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a b s t r a c t

Oxalic acid (OA) promotes the production of reactive oxygen species (ROS) and the degradation of pol-

lutants, while it also enhances the reduction of trivalent iron (Fe(III)) in homogeneous Fenton systems.

However, due to the coexistence of Fe(II) and OA-Fe(III)/hydroperoxide complex, the generation pathways

of ROS and degradation mechanisms of pollutants have not been clarified. In this work, bisphenol A (BPA)

was selected and its degradation mechanisms in the OA/Fe(III)/sodium percarbonate (SPC) system were

investigated. Results showed that 99% of BPA degradation in OA/Fe(III)/SPC system, which was higher

than that of single Fe(III) and SPC system (degradation ratio < 10%). OA promoted the formation of car-

bonate radicals (CO3
•-) and hydroxyl radicals (•OH). There was no remarkable relationship between the

degradation ratio of BPA and the change of Fe(II) concentration, suggesting that the reduction properties

of OA was not the direct cause of BPA degradation. By further analysis, the chelation of Fe(III) and OA

resulted in an enormous potential difference between Fe(II) and Fe(III)-OA complex, which was more fa-

vorable for accepting electrons from Fe(II) intermediate, and forming more reactive ferrous complexes;

moreover, iron oxalate (Fe2(C2O4)3) enhanced BPA degradation in the Fe(II)/SPC system, which also evi-

denced the above findings. Under neutral conditions (pH 7.0), peroxy intermediate (OA-Fe(III)-OOH) com-

plex also contributed to CO3
•-/•OH production and enhanced BPA degradation. These findings highlight

the important role of OA in degradation of pollutants, which provides valuable insights for designing

sustainable Fenton-based advanced oxidation processes.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The escalating human activities have markedly increased ex-

posure risks of diverse environmental pollutants, particularly en-

docrine disrupting compounds (EDCs), via various environmental

media [1,2]. Ubiquitous in the environment, these compounds pos-

sess significant ecological toxicity [3,4]. Even at trace concentra-

tions (ng/L), EDCs can induce physiological damage, including en-

docrine disruption and reproductive toxicity in aquatic organisms.

However, many prevalent EDCs, such as bisphenol A (BPA), sul-

famethoxazole (SMX), and phenol (PN), exhibit high environmen-

tal persistence, resisting complete natural degradation and grad-

ually accumulating in ecosystems[5,6]. Hence, developing efficient
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removal technologies for EDCs like BPA is critical to mitigate envi-

ronmental concerns.

As an ideal alternative of hydrogen peroxide (H2O2) in Fenton

system when treating EDCs containing wastewater, sodium per-

carbonate (SPC, Na2CO3·1.5H2O) has several advantages: (1) Unlike

liquid H2O2, which maintains relatively stable chemical properties

below 40 °C, solid SPC presents pronounced susceptibility to pho-

tolytic and pyrolytic degradation under environmental conditions.

SPC’s stability can be further enhanced when encapsulated within

protective matrices [7]; (2) SPC systems provide a wider range of

reactive oxygen species (ROS), such as hydroxyl radicals (•OH), su-

peroxide radicals (O2
•-), carbonate radicals (CO3

•-), and singlet oxy-

gen, versatile for treating complex pollutants in industrial wastew-

ater [8]; (3) The price of SPC ($300–350/t) is much cheaper than

https://doi.org/10.1016/j.cclet.2025.112343

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



Z. Xu, S. He, L. Wang et al. Chinese Chemical Letters 37 (2026) 112343

that of H2O2 ($1000–1200/t) [9]. Therefore, SPC is receiving more

attention in the removal of EDCs pollutants.

Various metals ions, including Fe(II), Cu(II), Zn(II), Mn(II), and

Ni(II), along with their mineral-derived catalysts, have been shown

to serve as effective catalysts in Fenton-based process [10–13].

