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A B S T R A C T

This study tackles the challenge of applying fine and nano-catalyst particles in Advanced Oxidation Processes
(AOPs), primarily due to the complexities of nanoparticle removal from treated water to prevent secondary nano-
hazards. We propose an innovative solution: micro-structured ceramic beads (MSCBs, approximately 3 mm in
diameter) with a unique anisotropic pore structure. For the first time, we prepared MSCBs impregnated with
cobalt oxide (Co/MSCBs) using a phase-inversion and sintering-assisted process. The Co/MSCBs were investi-
gated for the degradation of sulfamethoxazole (SMX) in the peroxymonosulfate (PMS) induced AOPs system
under mild reaction conditions. The effects of operating parameters (e.g., SMX concentration, reaction tem-
perature, and catalyst dosage) in the Co/MSCBs|PMS system were studied on three different types of catalytic
ceramic beads: 2Co/MSCB0 (beads with a common isotropic pore structure), 2Co/MSCB1 (beads with radial
finger-like microstructures and a denser outer skin-layer), and 2Co/MSCB2 (beads with finger-like microstruc-
tures and no outer skin layer). At 20 ◦C, 2Co/MSCB2 (59.1 %) demonstrated a higher degradation efficiency for
40 mg/L SMX in comparison to 2Co/MSCB1 (54.9 %) and 2Co/MSCB0 (49.6 %). Additionally, it is noteworthy
that the sample 2Co/MSCB2, after being used and regenerated, exhibited significantly a higher catalytic per-
formance (70.83 % removal in 20 min during the 16th run) than the fresh one (70.47 % removal in 120 min).
After reactions, Co/MSCBs can be readily separated from the bulk solution and used for the next run, making
them ideal for practical applications. Furthermore, a radical quenching experiment was conducted, and a
plausible catalytic mechanism was proposed. This research presents a new approach for the fabrication of micro-
structured ceramic beads that are capable of effectively overcoming the diffusion limitations encountered in both
heterogeneous reactions and adsorption processes.

1. Introduction

Environmental pollution arising from pharmaceutical and personal
care products that include but are not limited to antibiotics, antimi-
crobial agents, cosmetics, etc. has been attracting a great deal of
attention in recent years [1,2]. Sulfamethoxazole (SMX) is a typical
sulphonamide antibiotic drug widely used against human and veterinary
infections, but recalcitrant to conventional wastewater treatment plants
due to its strong hydrophilicity, high stability, and antibacterial nature
[3,4]. Continuous exposure or the accumulation of SMX in a long term
could pose an adverse threat to human and public health, as well as
ecosystem, for instance, chronic diseases and genetic mutation [5,6].

Sulphate radical-based advanced oxidation processes (SR-AOPs)

stand as a preferred option to mitigate antibiotic contaminants due to
their potential to degrade organic pollutants into non-toxic or low-toxic
small molecules in water bodies. This can be attributed to the generation
of highly reactive species, such as sulphate radical (SO4

•−, 2.5–3.1 V vs.
NHE) and reactive oxygen species (ROS), generated by perox-
ymonosulfate (PMS, HSO5

−) or persulfate (PS, S2O8
2−) under heat, ul-

trasounds, transition metal ions/oxides or UV light [3,7]. In fact, PMS
(also known as Oxone®) displays a more efficient catalytic performance
for the degradation of organic pollutants than PS. It has received more
attention because of its high reactivity, resulting from an asymmetric
structure (HO-O-SO3

−) and favourable large length of the O-O bond
(1.326 Å) that needs less energy to break. It goes without saying that this
characteristic facilitates the activation processes under normal
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temperature and over a wide range of pH values (2.0–8.0) to generate
ROS, such as •OH and 1O2 [4,8,9]. A viable and economically feasible
technique within SR-AOPs is the activation of PMS by transition metal-
mediated heterogeneous catalysts to generate SO4

•− and ROS, including
the radical pathway (SO4

•−, OH•, and •O2
–) and the non-radical pathway

(1O2) for the powerful pollutant treatment.
Cobalt-based catalyst, particularly cobalt oxide (Co3O4), is one of the

most active transition metal-based catalysts in PMS activation [10,11].
However, non-immobilised Co3O4 catalysts usually suffer from uneven
dispersion and agglomeration in water, which in turn limit the electron
transfer rate and the overall catalytic activity [12]. As a result, exposing
more active sites on the stable substrates is a promising strategy to
improve the cobalt dispersion and stability, other than its separation
from the treated water. Various materials, such as carbon-based mate-
rials, metal oxide, and zeolites have been employed as the substrates and
have shown encouraging results [13–17]. Macias-Quiroga et al. reported
that carbon-based catalysts (68.5 %) constitute the primary catalysts
and/or catalytic supports used in AOPs, followed by TiO2 (20.4 %), SiO2
(5.2 %), Pillared Interlayered Clays (3.1 %), Al2O3 (1.6 %) and zeolites
(1.2 %) [18]. Al2O3 accounted for a small proportion although it is one
of the most common and robust substrates with an extremely high me-
chanical strength, thermal and chemical stability under rigorous con-
ditions [19]. Furthermore, researchers often focus on loading catalysts
onto Al2O3 powder for AOPs reactions, particularly γ-Al2O3. This is
because it has a large specific surface area, although it is less stable
compared to α-Al2O3 [19–21]. Nevertheless, it remains a difficulty to
separate the used catalyst powders from the treated water, leading to the
potential release of nanoparticles into the environment and resulting in
secondary pollution.

