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a b s t r a c t

In persulfate-based advanced oxidation process (PS-AOPs), fixing nanosized metal oxide on processable

substrates is highly desirable to avoid the aggregation and loss of nanocatalysts during the practical ap-

plication. However, it is still challenging to develop a versatile strategy for the deposition of metal oxide

nanocatalysts on various substrates with different physicochemical properties. Herein, polyphenols are

utilized as a “molecular glue” and reductant to mediate the interfacial deposition of MnO2 nanocatalysts

on different substrates. MnO2 nanocatalysts were in-situ grown on macroscope mineral substrates (e.g.,

airstone) via an interfacial redox strategy between tannic acid (TA) and oxidized KMnO4, and then em-

ployed as a fixed catalyst of peroxymonosulfate (PMS) activation for treating pharmaceutical and personal

care products (PPCPs) in water. The fixed MnO2 exhibited superior catalytic performance toward differ-

ent PPCPS via a singlet oxygen (1O2)-dominated nonradical oxidation pathway. PPCPs in the secondary

effluent of wastewater treatment plants could be effectively removed by a fixed-bed column of the fixed

MnO2 with long term stability. Redox cycle of Mn4+/Mn3+ and surface hydroxyl group of the fixed MnO2

was proved to be responsible for the activation of PMS. This work provides a new avenue for developing

fixed metal oxides for sustainable water treatment.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Water contamination caused by pharmaceutical and personal

care products (PPCPs) has become a serious environmental issue

due to their great risk to ecosystem and public health [1–3]. Inef-

ficient removal of PPCPS in municipal wastewater treatment plants

(WWTPs) is one of the main reasons for the discharge of PPCPS

[4,5]. As PPCPs cannot be effectively removed by conventional

water treatment technologies like coagulation and sedimentation,

more and more attention has been paid on advanced oxidation

process (AOPs) for treating PPCPs [6,7]. In particular, catalytically

activated peroxymonosulfate (PMS)-based AOPs has drawn increas-
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ing interest owing to the high oxidation capacity, mild operation

condition and wide working pH range [8].

Transition metal oxides (such as Co3O4, CuO, NiO and MnO2)

has been extensively studied for PMS activation as they are highly

active and natural abundance [9–12]. Among them, manganese ox-

ides are more appealing due to the lower toxicity and rich chemi-

cal valence states [13,14]. Besides, metastable manganese interme-

diates can trigger a singlet oxygen (1O2) dominated non-radical ox-

idation process, which are able to selectively degrade target con-

taminants in complicated water matrices [15,16]. By now, various

manganese oxides with different architectures, chemical states and

crystal structures have been explored to active PMS for wastewa-

ter decontamination [17]. To maximize the catalytic efficiency, the

manganese oxides were generally applied as a powdery catalyst

during the treatment process [18,19]. When suspended in water,

https://doi.org/10.1016/j.cclet.2023.108623
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however, the powdery manganese oxides were readily to aggre-

gate and lose, which greatly restricted their application in actual

wastewater treatment [20]. Fixing metal oxides on monolithic sub-

strates (such as minerals, metal foams and ceramic membranes)

can effectively address the problem of catalyst loss or aggregation

[20–23]. Moreover, the fixed metal oxides could be installed in

reactors of different shapes, which greatly favored their practical

application [24]. Metal oxides were conventionally fixed through

a slurry coating method by using a polymer binder, but suffered

from the negative effect of polymer binder on the catalytic per-

formance [25]. Recently, other strategies (such as chemical vapor

deposition, hydrothermal method and spin coating) have also been

explored to fix metal oxide catalysts but limited by the compli-

cated synthesis process and extensive energy input [26]. Therefore,

developing a facile and cost-effective strategy to fix manganese ox-

ides on monolithic substrates is highly essential and desirable for

sustainable water treatment.

Recently, mussel-inspired chemistry has attracted intensive at-

tentions due to its superior adhesive property on various sub-

strates [27–29]. Specially, Caruso’s groups developed a simple,

rapid and versatile coating strategy to deposit metal-polyphenol

complex on various films and particles [30–32]. This coating tech-

nique is powerful to deposit different kinds of metal species (e.g.,

Fe2+, Co2+, Ni2+, Mn2+) and polyphenol ligands on various sub-

strates. Furthermore, polyphenols (e.g., tannic acid) not only show

excellent adhesive property towards different interfaces, but also

are one kind of reductant due to the abundant catechol groups

in the molecular skeleton [33–35]. For example, tannic acid (TA)

has been widely used as an antioxidant. It has also been used as

a reductant for the synthesis of noble metal nanoparticles [36,37].