Among these, iron-based catalysts are particularly notable due to

their low cost, ease of operation, and environmental compatibil-

ity. Accordingly, a range of iron-based materials including zero-

valent iron, iron oxides, iron minerals, and iron-containing com-

posites, have been widely utilized to activate SPC for the degra-

dation of EDCs. Nevertheless, despite being a green and efficient

catalyst for SPC in Fenton-like systems, Fe(II) is subject to two ma-

jor limitations in practical applications: One is the formation of in-

soluble iron sludge at neutral pH values, and the coexisting car-

bonates raise the difficulty of regulating pH at target acidic range

(e.g., 3.0–5.0); The other attributes to a slow regeneration rate of

Fe(II) (Fe(III)+H2O2 → Fe(II)+H+ +HO2
•, at 25 °C) [14–16]. There-

fore, achieving a stable activation of SPC and an efficient genera-

tion of ROS at the neutral pH range remains a great challenge.

Small-molecular-weight organic acids (SMOAs), such as malic

acid (MA), tartaric acid (TA), oxalic acid (OA), citric acid (CA),

gallic acid (GC), and protocatechuic acid (PC), are ubiquitously

distributed in environmental matrices, originating from plant

residues, root exudates, microbial metabolites, and the decompo-

sition of organic pollutants [17,18]. SMOAs bear pronounced chela-

tion and reduction capacities, making them ideal accelerators for

efficient iron cycling in nature. Chelation and reduction can also

benefit Fenton-like processes: In the reduction pathway, GC serves

as a sacrificial reductant to regenerate Fe(II), which subsequently

activates oxidants through electron transfer [19,20]. In the chela-

tion pathway, protocatechuic acid (PC) forms a bidentate complex

with Fe(III), which further modulates the electronic structure of

Fe(III) and enhances the complex’s reactivity with oxidants [21].

The SMOAs related peroxide intermediates (e.g., PICA-FeIII-OOH in

the presence of PC and Fe(III)) can also promote EDCs degrada-

tion or serve as precursors for ROS generation [14,22]. Hence, as

bifunctional agents, SMOAs seem promising in activation of SPC

and degradation of EDC pollutants. However, in Fenton-like sys-

tems, the introduction of SMOAs cannot avoid consumption of ROS

and peroxides precursors. GC quenching •OH by electron transfer

has been found in previous study [20,23]. The impact of various

organic acids on •OH in Fenton-like system has been investigated,

while limited information is available regarding CO3
•- species since

the introduction of SPC. In comparison to •OH, CO3
•-prefers to react

with electron-rich compounds containing N-/S-functional groups,

aromatic compounds, and substituted phenolic moieties, and CO3
•-

maintains a steady-state concentration 100 to 1000 times higher

than that of •OH [24,25]. To this end, a thorough investigation is

needed when introducing SMOAs into the SPC-based Fenton-like

system, so as to reveal the mechanism beneath about the degrada-

tion of pollutants. In this research, oxalic acid (OA) was applied

to treat BPA in the SPC/Fenton-like system, focusing on (1) the

chelation and reduction properties of OA on SPC activation and

BPA degradation; (2) the impact of Fe(III)/SPC dosage, solution pH,

and OA characteristics on ROS generation and BPA degradation; (3)

mechanisms and application principles of SMOA for BPA degrada-

tion in the Fe(III)/SPC system.

Mere degradation of BPA was observed in single OA, Fe(III),

and SPC system (Fig. 1a), which may be due to the limited pro-

duction of reactive species. However, the degradation ratio of

BPA reached to 99.7% within 60min in the OA/Fe(III)/SPC system

(kobs =0.0854min-1). As the concentration of OA increased from

0μmol/L to 50μmol/L (Fig. 1b), the degradation ratio of BPA grad-

ually increased from 8.4% to 99.7%, indicating that OA greatly en-

hanced the oxidation capacity of Fe(III)/SPC. However, the degrada-

tion ratio decreased to 90.4% when the OA was raised to 70μmol/L,

which may result from the quenching of ROS by excessive OA. The

function of Fe(III) was also crucial in the system: With the con-

centration increased from 0 to 100μmol/L, the degradation ratio of

BPA increased from 5.2% to 99.7%, and this value kept unchanged

when continuously raising the Fe(III)’s concentration (Fig. 1c). In

addition, the degradation ratio of BPA was gradually enhanced with

the increase of SPC up to 200μmol/L, followed by severe inhibi-

tion when SPC was at 300μmol/L (Fig. 1d). As for the impact of

initial pH, >99% of BPA had been degraded within 60min under

the pH 3.0–7.0, indicating that acidic and neutral pH were both

preferable for this process, while the degradation rate was in the

order of pH 5.0 (kobs =0.132min-1) > pH 3.0 (kobs =0.106min-1)

> pH 7.0 (kobs =0.077min-1) > pH 9.0 (kobs =0.022min-1) > pH

11.0 (kobs =0.005min-1) (Fig. 1e). In addition to BPA, PN, SMX,

TMX, and NB were also effectively removed within 1h in the

OA/Fe(III)/SPC system (Fig. 1f), proving the wide application range

of OA/Fe(III)/SPC system.