The use of powdered catalysts also presents challenges for the
upscaling of AOPs and other catalytic reaction processes in industrial
applications, particularly within packed-bed reactors. While the use of
fine powders ensures good access to catalyst active sites and reduces
diffusional mass-transfer resistance, industry more commonly employs
catalyst pellets of millimetre size. This approach helps mitigate the
pressure drop issues associated with fine powders. However, these
relatively large spheres suffer from diffusion limitation issues, making
the distribution of active sites critical. As depicted in Fig. 1, conven-
tional Al2O3 beads, along with other alternatives in this size range of
several millimetres, are either of the homogeneous type (uniform
macroscopic distribution of catalysts) or the eggshell type (non-uniform
macroscopic distribution of catalysts). Technically, homogeneous-type

catalysts experience a severe mass transfer resistance inside the bulk
region of Al2O3 beads. The degree of mass-transfer limitations in the
catalytic system can be described by the Thiele modulus, denoted as φ:

φ =
VP

AP

̅̅̅̅̅

kr

De

√

(1)

where VP is the volume of the catalyst support/beads, AP is the external
surface area of the catalyst support/beads, kr is the first-order rate
constant, and De is the effective diffusion coefficient [22]. When φ is
greater than 0.3, the diffusion of the reactant through the pores is
considered as reaction rate limited. As a result, a homogeneous distri-
bution of the active phase in large catalyst supports is only beneficial for
relatively slow catalytic processes that allow reactants to diffuse to the
active sites. Otherwise, the catalytic reaction ends up being internally
diffusion-limited when φ increases to 3 or higher. To address this, a non-
uniform macroscopic distribution of catalyst patterns, such as eggshell,
egg-white, and egg-yolk, was introduced to circumvent the rules by
replacing the pellet sizes with the thickness of the catalytic layer of
several hundreds of micrometres [23,24]. However, a significant vol-
ume of unused catalyst pellets exists, which reduces the volumetric
productivities and leads to varying reaction fronts, as well as thermal
and mass fronts within the reactor. As far as we know, the study on the
influence of diffusion resistance on antibiotic pollutant purification by
PMS-based AOPs is limited. Moral-Rodriguez et al. investigated the
intraparticle diffusion of ronidazole and SMX during adsorption onto
granular activated carbon (1.016 mm) from an aqueous solution. Their
findings indicated that the overall adsorption rates of both antibiotics
were primarily controlled by intra-particle diffusion [25]. This also
necessitates the exploration of novel catalyst substrates to resolve
persistent challenges associated with intraparticle diffusion at large
particle sizes.

In this study, we fabricated the innovative micro-structured ceramic
beads (MSCBs) with a significantly improved diffusion pathways to
maximise the degradation efficiency of SMX, a representative reaction
for other emerging organic pollutants in water. Unlike traditional beads,
which consist of macro-pores formed by the random packing of micro- or
meso-porous particles and have complex diffusion routes inside, these
micro-structured ceramic beads dramatically boost the effective diffu-
sivity. This enhancement is achieved by reducing diffusion restrictions
from the random pore network through the creation of radial micro-
channels, leading to a diffusion process that more closely mimics bulk

Fig. 1. Schematic diagram of diffusional transfer inside commercial catalyst substrates and novel micro-structured ceramic beads.
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diffusion. This advancement will facilitate the potential upscaling of
AOPs by better meeting with the industrial requirements for the cata-
lytic materials. Herein, a transition metal catalyst, Co3O4, was impreg-
nated in the MSCBs for the degradation of SMX in the PMS-activated
AOPs reaction system under different reaction conditions (e.g., catalyst
concentration, reaction temperature, and SMX concentration). The
morphologies of the cross-sectional and surface of these ceramic beads
were examined by SEM and EDS analysis, and other physicochemical
properties were systematically characterised. Furthermore, the stability
and reusability of the as-prepared 2Co/MSCBs were investigated.
Finally, the active species involved in the 2Co/MSCB2|PMS reaction
system were analysed through quenching experiment, and the catalytic
mechanism of this reaction system was further proposed.

2. Materials and methods

2.1. Chemicals and materials

Alpha-alumina powder and Yttria Stabilized Zirconia (YSZ) grinding
media were purchased from Inframat Advanced Materials (USA). Poly
(methyl methacrylate) (PMMA), Oxone® (PMS, KHSO5⋅0.5KH-
SO4⋅0.5K2SO4), sulfamethoxazole (SMX), p-benzoquinone (p-BQ, ≥98
%), tert-butanol (tBA, ≥99.5 %), sodium azide (NaN3, ≥99.5 %), and
acetic acid (ReagentPlus®, ≥99 %) were all provided by Sigma-Aldrich.
Cobalt nitrate hexahydrate (Co (NO3)2⋅6H2O, 99 % pure)/methanol
(HPLC grade, ≥99.8), polyethersulfone (PESf, Radel A-300), N-methyl-
2-pyrrolidone (NMP, 99+%, ACS reagent) and ethyleneglycol 30-dipoly-
hydroxystearate (Arlacel P135) were provided by Fisher Scientific,
Ameco Performance (USA), ACROS Organics and Uniqema (UK),
respectively. All chemicals were used as received without any further
purification. Milli-Q water (18.3 MΩ cm) was used during the whole
experimental process.

2.2. Preparation of micro-structured ceramic beads (MSCBs)

Micro-structured Al2O3-based beads of 2–3 mm in diameter were
fabricated for by a phase-inversion and sintering method, as shown in
Fig. 2, inspired by the work in Li’s group [26,27]. Specifically, prior to

the addition of α-alumina powders (150 g), Arlacel P135 (1.05 g) was
dissolved in NMP solvent (122.41 g), and the mixture was milled with
20 mm agate milling balls with an approximate alumina/agate weight
ratio of 2 for 48 h. After the addition of PMMA, the suspension was
continued for milling for another 48 h. The suspension was then trans-
ferred to a gas-tight vacuum degassing chamber (DP 27, Applied Vac-
uum Engineering) and degassed under vacuum for 3 h until no bubbles
were visible at the surface, and then the suspension was transferred to a
100 mL stainless steel syringe fitted with polytetrafluoethylene O-rings
and extruded at 0.1 mL/min into a water bath (a non-solvent for the
polymer). The actual flow rate of the extrusion was controlled by a
Chemyx Fusion 6000-X syringe pump, ensuring the uniformity of the
prepared precursor ceramic beads. These precursor ceramic beads were
kept in the water bath for 24 h to allow the completion of phase
inversion.

