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ormance and mechanism of metal
oxide modified catalytic ceramic membranes for
wastewater treatment†

Yangbo Huang, *ab Zeyu Guan,a Qiang Li,a Qian Lic and Dongsheng Xiaab

Catalytic ceramic membranes (CMs) integrated with different metal oxides were designed and fabricated by

an impregnation-sintering method. The characterization results indicated that the metal oxides (Co3O4,

MnO2, Fe2O3 and CuO) were uniformly anchored around the Al2O3 particles of the membrane basal

materials, which could provide a large number of active sites throughout the membrane for the

activation of peroxymonosulfate (PMS). The performance of the CMs/PMS system was evaluated by

filtrating a phenol solution under different operating conditions. All the four catalytic CMs showed

desirable phenol removal efficiency and the performance was in order of CoCM, MnCM, FeCM and

CuCM. Moreover, the low metal ion leaching and high catalytic activity even after the 6th run revealed

the good stability and reusability of the catalytic CMs. Quenching experiments and electron

paramagnetic resonance (EPR) measurements were conducted to discuss the mechanism of PMS

activation in the CMs/PMS system. The reactive oxygen species (ROS) were supposed to be SO4c
− and

1O2 in the CoCM/PMS system, 1O2 and O2c
− in the MnCM/PMS system, SO4c

− and $OH in the FeCM/PMS

system, and SO4c
− in the CuCM/PMS system, respectively. The comparative study on the performance

and mechanism of the four CMs provides a better understanding of the integrated PMS-CMs behaviors.
1 Introduction

Membrane-based separation technologies such as the ultral-
tration (UF) process have been widely implemented in indus-
trial wastewater and municipal sewage treatment.1 UF is usually
used as a pretreatment step, with high ability to remove sus-
pended particles, colloids and microorganisms.2 Ceramic
membrane (CM), as a kind of UF made of inorganic materials,
has gained lots of momentum during the past decade.3–5

Compared with organic polymer membranes, ceramic
membranes are thermally stable and resistant to chemicals with
a lengthy life span, which makes them ideal for organic
wastewater purication.6,7

However, porous ceramic membranes oen exhibit a rela-
tively low rejection rate for many small molecular organics.8 In
addition, membrane fouling is still a critical obstacle that
affects membrane performance and limits the wide application
of ceramic membranes.9 To solve these problems, the tech-
nology that combines advanced oxidation processes (AOPs) with
han Textile University, Wuhan, Hubei,
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ceramic membrane separation has recently drawn much
attention.10,11 AOPs are generally conducted with the presence of
strong oxidizing species. Common AOPs mainly include pho-
tocatalytic oxidation, electro-chemistry oxidation, or activation
of superoxides (hydrogen peroxide, ozone and persulfate,
etc.).12–14 In the presence of nanocatalysts, peroxides are acti-
vated to generate reactive oxygen species (ROS) with high
oxidizing potential, which can achieve the catalytic degradation
of recalcitrant organic pollutants.15 The catalysts can be
anchored on the surface of membrane or embedded in the pore
walls of the internal porous channels. The resultant catalytic
membrane has dual functions of ltration and catalytic oxida-
tion, which greatly enhances the removal efficiency of pollut-
ants.16,17 For one thing, organic contaminants on themembrane
surface can be directly oxidized, which signicantly alleviates
membrane fouling and even achieves in situ cleaning of the
fouled membrane.18,19 For another thing, under forced ltra-
tion, uid can bring the reactants to the active catalyst surface,
which can enhance mass transfer and achieve a higher catalytic
efficiency.8,20

Thereby, many researches based on catalytic membrane for
wastewater treatment have been reported recently. Wang et al.
veried that a newly synthesized silicate-based ceramic
membrane generated hydroxyl radicals in ozonation process,
and this combined process increased the removal rate of p-
chloronitrobenzene by 50% compared with the ozone-alone
process.21 Park et al. developed a catalytic membrane by
© 2023 The Author(s). Published by the Royal Society of Chemistry
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doping iron oxide nanoparticles on a commercial ceramic
membrane and combined the ozonation process for As(III)
removal. The catalytic ozonation by the reactive ceramic
membrane effectively oxidized As(III) to As(V), which signi-
cantly improved the removal rate of As(III) in the hybrid
process.22 Zhu et al. sintered a TiO2 active layer on the Al2O3-
based ceramic membrane and used the resultant membrane to
treat the secondary effluent of the sewage plant. They found that
compared with the original membrane, the catalytic membrane
showed a higher TOC removal rate and a lower membrane
fouling trend.23 In addition, other excellent studies have also
discussed fabrication methods and performance of nano-
composite ceramic membranes for industrial wastewater
treatment (such as bisphenol A, dyes, humic acid, etc.).24–28

