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Bisphenol A, a hazardous endocrine disruptor, poses significant environmental and human health
threats, demanding efficient removal approaches. Traditional biological methods struggle to treat BPA
wastewater with high chloride (Cl�) levels due to the toxicity of high Cl� to microorganisms. While
persulfate-based advanced oxidation processes (PS-AOPs) have shown promise in removing BPA from
high Cl� wastewater, their widespread application is always limited by the high energy and chemical
usage costs. Here we show that peroxymonosulfate (PMS) degrades BPA in situ under high Cl� con-
centrations. BPA was completely removed in 30 min with 0.3 mM PMS and 60 mM Cl�. Non-radical
reactive species, notably free chlorine species, including dissolved Cl2(l), HClO, and ClO� dominate the
removal of BPA at temperatures ranging from 15 to 60 �C. Besides, free radicals, including �OH and Cl2��,
contribute minimally to BPA removal at 60 �C. Based on the elementary kinetic models, the production
rate constant of Cl2(l) (32.5 M�1 s�1) is much higher than HClO (6.5 � 10�4 M�1 s�1), and its degradation
rate with BPA (2 � 107 M�1 s�1) is also much faster than HClO (18 M�1 s�1). Furthermore, the degradation
of BPA by Cl2(l) and HClO were enlarged by 10- and 18-fold at 60 �C compared to room temperature,
suggesting waste heat utilization can enhance treatment performance. Overall, this research provides
valuable insights into the effectiveness of direct PMS introduction for removing organic micropollutants
from high Cl� wastewater. It further underscores the critical kinetics and mechanisms within the PMS/Cl⁻
system, presenting a cost-effective and environmentally sustainable alternative for wastewater
treatment.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In recent years, bisphenol A (BPA) has been widely used in the
production of polymeric materials, such as polycarbonate, epoxy
resins, polyacrylates, and polyvinyl chloride, with an estimated
annual production of millions of tons per year [1,2]. BPA is a typical
endocrine disruption compound that induces multiple endocrine
diseases, including female and male infertility, precocious puberty,
breast and prostate cancer, and polycystic ovarian syndrome, even
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at very low concentrations (ng L�1 to mg L�1), due to its similar
structure with estrogens [1,3]. Given its extensive utilization, it
pervades our daily existence [3,4]. The release of BPA into natural
waters through industrial and domestic wastewater discharges or
landfill leachates threatens human health and the ecological sys-
tem [4]. Polycarbonate plant wastewaters (PCW) are particularly
problematic as they contain high levels of BPA and other recalci-
trant organics, as well as considerable amounts of dissolved salts
(e.g., 14,000 mg L�1 Cl�) [5]. These micropollutants in saline water
exhibit low biodegradability, leading to serious inhibition and
toxicity to microorganisms and futility of biological treatment
[1,6,7]. To address these challenges, researchers have explored us-
ing advanced oxidation processes for BPA degradation [8,9].

Among advanced oxidation processes, persulfate oxidation
shows excellent potential for removing recalcitrant organic
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compounds. It is based on the activation of peroxymonosulfate
(PMS, HSO5

�) and peroxydisulfate (PDS, S2O8
2�) via radical and non-

radical pathways. The radical pathway requires high-energy input
[heat or ultraviolet (UV) irradiation] and/or catalysts (transition
metals, non-metal catalysts, or alkaline) to break the peroxo bond
and generate SO4

�� and �OH [10e12]. Although this method is
relatively efficient, its practical application is limited by its high
energy and chemical requirements. Compared to PDS [13,14], PMS
is more readily activated by catalysts or inorganic anions due to its
asymmetrical structure [8]. Techniques for activating PMS using
halogens to produce active free halogen species [e.g., Cl2(l)/HClO,
Cl2��, Br2��, I�, and HOI] [7,8,15e18] have been studied. These halogen
activation techniques can directly utilize the halogens in high-
salinity wastewaters, such as Cl�, thus avoiding additional chem-
icals or energy. However, research on Cl� activation of PMS via
radical or nonradical pathways for removing environmental con-
taminants is limited [19]. Previous studies have indicated that PMS
can transfer oxygen atoms to some nucleophiles and form sec-
ondary oxidants (i.e., HSO5

� þ X� / HSO4
� þ XO, where X� repre-

sents Cl�, Br�, and I�), which can degrade pollutants [20]. As the
synthetic of polycarbonates typically requires harsh reaction con-
ditions (>200 �C) [21], rational utilization of waste heat is crucial
for sustainable treatment of PCW in practical applications. Ahn
et al. demonstrated that heat input can accelerate organic degra-
dation and transform free chlorine into stronger oxidizing radicals
via the PMS/Cl� method [8]. However, the detailed kinetics of PMS
activation by Cl� and thermal acceleration have been barely re-
ported, and the reaction rate constants between BPA and free
chlorine or free radicals also require investigations to optimize the
PMS/Cl� system.

