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Abstract

The selective removal of electron-rich emerging organic contaminants (EOCs) from aquatic
environments remains a critical challenge, as conventional radical-based oxidation pro-
cesses suffer from poor selectivity and interference from background constituents. To
address this issue, we report an electron-transfer-mediated catalytic oxidation system
using peroxydisulfate (PDS) activated by hollow multi-shelled Co3O4 (HoMS Co3O4)
nanoreactors derived from plant-based tannic acid. The triple-shelled hollow architec-
ture affords a high specific surface area with abundant accessible active sites, enabling
the HoMS Co3O4/PDS system to achieve complete bisphenol A (BPA, 0.04 mM) removal
within 90 min (k = 0.045 min−1). Mechanistic investigations, integrating electron param-
agnetic resonance spectroscopy, radical quenching, electrochemical analyses and in situ
Raman/FTIR spectroscopy, reveal that the degradation proceeds via an electron-transfer-
mediated non-radical pathway, in which surface-complexed PDS serves as the primary
reactive species. This pathway enables selective oxidation of electron-rich pollutants and
endows the system with broad pH adaptability, strong resistance to coexisting water con-
stituents, and robust performance in real water matrices (>93% BPA removal). Moreover,
the system maintains stable operation in a continuous flow-through reactor over 72 h with
negligible Co2+ leaching, offering a sustainable strategy for the selective remediation of
EOC-contaminated waters.

Keywords: heterogeneous catalysis; selective catalytic oxidation; electron transfer regime;
non-radical oxidation; emerging organic contaminants; hollow multi-shelled Co3O4

1. Introduction
The widespread occurrence of emerging organic contaminants (EOCs) such as

endocrine-disrupting chemicals, pharmaceuticals, and personal care products in water
bodies has raised grave concerns due to their persistence, bioaccumulation potential, and
adverse effects on both aquatic ecosystems and human health [1–3]. Conventional biological
treatment processes are often inadequate for the complete removal of these recalcitrant pol-
lutants, necessitating the development of advanced remediation technologies [4–6]. Among
various approaches, persulfate-based advanced oxidation processes (PS-AOPs) have gar-
nered considerable attention owing to their strong oxidizing capacity, broad operational pH
range, and favorable chemical stability of persulfate [7–9]. However, traditional PS-AOPs
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that rely on radical species (SO4
•− and •OH) suffer from inherent limitations, including

poor selectivity, susceptibility to scavenging by background water constituents (e.g., halide
ions and natural organic matter), and the formation of potentially toxic byproducts [10–12].
These challenges underscore the urgent need for alternative oxidation pathways that can
achieve selective and efficient EOC removal in complex water matrices.

In recent years, non-radical oxidation pathways, particularly electron-transfer pro-
cesses (ETP), have emerged as promising alternatives to radical-based systems [13–15].
In ETP-mediated persulfate activation, the catalyst facilitates the formation of a surface-
activated persulfate complex that directly abstracts electrons from adsorbed organic pol-
lutants, thereby circumventing the generation of free radicals [16–18]. This mechanism
confers several distinct advantages, including high selectivity toward electron-rich contam-
inants, remarkable resistance to inorganic anions and natural organic matter, and reduced
oxidant consumption [16,19]. Consequently, considerable efforts have been devoted to
the development of efficient heterogeneous catalysts capable of promoting ETP-based
persulfate activation for the selective oxidation of target pollutants.

Transition metal oxides, particularly Co3O4, have been extensively studied as effective
catalysts for persulfate activation owing to their excellent redox properties, natural abun-
dance and cost-effectiveness [19–21]. Nevertheless, conventional Co3O4 nanoparticles tend
to aggregate in aqueous media, leading to diminished active site exposure and compro-
mised catalytic performance [11,21]. To address this issue, the construction of hollow nanos-
tructures has been recognized as an effective strategy to enhance catalytic efficiency [22–24].
Hollow multi-shelled structures (HoMS) offer several compelling advantages, including
high specific surface areas, well-defined internal void spaces, and permeable shell archi-
tectures [25–27]. More importantly, the hollow cavities can spatially confine reactants,
increasing their local instantaneous concentrations and promoting collision frequency, a
phenomenon known as the nanoconfinement effect that substantially accelerates reaction
kinetics [28–30]. Despite these merits, the synthesis of HoMS metal oxides often relies on
complex templating procedures that limit their scalability and practical application [31–33].
Recently, a self-templating strategy using metal–organic frameworks (MOFs) as precur-
sors has been proposed to prepare hollow metal oxides by pyrolysis [34–36]. However,
the high cost of MOFs such as ZIF-8 and ZIF-67 limits their large-scale production and
application [37–39]. Hence, developing low-cost synthetic routes for hollow metal oxides
remains highly desirable.