Researchers generally believe that ceramic membranes with
dual functions of catalysis and ltration prepared by modifying
the surface of membrane or membrane pore channels have
a good application prospect.10,29

Among various AOPs, peroxymonosulfate (PMS)-based
oxidation technologies have been recently acknowledged as
a potential solution for removing toxic and refractory organic
pollutants in water.30 PMS can be easily activated to generate
sulfate radical (SO4c

−), which is a highly reactive radical with
high redox potential (2.5–3.1 V) and long lifetime (30–40 ms).31

Recent studies have also discovered a non-radical oxidation
pathway of PMS, which has high selectivity to specic pollutants
and can reduce the production of harmful by-products.32–34

These enable PMS to effectively react with the target organic
pollutants including dyes, peruorinated compounds, antibi-
otic and phenol.35–38 Therefore, PMS advanced oxidation
coupled ceramic membrane ltration technology is a promising
wastewater treatment method. However, the activation mecha-
nism of PMS by different catalytic membranes and their
performance for specic pollutants still need in-deep research.

Until now, some energy-based activation methods (e.g., heat,
ultraviolet light, ultrasound and transition metal ions) and
heterogeneous activators (metal oxide or carbonaceous mate-
rials) were studied to activate PMS.39 Among them, transition
metal oxides have been proved to be efficient, economical and
designable catalysts for the degradation of various organic
pollutants. However, to the best of our knowledge, few works
have reported the systematically comparation of the efficiency
and mechanism of transition metal oxides combined ceramic
membranes. In this study, a series of metal oxides (Co, Mn, Fe
and Cu) modied ceramic membranes were prepared by a facile
impregnation-sintering method. Subsequently, the morphology
and properties of the resultant catalytic CMs were character-
ized. Then phenol was selected as the target pollutant to eval-
uate the performance of different catalytic CMs, and the
degradation efficiency of phenol under different membranes
and operation conditions was studied. The stability and reus-
ability of the CMs were also investigated. Finally, the main
active species for phenol degradation were discussed and the
removal pathways were claried. This work can provide theo-
retical guidance for the design of efficient metal or bimetal
oxide integrated ceramic membranes.
© 2023 The Author(s). Published by the Royal Society of Chemistry
2 Materials and experimental
methods
2.1 Materials and reagents

In this work, analytical grade reagents of cobalt nitrate hexa-
hydrate (Co(NO3)2$6H2O), manganese(II) nitrate tetrahydrate
(Mn(NO3)2$4H2O), copper nitrate trihydrate (Cu(NO3)2$3H2O),
ferrous nitrate (Fe(NO3)3$9H2O), phenol (C6H5OH), sodium
hydroxide (NaOH) and sulfuric acid (H2SO4) were purchased
from Sinopharm Chemical Reagent (China). Methanol (chro-
matographic grade), tert-butyl alcohol (TBA, 98.0%), L-histidine
and PMS (available as 2KHSO5$KHSO4$K2SO4) were bought
from Aladdin. Deionized water (18 MU cm−1) from a Millipore
Milli-Q system was used in all the synthesis and reaction
procedures. The initial at-sheet ceramic membrane (CM) was
provided by Huamo Industry Co., Ltd (Shanghai, China), and
the detailed features were shown in Table S1.†
2.2 Preparation of metal oxide modied CMs

