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HIGHLIGHTS GRAPHICAL ABSTRACT

e Co304 integrated ceramic membranes
were fabricated via a simple ball-milling
and sintering approach.

o Catalytic oxidation of 4-hydroxybenzoic
acid was conducted in a crossflow
membrane reactor.

e Both SO3~ and *OH were present in the
degradation with SO;~ as the dominant
species.

e Anti-fouling performance of the mem-
branes was observed.
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ARTICLE INFO ABSTRACT
Editor: Haizhou Liu Membrane separation and sulfate radicals-based advanced oxidation processes (SR-AOPs) can be combined as an
efficient technique for the elimination of organic pollutants. The immobilization of metal oxide catalysts on
Keywords: ceramic membranes can enrich the membrane separation technology with catalytic oxidation avoiding recov-
gataciytlc membrane ering suspended catalysts. Herein, nanostructured Co304 ceramic catalytic membranes with different Co loadings
0304

were fabricated via a simple ball-milling and calcination process. Uniform distribution of Co304 nanoparticles in
the membrane provided sufficient active sites for catalytic oxidation of 4-hydroxybenzoic acid (HBA). Mecha-
nistic studies were conducted to determine the reactive radicals and showed that both SO5~ and *OH were
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present in the catalytic process while SO5~ plays the dominant role. The anti-fouling performance of the com-
posite Co@Al,03 membranes was also evaluated, showing that a great flux recovery was achieved with the
addition of PMS for the fouling caused by humic acid (HA).

Environmental implications

Discharge of pharmaceuticals and personal care products (PPCPs)
in wastewater has been inevitable in the past few years. These
PPCPs have shown adverse impacts on human and ecological
health and therefore, it is urgent to exploit sustainable technolo-
gies to mitigate these contaminants. Advanced oxidation processes
(AOPs) have shown promising results in the oxidation of PPCPs to
less toxic compounds but have a major challenge in catalyst re-
covery and reusability. Herein, AOPs combined with membrane
technology has been implemented for the degradation of a para-
ben. It shows that AOPs can be empowered by membrane tech-
nology for environmental remediation.

Data availability

Data will be made available on request.

1. Introduction

The increasing environmental and health impacts of water pollution
caused by rapid modernization, industrialization and urbanization have
become one of the most perennial issues worldwide. With the greater
demand for clean water sources, various water treatment technologies
have been developed to eliminate the micro-pollutants and contami-
nants discharged to natural water bodies [1]. 4-hydroxybenzoic acid
(HBA), a phenolic derivative of benzoic acid and an intermediate com-
pound of parabens, is one such example of PPCPs due to its lower
biodegradability nature and high chemical oxygen demand (COD). Such
properties have made HBA resistant to natural degradation, hence
creating an urgent need for sustainable and effective remediation tech-
nologies. Among these treatment strategies, advanced oxidation pro-
cesses (AOPs), which rely on highly reactive species, have been
considered the most efficient protocols for the removal of persistent
organic pollutants that are difficult to be removed by conventional
physical, chemical, or biological processes [2]. In the process, *OH and
SO3~ are the two primary free radical species and can be generated from
the activation of hydrogen peroxide (H205), ozone (O3), persulfate (PS)
and peroxymonosulfate (PMS). The higher redox potentials of *OH and
SO3~ compared to their parent peroxides make these free radicals ideal
for the quick degradation and complete mineralization of recalcitrant
organic compounds [3]. It is known that *OH is highly oxidative with an
oxidation potential of 2.7 V, and can efficiently mineralize the con-
taminants into water, carbon dioxide, ions, and mineral acids [4].
However, *OH is ineffective for some compounds, such as acetic and
oxalic acids, acetone, and chloride derivatives [5]. Recently, sulfate
radicals-based advanced oxidation processes (SR-AOPs) have drawn
growing attention. Compared to their *OH counterparts, SO3~ have a
higher oxidation potential (2.5-3.1 V vs 2.8 V), longer half-life, less
selectivity, and wider capable pH range (pH 2-8 for SO3, and pH 3-4
for *OH) [6]. Therefore, SR-AOPs are recognized as a promising alter-
native for conventional AOPs such as Fenton, photocatalysis and cata-
lytic ozonation processes.