In this study, we directly activated PMSwith high-concentration
Cl� referred to as real PCW to degrade BPA with no extra energy or
chemical [5]. The enhancement of BPA removal at elevated tem-
peratures and the detailed pathway involved at both the room and
elevated temperatures were investigated. Although PMS activation
by Cl� and heat has been studied [8], few studies focused on the
elementary reaction kinetics of the PMS/Cl� and/or PMS/Cl�/ther-
mal processes. Therefore, based on experimental data from this
study and the existing literature, two detailed kinetic models were
established that consider a large family of relevant elementary re-
actions to describe the entire PMS/Cl� and PMS/Cl�/60 �C process.
The models also consider the formation of 1O2 under alkaline
conditions in the PMS/Cl� and PMS/Cl�/60 �C processes. To evaluate
the importance of various reactions in the model, principal
component analysis (PCA) of the kinetic model was conducted. Our
findings provide valuable insights into the activation and reaction
capacities of PMS in removing BPA from high-salinity wastewaters,
thus offering guidance for the practical application of direct PMS
addition in PCW treatment.

2. Materials and methods

2.1. Chemicals and reagents

The chemical and reagent preparation procedures used in this
study are listed in Section S1 of the Supplementary Materials.

2.2. Experimental procedures

The experiment used 100-mL beakers equippedwith amagnetic
stirrer at 500 rpm for 60 min. Reactions were initiated by adding
PMS aliquots to the beakers. Sample aliquots (0.5 mL) were
promptly taken for BPA detection and transferred to 2-mL vials that
contained excess sodium thiosulfate ([Na2S2O3]/[PMS]0 > 5) to
effectively quench any residual radicals. All experiments were
2

duplicated and performed at room temperature (25 ± 2 �C) or
under controlled temperatures (15, 30, 45, and 60 �C) using a
thermostatically controlled water bath. Scavenging experiments
were also conducted using scavengers, such as tert-butanol (TBA),
methanol (MeOH), NH4

þ-N, or p-benzoquinone (p-BQ), at 30 mM.

2.3. Analytical methods

The BPA concentration was determined via ultra-performance
liquid chromatography (UPLC, ACQUITY UPLC H-Class) equipped
with a C18 column (2.1 � 100 mm) and a UV detector. The flow rate
was 0.3mLmin�1, and themobile phasewas amixture of water (pH
3, adjusted using phosphoric acid) and acetonitrile (55/45, v/v%).
The PMS consumption and the free chlorine production were
measured with a Varian Cary 300 UVevisible (UVevis) spectrom-
eter. PMS was determined using the colorimetric method based on
2, 20-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) radical
(ABTS�þ) (lmax ¼ 415 nm) production from ABTS oxidation by
persulfate, with iodine compound catalyzing in an acetic acid buffer
(pH 4) [22]. Total free chlorine, which included Cl2(l), HClO, and
ClO�, was determined using the Hach Total Chlorine Method 8167,
an Environmental Protection Agency-approved method based on
the N, N-diethyl-p-phenylenediamine (DPD) method. The residual
PMS was captured by excess ethylenediamine tetraacetic acid to
inhibit the PMS interference [18,23]. Ionic chloride species, such as
ClO�, ClO2

�, and ClO3
�, were quantified via ion chromatography

(Thermo Scientific, USA), which was equipped with a conductivity
detector and used 23.3-mM KOH as effluent at a flow rate of
1 mL min�1 [8]. After a 1-h reaction, the products were analyzed
using liquid chromatographyemass spectrometry (LCeMS, Triple
Quad 4500, USA) equipped with a UPLC system and an electron
spray ionization source.