The catalytic ceramic membranes were prepared by
impregnation-sintering method and the preparation process
was shown in Fig. S1.† Firstly, the original ceramic membranes
were ultrasonically cleaned with deionized water and dried in
an oven. Then, the cleaned CMs were divided into four groups
and immersed in 0.02 mol L−1 Co(NO3)2$6H2O, Mn(NO3)2-
$4H2O, Cu(NO3)2$3H2O and Fe(NO3)3$9H2O solutions, respec-
tively. The solutions with CMs were sonicated for 10 min to
remove any trapped gas bubbles, followed by static immersion
for 12 h at 25 °C. Thirdly, the CMs were dried at 60 °C in the
oven and then calcinated in the muffle furnace at 240 °C for 4 h.
Aer cooling to room temperature, the CMs was cleaned by
deionized water. Four metal oxide modied ceramic
membranes were obtained and named as CoCM, MnCM, FeCM
and CuCM, respectively.
2.3 Membrane characterizations

The morphology and element content of the synthesized
membranes were observed using a Gemini 300 scanning elec-
tron microscope (SEM) combined with energy dispersive X-ray
spectroscopy (EDS, Oxford X-Max). The components and
crystal phase of the materials were characterized by X-ray
diffraction (XRD, Bruker D8 Advance) and Fourier transform
infrared spectroscope (FTIR, Nicolet, USA). The static contact
angle of membrane surface was measured by a DSA 100
instrument (Kruss, Germany), and an average value of ve
measurements on different membrane locations was recorded.
The zeta potential of membrane surfaces was measured using
a SurPASS 3 zeta potential analyzer in ultrapure water at pH
ranging from 3 to 12. UV-Vis spectrometer were used tomeasure
the concentration of phenol. The ROS generated in CMs/PMS
system were identied by electron paramagnetic resonance
(EPR). The concentration of leached metal ions from the
membrane into the solution was measured by inductively
coupled plasma emission spectrometry (ICP, PerkinElmer).
Besides, the intermediate products during phenol degradation
RSC Adv., 2023, 13, 17436–17448 | 17437
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were analyzed by a liquid chromatography-mass spectrometry
(LC-MS, Thermo Scientic, US).

2.4 Performance evaluation of the combined process of
membrane ltration and catalyzed oxidation

Phenol removal efficiency in the combined process of
membrane ltration and PMS catalyzed oxidation was evaluated
using a bench-scale apparatus as shown in Fig. 1. The ceramic
membrane with an effective area of 16 cm2 was placed in the
feed tank with 250 mL of phenol-containing solution. The
solution was driven to permeate through the membrane by
a peristaltic pump, and the pressure was measured by a pres-
sure gauge. The permeate ux (Jw) of membranes was moni-
tored by an electronic balance and calculated by eqn (1).

J = V/(ADt) (1)

where V, A and Dt are assigned to the volume of permeate water,
the effective area and the operating time.

Before conducting the phenol degradation experiments, the
phenol-containing solution was circulated for 30 min to stabilize
the system. Subsequently, PMS was added to the solution and
start timing. At pre-determined time intervals, 3 mL sample was
collected from the feed tank to a PE tube with 100 mL methanol
and the concentration of phenol was determined immediately.

In addition, it was reported that a pseudo-rst-order equation
could be used to describe the kinetics of catalytic degradation.40

The pseudo-rst-order kinetic constant (kobs) is dened as:

lnC/C0 = −kobs$t (2)

where C, C0 and t are assigned to the concentration of phenol,
the initial phenol concentration and reaction time, respectively.
Fig. 1 Schematic diagram of the membrane filtration system.

17438 | RSC Adv., 2023, 13, 17436–17448
The initial pH of the solution was adjusted using 0.05 M
NaOH and H2SO4. When evaluating the reusability of the CMs,
the membrane was rinsed with 500 mL water aer each exper-
iment and dried at 60 °C before next use.
3 Results and discussion
3.1 Characterization of catalytic CMs

SEM and EDS mapping were used to observe the surface
morphology and elemental distribution of the metal oxide
modied ceramic membranes, and the results were shown in
Fig. 2. Both pristine and modied membranes exhibited rough
and porous surfaces. Compared with the virgin CM, except for
the appearance of some nanoparticle agglomeration
phenomena, the morphology of the modied CMs did not
change dramatically. These may be due to the small amount of
metal oxide particles coated onto membrane surfaces (Table
S2†). The images of EDS mapping also exhibited that the
elemental abundance of Co, Mn, Fe and Cu is signicantly less
than that of Al on the substrates. In addition, EDS results
further proved that the metal oxide particles fully covered and
uniformly dispersed on membrane surfaces.