Both peroxymonosulfate (PMS) and persulfate have a superoxide
0O—0 bond which can be easily dissociated to form reactive radicals [7].
Compared to PS, the activation of PMS can produce both *OH and SO3~
radicals, indicating the integrated properties [5]. PMS can be activated
by various methods such as heat, UV, metal ions, metal oxides, and
metal-free catalysts [8]. Heat and UV light are effective for the

activation PMS, however, the demand for energy input (additional
heating units or light sources) is high, making them relatively expensive
and unsuitable for large-scale applications [9]. Homogeneous activation
of PMS by using transition metal ions such as Co(II), Mn (II), and Ru(II)
is another technique which has demonstrated good performance [10].
However, the direct discharge of the metal ions will bring about sec-
ondary contamination to the environment. To overcome this problem,
heterogeneous activation of PMS using metal oxide catalysts has drawn
increasing attention. Cobalt oxides and manganese oxides have been
reported to be excellent heterogeneous catalysts in PMS activation.
However, metal leaching of toxic cobalt and manganese ions is still
present in the solution after the reaction [11,12]. Carbonaceous cata-
lysts such as carbon nanotubes (CNTs) [4], reduced graphene oxide
[13], and nanodiamonds (NDs) [14] are alternative solutions to the
metal leaching problem. However, the drawbacks of low durability and
high cost have restricted the application of metal-free catalysts in
SR-AOPs for wastewater remediation [15].

The combination of SR-AOPs and membrane filtration technology
has emerged as an alternative to heterogeneous catalysis. There are two
approaches for PMS/membrane combination: (a) SR-AOPs are used as a
pre-treatment, and (b) a catalytic membrane is used for SO3~ activation.
First, in the SR-AOPs pre-treatment technology, the membrane itself can
act as a barrier for both catalysts and pollutants, making the heteroge-
neous catalysts of transition metal oxides easy to be collected and
reused. Cheng et al. employed Fe (II)/PMS degradation as a pre-
treatment method for membrane fouling control. The combination of
Fe (II)/PMS degradation with coagulation as pre-treatment for mem-
brane fouling alleviation was also investigated [16-18]. Besides the
ferrous ions, metal oxide nanoparticles can also be used for membrane
fouling mitigation. The performances of CuO/PMS, Co304/PMS and
MnO,/PMS systems for the control of membrane fouling caused by
natural organic matters (NOMs) were compared by Cheng et al., who
found that both reversible and irreversible fouling can be dramatically
alleviated in CuO/PMS and Co304/PMS. Whereas in the MnO,/PMS
system, the irreversible fouling mitigation was limited [19]. Secondly,
catalysts can be integrated into the membrane support to achieve the
synergistic function of both separation and catalytic oxidation. Recently,
metal oxide integrated membranes have been wused in
SR-AOPs/composite catalytic membrane processes [20-23]. In other
works, metal-free catalysts were incorporated in membrane supports in
SR-AOP/membrane systems [24,25]. Cobalt oxides are frequently
studied in the heterogeneous activation of PMS. Generally, in homoge-
neous transition metal ions/PMS systems, the Co (II)/PMS system
demonstrates the best activity among various metal ions (Mn (II), Ce
(II), Ni (1), Fe (II), V (III), and Ru (III))/PMS systems [26,27]. However,
Co ions remaining in treated water can cause acute and chronic health
problems and the LDsq value for soluble Co salts was reported between
150 and 500 mg kg~ [28].

Herein, a simple ball-milling and calcination method was used to
prepare cobalt oxide functionalized ceramic membranes for the catalytic
oxidation of HBA with PMS. Compared with other preparation methods
of Co integrated catalytic membranes [29-32] using a Co precursor
suspension, the ball-milling and calcination method employed
powdered cobalt oxides as part of the aggregate of the ceramic mem-
branes, making the Co amount in the membrane accurately controllable.
Morphological characterization of the Co@Al,03 membranes indicated
a uniform distribution of Co304 on every single Al,O3 particle in the
whole membrane owing to the planetary ball-milling process. The high
level of uniform Co distribution in the membrane endowed a prominent
PMS activation performance with the dispersive Co reactive sites.



R.A.K. Hirani et al.

Journal of Hazardous Materials 448 (2023) 130874
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Fig. 1. Membrane reactor system set-up.