Finally, the dried ceramic beads were sintered in stagnant air
(furnace BRF 16/5, Elite) at 600 ◦C for 2 h and then 1450 ◦C for 4 h with
a heating rate of 5 ◦C /min. The sintered micro-structured ceramic beads
were named as MSCB1. Afterwards, the thin skin layer on the surface of
MSCB1 was removed by blending them with coarse silica carbide (46
grit) in a volume ratio of 1:2 and place them in the Jarmill. The
continuous rotation of SiC andMSCB1 in the Jarmill ensures the removal
of skin layer due to wear and abrasion caused by the higher Moh’s
hardness of SiC (13) than α-Al2O3 (9). The resulting sample was denoted
as MSCB2. For comparison, ceramic beads without radial microchannels
(MSCB0) were prepared by the same method, wherein PMMA was
substituted with PESf, and the quantity of NMP was augmented from
122.41 to 133.95 g.

It is worth noting that the formation of spherical ceramic beads is
dependent on various operating parameters, e.g., suspension composi-
tions, extrusion rates, nozzle dimensions, air gap and even the depth of
the water bath. Detailed experiments and discussions are summarised in
Text S1 in the supplementary information.

2.3. Preparation of Co-based catalytic ceramic beads (Co/MSCBs)

Cobalt oxide was loaded on the ceramic beads by the traditional
incipient wetness impregnation (IWI) method, where a pre-determined

Fig. 2. Schematic illustration of the preparation of the micro-structured ceramic beads and the cobalt incorporation process, via phase inversion and incipient
wetness impregnation method, respectively.
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volume of cobalt nitrate hexahydrate aqueous solution was added onto
the ceramic beads [28,29]. Then, the catalyst precursor was dried at 35
◦C overnight before being calcined at 450 ◦C in stagnant air for 3 h at
heating and cooling rates of 5 ◦C /min, as shown in Fig. 2. The as-
prepared samples were denoted as xCo/MSCBy, where “x” refers to
the weight percentage of Co3O4 to the ceramic beads, and “y” implies the
specific ceramic beads (e.g., MSCB2 for the micro-structured ceramic
beads without the skin layer).

2.4. Characterisation

Powder X-ray diffraction (XRD) spectra were recorded on an
advanced X-ray diffractometer (Bruker D8, Germany) with Cu Kα radi-
ation (λ = 1.5418 Å) in the range of 2θ = 5-80◦ at room temperature,
operated at 40 kV and 40 mA. The chemical composition analyses were
investigated on an X-ray photoelectron spectroscopy (XPS, Thermo
Scientific K-Alpha Photoelectron spectrometer, USA) system equipped
with an Al Kα source. All binding energies were calibrated using the
contaminant carbon (C 1s = 284.8 eV) as a reference. The pore sizes and
pore volumes of samples were obtained at −196 ◦C with liquid nitrogen
on a Nova 4000 porosimeter, using the Brunauer–Emmett–Teller (BET)
method and the Barrett, Joyner, and Halenda (BJH) method. Prior to the
measurement, samples were gently ramped to 130 ◦C and degassed
under vacuum for 5 h. The morphology and composition of ceramic
beads were analysed by a scanning electron microscopy (SEM, JEOL
JSM-IT200, operating at 5 kV and working distance of 10 mm) and
energy-dispersive X-ray spectroscopy (EDS), respectively. Mercury
intrusion porosimetry (Autopore IV 9500, Micromeritics) was used to
investigate the pore structure of ceramic beads before and after
removing the outer skin layer. The mercury intrusion data were
collected under absolute pressure ranging from 0.10 to 60000.00 psia
with an equilibration time of 10 s. The cobalt content in aqueous solu-
tions was analysed by an ICP-OES apparatus (iCAP 7000 Series).

2.5. Activation of PMS in a batch catalytic degradation system

The catalytic performance of Co/MSCBs was evaluated for the
degradation of SMX solutions in a PMS activated system. The experi-
ments were carried out in a batch reactor in a water bath at 20 ◦C and
connected with a mechanical overhead stirrer. Initially, a certain
amount of catalyst was dispersed in 100 mL of SMX solution with a
concentration of 20 mg/L with vigorously stirring at 150 rpm for 30 min
to achieve the adsorption–desorption equilibrium. Afterwards, the cat-
alytic reactions were triggered by adding PMS (0.31 mM) and continued
for another 120 min. When the reaction was in process, 1 mL of aqueous
solution was withdrawn by a syringe at fixed time intervals and filtered
by a 0.2 μm PTFE syringe filter, and then immediately injected into a
HPLC vial which was already injected with 0.5 mL methanol as a
quenching agent. This is because that methanol has a high reactivity
with both ⋅OH and SO4

⋅− (k⋅OH = 9.7 × 108 M−1s−1, kSO4⋅-= 3.2 × 106

M−1s−1) [30,31]. The concentrations of SMX solutions were analysed on
an ultra-high performance liquid chromatography (UHPLC, Shimadzu
Prominence, Japan) using a UV detector set at 270 nm of wavelength. A
C8 column (Restek Rapter, 2.7 μm, 100 × 2.1 mm, France) was used to
differentiate the organics and the column oven temperature was set to
45 ◦C. Methanol and ultrapure water (pH of 3.5 adjusted by acetic acid)
with a volume ratio of 9:1 was used as the mobile phase at a flowrate of
0.3 mL/min. The catalytic degradation kinetics of SMX followed the
pseudo-first-order kinetic model and can be estimated using the
following equation:

ln(
C
C0

) = − kt (2)

where k is the apparent reaction rate constant (min−1), and C0 and C are
the initial SMX concentration (mg/L), and the SMX concentration at

specific time intervals (mg/L), respectively [32].