In order to elucidate the degradation mechanisms of BPA in the

OA/Fe(III)/SPC system, the reactive species were identified by scav-

enging experiments. Estimations of the quenching efficiency for

different quenchers are detailed in Text S1 (Supporting informa-

tion). Results showed that both TBA (scavenging over 95% of •OH

but only 1% of CO3
•-) and phenol (scavenging 95% of CO3

•- and
•OH) significantly inhibited the degradation of BPA (Fig. 2a). Con-

sidering that •OH readily acted as a precursor of CO3
•- [8], it could

be inferred that both CO3
•- and •OH were involved in the degra-

dation process of BPA in the OA/Fe(III)/SPC system. Moreover, ex-

cess chloroform (scavenging over 95% of O2
•-) nor N2 purging had

no impact on the degradation of BPA (Fig. 2b and Fig. S1 in Sup-

porting information), thereby excluding the involvement of O2
•- in

this process. Furfuryl alcohol (FFA) fails to quench 1O2 in the exis-

tence of •OH, while researchers have reported that the lifetime of
1O2 in deuteroxide (D2O) (68±1 μs) was longer than that in H2O

(3.7±0.4 μs) [26,27]. In current research, the BPA degradation fol-

lowed the similar trend in both D2O and H2O, proving an insignif-

icant role played by 1O2 (Fig. 2b). Previous studies have reported

the formation of carbon-centered free radicals in OA-assisted sys-

tems, via reactions such as (•OH+C2O4
2- →CO2

•- +CO2 +H2O2)

[28]. However, given the strong nucleophilic character of CO2
•- and

its highly negative reduction potential (E0 =−2.2V), this species

was more likely to participate in reduction reactions rather than

directly attacking electrophilic compounds such as phenolic con-

taminants [29,30]. As illustrated in Fig. 1f, the efficient degradation

of electrophilic substrates including BPA, PN, and SMX strongly

suggested that CO2
•- was not the primary ROS responsible for their

oxidation.

To further investigate the contribution of ROS for the degra-

dation of BPA in the OA/Fe(III)/SPC system, EPR tests were per-

formed for different systems using 5,5-dimethyl-1-pyrroline N-

oxide (DMPO) as a spin trap [31]. Obvious signals of DMPO-•OH

and DMPO–CO3
•- were observed, demonstrating the generation of

•OH and CO3
•- (Fig. 2c) [32]. The signals of •OH and CO3

•- in the

OA/Fe(III)/SPC system were significantly higher than those in sin-

gle Fe(III) and SPC systems, suggesting that OA could promote

their production. Meanwhile, enhanced DMPO–O2
•- (methanol as

reaction solvent) and TEMP-1O2 signals were also observed in

OA/Fe(III)/SPC system when compared with single SPC, OA/SPC

and Fe(III)/SPC systems (Figs. 2d and e). Hence, OA, Fe(III), and

SPC could produce ROS synergistically in the OA/Fe(III)/SPC sys-

tem. However, the contribution of O2
•- and 1O2 to BPA degrada-

tion was limited, which might be due to the reaction specificity. A

lower amount of PMSO2 was detected when adding PMSO into the

OA/Fe(III)/SPC system (ŋ[PMSO2] < 5%, the molar ratio of PMSO2

production to PMSO depletion), which demonstrated that the gen-

eration of Fe(IV) was rare and not primarily responsible for BPA

degradation (Fig. 2f) [22]. In conclusion, •OH, CO3
•- were dominant

2



Z. Xu, S. He, L. Wang et al. Chinese Chemical Letters 37 (2026) 112343

Fig. 1. Degradation ratio of BPA in the different systems (a), effect of OA concentration (b), Fe(III) concentration (c), SPC concentration (d), and initial pH (e) on BPA degra-

dation, and (f) the calculated reaction rate constant (kobs) of different pollutants in OA/Fe(III)/SPC system with [Fe(III)]=100 μmol/L, [SPC]=200 μmol/L, [pollutants]=4.4

μmol/L, [OA]=30 μmol/L (f), and pH 7.0.