H Balance

Fouling alleviation tests on the Co@Al,O3 catalytic membrane/PMS
system were also performed. Results showed a significant improvement
for the Co@Al;03 membrane at the presence of PMS when compared
with that without PMS. Finally, the possible ROS generation mechanism
was speculated based on the EPR and reactive radicals quenching tests.

2. Experimental
2.1. Reagents and materials

All the reagents and materials used in this study have been listed and
described in the supplementary information as Text S1.

2.2. Synthesis of cobalt oxides

Co304 nanocubes were synthesized by a modified solvent-thermal
process reported by Song et.al [33]. Typically, 1.416 g of cobalt (II)
acetate tetrahydrate was completely dissolved in 30 mL ethanol under
continuous stirring for 2 h. The subsequent solution was then transferred
into a 50 mL autoclave and placed in an oven at 90 °C for 2 h followed by
natural cool down. The resulting pink precipitate was washed by ethanol

and glycerol (1.5%) were first mixed and ground using a planetary ball
milling procedure (Fritsch, Pulverisette 6, Germany), as reported in
detail in our earlier work [22]. The composite membrane samples with
different Co3O4 loadings were then denoted to Co-1, Co-2, Co-5, and
Co-10, respectively. The after-milled powders were then sieved in an
automatic sieve shaker to obtain uniform size distribution. The resulting
powders were then pressed in a membrane mould by a hydraulic press
under a pressure of 5 bar to produce membranes and then dried for 12 h
at 60 °C. Thereafter, the as-prepared membranes were calcined at
1050 °C to obtain the final membranes with a diameter of 28 mm and
thickness of 3.5 mm. For comparison, pristine ceramic membranes were
synthesized by a similar method without adding any Co304.

2.4. Characterization

The characterization of prepared materials was done using scanning
electron microscopy (SEM) combined with energy dispersive X-Ray
(EDS), X-ray diffraction (XRD), transmission electron microscopy (TEM)
and high angle annular dark field scanning transmission electron mi-
croscopy (HAADF-STEM), atomic force microscopy (AFM), X-ray
photoelectron spectroscopy (XPS), atomic emission spectroscopy (AES —
leaching tests) and electron paramagnetic resonance (EPR). The detailed
procedures for operations and equipment are explained in the supple-
mentary information as Text S2.

2.5. Catalytic membrane oxidation of organic pollutants

The activity of Co@Al;0O3 membrane was evaluated in a catalytic
membrane reactor system (Fig. 1). The detailed procedure is explained
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Fig. 2. (a and b) SEM images of Co-90-200 nanocubes, (c) XRD patterns of Co304 nanocubes, (d) XRD patterns of pristine and cobalt membranes and (e) Photos of
pristine membrane and Co@Al,O5 catalytic membranes.



R.A.K. Hirani et al.

Line fit 1.01um

Journal of Hazardous Materials 448 (2023) 130874

=23 Roughness Ry

200 4
150 -

100 -

Roughness (nm)

Co-0

Co-1 Co-2 Co-5
Membrane ID

Co-10

Fig. 3. SEM surface images of (a ~ e) pristine, Co-1, Co-2, Co-5 and Co-10 membranes, and cross-section image of (f) Co-5, (g) AFM image of Co-2 membrane and (h)

the average roughness of the membranes.

in the supplementary information as Text S3.

2.6. Membrane fouling tests

The membrane fouling tests and the flux changes between various
membranes were investigated in a closed dead-end membrane reactor.
The detailed procedures of membrane fouling tests are explained in
supplementary information as Text S4.

3. Results and discussion

3.1. Characterization of Co304 catalysts and Co@Al;O3 catalytic
membranes

The properties of the Co3O4 nanocubes were first investigated.
Fig. 2a and b show the SEM images of the Co3O4 nanocubes. Following
the solvent-thermal and calcination process, the cubic-shaped Co304
catalysts with a size of about 200 nm were synthesized. Fig. 2c presents
the XRD patterns of Co304 nanocubes. The diffraction peaks at 19.0,
31.3, 36.9, 38.5, 44.8, 55.7, 59.4, 65.2, 68.6, 74.1, and 77.3° were
respectively denoted to the (111), (220), (311), (222), (400), (422),