3. Results and discussion

3.1. Characterisations of ceramic beads and Co-based MSCBs

The crystallographic structures of ceramic beads before and after
cobalt impregnation were analysed by XRD. As shown in Fig. 3 (a), all
diffraction peaks were well matched with the rhombohedral phase of
Al2O3 referenced in JCPD file no. 88-0826 [33]. However, the charac-
teristic peaks of Co3O4 were barely visible in three cobalt-based samples,
which can be attributed to the low concentration and high dispersion of
cobalt oxide [34]. This is supported by the XRD patterns of ceramic
beads MSCB2 with a higher Co3O4 loading (Fig. 3 (b)), high-resolution
XPS spectra of Co in the sample 2Co/MSCB2 (Fig. 3 (f)), the EDS map-
ping images (Fig. 6), alterations in colour of the cobalt oxide concen-
tration from 0.5 wt% to 5 wt% (Fig. 10 (a)), and the ICP results (Fig. 10
(c)). It can be seen from Fig. 3 (b) that the main characteristic peak at
36.9̊, indexed to the (311) plane of Co3O4 (JCPDS # 42-1467), appeared
when the Co3O4 loading increased to above 5 w.t% (5Co/MSCB2)
[35,36]. In fact, a small characteristic peak for (311) plane of Co3O4
could be found when zooming in the x-axis in the coordinate, as shown
in the inset of Fig. 3 (a), further confirmed the existence of Co3O4.

Additionally, chemical compositions of the sample 2Co/MSCB2 were
further investigated by XPS analysis, as shown in Fig. 3 (c-f). Fig. 3 (c)
exhibited elemental compositions of 2Co/MSCB2 in the XPS survey
spectra, which confirmed the presence of elements Al, O, C and Co. The
C 1s spectrum belongs to the adventitious carbon originated from the
carbon grid during the sampling process. In Fig. 3 (d), the main peak at
73.8 eV could be attributed to Al3+, while the extremely weak peak at
75.3 eV resulted from the formation of small amounts of aluminium
suboxide during the cobalt impregnation process [37,38]. The O 1s
spectrum in Fig. 3 (e) could be divided into two components: the signal
at 530.5 eV is characteristic peak of lattice oxygen species in Al-O bond
of Al2O3, and 531.3 eV was related to the Al-O–H, suggesting that hy-
droxyl groups were attached on the surface of Al2O3 [39,40]. The exis-
tence of hydroxyl groups could be either attributed to residue water
precursors during the process, or to the exposure of the catalysts to
humid atmospheres prior to the XPS measurement [41]. As for the Co 2p
spectra (Fig. 3(f)), two peaks at 780.0 eV and 795.0 eV corresponded to
Co 2p3/2 and Co 2p1/2 of Co3+, respectively, while two subpeaks at
781.6 eV and 797.1 eV were associated with Co 2p3/2 and Co 2p1/2 of
Co2+, respectively [42,43]. A spin energy interval of 15 eV refers to the
mixed valence of Co3O4 [44]. Furthermore, two prominent shake-up
satellite peaks (denoted as “Sat.”) for Co2+ could also be observed at
binding energy of 786.4 eV and 804.5 eV [45]. These findings further
testified the successful incorporation of Co3O4, aligning with the XRD
results.

Prior to conducting SEM analysis, ceramic beads were halved using a
knife to expose their cross-sections, and the corresponding SEM images
of both the cross-sectional and surface views can be observed in Fig. 4.
Fig. 4 (a) and Fig. 4 (b) depict the sponge-like structure in both the cross-
section and surface of MSCB0, while Fig. 4 (c) reveals a finger-like
structure of MSCB1 in the cross-section with exposed microchannel
sizes ranging from 150 to 1200 μm in length and 50 to 100 μm in width,
depending on the cutting patterns. It is worth noting that the actual
dimensions of microchannels are relatively uniform, as these structures
developed in all directions inside the beads. Apparently, a dense sponge-
like skin layer with a thickness of 70 μm on the cross-sectional edge of
MSCB1 could be noticed, as corroborated by the surface view of MSCB1
depicted in Fig. 4 (d), which exhibits a similar sponge-like structure to
that of MSCB0. However, it can be seen from Fig. 4 (e-h) that the dense
skin layer disappeared in MSCB2, and some small open channels with
diameters ranging from 1.97 to 15.54 μm (Fig. 4 (f) and Fig. 4 (i)) could
be observed on the surface layer of the beads. This confirmed that the
skin layer has been successfully removed, facilitating the transportation

J. Zheng et al.
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of reactants and products in catalytic reactions.
After incorporating with 2 wt% Co3O4, these samples were further

analysed by SEM analysis and EDS mapping to investigate the formation
and dispersion of cobalt oxide. Fig. 5 confirms that the introduction of
Co3O4 did not change the pristine morphologies of ceramic beads. The
EDS mapping of Al, O and Co elements on both the cross-sectional view
(Fig. 6 (a)) and surface view (Fig. 6 (b)) of MSCB2 demonstrates the high
stability of these MSCBs and the high dispersion of Co3O4. Noting that

the difficulty in identifying Co3O4 within the micro-channels of the
cross-sectional view in Fig. 6 (a) arises from the fact that the depth of
pores falls below the detectable limit of the equipment. Furthermore, the
EDS mapping of MSCB0 (Fig. S5 (a)) and MSCB1 (Fig. S5 (b-c))
demonstrated comparable extensive cobalt dispersion.

The textural characteristics of three types of ceramic beads before
and after cobalt impregnation were depicted by the nitrogen phys-
isorption experiments, as shown in Table S1. It could be found that all

Fig. 3. XRD patterns of (a) three types of ceramic beads (MSCB0, MSCB1, MSCB2) before and after Co3O4 impregnation, and (b) ceramic beads MSCB2 with different
Co3O4 loading. (c) XPS survey spectra and high-resolution XPS spectra of (d) Al (e) O, and (f) Co for the sample 2Co/MSCB2.

J. Zheng et al.



Separation and Purification Technology 354 (2025) 129060

6

samples have small surface area owing to the intrinsic properties of
α-Al2O3 and there were no significant differences among them in terms
of surface area, total pore volume and pore diameters.