In this work, we synthesized HoMS Co3O4 with mesoporous shells and a high specific
surface area using nature-abundant tannic acid as the precursor. This self-templating strat-
egy not only greatly simplifies the preparation procedure compared to conventional soft
or hard templating methods, but also offers a more sustainable and economically viable
route [40–42]. Using bisphenol A (BPA) as a model EOC, we systematically evaluated
the PDS activation performance of the HoMS Co3O4 nanoreactors and elucidated the un-
derlying degradation mechanism via EPR spectroscopy, radical quenching experiments,
electrochemical analyses and in situ vibrational spectroscopy (Raman and ATR-FTIR). In
addition, the influence of key operational parameters, resistance to common water matrix
constituents, and performance in a continuous flow-through system were systematically
investigated to assess practical applicability. This work not only provides a cost-effective
method for the synthesis of high-performance HoMS Co3O4 nanoreactors but also offers
comprehensive mechanistic insights into the electron-transfer-based non-radical PDS acti-
vation pathway, thereby advancing the development of selective and robust remediation
technologies for EOC-contaminated waters.
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2. Results and Discussion
2.1. Synthesis and Characterization of HoMS Co3O4 Nanoreactors

Figure 1a presents a schematic illustration of the synthesis procedure for HoMS Co3O4.
The Co-TA polymer was first synthesized via coordination between Co2+ and TA molecules
and subsequently calcined in air to yield the HoMS Co3O4 structure through an Ostwald
ripening process, as we reported before [34–36]. During calcination, the near-surface region
of the polymer is preferentially oxidized to form a metal oxide shell, while the volume
contraction accompanying the polymer-to-oxide conversion generates residual stress that
eventually causes shell spallation. Upon prolonged heating, this contraction-spallation cycle
proceeds sequentially inward, ultimately yielding the hollow multi-shelled architecture.
The morphology and microstructure of the Co-TA precursor and the resultant HoMS Co3O4

were examined by SEM and TEM. As shown in Figure 1b, the Co-TA coordination polymer
exhibits a uniform spherical morphology with a smooth surface and an average diameter
of approximately 180 nm. After calcination at 400 ◦C in air, the HoMS Co3O4 nanoreactors
largely retain the spherical shape (Figure 1c), indicating that the thermal treatment does
not collapse the overall architecture [40]. Notably, statistical analysis based on SEM images
of more than 100 particles (Figure S2a) revealed a decrease in the average particle size to
approximately 154.7 ± 18.8 nm (Figure S2c), which is attributable to crystallization-induced
contraction during conversion of the metal-polyphenol precursor to crystalline Co3O4. The
magnified TEM image (Figure 1d) clearly resolves a well-defined triple-shelled hollow
structure with substantial internal cavities and thin porous shells, confirming the successful
fabrication of the HoMS architecture. The thicknesses of the outer, middle and inner shells
were measured to be 8.9 ± 2.3 nm, 6.6 ± 2.7 nm, and 3.2 ± 1.5 nm, respectively. High-
resolution TEM (HR-TEM) images obtained from different particles (Figures 1e and S2d)
reveal distinct lattice fringes with an interplanar spacing of ~0.24 nm, corresponding
to the (311) plane of cubic Co3O4 [41–43], which attests to the high crystallinity of the
as-prepared sample.

Figure 1. (a) Schematic illustration of the synthesis procedure for HoMS Co3O4 nanoreactors via a
sol–gel method followed by thermal conversion. SEM images of (b) the Co-TA precursor and (c) the
HoMS Co3O4 nanoreactors. (d) TEM image and (e) HR-TEM image of the HoMS Co3O4 nanoreactors.

The phase composition and crystal structure were further characterized by X-ray
diffraction (XRD). As presented in Figure 2a, the HoMS Co3O4 nanoreactors display sharp
and well-defined diffraction peaks at 2θ = 18.99◦, 31.27◦, 36.85◦, 44.81◦, 55.65◦, 59.35◦ and
65.23◦, which are indexed to the (111), (220), (311), (400), (422), (511) and (440) planes
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of cubic spinel Co3O4 (JCPDS No. 74-2120) respectively [44,45]. No additional impurity
peaks were observed, confirming the phase purity of the synthesized product. XPS was
performed to probe the surface chemical composition and electronic states of the HoMS
Co3O4. The high-resolution Co 2p spectrum (Figure 2b) was fitted with constraints on
peak positions and FWHM based on the spinel Co3O4 structure [43]. The Co2+ 2p3/2 peak
appears at 780.3 eV (FWHM = 2.1 eV), while the Co3+ 2p3/2 peak appears at 781.7 eV
(FWHM = 2.3 eV), with satellite peaks at 805.2 eV. The Co2+/Co3+ ratio was determined
to be 1.30. The O 1s spectrum (Figure 2c) can be deconvoluted into three components,
corresponding to lattice oxygen (Olat), bridging hydroxyl groups (-OH) and adsorbed
oxygen species respectively, indicating the presence of surface hydroxyl groups that may
facilitate interfacial interactions with PDS [43–45]. The porous characteristics of the HoMS
Co3O4 nanoreactors were evaluated by N2 adsorption–desorption analysis. As depicted
in Figure 2d, the isotherm exhibits a typical type-IV curve with a distinct H3-type hys-
teresis loop in the relative pressure (P/P0) range of 0.6–1.0, indicative of a mesoporous
structure [46]. The corresponding pore size distribution (inset of Figure 2d) reveals a mean
pore diameter of approximately 5.7 nm, which primarily originates from the interparticle
voids generated by the assembly of nanoscale Co3O4 crystallites. The BET specific surface
area of the HoMS Co3O4 nanoreactors was determined to be 71.2 m2 g−1, substantially
higher than that of conventional Co3O4 nanoparticles. Considering the high surface area
and unique hierarchically hollow multi-shelled structure, the HoMS Co3O4 nanoreactors
would be a good catalyst for PDS activation [19].