2.4. Kinetic modeling

The observed reaction rate constants (kobs) of the BPA degra-
dation were determined using a pseudo-first-order kinetic equa-
tion with R2 > 0.9 and empirical exponential function-based fits to
the data. Kinetic modeling was performed using the Kintecus
software, which can describe the concentrations of all the species
present as functions of time and process conditions [24,25]. Two
separate kinetic models were established for PMS/Cl� at room
temperature and at 60 �C to describe the experimental data under
varying conditions. Kintecus conducted PCA of the kinetic model to
calculate the normalized sensitivity coefficients and to evaluate the
importance of reactions in the system [25,26]. To assess the con-
tributions of various reactive species to the BPA removal, we
assumed that different products corresponded to different reactive
species, and we calculated the ratio of different products in the
established kinetic model.

3. Results and discussion

3.1. BPA degradation by PMS/Cl� at room temperature

The BPA degradationwas negligible in the presence of pure PMS
or Cl�. However, when PMS and Cl� were combined, BPA was
significantly degraded (Supplementary Material Fig. S1). This in-
dicates that PMS activation by Cl� generates some reactive species
that can degrade BPA. When the initial Cl� and PMS dosages were
increased, BPA removal was promoted (Fig.1a and b). The kobs of the
BPA degradationwas calculated based on the empirical exponential
function-based fits. These rate constants were found to be pro-
portional to the changes in the [PMS]0 (from 0.1 to 0.5 mM;
SupplementaryMaterial Fig. S2) and the [Cl�]0 (from 20 to 100mM;



Fig. 1. aeb, BPA removal by PMS/Cl� with a constant [Cl�]0 concentration of 60 mM and varying [PMS]0 concentrations of 0.1, 0.2, 0.3, 0.4, and 0.5 mM (a) and a constant [PMS]0
concentration of 0.3 mM and varying [Cl�]0 concentrations of 20, 40, 60, 80, and 100 mM (b). The symbols represent the experimental data (n ¼ 2), and the lines represent the
modeling results from Table S1 (Supplementary Materials). c, BPA removal by PMS/Cl� in the presence of varying scavengers. d, Changes in the HClO concentration at varying
conditions with BPA, without BPA, and with TBA, respectively. eef, BPA removal (e) and kobs (f) of the BPA removal in H2O and D2O solvent at the initial pH values of 4 and 10. g, BPA
removal by PMS/Cl� at varying pH values. h, Quantifying the reactive species responsible for the BPA removal efficiency at varying initial pH values based on the model in Table S1
(Supplementary Materials). Experiment conditions (unless stated otherwise): [BPA]0 ¼ 0.01 mM; [PMS]0 ¼ 0.3 mM; [Cl�]0 ¼ 60 mM; [MeOH] ¼ [TBA]¼ [NH4

þ-N] ¼ [p-BQ] ¼ 30 mM.
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Supplementary Material Fig. S3), which correspond to their real
concentrations in the PCW [5], signifying that reactive species are
proportionally produced in this homogeneous system.

To investigate the contributions of reactive species to BPA removal
in the PMS/Cl� system, common selective scavengers that have high
rate constants with radicals (kMeOH, �OH ¼ 9.7 � 108 M�1 s�1,
kMeOH,SO4

�� ¼ 2.5� 107 M�1 s�1, kTBA,�OH¼ 3.8e7.6� 108 M�1 s�1, and
kTBA, SO4

�� ¼ 4.0e9.1�105M�1 s�1)wereapplied inexcess (Fig.1c). The
results indicate thatMeOHdoes not influence BPA removal, implying
that �OHorSO4

�� is barelyproduced [8,27,28].However, TBAexhibited
slight suppression of BPA removal, suggesting the possible formation
of other reactive species since the MeOH quenching result already
excluded �OH. The absent removal of two probe compounds [benzoic
acid (BA): kBA, �OH¼ 5.9� 109M�1 s�1, kBA, �CI¼ 1.8� 1010M�1 s�1 (pH
4); and dimethyl phthalate (DMP): kDMP, �OH ¼ 3.7 � 109 M�1 s�1], as
shown in Supplementary Material Fig. S4a, demonstrates that �OH
and Cl� cannot be formed via Cl� activation of PMS at room temper-
ature [29].