The limitations of the BET method in assessing anisotropic pore
structures necessitated the use of mercury intrusion porosimetry (MIP).
As depicted in Fig. 7, the distribution curve for these ceramic beads
reveals different pore structures. MSCB1 has smaller pores with an
average diameter (Dp) of 387.5 nm, while MSCB2 has significantly
larger pores with a broader size distribution (Dp ranging from 5000 to
300,000 nm). The MIP measurement mechanism, which requires a
higher pressure for mercury to infiltrate smaller pores, suggests that

387.5 nm represents the average pore size of the skin layer on MSCB1′s
outer surface (refer to Fig. S6 (c) and the inset (1) in Fig. 7). The peak
area of the distribution curve thus represents the pore volume of both
the sponge-like structure and the radial micro-channels. Upon removal
of the skin layer, mercury can directly access the micro-channels at a
substantially lower pressure. This results in the detection of larger pores
in MSCB2 (the insect (2) in Fig. 7). Increasing the pressure further allows
mercury to infiltrate the remaining sponge-like pores within the beads.
These observations are consistent with the SEM results presented in
Fig. 4. For additional details on MIP measurements for other MSCBs
samples with different specifics, refer to Figure S6. Additionally, the

Fig. 4. SEM images of (a) the cross-sectional view and (b) the surface view of MSCB0, (c) the cross-sectional view and (d) the surface view of MSCB1, (e, g, h) the
cross-sectional view, (f) the surface view, and (i) the size distribution of open channels on the surface of MSCB2, along with their corresponding whole views (inset).

Fig. 5. SEM images of (a) the cross-sectional view and (b) the surface view of 2Co/MSCB0, (c) the cross-sectional view and (d) the surface view of 2Co/MSCB1, (e)
the cross-sectional view and (f) the surface view of 2Co/MSCB2, along with their corresponding whole views (inset).

J. Zheng et al.
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porosity and pore volume data of MSCB1 and MSCB2 exhibit minimal
changes. This can be attributed to the thin skin layer, which constitutes
less than 5 % of the bead radius.

3.2. Catalytic degradation of SMX

In the liquid–solid reaction system, intraparticle diffusion is typically

taking place, especially for catalyst particles with a diameter larger than
0.20–0.25 mm [46]. However, the creation of micro-channels within
catalyst substrates can address this problem by enabling the radial
micro-channels to serve as a “highway”, thereby facilitating the trans-
port of the reactants and products. Herein, the influence of the micro-
structures of catalyst substrates was investigated by the degradation of
SMX under different reaction conditions, such as the reaction tempera-
tures and SMX concentrations, as shown in Fig. 8 and Fig. 9. Before
finalising the PMS dosage for three types of samples, the effect of various
PMS concentrations has been investigated (Fig. S7), with 0.31 mM
exhibiting the most suitable catalytic performance (28.1 %). This is
comparable to the research with a similar PMS dosage [47,48]. Fig. 8 (a)
displays the degradation of 20 mg/L SMX at 20 ◦C using the three
ceramic beads. It is evident that the self-degradation of SMX and its
purification using 2Co/MSCB2 only were negligible (0.1 %), and there
was limited difference among these samples under this reaction condi-
tion, with 2Co/MSCB2 (70.5 %) slightly surpassing others. This is
consistent with the results of the corresponding reaction kinetics (Fig. 8
(b)) and rate constants (Fig. 8 (c)). It is worth noting that at the begin-
ning stage (5 min), the reaction rate constant kapp for 2Co/MSCB0
(0.04572 min−1) is the lowest compared to 2Co/MSCB1 (0.05279
min−1) and 2Co/MSCB2 (0.05285 min−1). This is mainly attributed to
the greater intra-particle diffusion resistance caused by the isotropic
structure of 2Co/MSCB0. As the reaction continued, this disparity
gradually diminished because the concentration gradient of the con-
taminants between external and internal surfaces of the catalyst support
decreased. Additionally, the diffusion coefficient in liquid phase
(10−10–10−9 m2/s) is very slow and is almost always overshadowed by
convection.

Nevertheless, as the SMX concentration increased to 40 mg/L (Fig. 8
(d)), the degradation efficiency saw an enhancement from 49.6 % with
2Co/MSCB0 to 59.1 % with 2Co/MSCB2, indicating that the specific

Fig. 6. EDS mapping results of Al, O and Co elements for the cross-section of (a) 2Co/MSCB1 and (b) 2Co/MSCB2.

Fig. 7. Pore size distribution of micro-structured ceramic beads with dense
sponge-like structures (MSCB1) and exposed open channels (MSCB2) on the
surface layer.

J. Zheng et al.
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Fig. 8. Degradation of different SMX concentrations at 20 ◦C, their reaction kinetics, and the corresponding rate constants: (a, b, c) [SMX]0 = 20 mg/L; (d, e, f)
[SMX]0 = 40 mg/L. Reaction Conditions: [PMS]0 = 0.31 mM, T = 20 ◦C, [catalyst]0 = 0.2 g/L, r = 150 rpm.

Fig. 9. Degradation of different SMX concentrations at 50 ◦C, their reaction kinetics, and the corresponding rate constants: (a, b, c) [SMX]0 = 20 mg/L; (d, e, f)
[SMX]0 = 40 mg/L. Reaction Conditions: [PMS]0 = 0.31 mM, T = 50 ◦C, [catalyst]0 = 0.2 g/L, r = 150 rpm.
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micro-channels within the ceramic beads promotes the transportation of
reactants and products. Moreover, the exposed open channels on the
surface layer of MSCB2 contributed to a reduction in diffusion resistance
compared to the one with a thin dense skin on the surface layer, i.e.,
2Co/MSCB1 (54.9 %). Likewise, Fig. 8 (f) indicates that the rate con-
stants of 2Co/MSCB2 throughout the entire process were higher than
those of 2Co/MSCB0, with the kapp value of 2Co/MSCB2 being 1.32
times that of 2Co/MSCB0. Further increasing the SMX concentration to
50 mg/L displayed a comparable scenario, as shown in Fig. S8 (a-b).

