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Research efforts on permanganate (Mn(VII)) combined with redox-mediator (RM), have received
increasing attention due to their significant performance for bisphenol-A (BPA) removal. However, the
mechanisms underpinning BPA degradation remain underexplored. Here we show the overlooked in-
teractions between RM and BPA during permanganate oxidation by introducing an RMdN-hydrox-
yphthalimide (NHPI). We discovered that the concurrent generation of MnO2 and phthalimide-N-oxyl
(PINO) radical significantly enhances BPA oxidation within the pH range of 5.0e6.0. The detection of
radical cross-coupling products between PINO radicals and BPA or its derivatives corroborates the pivotal
role of radical cross-coupling in BPA oxidation. Intriguingly, we observed the formation of an NHPI-BPA
complex, which undergoes preferential oxidation by Mn(VII), marked by the emergence of an electron-
rich domain in NHPI. These findings unveil the underlying mechanisms in the Mn(VII)/RM system and
bridge the knowledge gap concerning BPA transformation via complexation. This research paves the way
for further exploration into optimizing complexation sites and RM dosage, significantly enhancing the
system's efficiency in water treatment applications.
© 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

As one of the endocrine-disrupting chemicals (EDCs) [1e3],
bisphenol-A (BPA, a typical EDC) has been widely detected in
various aquatic environments with concentrations from ng L�1 to
mg L�1 [4e6]. Moreover, BPA cannot be removed efficiently in
conventional water treatment processes [7]. This necessitates the
development of effective BPA removal technologies, with chemical
oxidation being a promising approach [8,9]. Mn(VII) is an effective
and environmentally friendly oxidant widely used for its stability,
ease of handling, relatively low cost, and no generation of by-
products after oxidation [10,11]. However, compared with ozona-
tion, Fenton, and other advanced oxidation processes, the reaction
ier B.V. on behalf of Chinese Soci
access article under the CC BY-NC-
rate of organic contaminants (such as BPA) with Mn(VII) is rela-
tively low [12e14].

Recently, it has been reported that redox-mediators (RMs) (e.g.,
1-hydroxybenzotriazole (HBT) [11,15], 2,2,6,6-
tetramethylpiperidine-N-oxyl (TEMPO) [13,16], 9-azabicyclo[3.3.1]
nonane N-oxyl (ABNO) [17], and 2-phenyl-4,4,5,5-
tetramethylimidazoline-3-oxide-1-oxyl (PTIO) [18]) act as catalysts
or electron shuttles for transferring electrons between BPA and
Mn(VII). In these systems, HBT, TEMPO, ABNO, and PTIO are con-
verted to their higher valent states (i.e., HBT�, TEMPOþ, ABNOþ, and
PTIOþ) following a reaction with Mn(VII), and then BPA is degraded
rapidly following three distinct degradation pathways, namely, hy-
droxylation, b-scission, and radical cross-coupling [11,13], among
which hydroxylation predominates according to the previous results
[11,13]. Radical cross-coupling is the unique pathway observed only
in the Mn(VII)/RMs systems, in contrast to observations reported for
other oxidation systems (e.g., ozone [19], ferrate [20], Mn(VII) [21],
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andMn(VII)/Ru(III) [22]). Thus, we speculated that some interactions
between the RM and BPA might be overlooked during reactions
involving Mn(VII) [11,13].

There are several binding interactions between dissolved
organic matter (DOM) and BPA, such as hydrogen bonds, aromatic
stacking, hydrophobic weak forces, and electrostatic interactions
[23,24]. In 2012, Zhu et al. proposed that the hydrogen bond of the
DOM-BPA complex is preferred over their aromatic interactions
based on density-functional theory (DFT) calculation [23]. In 2022,
Hu's group demonstrated that pep interaction of the aromatic
structure of humic acids (HA, a primary component of DOM) with
the aromatic structure of BPA resulted in forming a polar complex
[25]. This pep interaction resulted in more electrons transferring
to the carbonyl group in the benzoquinone of HA, producing
electron-rich phenolic eOH groups in this complex. An electron-
poor area on BPA's aromatic rings facilitates its preferential
removal [25]. Similar to DOM (or HA), many RMs possess aromatic
structures that might interact with BPA via pep interaction to form
the complex. However, the possible complexation between RM and
BPA has not yet been considered in the Mn(VII)/RM system.