The hydrophilicity of membrane surfaces was characterized
by static contact angle and the results were shown in Fig. 3a.
The contact angle on the surface of all the four metal oxide
modied CMs decreased from 40° to around 22°. In compar-
ison, the modied membranes all exhibited better wettability
than the pristine CM, owing to the hydroxyl groups covered on
the surface of metal oxide particles.41

The zeta potential of membrane surface was measured at pH
ranging from 3 to 12. As shown in Fig. 3b, they gradually
decreased with increasing the pH value, which were consistent
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The surface morphology and EDS mapping of the CMs. (a) The pristine CM, (b) CoCM, (c) MnCM, (d) FeCM and (e) CuCM.
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View Article Online
with the similar trend of metal oxide nanoparticles reported
elsewhere.42,43 Compared with the pristine CM, the zeta poten-
tials of all the modied CMs changed more obviously with pH.
This could be also attributed to the hydroxyl groups (Me–OH)
covered on the surface of metal oxide particles, which experi-
enced a protonation–deprotonation process under different pH
conditions. The point of zero charge (pHpzc) of pristine CM is
about 6.5, while that of the modied CMs were ranging from 5.3
to 9.3.

In order to analyze the component and crystalline structure
of the modied CMs, the FTIR spectrums and XRD tests were
measured and CoCM was taken as an example in Fig. 4. As
shown in Fig. 4a, the absorption peaks at 3300 cm−1 and
1630 cm−1 corresponded to O–H stretching and bending
vibrations, which also suggested the presence of hydroxyl
© 2023 The Author(s). Published by the Royal Society of Chemistry
groups on membrane surfaces.43 And the stronger peak inten-
sity on CoCM membrane indicated that more hydroxyl groups
covered on the modied membrane surface. This was consis-
tent with the results of the contact angle measurements. Fig. 4b
showed the XRD patterns for surface component of pristine CM
and CoCM. The characteristic peaks at 25.6, 35.1, 37.8, 43.4,
52.6, 57.5, 66.5, 68.2, and 76.9° could be ascribed to (012), (104),
(110), (113), (024), (116), (214), (300) and (119) crystal planes of
Al2O3 (PDF#78-2426). This was because the main component of
the CMs was Al2O3. However, no signicant signals of Co were
observed in both FTIR and XRD spectrums. This may be due to
the low content and high dispersion of catalysts loadings.
Therefore, to clarify the specic composition of the metal oxides
on the membrane, catalyst particles were synthesized under the
same conditions as the preparation of CMs. Fig. S2† showed the
RSC Adv., 2023, 13, 17436–17448 | 17439
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Fig. 3 The contact angles (a) and zeta potentials (b) of the CMs.

Fig. 4 The FTIR spectra (a) and XRD analysis (b) of the pristine CM and CoCM.
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XRD patterns of the four metal oxides. It could be seen that the
catalysts coating on the four CMs were Co3O4 (PDF#74-2120),
MnO2 (PDF#81-2261), Fe2O3 (PDF#79-1741) and CuO (PDF#48-
1548), respectively. In addition, it should be noted that the
catalysts on MnCM may also contain small amounts of Mn3O4

(PDF#76-0150) due to the characteristic peak at 33.0°.
The cross section of the CMs were also characterized by SEM-

EDS and the results were depicted in Fig. 5. The SEM images
clearly showed that the prepared CMs consist of two layers:
a dense layer and a support layer. The thickness of the dense
layer was about 15 mm. Compared to the pristine CM, the cross-
section morphologies of modied CMs changed signicantly. It
appeared that some catalysts were coated onto the inner
structure of the membranes, which was also conrmed by the
EDS mapping. The EDS mapping images showed that all the
four catalysts were successfully and uniformly integrated to the
porous channels of the membranes, which was critical for the
catalytic degradation of organics as the activation of PMS could
be facilitated within the pores of the catalytic membrane. Table
S3† showed the cross-section element compositions of the CMs.
The catalyst content inside the membrane was much higher
than the surface (Table S2†), which was mainly due to the larger
17440 | RSC Adv., 2023, 13, 17436–17448
surface area of the porous structure inside the membrane.
Therefore, the well-distributed metal oxide particles would play
an important role in the CM/PMS system to degrade refractory
organics.