As known, reaction temperature is another key parameter for
affecting the intra-particle diffusion as a higher temperature usually
results in a faster movement of molecules. Apparently, Fig. 9 (a)
revealed that 2Co/MSCB2 (96.0 %) performed the best catalytic per-
formance within 60 min, in comparison to 2Co/MSCB0 (86.4 %) and
2Co/MSCB1 (87.6 %) when the reaction temperature increased from 20
◦C to 50 ◦C for the degradation of SMX under the same reaction condi-
tions. All catalysts showed increased catalytic activity as the activation
energy for diffusion is lower at a higher temperature, according to
Arrhenius equation [49].

D = D0exp(
−EA

RT
) (3)

where D denotes the diffusion coefficient (in m2/s); D0 is the maximal
diffusion coefficient (in m2/s); EA is the activation energy for diffusion

(in J/mol); R ≈ 8.31446 J/(mol⋅K) is the universal gas constant and T is
the thermodynamic temperature (in K). The degradation efficiency of
2Co/MSCB0 and 2Co/MSCB1 is similar, which can be attributed to the
thin skin layer (~70 μm) on the surface of the beads. Under this reaction
condition, the rate constant of 2Co/MSCB2 is 1.62 times and 1.54 times
of those of 2Co/MSCB0 and 2Co/MSCB1, respectively (Fig. 9 (c)).
Similarly, the degradation patterns of 2Co/MSCB2 followed a similar
trend with the elevation of SMX concentrations to 40 mg/L (Fig. 9 (d, e,
f) and 50 mg/L (Fig. S8 (c, d) at 50 ◦C. Overall, the experimental ad-
vantages of this novel micro-structured catalyst substrate were investi-
gated and verified by the PMS-activated AOPs reaction system.

Arrhenius law was applied to investigate the activation energy of
2Co/MSCB2 in the reaction system at three SMX concentrations.

k = Ae−
EA
RT (4)

where A denotes the pre-exponential factors. The reaction activation
energies (EA) were calculated via linear fitting of lnk versus 1/T and
were determined to be 38.52 kJ/mol, 21.09 kJ/mol, and 14.20 kJ/mol
for SMX concentrations of 20mg/L, 40mg/L, and 50mg/L, respectively.
These results demonstrate that the reaction between SMX solutions and
2Co/MSCB2 occurs more easily as SMX concentration rises. Given that
the EA values for SMX were higher than that of diffusion-controlled re-
actions (10–13 kJ/mol) [50], it can be concluded that the degradation
process is dominated by the chemical reaction rate at the solid–liquid

Fig. 10. Degradation profiles of SMX with different (a) Co3O4 loading ([catalyst]0 = 0.2 g/L) and (b) catalyst concentration (catalyst: 2Co/MSCB2). (c) Co3O4
theoretical content and real content obtained by ICP method, and quenching effect on SMX degradation efficiency under different MeOH addition. (d) Effect of
quenching agents on SMX degradation (catalyst: 2Co/MSCB2). Reaction Conditions: [PMS]0 = 0.31 mM, [SMX]0 = 20 mg/L, T = 20 ◦C.
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interface. However, EA for 50 mg/L SMX mineralization was nearly that
of a diffusion-controlled reaction. This implies that increasing the SMX
concentration further would lead to a diffusion-limited reaction, thereby
enabling the structural advantages of this catalyst substrate more
apparent. This will be explored in our future work.

In addition, the effect of Co3O4 loading and catalyst concentrations
on SMX removal in Co/MSCBs|PMS system was further explored. As
shown in Fig. 10 (a), the SMX removal rate rose as the Co3O4 loading
increased from 0.5 wt% to 2 wt%, which could be attributed to the
increased of Co3O4 addition, resulting in more active sites for PMS
activation. This, in turn, generated more accessible ractive radicals
(SO4

•−, •O2
–, and •OH) for the reaction. However, further increasing it to 5

wt% led to a decline in SMX degradation efficiency, which could be
attributed to the agglomoration of cobalt oxide, as supported by the SEM
results in Fig. S4 (h-i) and EDS mapping result of Co in the insert of
Fig. 10 (a). Herein, the brighter colour highlighted in the insert of Fig. 10
(a) mirror the backscattered electron detector-compositional (BED-C)
images depicted in Fig. S4 (h-i), although conducting EDS mapping for
micro-channels in the cross-section at high magnifications proved to be
challenging due to the depth of these finger-like structures. It is worth
noting that the colour of these beads changed from grey to dark as more
cobalt oxide was loaded on them. The real Co3O4 content of all samples
was investigated by ICP and is predented in Fig. 10 (c). The disparity
between the expected weight and the real weight is minimal. Besides,
Fig. 10 (b) shows that the SMX removal increased from 28.7 % to 65.6 %
within 30 min with the catalyst dosage increase from 0.04 g/L to 1 g/L,
thanks to more active sites. The leaching of cobalt ions in this reaction
system was acceptable, as all catalytic systems showed cobalt leaching
levels below 0.40 ppm, which aligns with the published work [51].

3.3. Possible catalytic reaction pathways and mechanism

In order to determine the main reactive species and their contribu-
tions to the 2Co/MSCB2|PMS system for SMX degradation, radical
quenching experiments were carried out. Herin, certain amounts of
NaN3, p-benzoquinone (p-BQ), methanol (MeOH) and tert-butanol (tBA)
were introduced into the 2Co/MSCB2|PMS system for the degradation
of SMX, as shown in Fig. 10 (d). As known, NaN3, p-BQ, and tBA could be

acted as the scavenger for 1O2,
•O2

–, and •OH, respectively, while MeOH is
commonly used as a quencher of SO4

•− and •OH [52,53]. When NaN3 was
introduced in the system, the SMX removal efficiency was significantly
suppressed from 70.5 % to 5.1 %. Recent research by Wang‘s group
revealed that NaN3 could directly interact with PMS and affect the
removal efficiency of target contaminants [54]. It is also reported that
another popular 1O2 quencher, furfuryl (FFA), could react with 1O2 and
•OH, and might also consume SO4