Therefore, when combining the adhesive and reductive property of

polyphenol, it is possible to deposit different kinds of metal ox-

ides on various substrates. Till now, there are very few reports on

the deposition of metal oxide on various interfaces based on the

polyphenol redox chemistry.

Herein, a polyphenol-mediated interfacial deposition strategy

was developed to coat MnO2 on airstone, which is a kind of in-

ert, chemically stable and low-cost minerals. The obtained com-

posites were employed for PMS activation for sustainable degrada-

tion of PCPPs in the secondary effluent of WWTPs. The prepara-

tion process included the deposition of polyphenols (e.g., TA) on

airstone substrates followed by interfacial redox reactions between

TA molecules and KMnO4. Kinetic studies and mechanism investi-

gations on PCPPs degradation over the fixed MnO2 were system-

atically studied using bis-phenol A (BPA) as a probe contaminant.

Sustainable degradation of different kinds of PCPPs was explored

via a flow-through reaction in a column reactor of the fixed MnO2,

which revealed superior catalytic performance and long-term sta-

bility.

TA is a typical plant polyphenol with abundant phenolic hy-

droxyl groups and possesses strong reductive capability [38,39].

Hence, TA molecules were used to react with oxidative KMnO4.

MnO2 nanoparticles were obtained as indicated by the rapid color

change of TA solution and scanning electron microscopy (SEM) im-

age of the collected precipitate (Figs. S1 and S2 in Supporting in-

formation). During the synthesis, TA acted like a molecule glue and

coated first on the surface of airstone substrates. Then the modi-

fied airstone was dispersed in KMnO4 solution, in which surface-

coated TA molecules reduced KMnO4 to MnO2 nanoparticles to

form MnO2 in-situ on the airstone. The color of the airstone sub-

strates was turned from white to dark after the deposition process,

revealing the successful fixing of MnO2 (Fig. 1a).

Fig. 1. (a) Schematic illustration for fixing MnO2 on airstone substrates. (b) SEM image and (c, d) magnified SEM images of the fixed MnO2. EDX elemental mapping of (e)

Mn and (f) O, respectively. (g) HR-TEM image of the MnO2.
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SEM was applied to characterize the microstructure of the fixed

MnO2. As shown in Fig. 1b, MnO2 nanoparticles with lose and

porous structure were observed on the surface of airstone sub-

strates whereas the pristine airstone displayed a smooth surface

(Fig. S3 in Supporting information). The magnified SEM image fur-

ther verified the porous structure (Figs. 1c and d). EDX mapping

of the fixed MnO2 revealed that Mn and O elements were homo-

geneously dispersed (Figs. 1e and f). HR-TEM image of the MnO2

nanoparticles revealed low crystallinity (Fig. 1g). X-ray photoelec-

tron spectroscopy (XPS) analysis and X-ray diffraction (XRD) pat-

tern further confirmed low crystallinity of the fixed MnO2 (Fig. S4

in Supporting information). The loading of MnO2 on each gram of

airstone substrate was determined to be ∼0.07mg according to the

inductively coupled plasma (ICP) analysis.

Depositing metal oxides on processable substrates is highly re-

quired in different applications as it can overcome the aggre-

gation problem of nanosized metal oxides [40,41]. The surface-

independent adhesion property of TA allows in-situ deposition

of metal oxides on diverse substrates with differernt shapes. As

shown in Fig. 2, successful deposition of MnO2 on different sub-

strates was obtained, including metallic materials (e.g., stainless

steel, iron sheet and copper foil), non-metallic materials (e.g., sil-

icon wafer and glass flake) and polymer materials (e.g., rubber

sheet and plastic piece). There was insignificant difference be-

tween the SEM images of pristine substates and TA-modified sub-

strates (Fig. S5 in Supporting information). However, FT-IR spec-

trum of the TA-modified airstone displayed new peaks of TA at

3327, 1715, 1611 and 1317 cm−1, revealing the successful coat-

ing of TA (Fig. S6 in Supporting information). After reaction with

KMnO4, the characteristic peaks of TA were vanished revealing

there was no residual of TA in the fixed MnO2. The structure of

deposited MnO2 is tunable by regulating the reaction parameters.