Figure 2. (a) XRD patterns, (b) high-resolution Co 2p XPS spectrum, (c) high-resolution O 1s XPS
spectrum, and (d) N2 adsorption–desorption isotherm with corresponding pore size distribution
(inset) of the HoMS Co3O4 nanoreactors.
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2.2. Catalytic Performance of HoMS Co3O4 Toward EOC Degradation

The catalytic performance of the HoMS Co3O4 nanoreactor was evaluated using
BPA as a model pollutant. As shown in Figure 3a, the HoMS Co3O4 nanoreactor alone
exhibited limited adsorption capacity, removing only approximately 7% of BPA within
90 min. Meanwhile, PDS alone, owing to its moderate redox potential (E0 = 2.01 V),
was incapable of effectively oxidizing BPA. In contrast, the HoMS Co3O4/PDS system
achieved complete BPA removal within the same amount of time. The degradation ki-
netics of BPA were well described by a pseudo-first-order model with an apparent rate
constant of 0.045 min−1, which is competitive with most reported Co3O4-based catalysts
(0.034–0.22 min−1, Table S2). Inductively coupled plasma optical emission spectrometry
(ICP-OES) analysis revealed a leached Co2+ concentration of 0.55 mg L−1 after the reaction,
which is below the limit specified in the Chinese National Standard for Surface Water
Quality (GB 3838-2002, 1.0 mg L−1) [47], suggesting satisfactory structural stability of
the HoMS Co3O4 nanoreactor. Homogeneous control experiments demonstrated that the
leached Co2+ contributed to merely ~3% of BPA removal, confirming that the degradation
predominantly proceeded via a heterogeneous catalytic pathway.

Figure 3. (a) Removal of BPA in different reaction systems and the corresponding kinetic plots in
the HoMS Co3O4/PDS system. Effects of (b) HoMS Co3O4 dosage and (c) PDS concentration on
BPA removal. (d) Reusability of the HoMS Co3O4 nanoreactor for BPA removal in consecutive runs.
(e) Removal efficiencies of AAP, TCP, SMX, PhOH and BA in the HoMS Co3O4/PDS system under
identical conditions. Reaction conditions: [pollutant] = 0.04 mM, [PDS] = 0.4 mM, [Co3O4] = 0.1 g L−1,
initial pH = 7.0 ± 0.2, T = 25 ± 0.3 ◦C.

To quantitatively assess the structural advantage of the HoMS architecture, we synthe-
sized Co3O4 nanoparticles (Co3O4 NPs, Figure S1; detailed synthesis procedure described
in Text S1) as a control catalyst. Under identical reaction conditions, Co3O4 NPs achieved
only 49.5% BPA removal within 90 min (kobs = 0.009 min−1) (Figure S3a,b), substantially
lower than the complete removal achieved by HoMS Co3O4 (kobs = 0.045 min−1). After
normalizing the observed rate constants by the BET surface area (25.8 m2 g−1 for Co3O4

NPs, 71.2 m2 g−1 for HoMS Co3O4), the HoMS Co3O4 still exhibited a 1.85-fold higher
normalized rate constant (6.3 × 10−4 min−1·m−2·g) compared to Co3O4 NPs (3.5 × 10−4

min−1·m−2·g) (Figure S3c,d). This confirms that the enhanced catalytic performance orig-
inates not merely from increased surface area but from the unique hollow multi-shelled

https://doi.org/10.3390/catal16090754

https://doi.org/10.3390/catal16090754


Catalysts 2026, 16, 754 6 of 17

architecture itself, which induces a nanoconfinement effect that enriches local reactant
concentrations, as we have previously demonstrated [19].

Both the HoMS Co3O4 dosage (Figure 3b) and PDS concentration (Figure 3c) positively
influenced BPA removal. This enhancement is attributable to the increased availability
of active sites and reactive species, respectively. Interestingly, further increasing the PDS
concentration from 0.4 to 0.8 mM did not yield a corresponding improvement in BPA
removal (Figure 3c). This plateau effect is plausibly ascribed to the saturation of accessi-
ble inner-sphere adsorption sites on the HoMS Co3O4 surface, a phenomenon commonly
observed in surface-mediated electron-transfer processes where the number of available
binding sites for PDS becomes rate-limiting [48–50]. The HoMS Co3O4 nanoreactor also
exhibited good reusability. As shown in Figure 3d, the BPA removal efficiency remained
above 70% after three consecutive cycles. The gradual loss of catalytic activity is attributed
to the deposition of transformation intermediates on the catalyst surface, as previously re-
ported in our studies and related literature [19,50]. Notably, calcination at 400 ◦C effectively
decomposes these deposited intermediates, thereby restoring the accessible active sites and
catalytic activity. Meanwhile, no significant morphological change or agglomeration of the
HoMS Co3O4 nanoreactors was observed after regeneration, further contributing to the
excellent stability (Figure S2b). The regenerated catalyst maintained stable performance
with a BPA removal efficiency of approximately 60% after three additional cycles.