Furthermore, although the catalysts were loaded into the
membrane pores, the water permeation performance of the
membrane was not negatively affected. As shown in Fig. 6, the
performance of different CMs in ltration of phenol solution
was evaluated. The results showed a slight increase in water ux
of the modied CMs, which may be attributed to the improve-
ment of hydrophilicity. However, all the CMs showed a very low
phenol retention rate (below 7%) and the retention rate could
be mainly attributed to the adsorption of phenol by the
membrane. The results also illustrated the necessity of
combining the microporous ceramic membrane with the
advanced oxidation process to enhance the removal of organic
matters.

3.2 Performance evaluation of catalytic CMs

3.2.1 Efficiency of phenol degradation. Before investigating
the catalytic degradation of phenol during PMS-based catalytic
CMs ltration process, it was important to access whether the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The SEM images and EDS mapping of the CMs. (a) the pristine CM, (b) CoCM, (c) MnCM, (d) FeCM and (e) CuCM.
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contaminants could be removed by pristine CM or PMS alone,
or a combination of both. Accordingly, comparative experi-
ments were carried out on the above problems and the results
were depicted in Fig. S3.† The results showed that the adsorp-
tion of phenol by the pristine CM was negligible and could be
excluded as a possible mechanism. The direct oxidation effi-
ciency of phenol by PMS was about 8%, and the oxidation
products were mainly benzoquinone (Fig. S4†). Furthermore,
results also showed that the pristine CM could not activate PMS
to enhance phenol removal. Therefore, it is necessary to load
metal oxide catalysts on ceramic membranes.

Fig. S5† compared the phenol and TOC removal rate of the
four membrane systems. Comprehensively, it could be
concluded that under the same operation conditions, the
degradation efficiency of phenol in different CMs/PMS systems
© 2023 The Author(s). Published by the Royal Society of Chemistry
was in order of CoCM > MnCM > FeCM > CuCM. The phenol
removal rate was 100%, 99%, 87%, 83% for CoCM, MnCM,
FeCM and CuCM, while the corresponding TOC removal rate
was 88%, 82%, 74% and 70%, respectively. The difference in
membrane catalytic performance may be mainly attributable to
the types and production mechanism of ROS, which will be
analyzed in detail in the activation mechanism section. Besides,
comparison of the literature with this work on degradation
efficiency of phenol by catalytic membranes is summarized in
Table S4.† It can be seen that the four CMs in this work have
advantages in phenol wastewater treatment.

3.2.2 Effect of solution pH. As we know that the perfor-
mance of PMS-based AOPs is greatly affected by the solution pH.
Accordingly, the catalytic degradation of phenol in modied-
CMs/PMS system was investigated at pH value of 3, 7 and 11.
RSC Adv., 2023, 13, 17436–17448 | 17441

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01291c


Fig. 6 The water flux and phenol retention of the CMs in filtration of
phenol solution (30 mg L−1, 60 kPa).
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As shown in Fig. 7, the optimum solution condition of all the
four modied CMs was acidic. This may be related to the zeta
potential of the membranes. The surface charge of the CMs had
an inuence on the adsorption of pollutants and oxidants.44 As
shown in Fig. 4, the pHpzc of CMs were ranging from 5.3 to 9.3.
Fig. 7 Effect of initial pH on the degradation of phenol. (a) CoCM, (b) Mn
CPMS = 2 mM, T = 25 °C.

17442 | RSC Adv., 2023, 13, 17436–17448
In acidic solution, the membranes were positively charged and
the phenol wasmainly in the form of C6H5OH (pKa= 9.96) while
the primary PMS species were HSO5

−. Therefore, the acidic
condition would favor the interaction between CMs and HSO5

−

to effectively generate reactive oxygen species.
CoCM was used as an example to discuss the change of

reaction rate with pH value. The results presented in Fig. 7a
demonstrated that as the pH decreased from 11 to 3, the reac-
tion rate constant kobs increased from 0.074 to 0.196 min−1 and
phenol was completely oxidized under acid conditions within
30 min. However, under alkaline conditions, approximately
12% of the phenol was still not be removed aer 60 min. In
general, the CoCM/PMS system showed good applicability at pH
value from 3 to 11.