Sheet-like MnO2 was formed at a low concentration of KMnO4

(<1.0mg/mL), while aggregated MnO2 particles was obtained when

excess amount of KMnO4 (>1.0mg/mL) was applied (Figs. 2c-f).

N2 sorption isotherms of the MnO2 nanosheets exhibited type IV

isotherms with a pore size centered at 5.1 nm (Fig. S7 in Support-

ing information), revealing a mesoporous structure. Aparting from

MnO2, other oxide (such as Cr2O3) was also successfully fixed on

the airstone as indicated by the SEM image and EDS mapping (Fig.

S8 in Supporting information), revealing the versatility of the pro-

posed interfacial deposition strategy.

Batch experiments were performed to investigate the oxida-

tion capacity of the fixed MnO2/PMS system toward different or-

ganic contaminants. The removal of BPA in different reaction sys-

tems was compared firstly to study the degradation behavior of

organic pollutant. As shown in Fig. 3a, only 8% of BPA was re-

moved by PMS alone within 50min, whereas complete removal

of BPA was obtained in the fixed MnO2/PMS system. The adsorp-

tion of BPA on the fixed MnO2 was negligible and PMS catalyzed

by airstone alone resulted in limited BPA removal (Fig. S9 in Sup-

porting information). Besides, homogeneous catalysis of PMS by

leached Mn2+ resulted in 20% removal of BPA. It indicated that

the degradation of organic pollutant in the fixed MnO2/PMS sys-

tem mainly occurred via heterogeneous reactions [42]. The degra-

dation of BPA followed first-order kinetic model with a rate con-

stant of 0.1 min−1 (R2 =0.98) (Fig. 3a, inset), which was compa-

rable with those of reported Mn-base metal oxides under similar

reaction conditions (Table S1 in Supporting information). Interest-

ingly, the degradation of BPA by 3.0 g of airstone with MnO2 (cor-

responding to ∼0.2mg of pristine MnO2) was much faster than

that over 0.2mg of powdery MnO2 (Fig. S10 in Supporting infor-

mation). The enhanced PMS activation efficiency clearly manifested

the advantage of the fixed MnO2, which relieved the aggregation

problem of nanoparticles and thus afforded highly exposure of ac-

tive sites. Besides, the structure of the fixed MnO2 provided open

diffusion channels and efficient mass transport of PMS and organic

pollutant, which also contributed to the enhanced removal of BPA

[43].

Apart from the endocrine disrupting chemicals (e.g., BPA), the

fixed MnO2/PMS system was also effective toward a wide spec-

trum of PCPPs including pharmaceuticals (e.g., acetaminophen,

AAP), antibiotics (e.g., sulfamethoxazole, SMX) and organic dyes

(e.g., methyl blue, MB). As shown in Fig. 3b, effective removal of

AAP and MB was observed under the same reaction condition.

Other organics like sulfamethoxazole (SMX), ibuprofen (IBU) and

Fig. 2. (a) Schematic illustration for in-situ deposition of MnO2 on different substrates. (b) Optical images of the substrates at different deposition stages: (1) iron sheet, (2)

copper foil, (3) stainless steel sheet, (4) silicon wafer, (5) plastic piece, (6) rubber sheet and (7) glass flake. SEM images of MnO2 nanoparticles or nanosheets deposited on

(c) iron sheet, (d) copper foil, (e) stainless steel sheet and (f) silicon wafer surface.
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Fig. 3. (a) Degradation of BPA in different reaction systems. (b) Degradation of different PPCPs in the fixed MnO2/PMS system. (c) TOC removal for different PPCPs. (d)

Stability of the fixed MnO2 in consecutive runs. The influence of (e) Cl– and NO3
– and (f) humic acid on the degradation of BPA. (g) Degradation of BPA in the pH range

from 3 to 11. (h) Continuous degradation of BPA in pure water and actual secondary effluent of WWPTs in a fixed-bed column of the fixed MnO2.

trichlorophenol (TCP) could also be degraded although a longer

time was required (Fig. S11 in Supporting information). However,

benzoic acid (BA) with electron-deficient groups could hardly be

degraded under the same reaction condition, revealing the selec-

tive oxidation property of the fixed MnO2 +PMS system. The ki-

netic rate for AAP, SMX and MB was determined to be 0.09, 0.01

and 0.1 min−1, respectively (Fig. S12 in Supporting information).