Fig. 2. (a) •OH and CO3
•- quencher effects on BPA degradation in OA/Fe(III)/SPC system. (b) Degradation of BPA in OA/Fe(III)/SPC system under N2 and D2O conditions. (c)

EPR spectra of DMPO-•OH (♦) and DMPO–CO3
•- (♣) adducts. EPR spectra of DMPO–O2

•- (♥) (d) and TEMP-1O2 (♠) (e) adducts. (f) PMSO depletion and PMSO2 generation.

Conditions: [Fe(III)]=100 μmol/L, [SPC]=200 μmol/L, [BPA]=4.4 μmol/L, [OA]=30 μmol/L.

reactive species and played a crucial role in the OA/Fe(III)/SPC sys-

tem, while O2
•-, Fe(IV), and 1O2 were limited in quantity and reac-

tivity by contrast.

The formation of Fe(II) in the Fe(III)/SPC, OA/Fe(III) and

OA/Fe(III)/SPC systems was investigated in the absence of BPA (Fig.

3a) was investigated to elucidate the role of OA in the Fe(III)/Fe(II)

redox cycles. In the Fe(III)/SPC system, the production of Fe(II) was

essentially negligible; By comparison, about 39.7% Fe(III) were re-

duced to Fe(II) in the OA/Fe(III) system; The presence of SPC accel-

erated the consumption of Fe(II), while chloroform and N2 (scav-

enging over 95% of O2
•-) inhibited the production of Fe(II) in the

OA/Fe(III)/SPC system (Fig. 3a), indicating that HO2
•/O2

•- also pro-

moted the reduction of Fe(III), and similar findings have also been

reported elsewhere (Fe(III)-OA+HO2
•/O2

•- → Fe(II)-OA+O2 (H+))
[20]. Therefore, OA benefited reduction of Fe(III) to Fe(II) via
•OH/O2

•- production and made up for the Fe(II) consumption by

SPC.

To assess the impact of organic acid structure on Fe(II) produc-

tion and BPA degradation in the OA/Fe(III)/SPC system, SMOAs with

different functional groups were tested including acetic acid (AA),

lactic acid (LA), malic acid (MA), tartaric acid (TA), oxalic acid (OA),

and citric acid (CA). Previous studies have demonstrated that the

removal efficiency of BPA was significantly higher in OA-Fenton-

like processes than in systems utilizing other chelating agents,

such as TA and CA [33]. The results showed that the concentra-

tion of Fe(II) continued to increase along with the degradation

of BPA. Though there was difference in BPA degradation perfor-

mance, the regeneration of Fe(II) was no longer the rate limiting

step of Fenton reaction in the presence of SMOAs (Figs. 3b and

c). It was noteworthy that the OA/Fe(III)/SPC system exhibited a

higher H2O2 consumption rate than that of the Fe(II)/SPC system

(Fig. S1b). The higher total Fe(II) concentration in the OA/Fe(III)/SPC

system (compared to the Fe(II)/SPC system) further suggested the

involvement of a non-reductive process mediated by OA. Therefore,
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Fig. 3. (a) The generation of Fe(II) in different systems. Effect of different SMOAs

on BPA degradation in the Fe(III)/SPC system (b) and Fe(II) generation (c). (d)

Relationship between kobs of BPA and redox potential (EH
0 (SCE)) of organic

acid-Fe(III)/Fe(II) complex. Conditions: [Fe(III)]=100 μmol/L, [SPC]=200 μmol/L,

[BPA]=4.4 μmol/L, [SMOA]=30 μmol/L, [pH]0 =5.0.

there may be more than one pathway to generate •OH and CO3
•- in

Fe(III)/SPC like systems driven by SMOAs.

By further analysis, a significant correlation was observed be-

tween kobs of BPA and the redox potential of SMOAs-Fe(III)/Fe(II)

complex (Fig. 3d). It should be emphasized that the redox poten-

tial serves as a critical indicator, reflecting not only the electron-

donating/accepting capacity of a species but also, to a certain ex-

tent, the coordination capability of ligands. This correlation is sub-

stantiated by the observed relationship between redox potentials

and the equilibrium constants of Fe(II)/Fe(III)-ligand complexation

(Text S2 and Fig. S2 in Supporting information). Consequently, sys-

tematic investigation into reactive oxygen species (ROS) generation

and pollutant degradation mechanisms during coordination pro-

cesses is warranted.

