observed inhibition under acidic conditions (Fig. 1(d))
arises from (i) protonation of SO4c

− to less reactive hydrogen
sulfate radicals (HSO4c), and (ii) suppression of the HOc/SO4c

−

interconversion pathway. This phenomenon was also observed
in a prior study,39 where the degradation efficiency of
© 2025 The Author(s). Published by the Royal Society of Chemistry
sulfamethoxazole exhibited a signicantly inhibitory effect
under acidic conditions. Despite structural/chemical differ-
ences, the degradation behavior of BPA and SMX conrmed that
pH primarily affects degradation efficiency by regulating the
type of free radical rather than relying on compound specic
structures.

3.2. Identication of reactive species

It has been reported that some reactive species (i.e., HOc and
SO4c

−) were expected to be generated from the heat/PDS
system.24 In this study, MeOH, TBA, and IPA were used as
scavengers to explore the contributions of HOc/SO4c

− respon-
sible for the degradation of BPA. In general, MeOH can rapidly
react with both HOc and SO4c

− (kMeOH,HOc = 9.7 × 108 M−1 s−1,
kMeOH; SO4

c� = 1.1 × 107 M−1 s−1), while TBA reacts with HOc
more quickly than SO4c

− (kTBA,HOc= 6× 108 M−1 s−1, kTBA;SO4
c� =

4 × 105 M−1 s−1).40 As shown in Fig. 2, the degradation effi-
ciency of BPA was decreased in the presence of MeOH and TBA.
The kobs value of BPA aer 120 min of reaction decreased from
0.0290 min−1 to 0.0164 min−1 and 0.0134 min−1 when 10 mM
MeOH and 10 mM TBA spiked (Fig. S3). Compared to MeOH,
IPA reacts with HOc and SO4c

− at a second reaction rate
constants of 1.9 × 109 and 8.2 × 107 M−1 s−1, respectively.40,41 It
reacts considerably faster with HOc and SO4c

−. The kobs value of
BPA aer 120 min further declined to 0.0027 min−1 when
10 mM IPA spiked. These results demonstrated that both HOc
and SO4c

−were the primary reactive species on BPA degradation
in heat/PDS system, but HOc played more important role.

3.3. Effects of anions and NOM on the degradation of BPA in
heat/PDS system

Previous studies have shown that degradation of pollutants in
wastewater and natural waters may be inuenced by the pres-
ence of co-existing anions.25,39 In this study, the effects of
common anions, such as NO3

−, Cl−, and HCO3
−, on the

degradation of BPA were explored, and the experimental data
are displayed in Fig. 3(a). As seen, no signicant change was
observed on BPA degradation in the presence of 5 mM NO3

−.
When the concentration of NO3

− increased from 5 to 50 mM,
the degradation of BPA was only slightly inhibited, which is
consistent with previously reported result that the reaction
between SO4c

− and NO3
− with a low second reaction rate

constant of 2.1 × 100 M−1 s−1.42

However, the degradation efficiency of BPA was decreased in
the presence of Cl− (Fig. 3(b)). The kobs value of BPA aer
120 min was declined from 0.0290 to 0.0093 min−1 when the
concentration of Cl− increased from 0 to 50 mM (Fig. S4(a)).
This is due to the competition of Cl− with BPA for HOc/SO4c

− to
form reactive chlorine species, such as chlorine radicals (i.e., Clc
and Cl2c

−) and hypochlorous acid (HClO).43 Compared with
HOc/SO4c

−, the generated reactive chlorine species have relative
lower oxidation potential which are generally less reactive
towards organic compounds. Therefore, in this study, Cl− acts
as HOc/SO4c

− scavenger, resulting in the degradation of BPA
was decreased. Similar results were also found in the degrada-
tion of BPA by heat/PDS with HCO3

−. As shown in Fig. 3(c), the
RSC Adv., 2025, 15, 28949–28958 | 28951
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Fig. 1 Effects of (a) initial PDS dosage at 60 °C on BPA degradation in heat/PDS system. (b) Relationship between the observed pseudo-first-
order rate constant (kobs) of BPA degradation and PDS dosages. Effects of (c) reaction temperature and (d) solution pH on BPA degradation in
heat/PDS system. Experimental conditions: [BPA]0 = 40 mM, [PDS]0 = 1.0 mM, pH 7.0 ± 0.1 maintained by 10.0 mM phosphate buffer.