Based on previous research, the asymmetric structure of PMS
renders the peroxide bond highly vulnerable to nucleophilic attack
by Cl� [8]. PMS transfers oxygen atoms to Cl� and yields highly
selective oxidants [free chlorines, including Cl2(l), HClO, and ClO�]
that tend to react with aromatic compounds containing electron-
donating groups. Free chlorine has also been reported to be
capable of substituting active hydrogen on the phenolic structure of
BPA, forming chlorinated BPA congeners [30]. As NH4

þ-N can be
transformed to NO3

� byHClO, we used it as a free chlorine scavenger
[31]. As shown in Fig. 1c, BPA removal was significantly inhibited to
7.9% with 30-mM NH4

þ-N, indicating that free chlorine was pre-
dominant in BPA removal in the PMS/Cl� process at room tem-
perature. The efficient degradation of the electron-rich organic
compound p-aminobenzoic acid (p-ABA; kp-ABA,
HClO ¼ 4.3 � 103 M�1 s�1) and the unaffected degradation of p-ABA
in the presence of 30-mMMeOH (Supplementary Material Fig. S4b)
3

also confirmed the selective contribution of HClO in the PMS/Cl�

process [8]. The HClO production was directly determined by the
DPD method, as shown in Fig. 1d. In the absence of BPA, around
0.06-mM HClO was directly detected in the PMS/Cl� process, but
other oxychlorides, such as ClO2

�, ClO3
�, and ClO4

�, were not
observed (Supplementary Material Fig. S5). Over 0.05-mM free
chlorine was consumed for BPA removal in the presence of 0.01-
mM BPA (Fig. 1d), demonstrating that BPA was not only
substituted once but that dichloride-, trichloride-, and
tetrachloride-substituted BPA could also be produced. This was also
verified by LCeMS. Fig. S6 (Supplementary Material) shows the
products of BPA after a 1-h reaction, which reveal the existence of
dichloro-substituted BPA, trichloro-substituted BPA, and other
smaller molecules. Furthermore, in the absence of BPA, the addition
of TBA significantly decreased the generation of free chlorine
(Fig. 1d), suggesting that TBA could react with free chlorine and
contributing to the suppressed BPA removal by TBA in Fig.1c. In line
with the previous discussion, free chlorine production and PMS
consumption were accordingly accelerated by the increases in the
PMS and Cl� doses (Supplementary Material Fig. S7). Hence, free
chlorine is the predominant reactive species for BPA removal in the
PMS/Cl� process at room temperature.

Other possible reactive oxygen species (ROS), such as O2
�� and

1O2, were excluded. As shown in Fig. S8 (Supplementary Material),
no transformation of monoformazan from nitrotetrazolium blue
was observed at 560 nm, suggesting that O2

�� did not exist [32].
Regarding 1O2, we replaced the deionized water with D2O at the
initial pH values of 4 and 10, as the half-lifetime of 1O2 (1 ms) can be
significantly extended in a D2O environment (30e40 ms) [7]. As
seen in Fig. 1e, BPA degradation was not improved in D2O at pH 4,
illustrating that 1O2 is not the predominant ROS at pH 4. However,
the BPA degradation efficiency and kobs were significantly pro-
moted in D2O at pH 10 (Fig. 1e and f), implying the presence of 1O2
under alkaline conditions, which is following previous research on
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the generation of 1O2 via the reaction between PMS and dissociated
PMS (SO5

2�) [27]. Additionally, we performed the BPA removal over
a wide initial pH range of 4e12 in the PMS/Cl� system. Due to the
coexistence of HSO4

� in PMS solutions, the solution pH gradually
decreased to 3.5, 3.8, 3.8, 8.3, and 10.5 after a 60-min reaction at an
initial pH of 4, 6, 8, 10, and 12, respectively. The BPA removal at an
initial pH of 12 was significantly inhibited (Fig. 1g) due to the
transformation of free chlorine species from Cl2(l)/HClO [1.27e1.5 V
vs. standard hydrogen electrode (SHE)] to ClO� (0.9 V vs. SHE) [33].
Although 1O2 is generated at alkaline conditions and can react
rapidly with BPA (3 � 105 M�1 s�1) and BPA� (2 � 108 M�1 s�1) [8],
its production in this study was limited and insufficient to degrade
BPA at an initial pH of 12. As shown in Fig. 1h, dissolved Cl2(l) and
HClO served as the predominant reactive species for BPA removal at
the initial pH values of 4e8 and 10, respectively. At an initial pH of
12, however, the removal efficiency of BPA was only 5.3%, and the
HClO, ClO�, and 1O2 contributions were 0.5%, 4.4%, and 0.4%,
respectively.
Fig. 3. aeb, PMS consumption (a) and HClO generation (b) with a [Cl�]0 concentration
of 60 mM and a [PMS]0 concentration of 0.3 mM without BPA during the process. ced,
The effects of ROS scavengers on BA (c) and PH (d) degradation by pure PMS and PMS/
Cl� at 60 �C.
3.2. BPA degradation by PMS/Cl� at varying temperatures