3.2.3 Effect of PMS concentration. Fig. 8 illustrated the
catalytic degradation of phenol by CMs at different PMS
concentrations. A dramatic increase of degradation efficiency
was achieved for all the for CMs with the PMS concentration
increased from 1mM to 2mM. Take CoCM as an example, when
the PMS concentration was 1 mM, less than 80% of phenol was
degraded aer reaction for 30 min, whereas more than 96% of
phenol was removed within 30 min at a PMS concentration of
2 mM. Higher PMS concentration increased the probability of
CMs interacting with oxidant molecules, promoting the
CM, (c) FeCM, (d) CuCM. Experimental conditions: Cphenol = 30 mg L−1,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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activation of PMS to rapidly generate reactive oxygen species,
possibly resulting in increased phenol decomposition.8 The kobs
values of CoCM were 0.051, 0.111, 0.132 min−1 at a PMS
concentration of 1, 2, 5 mM, respectively, indicating that the
improvement in phenol degradation performance was limited
when the PMS dosage continued to increase from 2 to 5 mM.
This may be due to the limited number of catalysts on the
membrane interface, which constrained the rate of PMS acti-
vation.45 So, no obvious rise of ROS concentration in the solu-
tion with the excess PMS. Moreover, it was reported that the
excess HSO5

− would consume SO4c
− and led to a reduction in

the total amount of free radicals in solution.46,47 Considering the
similar removal rate of 2 mM and 5 mM, the former was chosen
as the optimum amount of PMS.

3.2.4 Effect of phenol concentration. The degradation
efficiency of phenol by CMs with respect to different initial
concentration was investigated and the results were shown in
Fig. 9. A dramatic decline of degradation efficiency was
observed with the initial concentration increased from 10 to
50 mg L−1. The calculated kobs of phenol degradation by CoCM
was 0.226, 0.111 and 0.063 min−1 when the initial phenol
concentration was 10, 20 and 50 mg L−1, respectively.

It was reported that the relationship between ln(kobs) and
logarithms of experimental parameters could reect which
Fig. 8 Effect of PMS concentration on the degradation of phenol. (a) Co
30 mg L−1, pH = 7, T = 25 °C.

© 2023 The Author(s). Published by the Royal Society of Chemistry
factor was more sensible to phenol removal efficiency by CMs/
PMS system.48,49 Fig. S6† showed that the ln CPMS and ln
Cphenol had good linearity with ln(kobs), and the corresponding
slopes were 0.909 and 0.767, respectively. Larger slope means it
was a more important factor determining the degradation rate
for CMs/PMS system. These results indicated that the inu-
ences of the two parameters were in the order of CPMS > Cphenol.
Thus, in practical applications, when the CMs/PMS system is
used to treat high-concentration phenol wastewater, the dosage
of PMS should also be increased accordingly.
3.3 Stability and reusability of catalytic CMs

In order to maintain high catalytic activity for long time oper-
ation, the modied CMs should have a stable structure and
good reusability. The stability of CMs was accessed by
measuring the concentration of leached metal ions from the
membrane into the solution. Fig. 10a showed that all metal ions
in the membrane composition were detected aer the rst cycle
(30 min per cycle). The concentration of Co, Mn, Fe and Cu
leached from different CMs were 7.1, 3.6, 4.6, 3.1 mg L−1,
respectively, which were all at a relatively low level. Referring to
the Chinese surface water quality standards (GB3838-2002: [Co]
# 1.0 mg L−1, [Fe] # 0.3 mg L−1, [Mn] # 0.1 mg L−1, [Cu] #
CM, (b) MnCM, (c) FeCM, (d) CuCM. Experimental conditions: Cphenol =

RSC Adv., 2023, 13, 17436–17448 | 17443
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Fig. 9 Effect of phenol concentration on the degradation efficiency. (a) CoCM, (b) MnCM, (c) FeCM, (d) CuCM. Experimental conditions: CPMS =