−• during quenching tests [34]. There-
fore, the depressed SMX degradation efficiency shown in Fig. 10 (d) may
not directly indicate that 1O2 plays a dominant role in the reaction
system. Subsequent research will further examine the contribution of
1O2 in the 2Co/MSCB2|PMS system. In contrast, the introduction of p-
BQ and tBA caused a suppression of 26.9 % and 4.4 % for the degra-
dation of SMX, demonstrating the partial contribution of •O2

– and the
negligible effect of •OH, respectively. However, when MeOH was added,
the degradation efficiency declined to 32.1 %, leading to a 38.4 %
suppression of SO4

•− and •OH, ultimately resulting in a 34.0 % reduction
in SO4

−• alone. Furthermore, as the methanol concentration rose from
100 mM to 500 mM, the inhibitory effect gradually intensified (Fig. 10
(c)). Continuing to increase it to 1 M, 2 M and 3 M led to limited
alteration, with 27.3 % degradation still occurring during the reaction.
This indicated that the 2Co/MSCB2|PMS reaction system may follow
radical and non-radical pathways.

In summary, due to the co-existence of radical pathway (SO4
−•, •O2

–,
and •OH) and non-radical pathway (1O2) in the 2Co/MSCB2|PMS sys-
tem, a possible catalytic mechanism for the efficient degradation of SMX
in the 2Co/MSCB2|PMS system was proposed in Fig. 11. On the one
hand, Co2+ on the surface of 2Co/MSCB2 could successfully be activated
to generate SO4

•−, accompanying the formation of Co3+ (Eq. (4)).
Simultaneously, the generated Co3+ can convert to Co2+ by reacting
with HSO5

•−, resulting in the redox cycle of Co2+/Co3+ and the formation
of SO5

•− (Eq. (5)). As reaction proceeded, the generated SO4
•− was

partially transferred to •OH (Eq. (6)), but it played a negligible role (4.4
%) in this reaction system. At the same time, the produced SO5

•− could be
transformed to SO4

•− (Eq. (7)). Moreover, some PMS reacted with •OH to
form HO2

• , and HO2
• further self-decomposed to •O2

– (Eqs. (8)–(9)). In the
non-radical pathway, 1O2 can be produced by the consumption of •O2

–

and •OH (Eq. (10)). As per the synergistic interaction between radicals

Fig. 11. A proposed mechanism for catalytic oxidation of SMX by 2Co/MSCB2|PMS system.
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and non-radicals, the rapid regeneration of Co (II) was achieved, greatly
enhanced the catalytic performance for PMS activation and SMX
decomposition (Eq. (11)).

Co (II) + HSO5
•− → Co (III) + SO4

•− + OH−(5)

Co (III) + HSO5
•− → Co (II) + SO5

•− + H+(6)

SO4
•− + OH− → •OH + SO4

2−(7)

SO5
•− + 2H2O → SO4

•− +
•OH(8)

HSO5
•− +

•OH → HO2
• (9)

HO2
• → H+ +

•O2
–(10)

•O2
– +

•OH → 1O2 + OH–(11)

1O2/SO4
•−/•O2

–/•OH /PMS + SMX → intermediates + CO2 + H2O(12)

3.4. Reusability and stability of 2Co/MSCB2

Reusability is crucial for commercial and practical applications of
catalysts. Fig. 12 shows the cyclic experimental results of the 2Co/
MSCB2 for the SMX degradation with different regeneration methods
under the same reaction conditions. As shown in Fig. 12 (a), when the
catalysts were separated from the liquid phase and washed with DI

water only, the SMX degradation decreased from 70.5 % to 63.5 %, 53.3
%, 46.7 % and 40.5 % within 120 min in the 2nd, 3rd, 4th, 5th run,
respectively. This might be attributed to the adsorption of organic pol-
lutants on the surface of catalysts, which reduced the amounts of
exposed active sites, preventing the degradation of target organic pol-
lutants, as evidenced by the SEM images (Fig. 13 (g)). Most importantly,
the SMX removal efficiency recovered instantly after regenerating the
catalysts by post-sintering at 450 ◦C for 1 h (6th cycle). More than that,
94.7 % of SMX was removed within 120 min in this cycle, surpassing the
fresh one (70.5 %) by a considerable margin. The regenerated catalysts
were capable to achieve a similar removal efficiency (69.8 %) with a
reaction time of 45 min. However, the SMX removal efficiency fell back
to its original level (59 %) when the catalysts were continuously used for
the subsequent cycle (7th). Likewise, this phenomenon recurred during
the second (12th, 98.7 % SMX removal in 120 min, 68.5 % SMX removal
in 30 min) and third regenerations (16th, 100 % SMX removal in 120
min, 70.9 % SMX removal in 20 min), underscoring its scientific rather
than sporadic nature. To the best of our knowledge, this is the first time
that used AOPs catalysts could demonstrate a much higher catalytic
performance than the fresh one. Zhu et al. reported a novel MOF-derived
CuO-Fe3O4@C catalyst for bisphenol A mineralization, and the reus-
ability results exhibited a similar trend to this work before and after
regeneration [55]. Initially, the BPA removal efficiency was 100 %, but
it dropped to 41.5 % after three consecutive cycles. When the catalyst
was regenerated by washing and post-sintering, its performance imme-
diately returned to 94.3 % for the third cycle. This aligns with most

Fig. 12. Recycling and reuse of the 2Co/MSCB2 for (a) 18 successive cycles with cleaning by DI water only or regenerating by sintering at 450 ◦C for 1 h, (b) 6
successive cycles with regenerating by post-sintering at 450 ◦C for 1 h, and (c) two cycles with cleaning by different approaches. Reaction Conditions: [PMS]0 = 0.31
mM, [catalyst]0 = 0.2 g/L, [SMX]0 = 20 mg/L, T = 20 ◦C.
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previous research, where the reactivity and stability of catalysts tech-
nically exhibited a downward trend in the mineralization of antibiotic
pollutants, although some studies demonstrated that catalysts retained
high efficiencies comparable to the initial test over a few cycles [1,3,56].
These findings are still insufficient to verify their high cycling potential
because of the continuous depletion of exposed active sites and the
intrinsic properties of the catalyst powders. However, in this work, the
unique catalyst substrate could facilitate the sustained exposure of
accessible cobalt sites and reduce the intraparticle diffusion resistance
over the long term. The major reason responsible for this was likely
related to the larger and increased number of exposed open channels on
the surface of the beads after post-sintering, as shown in Fig. 13 (e). The
interesting findings provide a new insight into the preparation of cata-
lysts and/or catalyst substrates in the academic and industrial
applications.