Generally, RMs include nitroxides-RMs (e.g., N-hydroxyph-
thalimide (NHPI), HBT, TEMPO, ABNO, and PTIO) and phenoxides-
RMs [11,17,18]. It has been proved the capacity of electron transfer
from nitroxides-RMs is stronger than that of phenoxides-RMs [11].
Among these nitroxides-RMs, HBT, as an electron shuttle, efficiently
enhanced the reaction between Mn(VII) and BPA but itself was also
degraded by Mn(VII) [11]. Conversely, TEMPO, ABNO, and PTIO can
serve as catalysts due to their cyclic transformation of >NeO�,
>NeOH, and >Nþ¼O [13,17,18], realizing the cycle work for
enhancing BPA decay with little loss in Mn(VII) solution. The
toxicity of TEMPO, ABNO, and PTIO hinders their application in real
aquatic environments. NHPI with lower toxicity has a similar cyclic
transformation to TEMPO (Scheme 1) [26,27]. Besides, NHPI can be
easily loaded onto heterogeneous materials (e.g., metal-organic
frameworks, porous polymers, and high-surface-area carbons)
[28]; thus, it might be superior to the reported nitroxides-RMs (i.e.,
HBT [11], TEMPO [13], ABNO [17], and PTIO [18]). Subsequently,
NHPI was chosen as a new redox mediator in this study.

In our study of the Mn(VII)/NHPI system, we began by evalu-
ating the impacts of NHPI dosage and solution pH on the oxidation
kinetics of BPA, then identified the involved reactive species, pro-
posed the mechanism, and highlighted the radical cross-coupling
pathway's contribution to BPA oxidation enhancement. Lastly, we
investigated the complexation effect of RM in enhancing BPA
oxidation by Mn(VII).
2. Materials and methods

2.1. Chemicals and reagents

Potassium permanganate (Mn(VII)), bisphenol-A (BPA), N-hy-
droxy phthalimide (NHPI), 2,2,6,6-tetramethylpiperidine-N-oxyl
(TEMPO), syringaldehyde (SYD), humic acid (HA), 2,6-di-tert-
butylphenol, and hexafluoroisopropanol were obtained from
Aladdin (Shanghai, China). Methyl phenyl sulfoxide (PMSO) and
Scheme 1. Cyclic transformation of NHPI and PINO.
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methyl phenyl sulfone (PMSO2) were purchased from TCI
(Shanghai, China). Methanol, acetonitrile, and acetic acid of high-
performance liquid chromatography (HPLC) grade were supplied
by Merck (Darmstadt, Germany). All other reagents and solvents
were from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
All solutions were prepared using deionized water from aMillipore
water purification system.

2.2. Experimental procedures

All experiments were conducted in amber glass bottles contin-
uously mixed bymagnetic stirring and maintained at 25 ± 1 �C by a
circulating water jacket. Batch reactions were initiated by adding
Mn(VII) or colloidal MnO2 into solutions containing BPA or RM-BPA
(i.e., the mixture of RM and BPA after 90 min mixing) at the desired
concentration. A stable colloidal MnO2 stock solution was prepared
following our previous study [13]. TheMn(II) solutionwas prepared
by mixing Mn(VII) and equivalent hydroxylamine under acidic
conditions, and then a transparent solutionwas obtained. The pH of
reaction solutions was controlled with acetate buffer (10 mM) for
pH 5.0�6.0 and borate buffer (10 mM) for pH 7.0�9.0. It has been
reported that acetate buffer and borate buffer had negligible effects
on the Mn(VII)/redox-mediators system [11,13]. Samples were
withdrawn at specified intervals, quenched with excess hydroxyl-
amine (10 mM), and filtered before measuring residual organic
compounds. All batch experiments were conducted in duplicate or
triplicate, and uncertainties are presented as standard deviations.