(511), (440), (531), (620), and (533) planes of Co304 (JCPDS NO.
42-1467,a=b = c = 8.084 A) [34]. No other crystalline phases were
observed, owing to the high purity of the catalysts. Fig. 2d shows the
XRD patterns of the synthesised membranes. Diffraction peaks at 25.6,
35.2,37.8,43.4,52.5,57.5,61.1, 61.3, 66.5, 68.2, 76.9 and 77.2°, were
indexed to the (012), (104), (110), (113), (024), (116), (018), (122),
(214), (300), (1010) and (119) planes of the AlyO3 support [35]. The
other peaks at 31.3, 36.9, 44.8, 59.4, and 65.2° represented the (220),
(311), (400), (511) and (440) planes of Co304. The results show that the
Co304 phase remained unchanged after the high-temperature calcina-
tion. The peak at 30.1° was the (110) plane of ZrO, (JCPDS No0.49-1642,
a=b=c=5.128 [o\, a = p =y = 90°) which came from the ZrO milling
balls and jar during the ball-milling process [36]. It can also be noticed
that the intensity of CosO4 peaks increased on the higher Co loading
membrane samples. The photos of pristine CM and Co@Al;O3 with
different Co loadings are shown in Fig. 2e.

The surface morphologies of the pristine Al,O3 membrane, Co-1, Co-
2, Co-5, and Co-10 membranes are displayed in Fig. 3a, b, ¢, d and e,
respectively. Fig. 3f shows a cross-section image of the Co-5 membrane.
No significant change was observed in the surface morphology with
increase in the cobalt loading. However, when high magnification
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Fig. 5. (a) TEM image, (b) HAADF image of single Co-Al oxide grain (Co-2 membrane), and (c-f) mappings.

imaging was performed with AFM, it was found that the membrane
surface became slightly smoother with an increase of Co loading in the
Co@Al;03 membranes. This is because Co304 has a melting point of
900 °C and would experience rearrangement during the calcination up
to 1050 °C in the high-temperature muffle furnace [37].

The melted Co30;4 filled the pores and surface rough areas and made

the high Co membrane smoother than the low Co loading catalytic
membrane and the pristine CM. This can be further confirmed by AFM
results (Figs. 3g and S1). Fig. 3h depicts the 3D surface topographies of
the prepared membrane with different cobalt loading. Co-0 membrane
exhibited a surface roughness of 248.55 nm followed by Co-1, Co-2, Co-
5, and Co-10 with a surface roughness of 163.87, 118.34, 94.87 and
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Fig. 6. (a) XPS survey scan of Co-2 membrane, (b) High resolution deconvoluted spectra of Co2P.

86.82 nm respectively.

Energy-dispersive x-ray spectroscopy (EDS) of the pristine CM and
Co@Al,0O3 catalytic membranes are shown in Fig. 4 and Figs.S2-S5,
respectively. The elemental maps of indicate uniform distribution of
Co304 on the membrane which can further be justified by the cross-
sectional SEM-EDS mapping of Co-2 membrane (Fig. S6).

Fig. 5 shows a TEM image and elemental mapping of a single
Co@Al,O3 particle from Co-2 membrane. The TEM (Fig. 5a) and
HAADF-STEM (Fig. 5b) images of the particle reveal the relatively even
distribution of the small Co3O4 nanoparticles on the AlyOs particle
which can further be justified by the elemental mapping (Fig. 5c-f).
Fig. S7 reveals the element distribution spectrum of the Co-Al oxides.
The uniform dispersion Co304 nanoparticles on Al,O3 in the composite
ceramic catalytic membrane would provide reactive sites for the cata-
lytic degradation. Further, this uniformity also aids in the uniform flow
of the solution hence establishing an effective interaction of the PMS
with Co304 nanoparticles leading to elevated degradation efficiencies.
Zr was from the ZrO; milling balls and jar during the ball-milling
process.