The coordination ability of OA for BPA degradation was investi-

gated using UV–vis spectroscopy. New absorption bands were ob-

served at 260–350nm and 280–580nm in the OA/Fe(III) system

under acidic and neutral conditions, respectively (Fig. S3 in Sup-

porting information), which were related to complexes formed via

chelation of OA and Fe(III) [34,35]. Studies have shown that the

iron in the coordinated state was mainly in the form of iron ox-

alate Fe2(C2O4)3 and ferrous oxalate (Fe(C2O4)) at pH 3.0, while

iron in the coordinated state exists mainly as FeC2O4, Fe(C2O4)2
2-,

and Fe2(C2O4)3 at pH 7.0 [35]. In order to further investigated

the impact of OA-Fe(III) complex on SPC activation, Fe2(C2O4)/SPC

and FeC2O4/SPC systems were constructed. The pH of FeC2O4 and

Fe(C2O4)2
2- was adjusted based on previous research [35]. The

degradation ratio of BPA was 18.6% in Fe2(C2O4)3/SPC system at

pH 7.0 (Fig. 4a), slightly higher than that of Fe(III)/SPC system

(9.4%) (Fig. 1a). In contrast, the degradation ratio of BPA in the

FeC2O4/SPC system was 100% and 49.4% under acidic and neutral

conditions, respectively, both higher than that of the Fe(II)/SPC sys-

tem (Fig. 4c), this suggested that the complexes formed by coordi-

nation complexation are more reactive.

Interestingly, the addition of SPC resulted in a significant hys-

teresis for the absorption peaks (neutral conditions only), and

similar OA-Fe(III)-OOH complex was also observed when H2O2

was adopted [14,36]. And the intensity of OA-Fe(III)-OOH complex

slightly decreased when 100μg/L BPA were added, suggests its re-

Fig. 4. (a) Effect of SPC for the degradation of BPA by Fe2(C2O4) and FeC2O4. (b)

The values of kobs by different systems under acid condition. Degradation of BPA

by different systems under neutral conditions (c) and the exist of Fe(II) in differ-

ent systems (d). Conditions: [FeC2O4]/[Fe2(C2O4)]/[Fe(II)]=100 μmol/L, [SPC]=200

μmol/L, [BPA]=4.4 μmol/L, [OA]=30 μmol/L.

action with BPA (Fig. S4 in Supporting information). In order to

further confirm the role of OA-Fe(III)-OOH complex for BPA degra-

dation, H2PO4
- (logKFe(III)-H2PO4

- =3.5) as the inorganic competing

ligand was dosed [36]. H2PO4
- was proved to significantly inhibit

BPA degradation and lead to a decreased of •OH (Fig. S5 in Sup-

porting information). To sum up, in neutral conditions, OA-Fe(III)-

OOH complex was beneficial to •OH generation and BPA degrada-

tion.

It should be noted that under acidic conditions, a distinct ad-

sorption peak was observed in the OA/Fe(III) system within the

wavelength range from 260nm to 350nm, which implied the pres-

ence of coordinated iron species Moreover, Fe(III) as a hard Lewis

acid, can form complexes with ligand with large stability constants.

However, Fe(II) as a borderline Lewis acid binds less strongly to

the ligand than Fe(III) [37]. Thus, Fe(II) and Fe2(C2O4)3 were the

main forms of iron present under acidic conditions. The effects

of Fe(II)/SPC and Fe2(C2O4)3/Fe(II)/SPC systems on BPA degrada-

tion were compared in acidic condition. The degradation rate of

BPA in the Fe2(C2O4)3/Fe(II)/SPC system was 3.8 times higher than

that of Fe(II)/SPC system, and this value was also higher than that

in both single and binary systems (Fig. 4b). However, no similar

enhancement phenomenon was observed under neutral conditions

(Fig. 4c). In addition, the consumption rate of Fe(II) was higher in

the Fe2(C2O4)3/Fe(II)/SPC system (Fig. 4d). Therefore, the effect of

the coordination process was not negligible in the enhancement

of the Fe(II)/SPC reaction process by Fe2(C2O4)3, in addition to the

generation of more reactive ferrous complexes. Nevertheless, due

to the complexity of the iron morphology in the OA/Fe(III)/SPC sys-

tem, it is difficult to quantify the contribution of the Fe2(C2O4)3
generated to the enhancement of the Fe2+/SPC process.