2.3. Analytical methods

The concentration of BPA was determined by high-performance
liquid chromatography (HPLC, Thermo Fisher Scientific UltiMate
3000) equipped with an XBridge BEH C18 column (5 mm,
4.6 � 150 mm) and a UV detector at wavelengths of 230 nm. The
mobile phase consisted of acetonitrile and water (45:55, v/v) with a
flow rate of 0.8 mL min�1. Further details for analysis of PMSO and
PMSO2 are listed in Table S1. Transformation products of BPA were
determined by liquid chromatography coupled to a tandem mass
spectrometer (HPLC-MS/MS) (Thermo Fisher Scientific, USA). An
XBridge BEH C18 column (5 mm, 4.6 � 150 mm) was used to
separate products. The mobile phase consisted of 0.1% formic acid
and acetonitrile, which increased linearly from 95/5 to 5/95 (water/
acetonitrile) in the first 15 min and held for 4 min. The column
temperature was kept constant at 45 �C. The flow rate was
0.4 mL min�1. The HPLC effluent was diverted to the Q executive
plus MS spectrometer by the diverter system. The mass spectra
were recorded in the negativemode of ESI with the scan range ofm/
z ¼ 50e750.

Electron paramagnetic resonance (EPR) spectroscopy spectra
were obtained from EPR 200-Plus with continuous-wave X band
frequency (Chinainstru& Quantumtech (Hefei) Co., Ltd.). Ultraviolet
and visible (UVevis) spectrophotometer (Persee Analytics TU-
1901) was mainly used to record the decay of Mn(VII) and the
continuous formation of MnO2 in the range of 250e600 nm during
reactions. The three-dimensional excitation-emission matrix (3D-
EEM) fluorescence spectra of various samples (i.e., 500 mM RM,
50 mM BPA, and 500 mM RM after reaction with 50 mM BPA for
desired mixing time in ultrapure water) were obtained on an F-
7000 spectrometer (HITACHI) with a xenon excitation source. Slits
were set to 5 nm for both excitation (Ex) and emission (Em).

2.4. Theoretical calculation

Density functional theory (DFT) calculation was performed us-
ing the Gaussian 16 program [29]. All geometry optimizations and
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frequency calculations in this paper were performed with B3LYP
functional [30] in implicit water at 6-31G(d,p) basis set, including
solvation energy corrections and Grimme's D3 (BJ-damping) [31]
dispersion corrections by using the Solvation Model Based on
Density (SMD) [32] with the keyword in the Gaussian code route
section “SCRF ¼ (SMD, Solvent ¼ water)”. The frontier molecular
orbital (FMO) analysis was generated using VMD [33] andMultiwfn
[34].

The reaction free energy (DG) of the conversion of carbonyl
groups of NHPI to form hydroxyl groups was calculated as
DG ¼ DE þ DEZPE � TDS þ DGpH, where DE is the difference of total
energy, DEZPE and DS are the differences in the zero-point energy
and the change of entropy, and T is the temperature (T¼ 298.15 K in
this work). Since the reaction takes place in water, DGpH is
negligible.
3. Results and discussion

3.1. Oxidation kinetics of BPA in the Mn(VII)/NHPI system

The remarkable enhancement of BPA decay caused by NHPI was
observed at pH 5.0 and 6.0 (Fig. 1a), suggesting NHPI is an effective
redox-mediator for accelerating the oxidation of BPA by Mn(VII)
under weakly acidic conditions. The pseudo-first-order reaction
rate constant (kobs, min�1) for BPA in Mn(VII)/NHPI system
increased from 0.04 to 0.34 min�1 as the NHPI dosage elevated
from 0 mM to 50 mM (Fig. 1b). However, a further increase in the
NHPI dosage resulted in a drop in the kobs (Fig. 1; Fig. S1), owing to
the self-quenching of excessive reactive intermediates [11,13,35].