Fig. 6a shows the XPS survey scan of the Co-2 membrane. The scan
reveals that Al, Co, O and adventitious C coexist in the membrane. The
high resolution deconvoluted spectrum of Co2P is shown in Fig. 6b. Due
to the spin-orbit coupling, the Co 2 P spectrum is split into 2p; /5 and
2p3/2 doublets with the addition of the satellite peaks. Two peaks at
780.52 and 782.38 eV correspond to a tetrahedral Co(II)-A site and an
octahedral Co(II)-B site while the peak at 784.45 eV corresponds to a Co
(II)-B site indicating the coexistence of Co** and Co** species in the Co-
2 membrane [38,39]. The atomic ratio of Co*"/Co®" in the Co-2
membrane is calculated to be 0.75. This remarkably high atomic ratio
could be attributed to the possible enrichment of the catalyst surface
with abundant oxygen vacancies [40,41].

3.2. Catalytic oxidation of HBA

The degradation efficiencies of the as-prepared membranes were
investigated through the oxidation of HBA (Fig. 7). After 30 min equi-
librium time, 4 mM PMS was added to the feed solution. All the HBA
samples were extracted from the permeate side and the concentrations
were measured by HPLC. From this study, it can be noted that the use of
catalytic membranes over the suspended particles would ease the cata-
lyst’s recovery from the solution [42]. Fig. 7a shows the effect of Co304
loading on HBA removal by the catalytic membranes. It was found that
the HBA degradation performance was enhanced with the increase of Co
loading. The increase in the degradation efficiency could be ascribed to
the increased number of active sites which would increase the number of

active species produced [38]. The pristine CM showed no significant
degradation ability on HBA in the presence of PMS. When the Co-1
membrane was employed, complete HBA degradation was observed
for the first 30 min. However, after 30 min the degradation efficiency
started reducing as seen in Fig. 7a. This is because the Co content is too
low in the Co-1 catalytic membrane and after 30 min reaction, most of
the Co active sites were occupied by the HBA and the degradation in-
termediates. When Co loading is increased from 1% to 2%, the catalytic
efficiency increases, and complete degradation is achieved even after
40 min. The results remain the same when the loading is further
increased to 5% and 10%. This could be because the active radicals had
been generated to a maximum degree from the activation of PMS [43,
44]. As such, the Co-2 membrane is the most economical option in the
Co@A303 membrane/PMS system. Further, cobalt ion leaching was
tested on ICP after each run over different Co-loaded membranes. Fig. S8
shows the cobalt leaching contents over various membrane types. It can
be noted that very low leaching levels were observed in all types of
membranes suggesting their feasibility. The Co leaching content was in
the order of Co-1 (0.34 mg/L) < Co-2 (0.93 mg/L) < Co-5 (1.67 mg/L)
< Co-10 (2.11 mg/L).

The influence of the initial HBA concentration was also evaluated
and different concentrations of HBA (10, 20, 50, and 100 ppm) were
applied on the feed-in side (Fig. 7b). Results show that complete
degradation in the permeate side can be only reached at low initial HBA
concentrations (10 and 20 ppm). At high HBA concentrations (50 and
100 ppm), the HBA concentration at the permeate side sharply
decreased and then gradually increased as the reaction continued,
indicating a deteriorated catalytic ability of the Co@Al,03 membrane
when treating the high concentration of organic pollutants. This can be
explained by the constant number of radicals generated with a fixed
amount of catalyst loading and PMS loading. In order to achieve com-
plete removal of HBA, more radicals are essential [45]. Fig. 7c shows the
effect of PMS on HBA degradation. It was found that the Co-2 catalytic
membrane itself has no degradation ability on HBA without PMS. The
HBA degradation efficiency increased with an increase in PMS loading.
This could be explained by the generation of more active radicals with
the increase in PMS concentration [46]. When further increasing the
PMS loading from 4 to 8 mM, no significant change was observed in the
degradation efficiency. This is because the generation of excess *OH and
SO%~ would be consumed unfavorably resulting in the formation of
HSO3 and SO%~ which are less reactive [47]. Therefore, 4 mM is the best
PMS loading in the Co@Al,O3 catalytic membrane/PMS system.