To rationally utilize the waste heat from PCW [21], we investi-
gated PMS activation by Cl� promoted by heat. In Fig. 2a, BPA
removal by pure PMS was negligible at temperatures of 15, 30, and
45 �C, but gradual degradationwas observedwhen the temperature
increased to 60 �C, indicating the initiation of a different BPA
degradationpathway via thermal PMS activation.When 60-mMCl�

was added to 0.3-mM PMS, the BPA removal rates were signifi-
cantly enhanced with increasing temperatures, as shown in Fig. 2b.
The correlation between kobs and temperature is described by the
Arrhenius equation (ln kobs ¼ � Ea

R
1
T þ C) [34], yielding an Ea of

8.1 kJ mol�1. This relatively low Ea value indicates that BPA degra-
dation is readily achievable in the PMS/Cl� process through the
chlorine substitution reaction.

Scavenging experiments using MeOH, TBA, and NH4
þ-N were

conducted at varying temperatures (Fig. 2c). The results show
similar kobs of BPA removal between the control without scavengers
and the result with MeOH at 15, 30, and 45 �C, indicating no for-
mation of free radicals. Moreover, the almost complete suppression
of the BPA removal by NH4

þ-N at 15e45 �C demonstrates that free
chlorine is predominant in BPA removal. At 60 �C, the suppression
effect of NH4

þ-N was abated (Fig. 2c), and MeOH also exhibited in-
hibition of BPA removal, suggesting the formation of free radicals
(such as �OH, SO4

��, and Cl�) in the PMS/Cl� process. Additionally,
the consumption of PMS and the generation of free chlorine also
increased with temperature (Fig. 3a and b). The concentration of
HClO initially increased and then gradually declined at 60 �C
(Fig. 3b), suggesting that HClO may be consumed to produce other
reactive species.
Fig. 2. aeb, Changes in BPA removal at the initial BPA concentration of 0.01 mM by PMS with
represents the correlation between ln kobs and 1/T. c, Observed reaction rate constants of t

4

Further experiments were conducted to identify the reactive
species involved in the degradation of BA in pure PMS and a PMS/
Cl� system at different temperatures, along with scavenging ex-
periments. Note that BA is a typical probe compound for �OH (kBA,
�OH ¼ 5.9� 109 M�1 s�1), SO4

�� (kBA,SO4
�� ¼ 1.2� 109 M�1 s�1), and Cl�

(kBA, �Cl ¼ 1.8 � 1010 M�1 s�1), but it is inert to free chlorine [8].
Fig. S9a (Supplementary Materials) shows that pure PMS degraded
approximately 21% of BA at 60 �C, indicating the production of �OH,
SO4

��, or Cl� through a thermally activated process [8]. In the PMS/
Cl� systems at 15, 30, and 45 �C, although the generation of free
chlorine was thermally enhanced (Fig. 3b), BA could not be
degraded (Supplementary Material Fig. S9b) [35]. However, the
addition of Cl� accelerated the BA removal in the PMS/60 �C system,
possibly due to the generation of Cl� by the reactions between Cl�

and �OH/SO4
��, which exhibited a higher reaction rate with BA [8].

To ascertain the role of Cl� in BA removal, HCO3
�, which selectively

scavenges Cl� (kHCO3
�, �OH ¼ 8.5 � 106 M�1 s�1, kHCO3

�, SO4
��,

¼ 9.1� 106 M�1 s�1, and kHCO3
�, �Cl ¼ 2.4� 109 M�1 s�1), was applied

to the PMS/Cl�/60 �C system [36,37]. The results show that adding
HCO3

� significantly inhibited BA removal (Fig. 3c), demonstrating
the thermally initiated generation of Cl� [8]. MeOH and TBA
completely hindered BA degradation at 60 �C in both pure PMS and
(a) or without (b) Cl� at controlled temperatures of 15, 30, 45, and 60 �C. The subgraph
he BPA removal quenched by MeOH, TBA, and NH4

þ-N at elevated temperatures.