The effect of pH on the removal of BPA (5 mM) was examined
with a fixed concentration of Mn(VII) (50 mM) in the presence or
absence of NHPI (0 and 50 mM). The kobs of BPA removal by Mn(VII)
alone climbed gradually from pH 5.0 to 9.0 (Fig. 1c) due to the
oxidative rate of neutral BPA being lower than deprotonated BPA
[16]. Observations also revealed that the kobs of the Mn(VII)/NHPI
system declined as the pH level rose from 5.0 to 7.0. However, it
progressively increased over a pH range of 7.0e9.0. This can be
attributed to (i) the pKa value of NHPI being approximately 7.0 and
(ii) the fraction of deprotonated BPA becoming dominant, with its
first pKa value at 9.2 [13]. Compared to Mn(VII) alone, NHPI
enhanced BPA oxidation by Mn(VII) at pH 5.0e6.0 but lowered that
at pH 7.0e9.0. This suggests that the direct Mn(VII) reactions with
BPA outweigh the NHPI-driven pathway under neutral and alkaline
conditions.

The pH-dependent profiles of kobs (min�1) in Mn(VII) combined
with NHPI or HBT are of parabolic shape, while in the Mn(VII)/
TEMPO and Mn(VII)/ABNO system, the kobs (min�1) rise with
increasing pH (Fig. S2) [11,13,17]. In the Mn(VII) combined with
Fig. 1. a, Removal of BPA in NHPI, Mn(VII), and Mn(VII)/NHPI systems. bec, Influence of NHP
BPA oxidation by Mn(VII)/NHPI. Experimental conditions: [Mn(VII)]0 ¼ 50 mM (if any), [B
[NHPI]0 ¼ 0e100 mM, pH ¼ 5.0; for panel c, [NHPI]0 ¼ 50 mM, pH ¼ 5.0e9.0.
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TEMPO or ABNO systems, the reactive species TEMPOþ or ABNOþ

can enhance organic contaminants removal over thewide pH range
of 5.0e9.0 [13,16,17], but in the Mn(VII)/HBT system, the HBT�

radical is only effective under acidic conditions [11]. This difference
in pH-dependent profiles in these systems may be ascribed to the
different properties of redox-mediators. In sum, the role of NHPI in
Mn(VII) oxidation differed from that of TEMPO and ABNO, but it
was similar to that of HBT. In the next section, we explored the
mechanism of the Mn(VII)/NHPI system to elucidate the role of
NHPI in detail.

3.2. Reactive species of Mn(VII)/NHPI system

Generally, the reactive species for BPA removal in the Mn(VII)/
redox-mediators system includes Mn(VII) itself, in situ formed
colloid MnO2, and organic radicals or cations (e.g., HBT� [11],
TEMPOþ [13], and ABNOþ [17]). Besides, there might be other in-
termediates of manganese, including Mn(VI), Mn(V), and Mn(III).
However, considering their instability, their contribution to the
reaction can be ignored unless in the presence of suitable ligands
[11,36,37].

3.2.1. In situ formed colloidal MnO2

Ultraviolet and visible spectrophotometry (UVevis) scanning
confirmed the in situ formation of colloidal MnO2 with broad ab-
sorption from 300 to 430 nm when the Mn(VII) absorption at
526 nm decayed (Fig. S3). There is a good linear relationship be-
tween the absorbance at 418 and 526 nm (Fig. S4), suggesting the
generation of in situ colloidal MnO2 from the reduction of Mn(VII)
[38,39]. According to the standard curve of MnO2 (Fig. S5), it can be
calculated that 30�50 mM colloidal MnO2 was formed in situ when
BPA was removed completely in the Mn(VII)/NHPI system
(Fig. S3b). It has been reported that the removal of phenols byMnO2
under acidic conditions is mainly via oxidation, with adsorption
playing a minor role [39,40]. Besides, in situ formed MnO2 could
catalyze Mn(VII) oxidation of phenols [36]. Thus, the performance
of BPA decay by colloidal MnO2 should be investigated. The
contribution of pre-synthesized colloidal MnO2 on the oxidation of
BPA at pH 5.0�6.0 is considerable (data at pH 7.0�9.0 not shown for
negligible effect) (Fig. S6), indicating that in situ generated MnO2
plays an important role in the removal of BPA in the Mn(VII)/NHPI
system.