Fig. 2 Effects of MeOH, TBA, and IPA on the degradation of BPA in
heat/PDS system. Experimental conditions: [BPA]0 = 40 mM, [PDS]0 =

1.0 mM, [MeOH]0 = 10 mM, [TBA]0 = 10 mM, [IPA]0 = 10 mM, pH 7.0±

0.1 maintained by 10.0 mM phosphate buffer.
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degradation efficiency of BPA in the presence of 5 mM HCO3
−

aer 90 min reached 90.5% lower than that in the absence of
HCO3

−. The kobs value of BPA was decreased from 0.0260 to
0.0176 min−1 when the concentration of HCO3

− increased from
5 to 50 mM (Fig. S4(b)). The reason may be attributed to the
reaction between HCO3

− and HOc/SO4c
− to generate relative

weaker oxidation radical, such as bicarbonate radical (HCO3c).44
28952 | RSC Adv., 2025, 15, 28949–28958
In addition, NOM widely present in natural water and have
a strong effect on organic compounds degradation in heat/PDS
system.45 In this study, the inuence of different NOM
concentrations (0–10 mg L−1) on BPA degradation was explored,
the experimental data were displayed in Fig. 3(d) and S3(c). As
seen, a signicant inhibition for the degradation of BPA in heat/
PDS system with NOM concentrations of 2, 4, 6, and 10 mg L−1,
with the corresponding kobs value of 0.0243, 0.0188, 0.0150, and
0.0108 min−1, respectively (Fig. S4(c)). This is because NOM was
susceptible to be attacked by reactive species to generate small-
molecular organic fractions, which may compete with the
parent pollutants and thus decrease their degradation effi-
ciency. Note that, the reaction between NOM and HOc was
greater than that between NOM with SO4c

−.43 Therefore, the
reactive species formed in the heat/PDS system led to the
attenuation of BPA degradation efficiency in the presence of
NOM.
3.4. Products identication and degradation pathways

Combined with DFT calculation and degradation products
detection through HRMS, the potential degradation pathway of
BPA in heat/PDS system was investigated. As shown in Fig. 4(a),
the molecular structure of BPA molecule with atomic
numbering. Of which, the highest occupied molecular orbital
(HOMO) of BPA molecule mainly localizes on the benzene ring
and hydroxyl (–OH) functional groups (Fig. 4(b)), indicating
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04707b


Fig. 3 Effects of (a) NO3
−, (b) Cl−, (c) HCO3

−, and (d) NOM on the degradation of BPA in heat/PDS system. Experimental conditions: [BPA]0 = 40
mM, [PDS]0 = 1.0 mM, [NO3

−]0 = 0–50 mM, [Cl−]0 = 0–50 mM, [HCO3
−]0 = 0–50 mM, [NOM]0 = 0–10 mg L−1, pH 7.0 ± 0.1 maintained by

10.0 mM phosphate buffer.
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these sites more susceptible to electrophilic interactions.32,46

Note that, these electron-rich sites on the BPA molecule were
more likely to react with HOc/SO4c

−. To assess the vulnerable
sites of BPA, the corresponding values of Fukui index were
utilized in this part. As shown in Fig. 4(c), the two carbon atoms
Fig. 4 (a) Molecular structure, (b) HOMO (the two-color representation
molecule.