2 mM, pH = 7, T = 25 °C.
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1.0 mg L−1), the concentration of these leached heavy metal
ions was within the safe range.50 In addition, aluminum ions,
which were the main body of all CMs, were also detected at
a concentration of about 30 mg L−1. Trace amounts of Al
leaching could be considered a normal phenomenon under
acidic conditions (pH = 3).27

Additionally, take CoCM as an example, the effect of metal
ions leaching on the performance of the modied CMs was
studied. As shown in Fig. 10b, the CoCM could still maintain
a high catalytic activity aer multiple runs. The phenol removal
efficiency declined about 5.5% throughout six cycles. This may
be due to the shielded active sites by contaminants during
degradation.8 Besides, the variation of metal leakage during
several cycles of uses was also studied. It can be seen from
Fig. 10c that the maximum amount of metal leakage was
occurred at the rst cycle, then gradually decreased. In all, the
properties of low metal ion leaching, high catalytic activity and
good reusability indicate that the catalytic CMs has a promising
prospect in degradation of organic pollutants.
3.4 Reactive species in CMs/PMS system

Radical and non-radical oxidation pathways may exist in the
PMS-based AOPs during the degradation of organic
17444 | RSC Adv., 2023, 13, 17436–17448
contaminants. Quenching experiments were conducted to
identify the ROS for phenol removal in CMs/PMS system.
Methanol (MeOH) was used as the scavenger of both $OH and
SO4c

− with apparent rate constants of (1.6–7.7) × 107 M−1 s−1

and (1.2–2.8) × 109 M−1 s−1, respectively. Tert-Butyl alcohol
(TBA) was used for quenching $OH as it reacts much faster with
$OH ((3.8–7.6) × 108 M−1 s−1) than SO4c

− ((4.0–9.1) × 105 M−1

s−1). Fig. 11a illustrated the quenching tests aer addition of
MeOH and TBA, and CoCM was used as an example to discuss
(the results of MnCM, FeCM and CuCM were depict in Fig. S6†).
The removal rate of phenol reduced by 45.0% with the intro-
duction of MeOH, while the effect of TBA was not signicant.
This indicated that SO4c

− contributed greatly to phenol degra-
dation than $OH and the effect of $OH was negligible. In
addition, superoxide radicals (O2c

−) were identied by p-BQ. As
depicted in Fig. 11a, the removal efficiency decreased only
20.4% in the presence of 10 mM p-BQ, implying that the direct
degradation of phenol by O2c

− is limited. It was reported that
O2c

− was usually generated by the decomposition of the PMS
and would further convert to 1O2.51,52 Therefore, non-radical
oxidation pathway (1O2) in this study was investigated by add-
ing L-histidine into the CMs/PMS system. As shown in Fig. 11b,
the removal of phenol gradually decreased to 17.3% with the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) The concentration of leached metal ions from the membrane into the solution in the first cycle, (b) reuse of CMs in the degradation
process and (c) Co leakage during several cycles of uses. Experimental conditions: Cphenol = 30 mg L−1, CPMS = 2 mM, pH = 7, T = 25 °C.
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adding of 20 mM L-histidine, suggesting that 1O2 was generated
and played a dominant role in the degradation of phenol by
CMs/PMS system.

Furthermore, EPR technology was used to verify the ROS in the
CMs/PMS systems by introducing DMPO and TEMP as spin-
trapping agent. As shown in Fig. 11c and d, three characteristic
peaks were observed in the CoCM/PMS system, which corre-
sponded to DMPO–SO4c

−, DMPO–$OH and TEMP-1O2, respec-
tively. Additionally, due to the short half-life of O2c

−, MeOH was
used instead of water as the solvent to capture O2c

− by DMPO.
The resultant quadruple peak in Fig. 11c corresponded to DMPO–
O2c

−, indicating the existence of O2c
− in the CoCM/PMS system.

Based on the results and detail analysis above, the possible
mechanism for PMS activation by CoCM was proposed in eqn
(3)–(7). Co(III) preliminarily reacted with PMS to produce SO5c

−

and Co(II), and then the converted Co(II) could further activate
PMS to generate SO4c

− and $OH with the regeneration of Co(III).