Fig. 4. Changes in the C/C0 of 0.01-mM BPA by PMS/Cl�/60 �C with a constant [Cl�]0
concentration of 60 mM and varying [PMS]0 concentrations at the initial pH 4 (a), pH
10 (c), and pH 12 (e) values, and a constant [PMS]0 concentration of 0.3 mM and
varying [Cl�]0 concentrations at the initial pH 4 (b), pH 10 (d), and pH 12 (f) values. The
symbols represent the experimental data (n ¼ 2), and the lines represent the modeling
results from Table S2 (Supplementary Materials).
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the PMS/Cl� processes (Fig. 3c), confirming the crucial role of �OH,
SO4

��, or Cl� in BA degradation. Previous studies have reported that
�OH can transform BA to p-HBA, and SO4

�� can transform p-HBA to
p-BQ [38,39]. Indeed, small amounts of p-HBA and p-BQ were
detected (Supplementary Material Figs. S10aeb), certifying the
presence of �OH and SO4

��.
In Fig. 3d, phenol (PH), a compound susceptible to radicals and

free chlorine, was assessed at 60 �C [8]. While pure PMS could
degrade a small amount of PH, the PMS/Cl� process completely
decomposed it. MeOH and TBA completely scavenged the reaction
in the pure PMS process, but only minimal quenchingwas observed
in the PMS/Cl� process, suggesting two different degradation
pathways [8]. First, the thermally activated PMS produced free
radicals, although insufficient for efficient PH degradation due to
the limited PMS dosage or the existence of other potential sinks for
free radicals, such as HSO4

� (kHSO4
�, �OH ¼ 6.9 � 105 M�1 s�1). Second,

the Cl�-mediated activation of PMS that induces free chlorine was
thermally promoted, as measured in Fig. 3b, leading to the
enhancement of the PH degradation.

3.3. Kinetic modeling of BPA degradation by PMS/Cl� and PMS/Cl�/
60 �C

Two comprehensive kinetic modeling were developed based on
the experimental results and the reported literature to investigate
the activation rates of PMS through various pathways and the re-
action rate constants between BPA and free chlorine, free radicals,
and 1O2. The elementary reaction rate constants depended solely
on temperature and remained unaffected by the reactant concen-
trations or the solution pH. Accordingly, two separate theoretical
models were constructed for the PMS/Cl� and PMS/Cl�/60 �C pro-
cesses based on the assumptions outlined in Section S2, with the
detailed modeling process illustrated in Section S2 and the results
summarized in Tables S1 and S2 (Supplementary Materials).

3.3.1. Proposed PMS/Cl� kinetic model
In the PMS/Cl� process at room temperature, free chlorine

species, including dissolved Cl2(l), HClO, and ClO�, act as the pre-
dominant ROS, producing no other oxidants. The significance of
dissolved Cl2(l) in the degradation of organics has often been
overlooked due to its low concentrations in solutions, which was
elucidated in this model. To calculate the reaction rate constants
between BPA and free chlorine species, direct degradation of 0.01-
mM BPA by HClO, HclO/Cl�, and ClO� was conducted, as shown in
Fig. S11 (Supplementary Materials). Based on the kinetic model, the
production rate of Cl2(l) (Reactions 19 and 20,
kPMS,Cl� ¼ 32.5 M�1 s�1 and kSO5

2�,Cl� ¼ 3.25 � 10�2 M�1 s�1) is much
faster than that of HClO (Reactions 17 and 18, kPMS,

Cl� ¼ 6.5� 10�4 M�1 s�1 and kSO5
2�,Cl� ¼ 6.5� 10�6M�1 s�1), which is

consistent with previous research [40]. Moreover, the reaction
rate constant of BPA degradation by Cl2(l) (Reaction 35, kBPA,Cl2
¼ 2 � 107 M�1 s�1) is also significantly higher than that by HClO
(Reaction 23, kBPA,HClO ¼ 18 M�1 s�1).