Based on kinetic and spectroscopic measurements, distinct cat-

alytic mechanisms were identified under acidic versus neutral con-

ditions. Under acidic conditions, the dominant pathway involved

chelation between Fe(III) and OA, leading to a significant redox po-

tential difference between the OA-Fe(III)-complex and Fe(II). This

potential gap facilitated electron transfer from Fe(II), promoting the

formation of a highly reactive ferrous complex. The reaction pro-

cess during BPA degradation under acidic conditions initiated with

the coordination and reduction of Fe(III) by OA, yielding Fe(II) and

OA-Fe(III)/OA-Fe(II) complexes (Eqs. 1 and 2). Subsequent introduc-

tion of SPC triggered direct reactions with these iron complexes.
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Fig. 5. Effect of different organic acids on the steady-state concentration of CO3
•- (a) and •OH (b). (c) EPR spectra for different organic acid systems. Effect of OA concentration

(d), Fe(III) concentration (e), and pH (f) on the steady-state concentration of •OH and CO3
•-. Conditions: [Fe(III)]=100 μmol/L, [SPC]=200 μmol/L, [BPA]=4.4 μmol/L,

[OA]=30 μmol/L.

The OA-Fe(III) species accepted electrons from Fe(II) to form OA-

Fe(II) complex, which further reacted with H2O2 to generate •OH

(Eqs. 3–5). In contrast, under neutral conditions, ROS generation

was primarily governed by OA-driven coordination process. Spe-

cially, the OA-Fe(II) complex activated SPC to produce •OH, while

a peroxyl intermediate complex (OA-Fe(III)-OOH) also contributed

to •OH formation (Eqs. 6 and 7).

Fe(III)+OA→OA-Fe(III) (1)

Fe(III)+OA→OA-Fe(II) (2)

Fe(II)+H2O2 → Fe(III)+ •OH+OH- (3)

Fe(II)+OA-Fe(III)→ Fe(II)-OA+ Fe(III) (4)

Fe(II)-OA+H2O2 → Fe(III)-OA+ •OH+OH- (5)

OA-Fe(III)+H2O2→ OA-Fe(III)-OOH (6)

OA-Fe(III)-OOH→ Fe(II)+OA+ •OH (7)

CO3
2- + •OH→CO3

•- +OH- (8)

HCO3
- + •OH→CO3

•- +H2O (9)

H2O2 +HCO3
- ↔ HCO4

- +H2O (10)

HCO4
- →CO3

•- +H+ (11)