To assess the versatility of this system, the removal of various emerging organic con-
taminants with different molecular structures was investigated. As depicted in Figure 3e,
the HoMS Co3O4/PDS system exhibited marked efficacy toward electron-rich pollutants,
including acetaminophen (AAP, 99.9%), 2,4,6-trichlorophenol (TCP, 58.6%), sulfamethoxa-
zole (SMX, 29.8%), and phenol (PhOH, 23.7%), under identical conditions. The significantly
higher removal efficiency of BPA (100%) compared to phenol (23.7%) under identical condi-
tions can be attributed to their different electron densities. BPA possesses two phenolic rings
connected by a propylene bridge, providing higher electron density and more electron-rich
sites for electron abstraction, which is the key step in the electron-transfer non-radical
mechanism [51–53]. Notably, benzoic acid (BA) remained intact under the same reaction
conditions, indicating that the oxidation process is highly selective. BA is widely employed
as a chemical probe for SO4

•− and •OH [17]. Its recalcitrance to degradation thus verifies
that the HoMS Co3O4/PDS system operates via a non-radical oxidation pathway.

2.3. Identification of ROS in the HoMS Co3O4/PDS System

To unravel the removal mechanism of organics in the HoMS Co3O4/PDS system, EPR
spectroscopy and chemical quenching experiments were conducted to identify the potential
involvement of reactive oxygen species (ROS). As depicted in Figure 4a, no characteristic
signals attributable to DMPO-SO4

•−, DMPO-•OH, or TEMP-1O2 were detected in the
HoMS Co3O4/PDS system, preliminarily excluding the participation of SO4

•−, •OH or
1O2 [54,55]. This inference was further corroborated by quenching experiments. As shown
in Figure 4b, the addition of high-concentration (up to 1000 mM) MeOH and TBA, which
are both efficient scavengers of SO4

•− and •OH, exerted negligible inhibition on BPA
removal. Likewise, L-histidine, a typical quencher for 1O2, did not appreciably affect
BPA removal (Figure 4c). Collectively, these results conclusively demonstrate that the
oxidative transformation of organic contaminants is not governed by conventional ROS
pathways [56,57].

Given the exclusion of radical-based mechanisms, investigation of the electron-transfer
(ET) process, which has been increasingly recognized as a pivotal non-radical route in metal
oxide-mediated PDS activation systems, was conducted. Potassium chromate (K2CrO4),
which is a well-established electron-transfer inhibitor [58], was introduced into the reaction
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system. As shown in Figure 4d, the addition of 10 mM K2CrO4 dramatically suppressed
BPA removal, with the removal efficiency decreasing by approximately 70% and the cor-
responding pseudo-first-order rate constant plummeting from 0.0791 to 0.0035 min−1

(Figure S4). Such pronounced inhibition indicates that the electron-transfer (ET) regime,
a widely recognized non-radical process, dominates the oxidation of BPA in the HoMS
Co3O4/PDS system.

Figure 4. (a) EPR spectra of SO4
•−/•OH and 1O2 using DMPO and TEMP as spin-trapping agents,

respectively. Effects of (b) MeOH and TBA, (c) L-histidine and (d) K2CrO4 as quenchers on BPA
removal. Reaction conditions: [BPA] = 0.04 mM, [PDS] = 0.4 mM, [Co3O4] = 0.1 g L−1, initial
pH = 7.0 ± 0.2, T = 25 ± 0.3 ◦C.

2.4. Verification of the Electron-Transfer Mechanism

To verify the proposed ET mechanism, electrochemical measurements were per-
formed using a HoMS Co3O4-modified electrode. The chronoamperometric (I-t) response
(Figure 5a) revealed a distinct anodic current upon the injection of PDS at 200 s, indicating
facile electron migration from the electrode surface to the adsorbed PDS molecules. Notably,
a subsequent addition of BPA (1 mM) at 600 s triggered an additional current spike, the
intensity of which increased proportionally with BPA concentration, providing strong
evidence that BPA serves as an electron donor to the surface-bound PDS species [58,59].
Complementary evidence was provided by the decomposition behavior of PDS. As shown
in Figure 5b, PDS exhibited negligible self-decomposition in aqueous solution. When
HoMS Co3O4 was present, approximately 50% of PDS was decomposed within 90 min.
More importantly, the introduction of BPA significantly accelerated PDS consumption. The
decomposition efficiency of PDS increased to 66% with 0.04 mM BPA and further to 75%
with 0.08 mM BPA. This concentration-dependent acceleration indicates that the surface-
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complexed PDS directly extracts electrons from BPA [58], thereby driving simultaneous
oxidant depletion and substrate oxidation.

Figure 5. (a) Current-time (i-t) curves of the HoMS Co3O4 electrode under different reaction condi-
tions. (b) Decomposition behaviors of PDS in the absence and presence of HoMS Co3O4 and BPA.
(c) In situ Raman spectra of PDS, HoMS Co3O4/PDS, HoMS Co3O4/PDS/BPA, Co3O4/BPA and
Co3O4. (d) High-resolution Raman spectrum of the surface-complexed PDS species (denoted as
PDS*). Effect of (e) ClO4

− and (f) HPO4
2− on BPA removal. Reaction conditions: [BPA] = 0.04 mM,

[PDS] = 0.4 mM, [Co3O4] = 0.1 g L−1, initial pH = 7.0 ± 0.2, T = 25 ± 0.3 ◦C.