© 2025 The Author(s). Published by the Royal Society of Chemistry
C2 and C12 within the benzene ring exhibit the highest f0 value,
implying that these reaction positions more susceptible to free
radical attack. In addition, the two sites C6 and C16 possessed
a relative higher f0 value.
for positive/negative wavefunction phases), and (c) Fukui index of BPA

RSC Adv., 2025, 15, 28949–28958 | 28953
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Fig. 5 Possible degradation pathway of BPA in heat/PDS system.
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During heat/PDS system, the transformation products of BPA
were identied by HRMS. The corresponding mass charge ratio
(m/z) and spectrum of BPA and its transformation products were
provided in Table S1. Through the obtained transformation
products and DFT calculation, four possible degradation path-
ways for BPA were proposed in Fig. 5, including hydroxylation,
demethylation, C–C bond cleavage, and dimerization. In pathway
Fig. 6 Calculation of the DE value for HOc addition reactions at differen

28954 | RSC Adv., 2025, 15, 28949–28958
1, the C2 atom of BPA was susceptible to radical attack because it
has a high reactivity (f0 = 0.061), thus BPA was hydroxylated by
HOc to generate P1 (m/z 227.12741). Similar results were also
obtained from Fig. 6. As seen, HOc addition to the C2 atom of BPA
with a lowest DE value (4.34 kcal mol−1), indicating that the C2
site more susceptible to HOc addition. This process involves
several steps as follow. Firstly, HOc attacked the C2 atom of BPA
t C sites of BPA molecule.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Acute and chronic toxicity of BPA and its transformation
products to fish, daphnid, and green algae via E.C.O.S.A.R. software
(version 1.11).
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with the initial C–H bond length at 2.617 Å. However, this value
gradually decreased to 1.201 Å in the transition state (TS) 2C.
Secondly, a H atom le from the plane of the BPA molecule, and
the length value of bond C–H was increased to 2.843 Å, leading to
the formation of intermediate (IM) 2C. Finally, the produced IM
2C reacted with another HOc to form a product (PR) 2C. In
addition to the C2 site, HOc also attack the C3 site generating
a hydroxyl adduct IM 3C with a DE value of 4.70 kcal mol−1

(Fig. S5). However, this value was lower than that of C2 site,
indicating that the C2 site of BPA was the reaction site for HOc
addition. Therefore, BPA was rst attacked by HOc to generate P1.
Then, hydroxylation of P1 occurred to form P2 (m/z 258.91504).
The generated P2 was further hydroxylated by HOc due to the
relatively high f0 value of C6 (0.056), resulting in the production of
P3 (m/z 277.09781). Further hydroxylation of P3 occurred to
produce P4 (m/z 290.90201).

In pathway 2, demethylation of BPA molecule by HOc/SO4c
−

attack leads to the formation of P5 (m/z 213.01425). Further
demethylation of P5 occurred to produce P6 (m/z 199.90761).
The cleavage of the C–C bond leads to the generation of P7 (m/z
109.02868). In pathway 3, the cleavage of the C–C bond of BPA
molecule leads to the production of P8 (m/z 135.04716) and P12
(m/z 95.06091). On the one hand, P8 is oxidized by HOc to
produce P9 (m/z 153.09103), which was then transformed into
P10 (m/z 149.02335) and P11 (m/z 137.02303) by HOc/SO4c

−

attack. On the other hand, BPA underwent a cleavage of the C–C
bond to produce P12, which was transformed into P13 (m/z
111.05555) because the attack of HOc on the benzene ring. In
pathway4, BPA is rst attacked by free radicals to produce
a phenoxy radical. Then, the two phenoxy radical are coupled to
produce P14 (m/z 439.30029). Subsequently, hydroxylation of
P14 occurred to generate P15 (m/z 455.27890).
3.5. Toxic assessment of BPA in heat/PDS system