Current research has extensively documented the effects of re-

ductants on •OH, SO4
•-, and Fe(IV) [20,38], while the influence of

reductants on CO3
•- has received limited attention. To elucidate the

differential contributions of ROS under varying operational condi-

tions, the key parameters including solution pH, Fe(III) dosage, SPC

concentration and SMOAs type-governing BPA degradation in the

OA/Fe(III)/SPC system were investigated. The steady-state concen-

trations of •OH and CO3
•- were quantified through kinetic mod-

eling, as described in Text S3 (Supporting information). The con-

centration of •OH and CO3
•- for different SMOAs at initial pH 7.0

was OA > CA > TA > MA > LA > AA (Figs. 5a and b), which

was consistent with the results of EPR test (Fig. 5c). The steady-

state concentration of •OH and CO3
•- increased and then decreased

when the OA concentration increased, mainly due to the inhibit-

ing effect of excess OA (Fig. 5d). The difference was that the in-

hibiting effect of 70 μmol/L OA on CO3
•- was weak, suggesting

that CO3
•- displayed lower selectivity towards OA when compared

to •OH. This finding also suggested that employing CO3
•- for BPA

degradation in OA/Fe(III)/SPC system could partially mitigated the

adverse effects caused by excess OA. The steady-state concentra-

tions of •OH and CO3
•- exhibited a positive correlation with in-

creasing Fe(III) concentrations (Fig. 5e). Notably, •OH generation

displayed pH-dependent behavior: Its concentration initially rose

with pH (3.0–5.0), peaked at neutral conditions, and subsequently

declined at alkaline pH (9.0). Conversely, CO3
•- production intensi-

fied significantly under neutral to alkaline conditions (pH 7.0–9.0,

Fig. 5f), demonstrating pH-tunable radical speciation. In addition,

the steady-state concentration of CO3
•- showed no positive corre-

lation with that of •OH across varying pH conditions. This find-

ing strongly suggested that •OH was not the exclusive precursor

for CO3
•- formation (Eqs. 8 and 9). Moreover, in the quenching ex-

periment, the quenching effect of phenol was stronger than that

of TBA, further confirming the previous inference. In the SPC sys-

tem, the known sources of CO3
•- mainly included the following

two pathways (Eqs. 8–11) [8,39,40]. Further insights emerged from
13C NMR analysis, which detected distinct HCO4

- signal (Fig. S6

in Supporting information). This observation experimentally vali-

dated the hypothesized bicarbonate-activated peroxymonocarbon-

ate (HCO4
-) pathway (Eqs. 10 and 11) as competing route for CO3

•-

generation. Therefore, these findings elucidated how solution pH,

Fe(III) dosage, SPC and OA concentration synergistically governed

BPA degradation in the OA/Fe(III)/SPC system by dynamically mod-

ulating ROS distribution, which provides critical guidelines insights

for optimizing ROS-mediated pollutant degradation strategies.

The degradation products and pathways of BPA in OA/Fe(III)/SPC

system were investigated, 10 transformation products (TPs) were

identified, TP number (No.), measured mass to charge ratio (m/z),

and a pseudomolecular formula were summarized in Table S1

(Supporting information). BPA degradation could be divided into

mineralization and polymerization processes. Based on the results
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of mass spectrometry, the mineralization process of BPA mainly

included hydroxylation reaction, oxidation demethylation and ring

cleavage. Firstly, a hydroxyl group (-OH) added to the BPA radical

cation adjacent to the phenolic ring (carbon No. 2 or 4) in oxygen-

containing water or polyhydroxy systems and induced the hydrox-

ylation of BPA [9]. Secondly, CO3
•- was highly susceptible to at-

tack isopropyl, extracted a hydrogen atom that triggered free rad-

ical chain oxidation in an oxygen environment, formed isopropyl

modified TPs [24,41]. Finally, CO3
•- and •OH attacked the oxida-

tion of adjacent -OH on aromatic rings, benzene ring cleavaged

and the TP1-TP5 products formed. The oxidation process was sim-

ilar to previous report [42,43]. In addition to the oxidation prod-

ucts, solid polymers with different degrees of polymerisation were

also shown in the mass spectra (Fig. S7 in Supporting information).

The m/z of 374.21, 462.21, 564.32, 651.41, 744.41, 837.59, 928.54 and

1020.65 corresponded to the 4–11 polymers of two polymers: phe-

nol C6H5O (m/z 93) and benzyldiol-C6H4O- (m/z 92), respectively

[44,45]. Such coupling and polymerisation reaction products were

not uncommon in hydroxyl systems [44,46], however, they have

been rarely reported in carbonate radical co-existence systems. To

elucidate the role of •OH in BPA polymerization, we conducted

comparative analyses of reaction products with and without •OH

scavenging (Fig. S8 in Supporting information). Notably, significant

polymerization products were detected in the •OH suppressed sys-

tem, demonstrating that other pathways competitively contribute

to BPA polymerization.

Considering that the contribution of other ROS to the degra-

dation of BPA was not significant, it was reasonable to speculate

that CO3
•- may be essential for its polymerisation degradation.