In the heterogeneous activation of PMS, pH is a key factor. The pH
influence on HBA degradation in the catalytic membrane/PMS system
was also tested. Results reveal that the degradation ability of HBA
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and pH = 7 (for a-c and e, f).

dropped under acidic conditions (Fig. 7d). Much better degradation
performance can be achieved in alkaline conditions. This could be due to
the low stability of PMS at low pH. PMS has a pKa of 9.4 and therefore, at
a lower pH, it is usually in the form of HySO4 making it inert to be
activated [48]. Further at higher pH, PMS can undergo self decompo-
sition thereby making higher pH desirable for degradation [49]. No
significant improvement in degradation rate was observed when the pH
of the feed-in solution increased from 7 to 11. In addition, the cross-flow
velocity (CFV) has a negligible influence on HBA degradation (Fig. 7e).
However, the HBA degradation was found to be more effective at a lower
transmembrane pressure (TMP) (Fig. 7f). This is because, at a lower
TMP, the flow rate at the permeate side was lower, thus the contact time
of the HBA/PMS mixed solution with the Co reactive sites on Co@Al,O3
increased.

3.3. Mechanistic study

To understand the HBA degradation mechanism and the generated

ROSs in the Co@Al,03 membrane/PMS system, both EPR and selective
radical quenching tests were performed. As shown in Fig. 8a, both
DMPO-SO3— and DMPO-*OH adducts characteristic peaks are identi-
fied, suggesting the presence of SO3~ and *OH radicals in the Co@Al,03
membrane/PMS system [50,51]. From the EPR spectra in Fig. 8a, it can
be seen that in the first 10 min, a large quantity of both sulphate and
hydroxyl radicals are produced which then decreases as the reaction
continues. This could be attributed to the high redox potential of both
radicals whereby the radicals would react with HBA quickly hence
leading to a decline in the intensities [52]. In addition, the intercon-
version between the two radicals and their gradual consumption would
result in a decline in the intensities [50,53].

Further, selective radical quenching tests were carried out for the
identification of the dominating species. Ethanol (EtOH) and tert-butyl
alcohol (TBA) were used as the scavenging agents. EtOH is effective in
scavenging both *OH and SO%~ while TBA is employed to quench *OH
radicals [54,55]. The reaction rate of TBA (without a-H) with the SO5™ is
much slower than that of EtOH (with a-H). As shown in Fig. 8b, EtOH
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Fig. 8. (a) DMPO spin trapping EPR spectra of Co@Al,03 membrane/PMS system. (b) Effects of EtOH and TBA on the degradation of HBA in the Co@Al;03
membrane/PMS system. Conditions: Co-1 membrane, [PMS] = 4 mM, [HBA], = 20 ppm, pH = 7, TMP = 2 bar, CFV = 5mLs ', TBA = EtOH = 2 M.

Fig. 9. Proposed mechanism for HBA degradation by the Co-2/PMS system.

had a significant effect on HBA degradation while TBA showed a mini-
mal effect, suggesting that the sulfate radicals are the prominent ROSs in
the Co@Al;03 membrane/PMS system [56].

The activation of PMS is based on single-electron transfer reactions
between Co®>" and Co®' on the redox active surface of the Co-2

membrane as depicted in Egs. (1) and (2) [57]. The redox reaction
generates freely diffusible SO~ which further reacts with OH™ or H20 to
produce *OH as shown in Eqgs. (3) and (4) [38,57]. In addition, Co®* can
further be reduced to a bivalent form (C02+) in the presence of PMS (Eq.
(5)) resulting in the formation of SO3~ which can subsequently form

a
(@) 1.0 ‘ 1.04
= =2 | 4
2 084 = 0.8
S S
% .
= = i
= 0.6- S 0.6 -
E @ Pure water g == Co-2
N 04 —=<—HA=10ppm N 0.4+ —&—Co-5
s ~—&—HA =50 ppm < ~=Co-10
E —=HA = 100 ppm E
2 0.2 4 ~4—HA =200 ppm © 0.2
——HA =200 ppm + 4 mM PMS 7z
0-0 L} T T T T T 0'0 L) v L Ll v T T v T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time(min) Time(min)

Fig. 10. Specific flux of (a) Co-2 membrane at different HA concentrations without or with 4 mM PMS, (b) different Co loading Co@Al,0O3 membranes at 200 ppm

HA solution with 4 mM PMS.
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SO3™ (Eq. (6)) [58,59,57]. Finally, HBA molecules in the solution can be
oxidized to small intermediates, CO, and H2O by the effective attacking
of the free radicals as depicted in Eq. (7). As reported in previous studies,
it can be proposed that mineralisation of HBA could lead to the forma-
tion of two known intermediates, p-benzoquinone and hydroquinone as
shown in Fig. S9, which could further be attacked by the active radicals
to form simpler compounds [22,49]. Based on the discussions above, the
proposed mechanism for HBA degradation by the Co-2/PMS system is
presented in Fig. 9.