There was also an interaction between NHPI and in situ colloid
MnO2 at pH 5.0�6.0 (Fig. S7). The oxidation of BPA by colloidMnO2/
NHPI can be divided into two stages: fast and slow. In the fast stage
(first 2 min), NHPI accelerated the oxidation of BPA by colloid
MnO2, indicating that other active species were generated (the
detailed discussion was shown in 3.2.2). Then, the reaction tended
I dosage (b) and pH (c) on the pseudo-first-order reaction rate constant (kobs, min�1) of
PA]0 ¼ 5 mM, T ¼ 25 ± 1 �C. For panel a, [NHPI]0 ¼ 50 mM, pH ¼ 5.0; for panel b,
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to be stagnant, implying the complete consumption of colloid
MnO2 by massive NHPI in the slow stage.
Fig. 2. UVevis spectra of Mn(VII)/NHPI mixture, NHPI, and Mn(II) in acetic acid.
Experimental conditions: [Mn(VII)]0 ¼ 1 mM, [NHPI]0 ¼ 1 mM, [Mn(II)]0 ¼ 1 mM,
T ¼ 25 ± 1 �C, pH ¼ 2.7, reaction time ¼ 30 s.
3.2.2. In situ formed PINO radical
Manganese species could convert methyl phenyl sulfoxide

(PMSO) to methyl phenyl sulfone (PMSO2) (equations (1)�(3))
[11,41], while some radicals (e.g., HBT� radical [11], hydroxyl radical
[13], and sulfate radical [11]) result in hydroxylated and/or poly-
meric products. PMSO was converted entirely to PMSO2 in Mn(VII)
solution (Fig. S8). However, the formation of PMSO2 decreased to
~86% in the Mn(VII)/NHPI system. At a retention time of 4.5 min in
the HPLC spectra, a new product was detected (Fig. S9), suggesting
the involvement of some radicals in the Mn(VII)/NHPI system.

Mn(VII) þ PMSO/Mn(V) þ PMSO2 (1)

Mn(V) þ PMSO/Mn(III) þ PMSO2 (2)

2Mn(III)/Mn(II) þ Mn(IV) (3)

Hydroxyl radical was yielded from the Mn(VII)/humic-acid
system under oxygen saturation conditions [42]; thus, we also
tested the presence of hydroxyl radical in the Mn(VII)/NHPI system.
As one of the effective scavengers of hydroxyl radicals, methanol
can trap hydroxyl radicals at high speed (>1.2 � 109 M�1 s�1)
[13,43]. However, methanol hardly affected the removal of BPA in
the Mn(VII)/NHPI system (Fig. S10). Therefore, the existence of
hydroxyl radicals can be excluded in the Mn(VII)/NHPI system.

As depicted in Scheme 1, NHPI was converted to phthalimide-N-
oxyl (PINO radical) via one-electron transfer, and Mn(VII) served as
the one-electron capturer. D'Alfonso et al. reported that antioxi-
dants (generally a series of phenolic compounds, such as 2,2,5,7,8-
pentamethylchroman-6-ol, 2,6-di-tert-butyl-4-substituted phe-
nols, and 2,6-dimethyl-4-substituted phenols) could efficiently
quench PINO [44]. Hence, we introduced the 2,6-di-tert-butylphe-
nol into the Mn(VII)/NHPI systems and found that it significantly
inhibited the removal of BPA (Fig. S10). Besides, BPA removal was
more efficient with Mn(VII)/2,6-di-tert-butylphenol than the
Mn(VII)/NHPI/2,6-di-tert-butylphenol system, suggesting the for-
mation and essential role of PINO (Fig. S10). Consequently, the new
product of PMSO (Fig. S9) may be generated in the reaction be-
tween PINO radical and PMSO. Moreover, the reduction potential of
PINO decreases with climbing pH, and PINO can not be formed or
exist at pH > 7.2 due to its instability [45]. At pH > 7.2, NHPI mainly
competes with BPA for Mn(VII). Therefore, the high consumption of
Mn(VII) by NHPI caused the inhibition of BPA decay under alkaline
conditions (Fig. 1c).