Generally speaking, •OH promoted BPA polymerization through

hydrogen atom extraction (HAA), single electron transfer (SET),

and radical adduct formation (RAF), generating phenoxyl radicals

(PhO•) as key intermediates for coupling reactions (Fig. S9 in Sup-

porting information). As a key active species in BPA degradation,

CO3
•- could easily interact with electron rich phenolic rings, led

to unstable electronic configurations of aromatic rings. An elec-

tron was transferred from phenolic ring to CO3
•-, producing an

aromatic radical cation [47]. This may be the key reason for the

polymerization reactions promoted by CO3
•-. It was worth noting

that steady-state concentrations of CO3
•- were 2–3 folds higher

than •OH in OA/Fe(III)/SPC system. Consequently, future investi-

gations must prioritize elucidating the polymerization and oxida-

tion mechanisms governed by CO3
•-, particularly its capacity for

direct ring activation beyond classical radical pathways. Notably,

conventional separation techniques (e.g., flocculation, precipitation,

filtration) effectively remove organic polymers formed via polymer-

ization from aqueous solutions [44]. However, certain degradation

intermediates and byproducts of BPA may exhibit higher biologi-

cal toxicity than the parent compound [48]. To evaluate this po-

tential risk, we employed the Toxicity Estimation Software Tool

(T.E.S.T.) to assess the developmental toxicity and bioconcentra-

tion factors of BPA transformation intermediates (Fig. S10 and Ta-

ble S2 in Supporting information). The results indicated that both

the developmental toxicity and bioconcentration potential of the

secondary products were lower than those of BPA. Therefore, the

OA/Fe(III)/SPC system presents an effective strategy for detoxifying

BPA, significantly reducing the overall toxicity of the degradation

products.

Notably, the introduction of organic reducing agents may lead

to an increase in organic load, which was a major limitation of

Fenton-like processes [14,22]. To address this, we evaluated the

mineralization efficiency of organic compounds in the system by

measuring the change in total organic carbon (TOC) before and

after the reaction (Fig. S11 in Supporting information). In the

OA/Fe(III)/SPC system, the TOC removal rate reached 37.4% when

the degradation ratio of BPA was 95%, slightly higher than that

in the Fe(II)/SPC system at pH 3.0 (35.1%). These results indicated

that the additional organic load introduced by OA was negligible.

Furthermore, the limited degree of mineralization suggested that

BPA degradation likely occurred primarily through polymerization

pathways.

The introduction of anions including Cl-, SO4
2- and HCO3

- (each

at 5.0mmol/L) exerted a negligible impact on BPA degradation (Fig.

S12 in Supporting information), while CO3
2- inhibited BPA degra-

dation because of the pH got raised. Additionally, BPA degradation

maintained at 91%, 84% and 75% in tap water, river water, and the

effluent from a wastewater treatment plant within 1h, respectively,

indicating that the OA/Fe(III)/SPC system is an effective method for

removing BPA from natural water. Furthermore, the role of OA in

iron utilization was systematically evaluated through cyclic exper-

iments. The second-round degradation of BPA was still 85% in the

system with single OA and SPC (without additional iron supple-

mentation) (Fig. S12c), about 45% of BPA could be removed after

four consecutive cycles, suggesting that this approach has the po-

tential to significantly reduce iron sludge generation while main-

taining satisfactory degradation performance.

This study systematically investigated the mechanisms of ROS

generation and BPA degradation in the OA/Fe(III)/SPC system, with

emphasis on the roles of Fe(II) and OA-Fe(III)/hydroperoxide com-

plexes. The results demonstrated that OA synergistically enhanced

the BPA degradation efficiency to 95%, far exceeding the perfor-

mance of individual OA, Fe(III), or SPC systems, by accelerating the

production of CO3
•- and •OH. Two pH-dependent pathways were

identified: under acidic conditions (pH 3.0–5.0), OA-Fe(III) com-

plexes promoted ferrous iron regeneration and facilitated the acti-

vation of SPC to form highly ROS. At neutral pH (7.0), spectroscopic

evidence indicated that a peroxy-bridged intermediate (OA-Fe(III)-

OOH) directly decomposed into CO3
•- and •OH. Thus, OA-Fe(III) and

OA-Fe(III)-OOH complexes were identified as the key promoters of

ROS generation under acidic and neutral conditions, respectively.

Importantly, the redox potentials of OA-Fe(III)/Fe(II) couples shown

a strong linear correlation with coordination stability constants

(R2 =0.9011), indicating that selecting SMOAs with higher stabil-

ity constants was more conducive to BPA degradation. These find-

ings provide fundamental insight into the pH-specific mechanisms

of ROS generation in iron-carboxylate/peroxide systems, supporting

the rational design of SMOA-enhanced Fenton-like technologies for

efficient pollutant removal.
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