To confirm the formation of the surface-complexed PDS species, in situ Raman spec-
troscopy was performed. As shown in Figure 5c,d, pristine PDS exhibits characteristic
vibrational bands at 835 cm−1 and 1075 cm−1 [58,59]. After the addition of HoMS Co3O4, a
new Raman peak at 796 cm−1 emerges, which is characteristic of a surface-complexed PDS
species (denoted as PDS*) formed through adsorption without O-O bond cleavage [60–62].
The assignment of the 796 cm−1 Raman peak to surface-complexed PDS* is supported by
reference spectra and literature reports. Ren et al. [60] identified this peak at approximately
796 cm−1 as characteristic of surface-activated PDS* on carbon nanotubes during electron-
transfer-mediated non-radical oxidation. This assignment has been widely adopted in
subsequent studies on electron-transfer regimes in persulfate activation [61,62]. In our
previous work on Ce-doped CuO/PDS systems, we also observed the same Raman feature
at 796 cm−1, confirming the presence of PDS* as the dominant reactive intermediate [17].
Therefore, the Raman data presented in this study are consistent with these established lit-
erature reports and provide strong evidence for the formation of PDS* on the HoMS Co3O4

surface. Upon subsequent addition of BPA, the intensity of the PDS peaks progressively
diminishes, while a new signal at 981 cm−1 (attributed to SO4

2−) appears. This spectral
evolution suggests that the surface-complexed PDS serves as the electron acceptor and is
consumed during the oxidative transformation of BPA, further corroborating the proposed
electron-transfer pathway. The interfacial interaction between PDS and the HoMS Co3O4

nanoreactors was further probed by in situ FT-IR spectroscopy (Figure S5). The FT-IR
spectrum of pristine PDS exhibits characteristic bands at 1050 cm−1 and 1272 cm−1, corre-
sponding to the symmetric stretching vibrations of S=O=S and S-O-S, respectively [7,58].
Upon mixing with HoMS Co3O4, these peaks remain unshifted and no additional bands
emerge. When BPA is introduced into the HoMS Co3O4/PDS mixture, a new absorption
band appears at 1107 cm−1, which is assignable to SO4

2−, evidencing that electron donation
from BPA triggers the decomposition of the surface-bound PDS into sulfate.
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2.5. Interfacial Interaction and PDS Activation Mechanism

To further discern the interaction between PDS and HoMS Co3O4 nanoreactors, the
influence of ionic strength on BPA removal was examined. As shown in Figure 5e, the
addition of perchlorate (ClO4

−, 2–20 mM), a typical non-coordinating anion [63,64], exerted
negligible effect on BPA degradation. This insensitivity to ionic strength strongly suggests
that PDS binding on the HoMS Co3O4 surface proceeds via an inner-sphere complexation
mechanism, rather than outer-sphere electrostatic association. In contrast, the introduction
of hydrogen phosphate (HPO4

2−) resulted in a pronounced inhibition of BPA removal
(Figure 5f). HPO4

2− is known to possess a strong affinity for surface hydroxyl groups
(-OH) on metal oxides, and thus competitively occupies the same coordination sites that
are essential for PDS adsorption [63]. This marked inhibitory effect confirms that surface
hydroxyl groups (-OH) play a critical role in anchoring PDS onto the HoMS Co3O4 surface
to form the reactive surface complex. This assignment is further supported by XPS analysis
(Figure 2c), which reveals a decrease in surface -OH and a concurrent increase in bridging
-OH after the catalytic reaction, corroborating the participation of surface -OH in the
formation of the PDS complex and the ensuing electron-transfer oxidation.

On the basis of the above spectroscopic and competitive adsorption evidence, a
mechanistic scheme for PDS activation over the HoMS Co3O4 nanoreactors is proposed
(Figure 6). PDS molecules are first anchored onto the HoMS Co3O4 surface through inner-
sphere coordination with surface metal sites (most plausibly via Co-O-S interactions),
without involving covalent O-O bond scission. This surface complexation elongates the
O-O bond and polarizes the peroxide linkage, generating a surface-bound PDS species
with an enhanced oxidizing capability (Step I). This activated complex then functions
as an electron-transfer bridge upon encountering electron-rich organic pollutants (e.g.,
BPA). It directly abstracts electrons from the contaminants, leading to concurrent PDS
decomposition (to SO4

2−) and oxidative degradation of the organics via a non-radical
pathway (Step II). The hollow multi-shelled architecture further amplifies this process
by providing abundant accessible active sites and enriching local reactant concentrations
through the nanoconfinement effect, thereby boosting the overall catalytic efficiency.

Figure 6. Schematic illustration of the proposed mechanism for PDS activation and subsequent
electron-transfer oxidation of organic contaminants over the HoMS Co3O4 nanoreactors.