TOC removal of BPA, AAP, SMX, IBU, TCP and phenol was mea-

sured to be 77%, 64%, 54%, 28%, 52% and 57%, respectively (Fig. 3c),

revealing PPCPs could be highly mineralized during the catalysis

process. Besides, the fixed MnO2 exhibited superior stability and

reusability in PMS activation. The removal efficiency of BPA was

still as high as 92% after 5 cycle runs (Fig. 3d). The excellent stabil-

ity should be partly ascribed to the low leaching of Mn2+ (Fig. S13

in Supporting information). On the other hand, the MnO2 was in-

situ grown on airstone enabling strong adhesive of MnO2 nanopar-

ticles on the substrate, which also contributed to the excellent sta-

bility. The stability of the fixed MnO2 was much higher than MnO2

powder (Fig. S14 in Supporting information). Additionally, the cat-

alytic activity of the fixed MnO2 could be totally recovered via a

facile calcination (Fig. S15 in Supporting information). The facile

synthesis process, superior catalytic activity, excellent stability and

simple regeneration strategy endowed the fixed MnO2 promising

potential for PCPPS treatment. Fixing nanosized catalyst on pro-

cessable substrates enables additional advantages of easy instal-

lation in reactors and promising potential for practical applica-

tion. Herein, aiming to explore the application potential, the per-

formance of the fixed MnO2 for treating PPCPs in the secondary

effluent of WWTPs was investigated. Considering the complicated

components of the secondary effluent and their possible quench-

ing toward reactive oxygen species, the degradation of BPA in the

presence of ubiquitous inorganic ions and natural organic matters

(NOMs) was investigated first.

As shown in Fig. 3e, the addition of Cl– and NO3
– hardly in-

hibited the degradation of BPA even when a high concentration

of 50mmol/L was applied. Other inorganic ions (e.g., SO4
2– and

CO3
2–) of high concentrations also exhibited negligible influence

on BPA removal (Fig. S16 in Supporting information). The good re-

sistance toward inorganic ions was ascribed to the 1O2-dominated

nonradical oxidation mechanism (discussed later), which was mod-

erate oxidative and less reactive with Cl–, SO4
2–, NO3

– and CO3
2–.

Humic acid (HA) with a concentration from 5mg/L to 50mg/L

showed insignificant influence on BPA removal as well (Fig. 3f), re-

vealing the fixed MnO2/PMS system also restricted to NOMs. Be-

sides, the fixed MnO2 had a wide working pH range (Fig. 3g). In

comparison to the neutral condition, efficient removal of BPA was

also obtained in acidic (pH 3, 5) and alkaline condition (pH 9,

11) with a slight decrease in kinetic rates. The fixed MnO2 was

then employed to build a fixed-bed column reactor to treat PCPPs

in the secondary effluent via a continuous flow-through reaction.

The long-term stability of the column reactor was firstly studied

by continuously degrading BPA in ultra-pure water. As shown in

Fig. 3h, BPA was completely removed in the first one week with a

high mineralization efficiency (TOC removal was ∼70%), revealing

a superior stability of the fixed MnO2. Then the ultra-pure water

was replaced by secondary effluent of WWTP to explore the re-

moval of BPA in actual wastewater. The removal efficiency of BPA

was slightly decreased by ∼3% probably due to the coverage of ac-

tive sites by the background surroundings like NOMs [44]. Never-

theless, no further decline of BPA removal was observed and TOC

was stably removed as well during one week of continuous re-

action. Meanwhile, PMS was completely decomposed during the

continuous run. The superior performance and excellent stability

should be ascribed to the nonradical oxidation mechanism which

was restricted to inorganic ions and NOMs. Moreover, the leach-

ing of Mn2+ was low and met the requirement of the Environmen-
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Fig. 4. (a) Detection of SO4
•− , OH• and 1O2 via EPR tests. (b) Quenching effect of MeOH, TBA and l-His on the degradation of BPA. (c) XPS spectra for Mn 2p and (d) O 1s

before and after the catalysis reaction. (e) ATR-FTIR spectra for MnO2/PMS at different times. (f) Schema for PMS activation and BPA degradation over the fixed MnO2.

tal Quality Standards for Surface Water in China (EQSSW, GB3838–

2002).

Both radical (e.g., OH• and SO4
•–) and nonradical oxidation (e.g.,

1O2) have been proposed for organics degradation in PMS acti-

vation [13]. Herein, electron paramagnetic resonance (EPR) tests

and chemical quenching experiments were performed to investi-

gate the mechanism of PPCPs degradation. As shown in Fig. 4a, nei-

ther SO4
•− nor OH• was detected when 5,5-dimethyl-1-pyrroline N-

oxide (DMPO) was used as the spin trapping agent, indicating that

no radicals were produced during the activation of PMS [14,17,45].