=Co’* + HSO35 —» =Co>* + SO~ + OH™ 6
=Co** + HSO5 — =Co** + SO; + *OH )
SO~ + OH™ — *OH + SO}~ 3)
SO$~ + H,0 — HSO; + *OH 4
=Co*t + HSO5; — =Co*" + S0~ + H' (5)
SO~ > 250%™ + 0, (6)

SO3™ / *OH + HBA — {...multiple steps...} — Intermediates + CO, + H,O
(7)

3.4. Fouling control evaluation

Despite having great waste treatment properties, membranes have a
major concern of fouling. Various methods have been used in previous
studies to mitigate membrane fouling such as in-situ treatment and pre-
treatment, among others [16,60]. Cheng et al. studied membrane
fouling using the pre-treatment method by using an Fe(II)/PMS system
which showed a 70% reduction in the fouling [61]. Herein, PMS addi-
tion is used as a pretreatment to reduce membrane fouling as a result of
organic matterAs displayed in Fig. 10a, it can be noted that when the
PMS is not added as pre-treatment, the flux declined as the initial con-
centration of HAs increased. A significant membrane fouling is noted
when 200 ppm HA is added to the feed-in solution. However, the
addition of 4 mM PMS in the pre-treatment process can significantly
reduce the fouling problem of Co-2 from 0.45 to 0.8 in 60 min Fig. 10b
shows the membrane fouling alleviation performance of Co@Al,O3
membranes/PMS system by using different Co loading membranes (PMS
= 4 mM and TMP = 1 bar). The results indicated that the order of flux
decline extent in 1 h was as: Co-1 > Co-2 > Co-5 > Co-10. This can be
explained by a higher level of ROSs generated when using a higher
loading of Co catalytic membrane in the Co@Al;03 membrane/PMS
system.

4. Conclusion

In summary, nano-structured Co304/Al;03 composite ceramic cata-
lytic membranes were prepared by a simple milling and calcination
process. The ball-milling technique helps with not only the formation of
stable membrane but also the uniform dispersion of Co304 nanoparticles
on the surface of Al;03. Co@Al;03 membranes with different Co cata-
lytic membranes (Co304 weight ratio = 1, 2, 5, or 10%) were synthe-
sized and the catalytic degradation of HBA was performed and
optimised. The even distribution of Co304 catalyst in the membrane
enhanced the generation of SO5~, endowing the Co@Al,O3 membranes
with excellent catalytic performance for wastewater treatment. The HBA
degradation performance was enhanced when using higher Co loading
of Co@Al,O3 membranes. However, there is no significant improvement
when Co loading is above 2%. The HBA degradation performances are
also affected by initial PMS amount and solution pH values. The results
revealed that the HBA degradation rate is higher at increased PMS
loadings, while the improvement was not prominent when the PMS
concentration exceeds 4 mM. It was also found that the Co@Al,O3
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membrane/PMS system is more effective in neutral and alkaline con-
ditions. In addition, the influences of cross-flow velocity and trans-
membrane pressure were also analysed. The results indicated that the
Co@Al;03 membranes/PMS system is not sensitive to the CFV. How-
ever, by decreasing the TMP, the degradation efficiency will be
increased. This is because a lower TMP can keep a lower flow rate at the
permeate side, resulting in a longer contact time of the HBA/PMS mix
solution with the Co reactive sites on/ in the Co@Al,03 membrane. EPR
and selective radical quenching tests were performed to identify the
reaction mechanism for HBA oxidation which depicted the presence of
both SO5~, and ¢OH were active species in the catalytic membrane
process with SO3~ as the dominant species. The anti-fouling perfor-
mances of the Co@Al;03 membranes/PMS system were also evaluated
with HAs as the target foulant. Results indicated that the Co@Al203
membranes/PMS system played a synergistic role in treating HAs. With
the addition of PMS, a great flux recovery was achieved even in a high
HA content (200 ppm). This study provides a novel insight for inte-
grating the Co304 catalysts with safe membrane technology in PMS
activation for organic pollutants treatments.
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