2.6. Degradation Pathway of BPA in the HoMS Co3O4/PDS System

Total organic carbon (TOC) analysis revealed that the removal efficiency after 90 min of
reaction was approximately 45.2%, indicating that BPA was not completely mineralized and
transformation intermediates were generated during the reaction. A total of eight interme-
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diates were detected by liquid chromatography–mass spectrometry (LC-MS) measurements
(Table S3). Based on these identified intermediates and relevant literature reports [19,58], a
plausible degradation pathway for BPA in the HoMS Co3O4/PDS system is proposed. As
shown in Figure S6, hydroxylation, ketonization and oxidative ring-opening reactions are
involved in the transformation pathways. In the hydroxylation pathway, BPA is initially
converted to monohydroxylated BPA (TP1, m/z = 244), which subsequently undergoes
dehydrogenation to form a quinone-type intermediate (TP2, m/z = 242). This quinone
intermediate is then oxidized to a carboxylic acid derivative (TP3, m/z = 277). In the
electron-transfer pathway, the O-H bond of BPA is preferentially attacked, consistent with
the non-radical degradation mechanism [58], generating a BPA radical intermediate (TP4,
m/z = 227). This radical rapidly converts to a quinone-type carbon radical (TP5, m/z = 227),
followed by β-scission to yield intermediate 6 (TP6, m/z = 97). These intermediates are
subsequently transformed via ring-opening reactions to small molecular TP7 (m/z = 100)
and TP8 (m/z = 114), which are ultimately decomposed into CO2 and H2O.

2.7. Practical Applicability and Long-Term Stability of the HoMS Co3O4/PDS System

Non-radical oxidation systems are intrinsically characterized by mild redox potentials,
broad pH adaptability, and robust resistance to coexisting water constituents [16,65]. As
illustrated in Figure 7a, the HoMS Co3O4/PDS system maintained highly efficient BPA
removal across a wide initial pH range (3–11), with negligible variation compared to that
at pH 7, confirming its excellent pH tolerance. The influence of common inorganic anions
and natural organic matter was further evaluated (Figure 7b,c). Notably, the presence of
Cl− (5.0–50.0 mM), SO4

2− (5.0 mM), NO3
− (5.0 mM), CO3

2− (5.0 mM), and humic acid
(HA, 5 mg/L) did not appreciably suppress BPA removal. This marked anti-interference
capability stands in stark contrast to conventional radical-based persulfate systems, where
these background species aggressively scavenge reactive radicals (e.g., SO4

•− and •OH),
thereby severely compromising oxidative efficiency [66,67]. The exceptional selectivity of
the present system is fundamentally ascribed to its electron-transfer non-radical pathway,
which circumvents such non-specific consumption of reactive species and ensures that the
oxidative capacity is exclusively directed toward target organic pollutants.

Figure 7. (a) Effect of initial pH on BPA removal in the HoMS Co3O4/PDS system. (b) Influence of
Cl− and (c) other common background constituents (NO3

−, SO4
2−, CO3

2− and HA) on BPA removal.
(d) BPA removal efficiencies in surface water, groundwater, and secondary effluent from a municipal
wastewater treatment plant. (e) BPA removal performance in a continuous flow-through reactor over
72 h of operation and corresponding Co2+ leaching concentration.
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Given this robust performance under diverse backgrounds, the HoMS Co3O4/PDS
system was further challenged with real water matrices. As depicted in Figure 7d, BPA
removal efficiencies in surface water, groundwater, and secondary effluent from a mu-
nicipal wastewater treatment plant reached 95.3%, 94.7% and 93.2% respectively under
identical reaction conditions. The slightly lower efficiency in the secondary effluent is
likely attributable to the competitive adsorption of coexisting organic matter on the catalyst
surface, which marginally reduces the availability of active sites for PDS activation [19,58].
Nevertheless, these results underscore the system’s robustness and its potential for on-site
remediation applications.

To further assess the practical applicability of the HoMS Co3O4 nanoreactor, a con-
tinuous flow-through reactor was constructed by packing 0.5 g of the catalyst with 2.0 g
of quartz sand (0.2–0.5 mm) in a glass column (10 mm inner diameter × 150 mm length),
yielding a catalyst packing density of 0.42 g cm−3 and a bed volume of 5.95 cm3. At a
flow rate of 1.0 mL min−1, the hydraulic retention time was 4.6 min, and the pressure
drop across the column remained below 0.5 kPa throughout 72 h of continuous operation,
indicating negligible hydraulic resistance. As shown in Figure 7e, the BPA removal effi-
ciency remained consistently above 90% over the entire operation period, while the leached
Co2+ concentration remained below the limit specified in the Chinese national standard
(GB 3838-2002, 1.0 mg L−1), confirming the environmental safety and structural integrity
of the catalyst. Moreover, the spent catalyst could be readily regenerated by in situ calci-
nation at 400 ◦C (Figure 3d), and the regenerated column maintained stable performance.
These results, together with the use of commercially available packing materials and the
simple column configuration, demonstrate the potential for practical scale-up, while fur-
ther optimization of catalyst shaping and reactor design would be needed for full-scale
implementation. Considering the good catalytic performance, cost-effective synthesis from
earth-abundant precursors (tannic acid and cobalt salts), and robust long-term stability,
the HoMS Co3O4 nanoreactor represents a good candidate for the selective remediation of
water contaminated with electron-rich emerging organic pollutants.