Chemical quenching experiments using methanol (MeOH) and tert-

buty alcohol (TBA) showed that the degradation of BPA was not

influenced even when the concentration of scavengers was as

high as 1000mmol/L. Besides, negligible degradation of benzoic

acid (BA, a typical probe for radicals) was observed in the fixed

MnO2/PMS system, further revealing the absence of radicals in

organics degradation [46]. When 2,2,6,6-tetramethyl-4-piperidone

(TEMP) was used as the trapping agent, however, characteristic sin-

gles of TEMP-1O2 adducts was observed. Furthermore, the removal

of BPA was strongly inhibited by introducing l-histidine (l-His, a

typical chemical probe for 1O2). For example, the removal effi-

ciency of BPA decreased by 80% when 50mmol/L of l-His-was pre-

sented (Fig. 4b). It indicated that the degradation of PPCPs in the

fixed MnO2/PMS system followed a 1O2-dominated nonradical ox-

idation pathway [47,48]. Chemical quenching experiments by ben-

zoquinone (BQ, a scavenger for O2
•−) revealed that the degradation

of BPA was strongly inhibited after the introduction of BQ (Fig. S17

in Supporting information), indicating the 1O2 was originated from

O2
•− (2O2

•− +H2O2 → 1O2 +H2O2 +2OH−) [22,23]. The variation of

chemical states of Mn and O was analyzed to explore the mecha-

nism of PMS activation over the fixed MnO2. After the catalysis re-

action, the content of Mn4+ (643.2 eV) was decreased from 82.5%

to 75.1% while the percentage of Mn3+ (641.1 eV) was increased

from 17.5% to 24.9% (Fig. 4c). It indicated that the redox cycle of

Mn4+/Mn3+ induced the activation of PMS activation [49,50]. XPS

spectra of O 1s for used MnO2 showed that the percentage of sur-

face oxygen was declined in comparison to that in the fresh MnO2

(Fig. 4d). In PMS activation, H2O molecules would be adsorbed on

metal oxides surface and dissociated to form ≡Mn(IV)···OH and

then participated in the subsequent metal oxide redox reaction

[51]. In-situ attenuated total reflectance Fourier transform infrared

spectroscopy (ATR-FTIR) was performed to further explore the ac-

tivation process (Fig. 4e). For PMS alone, stretching vibration for

S-O bond of SO4
2− and HSO5

− was displayed at 1104 and 1256

cm−1, respectively. When contacted with the MnO2, the S-O bond

of HSO5
− was blue-shifted by 6 cm−1, suggesting the formation

of chemical bond between MnO2 and HSO5
− [22,52]. Moreover,

the peak intensity of the S-O decreased gradually upon increas-

ing the reaction time, indicating continuous decomposition of PMS

molecules on the surface of MnO2. The results revealed that PMS

was covalently bonded first with the MnO2, resulting in the forma-

tion of ≡Mn(IV)···O–O-SO3 complex on the surface (Eq. 1) (Fig. 4f).

Then the complex reacted with another PMS molecule to pro-

duce 1O2 and participated into the degradation of micropollutants

(Eqs. 2 and 3).

[≡Mn(IV)···OH]III +HO–O-SO3¯→ [≡Mn(IV)···O–O-SO3]
II

+H2O (1)

2[≡Mn(IV)···O–O-SO3]
II +HO–O-SO3¯+H2O

→2[≡Mn(III)···O–O-SO3]
II +21O2 +5H+ +3SO4

2– +H2O2 (2)

1O2 +PPCPs → intermediates/CO2 +H2O (3)

In summary, MnO2 was successfully fixed on airstone substrates

via in-situ interfacial redox reactions between TA and KMnO4. Fix-

ing MnO2 on the monolithic substrates allowed highly exposure

of active sites and superior stability, and thus enabled superior

catalytic performance toward PMS activation and PPCPs degrada-

tion with long-term stability. The degradation of PPCPs followed

a 1O2-donminated nonradical oxidation pathway with strong anti-

interference ability toward inorganic ions and natural organic mat-

ters. The fixed MnO2 could be installed in a column reactor for

sustainable degradation of a wide spread of PPCPs in the secondary

effluent of WWPTs. This work provided a reliable strategy for de-

veloping recoverable metal oxides with novel structures for sus-

tainable water treatment.
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