In previous studies, UVevis scanning, electron paramagnetic
resonance (EPR) spectroscopy, and flash photolysis were used to
verify the presence of the PINO radical [46,47]. Among these
techniques, UVevis spectroscopy is the most feasible. Thus, we
monitored the UVevis spectrum of the mixture of Mn(VII) and
NHPI and found that 1 mM Mn(VII) was entirely reduced to Mn(II)
by 1 mM NHPI, with the color of the solution changing from purple
to transparent (Fig. S11). The increased absorbance in the
350�400 nm range can be assigned to forming the PINO radical
(Fig. 2; Fig. S12), since the weak absorbance of the equivalent NHPI
and Mn(II). The broad absorption from 300 to 430 nm of MnO2
(Fig. S3) also included the faint absorbance of the PINO radical. We
also applied EPR to confirm the presence of the PINO radical.
However, the strong signals of Mn(II) cover the signal of the PINO
radical (Fig. S13). Notably, the reactivity of Mn(VII) and in situ
formed colloidal MnO2 might be affected by Mn(II) [48,49], since
4

much Mn(II) would be generated in the Mn(VII)/NHPI system.
To further prove the existence of the PINO radical, the trans-

formation products of BPA were detected using HPLC-MS/MS with
full scan mode. Fig. 3 presents BPA itself and three important
transformation products (all transformation products in Table S2
and the corresponding ion mass spectra of other transformation
products in Fig. S14). PINO-BPA with the molecular ions of m/
z ¼ 388 ([M � H]� ¼ 388) was identified as a coupling product
between PINO and BPA. Similarly, the PINO-BPA-OH (m/z ¼ 404)
was the coupling product between PINO and hydroxylated BPA
(BPA-OH, m/z ¼ 243). Hence, the transformation products revealed
the interaction between the PINO radical and BPA or its products
and also confirmed the formation of the PINO radical.

3.3. Proposed mechanism of Mn(VII)/NHPI system

In sum, the Mn(VII)/NHPI system involves multiple oxidizing
species being active for BPA removal, such as Mn(VII) itself [21], in
situ formed MnO2 (reduction product of Mn(VII)) [50], and PINO
radical (a product of the reaction between Mn(VII) and NHPI)
[47,51]. As illustrated in Scheme 2, NHPI was preferentially oxidized
by Mn(VII) via a reversible electron transfer to the PINO radical,
which was responsible for the acceleration of BPA oxidation by
hydrogen attraction. Then, BPA� was formed and cross-coupled
with PINO to generate PINO-BPA. At the same time, colloid MnO2
was generated from the reduction of Mn(VII), which could also
oxidize BPA under acidic conditions. Besides, the accelerated
oxidation of BPA by colloid MnO2 in the presence of NHPI was
obtained at pH 5.0�6.0 (Fig. S7), suggesting that PINO could also be
produced from the reaction between NHPI and colloid MnO2. BPA-
OH produced via the reaction of BPA and Mn(VII) (or in situ colloid
MnO2) was transformed to PINO-BPA-OH by cross-coupling be-
tween PINO and BPA-OH.

BPA decay included three pathways: hydroxylation, b-scission,
and PINO cross-coupling (Fig. 4). Notably, BPA and several trans-
formation products from hydroxylation and b-scission cross-
coupled with PINO, resulting in considerable PINO cross-coupling
products (i.e., TP5�TP10) (Table S2; Figs. 3 and 4; Fig. S14), indi-
cating the cross-coupling pathway caused by PINO radical could not
be ignored in the Mn(VII)/NHPI system.

3.4. Complexation between RMs and BPA

Humic acid (HA) interacted with the aromatic structure of BPA



Fig. 3. HPLC-MS/MS full-scan chromatograms of the solution containing BPA and Mn(VII) in the presence of NHPI and the corresponding ion mass spectra of BPA (a) and three
products, PINO-BPA (b), BPA-OH (c), and PINO-BPA-OH (d).