3.3.2. Proposed PMS/Cl�/60 �C kinetic model
In the PMS/Cl¡/60 �C process, we established another model

(shown in Supplementary Material Table S2) to investigate the
generation and consumption of free chlorine, radicals, and 1O2. It is
well known that the acid dissociation and volatilization reactions
are endothermic reactions and that heat can significantly increase
the rate constants of these reactions. Therefore, we amplified the
acidebase equilibrium constants (Reactions 1e14, Supplementary
Material Table S2) based on Table S1 (Supplementary Materials)
and the experimental data in Fig. 4aef and Supplementary Material
Figs. S11eS15 [8]. Before studying the thermally activated pathways
5

of PMS with Cl�, we first examined the BPA removal efficiency
under different free chlorine species accelerated at 60 �C
(Supplementary Material Fig. S11b). Based on the experimental
data in Fig. S11b (Supplementary Materials), the equilibrium con-
stants in Reactions 3e8 and the rate constants in Reactions 71e77
and 84e90 were determined. The reaction rate constants for BPA
with HClO (kBPA,HClO ¼ 1.8 � 102 M�1 s�1), ClO� (kBPA,ClO�
¼ 1.1 � 102 M�1 s�1), and Cl2 (kBPA,Cl2 (l) ¼ 2.0 � 108 M�1 s�1)
were calculated at 60 �C, which were approximately 10, 7.7, and 10
times higher, respectively, than those at room temperature. How-
ever, the evaporation rate constant of Cl2(g) from dissolved Cl2(l)
was also promoted, reducing the exposure of BPA to dissolved Cl2(l)
and leading to a similar BPA removal efficiency rate with or without
60-mM Cl�, as shown in Fig. S11b (Supplementary Materials).
Subsequently, the BPA removal and the PMS consumption in the
PMS/60 �C without a Cl� treatment process were evaluated
(Supplementary Material Fig. S12) to define the rate of �OH and
SO4

�� generated from the PMS decomposition (Reaction 18). As
stated in the assumptions, the oxidation rates of BPA by �OH and
SO4

�� (Reactions 66e67) directly referred to the reported study at
room temperature [8,27]. In the PMS/Cl�/60 �C solutions, the
generated �OH and SO4

�� not only removed the BPA but also
participated in the chain reactions with multiple anions and radi-
cals, as described in Reactions 24e64 [41]. When Cl� was added,
Cl�, Cl2��, and ClO� were formed by the reaction of Cl� with �OH and
SO4

��, which enhanced the BPA and BA degradation (Reaction 68,
kBPA,Cl� ¼ 1.82 � 1010 M�1 s�1; Reaction 69,
kBPA,Cl2�� ¼ 5.82 � 108 M�1 s�1; and Reaction 70,
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kBPA,ClO� ¼ 1 � 108 M�1 s�1, respectively) in the PMS/Cl�/60 �C
system.

In Fig. 4 and Supplementary Material Figs. S13eS15, the kinetic
model describes the overall BPA removal trend with varying PMS
and Cl� dosages and pH values. The production rate constants of
HClO and 1O2 by PMS and Cl� were enlarged 18- and 30-fold after
heat acceleration, compared to room temperature. However, due to
the limited concentration of 0.3-mM PMS, the populated 1O2 could
not significantly enhance the BPA removal under pH 12. To estimate
the oxidation rates of dissociated BPA� species by different reactive
species, as shown in Fig. S15 (Supplementary Materials) at an initial
pH of 12, the rate constants for Reactions 78e90 were calculated,
and BPA� exhibited higher reaction rate constants than BPA. Based
on the model in Supplementary Material Table S2, Cl2�� and �OH
contributed approximately 1.1% and 0.2% BPA removal efficiencies
at an initial pH of 4 and 2.1% and 0.5% at an initial pH of 10,
respectively. 1O2 accounted for 1.1% BPA removal at an initial pH of
12. Other radicals, including SO4

��, Cl�, and ClO�, also existed in the
system but had negligible effects on BPA removal and, thus, are not
shown in Fig. S16 (Supplementary Materials). Free chlorine species
contributed to the rest of the BPA removal and gradually trans-
formed from Cl2(l) to HClO and ClO� at initial pH values of 4e12.