To assess the ecological safety of the heat/PDS system, the acute
and chronic toxicity of the BPA and its transformation products
© 2025 The Author(s). Published by the Royal Society of Chemistry
was conducted by quantitative structure activity relationship
(QSAR) model analysis with E.C.O.S.A.R. soware. In general, all
the organic compounds were given in the unit of mg L−1, which
fall into four toxicity grades, e.g., very toxic (<1.0), toxic (1.0–
10.0), harmful (10.0–100.0), and not harmful (>100.0). The acute
and chronic toxicity evaluation of the BPA and its trans-
formation products were illustrated in Fig. 7(b). As seen, the
acute toxicity of BPA to sh, daphnid, and green algae was in the
toxic grade, while the chronic toxicity of BPA to sh and green
algae was in the very toxic grade. However, P1–P13 of the
transformation products were less harmful than BPA, indi-
cating that the aquatic toxicity of BPA aer heat/PDS treatment
was generally reduced along the degradation pathways
(hydroxylation, demethylation, and C–C bond cleavage). In
addition, the acute and chronic toxicity of dimerization prod-
ucts (P14 and P15) to sh, daphnid, and green algae were in the
very toxic grade, which also proves that the trend of increased
toxicity of dimerization reaction. Therefore, additional atten-
tion should be paid to these toxic dimerization products
produced in the heat/PDS system.
4. Conclusion

This study demonstrated that BPA can be effectively degraded
by heat/PDS system. The kobs value of BPA was increased with
the increasing initial PDS dosage (0–1.0 mM) and reaction
temperature (50–65 °C), which was primarily attributed to the
enhanced formation of reactive species. BPA is more likely to be
degraded by heat/PDS system under alkaline conditions (solu-
tion pH 10.0) than that under acidic conditions (solution pH
4.0). According to quenching experiments, both HOc and SO4c

−

were conrmed to be the main reactive species involved in BPA
degradation, but HOc played an important role. NOM, Cl−, and
HCO3

− acts as scavengers of HOc/SO4c
− and decreases the

degradation of BPA, while NO3
− poses an insignicant inu-

ence on BPA degradation. Based on the DFT calculations, BPA is
more likely to be oxidized by HOc/SO4c

−, four possible degra-
dation pathways were proposed, including hydroxylation, de-
methylation, C–C bond cleavage, and dimerization reactions. In
addition, E.C.O.S.A.R. results showed that the toxicity of BPA
was decreased aer heat/PDS treatment. These ndings provide
a new insight for BPA degradation into the reaction mechanism
of heat activated PDS system.
Author contributions

Chunyu Wang: investigation, formal analysis, data curation,
writing – original dra, funding acquisition. Juan Yan: writing –
review & editing. Jia Yuan: writing – review & editing, funding
acquisition. Ling Zhang: writing – review & editing, funding
acquisition. Wei Qian: writing – review & editing. Guochen Bian:
writing – review & editing. Yunhong Song: writing – review &
editing, funding acquisition. Xu Gao: writing – review & editing,
funding acquisition, conceptualization, supervision. Han Mao:
writing – review & editing, conceptualization, supervision.
RSC Adv., 2025, 15, 28949–28958 | 28955

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04707b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
1/

1/
20

25
 5

:4
2:

09
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Conflicts of interest

The authors declare that they have no known competing
nancial interests or personal relationships that could have
appeared to inuence the work reported in this paper.

Data availability

The data that support the ndings of this study are available on
reasonable request from the corresponding author [Xu Gao,
gaoxun@chu.edu.cn].

The SI includes chemicals, SPE procedures, instrumental
setup of HRMS, and MS data of samples. See DOI: https://
doi.org/10.1039/d5ra04707b.

Acknowledgements

This research was supported by the Natural Science Foundation
of Anhui Provincial Education Department (2023AH030092 and
2024AH051330), and the Project of Chaohu University (XLZ-
202102, KYQD-202215, KYQD-2023031, KYQD-2025007). The
contents of the paper do not necessarily represent the views of
the funding agency.

References
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