Scheme 2. Proposed mechanism of oxidation of BPA by Mn(VII) in the presence of
NHPI.

Fig. 4. Proposed reaction pathways of BPA in the Mn(VII)/NHPI system. BPA and
TP1�TP10 were detected, and other transformation products were proposed.
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via pep conjugation, forming the p-conjugated HA-BPA complex,
which could be monitored by three-dimensional excitation-emis-
sion matrix fluorescence spectroscopy (3D-EEM) [25]. Similar to
HA, RMs (such as NHPI, TEMPO, and syringaldehyde (SYD)) [11,17]
are also redox-active organics, possibly resulting in binding inter-
action between RMs and BPA. It may reveal an unrecognized role of
RMs.

The characteristic fluorescence peak A of BPA decreased after
interaction with NHPI instantly, and its characteristic peak B dis-
appeared at the same time (Fig. 5), ascribed to the possible blocking
effect of NHPI for BPA in the early stage of mixing (i.e., mixing NHPI
and BPA for 0�30 min). The emergence of a new peak (Peak C) in
the NHPI-BPA mixture, indicative of a humic acid-like fluorescent
5

substance [52,53], after 60�90min ofmixing (Fig. 5), confirmed the
NHPI-BPA complex formation. UVevis spectra confirmed the



Fig. 5. aeb, 3D-EEM fluorescence spectroscopy of BPA (a) and NHPI (b). ceh, 3D-EEM
fluorescence spectroscopy of BPA after mixing with NHPI for 0 min (c), 30 min (d),
60 min (e), 90 min (f), 120 min (g), and 150 min (h) in ultrapure water. Experimental
conditions: [NHPI]0 ¼ 500 mM, [BPA]0 ¼ 50 mM, T ¼ 25 ± 1 �C.

Fig. 6. Oxidation kinetics of uncomplexed BPA and complexed BPA by Mn(VII)/NHPI.
The right side shows the C/C0 gap between uncomplexed BPA and complexed BPA.
Experimental conditions: [Mn(VII)]0 ¼ 50 mM, [BPA]0 ¼ 5 mM, [NHPI]0 ¼ 50 mM,
pH ¼ 5.0, T ¼ 25 ± 1 �C, mixing time for complexed BPA ¼ 90 min.
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complexation between NHPI and BPA at 90 min (Fig. S15). Inter-
estingly, NHPI-BPA decomplexation occurred when the mixing
time extended to 120�150 min (Fig. 5). Thus, an optimal 90-min
mixing time was established for forming an integral NHPI-BPA
complex and used in subsequent experiments.

To explore the role of complexation and interaction between
NHPI and BPA, we conducted batch experiments with the NHPI and
BPA mixed for 90 min, and then the Mn(VII) was dosed to initiate
the reaction, namely the complexed BPA decay in Mn(VII) (a legend
in Fig. 6). The control group was also conducted under the same
reaction condition with NHPI and BPA dosed into the Mn(VII) so-
lution together, namely the uncomplexed BPA decay in Mn(VII)
(legend in Fig. 6). Compared with uncomplexed BPA, the degrada-
tion of complexed BPA was faster (Fig. 6). The same preferential
degradation of complexed BPA than its uncomplexed counterparts
was also observed in the TEMPO-, SYD-, and HA-enhanced Mn(VII)
oxidation systems (Fig. S16), which means the complexed BPA was
6

removed preferentially in the Mn(VII) solution. There was a com-
monality among several types of RMs.

Overall, the preferential removal of complexed BPA was ob-
tained in the Mn(VII) solutionwithin an initial 2 min (Fig. 6), which
might be ascribed to the sufficient complexation at 90 min mixing
(Fig. 5). As the reaction proceeded, the removal difference between
uncomplexed and complexed BPA became small (Fig. 6), which
might be related to the decomplexation of NHPI-BPA after 90 min
(Fig. 5). We also compared the removal of uncomplexed BPA with
the complexed BPAwith TEMPO, SYD, and HA.We found that all the
BPA pre-mixed with those RMs were degraded more rapidly at the
beginning stage of reactions (Fig. S16), similar to the NHPI-based
system.