Although the kinetic model describes the overall trend of BPA
removal, there were discrepancies between the predicted results
and the experimental data. In the case of 5-mM Cl� and 0.3-mM
PMS, the predicted results overestimated the BPA degradation.
This discrepancy may be attributed to the neglected competition of
intermediates from the BPA degradation for the limited free chlo-
rine. The model predictions and the experimental data had further
discrepancies under pH 10 and 12, as shown in Fig. 4cef, possibly
due to differences between the actual situations and the assumed
and simplified models. Many reactions in PMS/Cl�/60 �C were not
considered here because a unique solution for the model is not
feasible. We intended to constrain the mechanistic possibilities
using the reasonable values in Table S2 (Supplementary Materials).
3.3.3. Principal component analysis of the kinetic model
In the kinetic model for BPA degradation by PMS/Cl� at room

temperature and 60 �C, PCA analysis was conducted to identify the
critical reactions (Supplementary Material Fig. S17). The results
(Supplementary Material Table S3) showed five critical reactions at
room temperature and nine critical reactions at 60 �C. These re-
actions play a significant role in the BPA degradation process.

At room temperature, the dominant reactive species is free
chlorine, especially dissolved Cl2(l). Therefore, in this kinetic model,
the reversible reactions between Cl2(l) and HClO, the PMS activa-
tion by Cl� to generate Cl2(l) and HClO, and the monochloride
substitution of BPA by Cl2(l) and HClO are considered significant
reactions. For the reactions in PMS/Cl�/60 �C, in addition to the
reversible reactions between Cl2(l) and HClO, other significant re-
actions include the HClO decomposition, the PMS activation by Cl�

to generate HClO and the monochloride substitution of BPA by
Cl2(l). The thermal activation of PMS is also a significant reaction in
this model, although �OH and SO4

�� haveminor contributions to BPA
degradation. The BPA degradation by Cl2��, the generation of Cl2��,
and the generation and consumption of Cl� are also significant for
BPA removal; and the generation of massive chloride radicals in the
PMS/Cl�/60 �C system explains its higher BA removal capability
than that of the PMS/Cl� system. It should be noted that the
remaining reactions in Tables S1 and S2 (Supplementary Materials)
are intermediate reactions, which means that their rate constants
may not significantly affect the overall BPA degradation, but their
presence is still necessary to accurately describe the reaction
mechanism.
6

4. Conclusion

In this study, we investigated BPA degradation using the PMS/
Cl� system at both room temperature and with heat activation. The
asymmetric structure of PMS makes its peroxide bond susceptible
to Cl� attack, generating free chlorine [Cl2(l), HClO, and ClO�] to
degrade BPAwith products that include monochloride-, dichloride-
, trichloride-, and tetrachloride-substituted BPA. Increasing the
reaction temperature from 15 to 45 �C accelerated the production
of free chlorine, the predominant reactive species, thereby more
effectively degrading BPA. In the PMS/Cl�/60 �C system, although
the primary reactive species was free chlorine, the existence of
radicals such as �OH, SO4

��, and Cl2�� and their contribution to the
BPA degradation were demonstrated. This suggests that these
radicals, alongside free chlorine, can potentially enhance BPA
removal efficiency. Further exploration and optimization of these
radicals' generation and utilization could improve treatment
strategies.

The established detailed kinetic models describing the PMS/Cl�

and PMS/Cl�/60 �C processes are valuable tools for understanding
the reaction mechanisms and kinetics involved in BPA degradation.
In the kinetics study, the increase in the reaction temperature
improved the PMS activation by Cl� and enhanced the BPA oxida-
tion rate by free chlorine. This implies that waste heat resources
from industrial processes can be used to treat BPA-containing
wastewater, improving the overall energy efficiency of the treat-
ment process. These models can be further refined and utilized to
optimize the treatment process and the design reactors, and to
predict the BPA removal efficiency under different operating
conditions.

Overall, this study highlights the potential of the PMS/Cl� sys-
tem with heat activation for efficiently removing BPA from waste-
water. The findings open possibilities for utilizing waste heat,
exploring radical contributions, optimizing treatment conditions,
and developing kinetic models to advance BPA degradation tech-
nologies. These prospects have implications for developing more
sustainable and effective methods of treating BPA-contaminated
high-salinity wastewater.
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