3. Materials and Methods
3.1. Chemicals

Tannic acid (TA, ≥98%), cobalt nitrate hexahydrate Co(NO3)2·6H2O, poly(ethylene
oxide)-poly(propylene oxide) (F127, average Mw~12,600), formaldehyde (CH2O, 37 wt%
in water), ammonia water (NH3·H2O, 25–28 wt%), sodium persulfate (Na2S2O8, PDS),
bisphenol A (BPA), sulfamethoxazole (SMX), hydrochloric acid (HCl, 37 wt%), tert-butyl
alcohol (TBA), benzoquinone (BQ), Methanol (MeOH), and 5,5-dimethyl-1-pyrroline N-
oxide (DMPO) were purchased from Macklin Biochemical Co., Ltd. (Shanghai, China).
All reagents were of analytical grade and used as received without further purification.
Ultrapure water (resistivity >18.2 MΩ·cm) was used throughout all experiments.

3.2. Synthesis of HoMS Co3O4 Nanoreactors

The hollow multi-shelled Co3O4 nanospheres (HoMS Co3O4) were synthesized via
a sol–gel method followed by thermal conversion. Briefly, the coordination polymer of
Co2+ and TA was first prepared according to a previously reported sol–gel procedure.
The detailed synthesis parameters are provided in Text S1 of the Supporting Information
(SI). The as-obtained Co-TA polymer was then subjected to calcination in a muffle furnace
at 400 ◦C for 2 h in air with a ramping rate of 5 ◦C min−1, yielding the HoMS Co3O4

nanoreactors. Co3O4 nanoparticles were also synthesized as a non-hollow control catalyst
using a procedure similar to that of HoMS Co3O4, except that formaldehyde was omitted
in the precursor preparation.
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3.3. Characterizations

The morphology and microstructure of the as-synthesized HoMS Co3O4 were exam-
ined using field-emission scanning electron microscopy (SEM, Hitachi S-4800, Hitachinaka,
Japan) at an accelerating voltage of 10 kV and transmission electron microscopy (TEM, FEI
Tecnai G2 F20, Hillsboro, OR, USA) operated at 200 kV. Crystal structures were character-
ized by X-ray diffraction (XRD, Rigaku Ultimate IV, Tokyo, Japan) with Cu Kα radiation
(λ = 1.5418 Å) operating at 40 kV and 40 mA. Diffraction patterns were recorded in the
2θ range of 10–80◦ with a scan rate of 2◦ min−1 and a step size of 0.02◦. The specific
surface area was determined by the Brunauer–Emmett–Teller (BET) method, and pore size
distributions were calculated from the desorption branch using the Barrett–Joyner–Halenda
(BJH) model, based on N2 adsorption–desorption isotherms measured at 77 K on a TriStar
II 3020 analyzer (Micromeritics, Norcross, GA, USA). Prior to analysis, all samples were de-
gassed at 150 ◦C overnight under vacuum. Electrochemical measurements were conducted
on a CHI660E electrochemical workstation (CH Instruments, Shanghai, China) using a
conventional three-electrode system. A glassy carbon electrode (GCE, 3 mm diameter)
coated with the HoMS Co3O4 catalyst served as the working electrode, a platinum wire
as the counter electrode, and an Ag/AgCl (saturated KCl) electrode as the reference. All
electrochemical tests were performed in 0.5 g L−1 Na2SO4 electrolyte (pH 7.0) at room
temperature. In situ attenuated total reflectance Fourier-transform infrared spectroscopy
(ATR-FTIR, Nicolet iS10, Thermo Fisher, Waltham, MA, USA) was employed to probe the
interfacial interaction between HoMS Co3O4 and PDS. Spectra were recorded in the range
of 400–2000 cm−1 with a resolution of 4 cm−1. In situ Raman spectroscopy was performed
on a Horiba HR Evolution laser confocal Raman spectrometer (Horiba, Palaiseau, France)
equipped with a 532 nm excitation laser at a power of 0.08 mW to avoid sample heating.
Raman spectra were collected in the range of 200–1500 cm−1 with an acquisition time of
10 s and 3 accumulations.

3.4. Catalytic Oxidation Experiments

Catalytic oxidation experiments were carried out in a 100 mL glass beaker at room
temperature under magnetic stirring. In a typical run, 50 mg of HoMS Co3O4 catalyst
was dispersed in 50 mL of an aqueous solution containing 10 mg L−1 of the target organic
pollutant. The suspension was stirred for 30 min to establish adsorption–desorption
equilibrium. Then, 0.5 mL of freshly prepared PDS stock solution (40 mM) was injected
to yield an initial PDS concentration of 0.4 mM, initiating the catalytic reaction. The
initial pH was adjusted to 7.0 ± 0.1 using 0.1 M HCl or 0.1 M NaOH as required. At
predetermined time intervals, 1.0 mL aliquots were withdrawn and immediately filtered
through a 0.22 µm polyethersulfone (PES) syringe filter to remove catalyst particles. The
filtrate was quenched with 0.5 mL of methanol to terminate any residual radical reactions.
All oxidation experiments were performed in duplicate, and the data are presented as
mean values with standard deviations (error bars). The residual concentration of organic
pollutants was determined by high-performance liquid chromatography (HPLC, Agilent
1220 Infinity LC, Santa Clara, CA, USA) equipped with a C18 reversed-phase column
(4.6 × 150 mm). The column temperature was maintained at 30 ◦C, and the flow rate was
1.0 mL min−1. The regeneration process involved collecting the spent catalyst by filtration,
washing with ultrapure water and ethanol, drying at 60 ◦C for 12 h, and calcining at 400 ◦C
for 2 h in air (ramping rate 5 ◦C min−1).