A previous report has verified the HA-BPA complex consists of
an electron-rich area and an electron-poor area, and the uneven
distribution of electron clouds promoted the degradation of BPA
[25]. Similar to the HA-BPA complex, the NHPI-BPA electron-donor-
acceptor complex could also be optimized by DFT calculations. BPA
could interact with NHPI by both hydrogen bonds and p�p elec-
trostatic forces between their aromatic rings in the electron-donor-
acceptor complex (Fig. 7a). An adsorption energy of �1.09 eV was
found, enabling subsequent charge transfer. Orbital analysis
(Fig. 7b) showed that the highest occupied molecular orbital
(HOMO) was located in BPA, while the lowest unoccupied molec-
ular orbital (LUMO) was located in NHPI, indicating that electrons
transfer from HOMO (BPA fragment) to LUMO (NHPI fragment)
occurring in the electron-donor-acceptor complex. As a result, the
charge of NHPI moiety changes to �0.002 e after BPA is adsorbed,
confirming the electron transfer from the aromatic rings of BPA to
that of NHPI in the complex. In addition, the surface electrostatic
potential of electron-donor-acceptor (Fig. 7c) indicated that NHPI
was electron-rich; therefore, oxidation of the electron-donor-
acceptor complex by Mn(VII) occurred on NHPI moiety. This ex-
plains why the addition of NHPI could accelerate the oxidation of
BPA.
4. Conclusion

The removal and degradation mechanism of BPA by the Mn(VII)
combined with NHPI (a typical RM) system were thoroughly
elucidated. Crucially, this study unveiled, for the first time, the
previously overlooked interaction between sufficient RM and BPA
in the Mn(VII) solution. Compared with the Mn(VII) alone system,
combining Mn(VII) and NHPI improved the removal of BPA under
weakly acidic conditions. The effect of NHPI dosage and initial pH
on the oxidation of BPA by Mn(VII)/NHPI was examined. The
pseudo-first-order reaction rate constant (kobs) increased linearly
as the NHPI dosage increased from 0 to 50 mM. The kobs decreased



Fig. 7. a, Optimum configuration of NHPI-BPA complex with the lowest energy. b,
HOMO and LUMO for BPA on the NHPI model fragments with an iso-value of 0.02. c,
Surface electrostatic potential of NHPI-BPA complex. The blue area prefers adopting
electrons, and the red area prefers donating electrons.
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with pH climbing at pH 5.0e7.0, attributing to the decreased
reactivity of in situ formed MnO2 and instability of PINO radical as
pH increases. The mechanism of the Mn(VII)/NHPI system was
proposed. In situ PINO radical was formed from the electron
transfer between manganese species (i.e., Mn(VII) and in situ
formed MnO2) and NHPI, which was responsible for accelerating
BPA oxidation via hydrogen attraction at pH 5.0e6.0. Meanwhile, in
situ formed MnO2 can also oxidize BPA efficiently under acidic pH
conditions. Moreover, this study revealed the overlooked role of
radical cross-coupling and complexation of redox-mediator with
BPA in permanganate oxidation.

This finding provides new insight into the interaction between
BPA and RMs in the Mn(VII)/RMs systems. Further work should
focus on the regulation and optimization of complexation sites to
obtain a complex with a highly uneven distribution of electron
clouds between RM and organic contaminants, making the com-
plex more active and easily decomposed by the oxidizers. These
interactions between RMs and organic contaminants are closer to
the scenario in the real water solution since the concentration of
organic contaminants is much lower than that of RMs. However, in
the real application, redundant RMs may result in excessive con-
sumption of oxidizers and the underestimation of the concentra-
tion of organic contaminants due to complexation. Thus, in
practical water treatment, RM dosages should be kept lower than
those of Mn(VII) or other oxidizers. Additionally, cross-coupling
products may be more toxic than BPA, necessitating careful
7

regulation of redox mediator quantities.
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