^Co(III) + HSO5
− / ^Co(II) + SO5c

− + H+ (3)

^Co(II) + HSO5
− / ^Co(III) + SO4c

− + OH− (4)

SO4c
− + OH− / cOH + SO4

2− (5)
© 2023 The Author(s). Published by the Royal Society of Chemistry
3HSO5
− + H2O / 3SO4

2− + 2O2c
− + 5H+ (6)

2O2c
− + 2H2O / 1O2 + H2O2 + 2OH− (7)

Thus, the two experiments of quenching and EPR jointly
corroborated that the reactive oxygen species of SO4c

−, $OH,
O2c

−and 1O2 were generated during degradation of phenol by
CMs. Among them, 1O2 and SO4c

− were considered to be the
main active species for phenol degradation in the CoCM/PMS
system with the order of 1O2 > SO4c

−. These results were
similar to Li's report on the mechanism of PMS activation.45

Besides, it could be concluded from Fig. S7† that the domi-
nating ROS for phenol degradation in the other three
membrane system were quite different from the CoCM/PMS
system. The dominating ROS were speculated to be 1O2 and
O2c

− in the MnCM/PMS system, SO4c
− and $OH in the FeCM/

PMS system, SO4c
− in the CuCM/PMS system, respectively.

Thus, the oxidation mechanism is quite complex in different
CM/PMS systems. For example, some researcher also reported
that the activated PMS on CuO surface through direct electron
transfer contribute a lot in the CuO/CMs system.53,54 The
possible catalytic mechanism for PMS activation by other CMs
were listed in ESI Text S1.†
RSC Adv., 2023, 13, 17436–17448 | 17445
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Fig. 11 (a and b) Quenching experiments and (c and d) EPR spectra. Experimental conditions:CPMS= 2mM,Cphenol= 30mg L−1, pH= 7.0,CMeOH

= 500 mM, CTBA = 500 mM, Cp-BQ = 10 mM, CDMPO = 100 mM, CTEMP = 100 mM.

Fig. 12 Proposed degradation pathways of phenol in CoCM/PMS system. Experimental conditions: CPMS = 2 mM, CPMS = 30 mg L−1, pH = 7.0.
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3.5 Investigation of phenol degradation pathway

Intermediate products during phenol degradation process in the
CoCM/PMS system were detected by LC-MS. As shown in Fig. S8,†
three oxidation intermediates were identied, including hydro-
quinone (m/z = 110), p-benzoquinone (m/z = 108) and penta-1,4-
dien-3-one (m/z = 81). Based on the results of LC-MS, the degra-
dation pathway of phenol was speculated and illustrated in
Fig. 12. Firstly, benzene ring was attacked by SO4c

− and 1O2 to
form a cation radical, which subsequently converted to hydro-
quinone.45 Hydroquinone is not a very stable substance that can
be easily oxidized to p-benzoquinone. Next, p-benzoquinone and
hydroquinone were further oxidized by SO4c

− and 1O2 and the
ring-opening reaction occurred, producing 1,4-dien-3-one and
fumaric acid. Then all the small molecules of ring-opening
products could be eventually mineralized into CO2 and H2O.
4 Conclusion

In summary, four kinds of metal oxides modied ceramic
membranes (CMs) were fabricated by impregnation-sintering
method and used for the catalytic degradation of phenol. The
catalyst particles (Co3O4, MnO2, Fe2O3 and CuO) were fully
anchored and uniformly dispersed on membrane surfaces and
the internal porous channels, which was critical for the catalytic
degradation of organics as the activation of PMS could be
facilitated within the pores of the catalytic membrane.
Compared to the pristine CM, the modication improved
membrane hydrophilicity, water permeability and phenol
retention rate. Under the same operation conditions, the
degradation efficiency of phenol in different CMs/PMS systems
was as follows: CoCM > MnCM > FeCM > CuCM. In addition,
quenching tests and EPR measurements demonstrated that the
dominating ROS were speculated to be SO4c

− and 1O2 in the
CoCM/PMS system, 1O2 and O2c

− in the MnCM/PMS system,
SO4c

− and $OH in the FeCM/PMS system, SO4c
− in the CuCM/

PMS system, respectively. Finally, the properties of low metal
ion leaching, high catalytic activity and good reusability indi-
cate that the catalytic CMs has a promising prospect in degra-
dation of organic pollutants.
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