3.5. Identification of Reactive Species

To identify the reactive oxygen species (ROS) involved in the HoMS Co3O4/PDS
system, electron paramagnetic resonance (EPR) spectroscopy was performed on a Bruker
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EMXmicro-6/1 spectrometer (Bruker, Rheinstetten, Germany). DMPO and TEMP (2,2,6,6-
tetramethyl-4-piperidone) were used as spin-trapping agents for SO4

•−/•OH and 1O2,
respectively. In a typical EPR test, the catalyst (1.0 g L−1), PDS (0.4 mM), and the spin-
trapping agent were mixed in 1 mL of ultrapure water. The mixture was transferred to a
quartz capillary tube, and EPR spectra were recorded immediately (within 1 min) and after
10 min of reaction. The microwave frequency was 9.85 GHz, and the modulation frequency
was 100 kHz.

4. Conclusions
In summary, hollow multi-shelled Co3O4 nanoreactors were successfully synthesized

via a cost-effective self-templating strategy using plant-derived tannic acid. The unique
hollow architecture provides abundant accessible active sites and enhanced nanoconfine-
ment effects, enabling efficient PDS activation for EOC removal. Mechanistically, the HoMS
Co3O4/PDS system operates through an electron-transfer-mediated non-radical pathway,
wherein surface-complexed PDS* species with a polarized O-O bond directly abstract
electrons from pollutants. This pathway confers high selectivity toward electron-rich con-
taminants, broad pH adaptability (3–11), strong resistance to coexisting water constituents,
and robust performance in real water matrices (>93% BPA removal). Moreover, the system
maintains stable operation in a continuous flow-through reactor over 72 h with negligible
Co2+ leaching. The study provides a viable and sustainable strategy for the selective remedi-
ation of electron-rich EOCs, offering a promising alternative to conventional radical-based
oxidation processes that suffer from poor selectivity and matrix interference.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal16090754/s1, Figure S1: SEM image of Co3O4 NPs; Figure S2:
SEM images of HoMS Co3O4 (a) before and (b) after calcination regeneration. (c) Particle size dis-
tribution of HoMS Co3O4 determined by statistical analysis of SEM images. (d) HR-TEM image
of another HoMS Co3O4 nanoreactor; Figure S3: (a) BPA removal efficiency and (b) corresponding
pseudo-first-order kinetic plots in the HoMS Co3O4/PDS and Co3O4 NPs/PDS systems. (c) N2

adsorption-desorption isotherm of the Co3O4 nanoparticles. (d) Normalized rate constants (k/SBET)
for BPA degradation in both systems; Figure S4: Kinetic rates of BPA removal with different concen-
trations of K2CrO4. Reaction conditions: [BPA] = 0.04 mM, [PDS] = 0.4 mM, [Co3O4] = 0.1 g L−1,
initial pH = 7.0 ± 0.2, T = 25 ± 0.3 ◦C; Figure S5: In situ ATR-FTIR spectra of pristine PDS, HoMS
Co3O4/PDS, and HoMS Co3O4/PDS/BPA systems; Figure S6: Proposed degradation pathways of
BPA in the HoMS Co3O4/PDS system; Table S1: The mobile phase and detection wavelength for
each contaminant; Table S2: Comparison of catalytic performance for various Co-based catalysts in
persulfate activation for organic pollutant degradation; Table S3. Identified reaction intermediates
of BPA in the HoMS Co3O4/PDS system. Text S1: Synthesis of Co-TA polymer and HoMS Co3O4.
References [68–72] are cited in the Supplementary Materials.
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Abbreviations
The following abbreviations are used in this manuscript:

HoMS Hollow multi-shelled structure
EOCs Emerging organic contaminants
PS-AOPs Persulfate-based advanced oxidation processes
ROS Reactive oxygen species
TA Tannic acid
PDS Peroxydisulfate
BPA Bisphenol A
TCP 2,4,6-Trichlorophenol
SMX Sulfamethoxazole
AAP Acetaminophen
BA Benzoic acid
BQ Benzoquinone
MeOH Methanol
TBA tert-Butyl alcohol
TEMP 2,2,6,6-Tetramethyl-4-piperidone
DMPO 5,5-Dimethyl-1-pyrroline N-oxide
SEM Scanning electron microscopy
TEM Transmission electron microscopy
XRD X-ray diffraction
HR-TEM High-resolution transmission electron microscopy
ATR-FTIR Attenuated total reflectance Fourier-transform infrared spectroscopy
ETP Electron-transfer process
TOC Total organic carbon
LC-MS Liquid chromatography–mass spectrometry
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