In order to verify the impact of this regeneration method, another set
of catalysts was employed for the cyclic experiments. The used catalysts
were subjected to post-sintering at 450 ◦C for 1 h after each reaction, as
illustrated in Fig. 12 (b). Obviously, the SMX degradation efficiency

enhanced gradually as the increase number of cycles, with SMX removal
of 70.4 %, 95.8 %, 96.4 %, 96.1 %, 99.0 %, and 99.3 % for the 1st, 2nd,
3rd, 4th, 5th, and 6th cycle. This implies that post-sintering is a practical
and efficient strategy for regenerating the used catalysts, thereby sus-
taining a notably improved degradation efficiency during continuous
utilisations. Finally, Fig. 12 (c) demonstrated that apart from regener-
ating catalysts through post-sintering, there was minimal distinction
among alternative approaches (i.e., cleaning with DI water three times,
rinsing with DI water three times and ethanol three times, washing with
DI water three times followed by washing with ethanol under vacuum in
the round-bottom flask three times).

Fig. 13 depicts the XRD patterns and SEM images of fresh and used
2Co/MSCB2 samples. As shown in Fig. 13 (h), no obvious changes of
XRD diffraction patterns could be observed among samples before and
after use for once, 18 times, and 18 times after being regenerated by
post-sintering. This revealed that the catalyst and catalyst substrate had
excellent stability, which is accord with the cyclic experimental results
in Fig. 12 (a). Additionally, with regard to the SEMmorphologies among
three samples after used, it is clear that although the cross-sectional view

Fig. 13. SEM images of cross-sectional view of 2Co/MSCB2 after recycled for (a) twice, (b) 18th, and (c) post sintering treatment after 18th cycles; SEM images of
surface views of 2Co/MSCB2 after recycled for (g) twice, (f) 18th, and (d, e) post sintering treatment after 18th cycles; (h) XRD patterns of 2Co/MSCB2 before and
after used.
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of these beads (Fig. 13 (a-c)) did not undergo significant alterations, the
sizes and number of open channels on the surface layer of beads (Fig. 13
(e-g) boosted as the cyclic experiments increased. The increased open-
ness of the surface could potentially be attributed to the removal of
loosely packed alumina powders during thermal cycles. These powders
were formed on the bead surface during the grinding processes and
partially blocked some surface pores. Moreover, the post-sintering pro-
cess facilitated the clearage of adsorbed reactants and products, which
are difficult to be cleaned by DI water and/or methanol. This is in
keeping with the previous findings in Fig. 12 (c). As indicated in Fig. 13
(g), most of the exposed open channels on the surface layer of used 2Co/
MSCB2 have been adsorbed and blocked by the reactants and products,
with only a small number of pores (approximately 9 μm in diameter)
could be detected. However, when the catalyst was used for 18 times,
more detectable pores with smaller sizes (~6.5 μm) could be identified
in Fig. 13 (f). This might be related to the exposure of inner layer of the
bead surface after the active sites on the outer layer have been consumed
during the reaction. Technically, when the phase inversion happens, the
micro-channels commence near the surface region of the ceramic beads
and progressively expand as they propagate, resulting in relative wider
channels inside than that of the surface region [57]. Therefore, we can
reasonably anticipate that with an increased number of cyclic experi-
ments in this reaction system, there will be a further enhancement in
catalytic performance owing to the more and larger exposed open
channels. This aligns well with the efficacy of the MSCBs in reducing
diffusional transfer resistance inside porous catalyst pellets. Further-
more, in contrast to the used 2Co/MSCB2 (18th run) with partial
blockage of the open channels, further post-sintering treatment
contributed to the complete clearance of adsorbed organic pollutants
and products. This explains the larger pores, i.e., approximately 18 μm,
in Fig. 13 (e) and Fig. 13 (d) and boosted catalytic performance in Fig. 12
(a). These findings represent a considerable breakthrough in the way of
design catalyst substrates in catalytic reactions.

In contrast to conventional strategies, which focus on increasing the
effective surface area of the nano catalysts or enhancing PMS activation
through surface engineering of heterogeneous catalysts to expose more
active sites and accessible surfaces, this work provided a new insight
into improving the reactivity and stability of catalysts in PMS-activated
cobalt-based AOPs systems. The large size of the 2Co/MSCB2 (3 mm in
diameter), featuring distinctive radical micro-channels, can effectively
address the long-standing challenge of balancing pressure drop and
intra-particle diffusion in packed-bed reactors while also facilitating
easy separation and recycling from the bulk fluid. Consequently, this
study highlights significant advancements in catalyst technology
research and demonstrates considerable potential for both academic and
industrial applications.

4. Conclusion

In summary, novel micro-structured ceramic beads were successfully
prepared for the first time by a simple phase-inversion and sintering-
assisted method. Three different configurations of ceramic beads were
analysed through various physiochemical techniques and employed for
the catalytic oxidation of SMX in the PMS activated AOPs system. As
expected, 2Co/MSCB2 exhibited the best degradation efficiency towards
PMS activation as compared to 2Co/MSCB0 and 2Co/MSCB1, particu-
larly when operating at higher SMX concentrations and higher reaction
temperatures. The improved SMX removal efficiency could be attributed
to the reduced diffusion resistance and abundant available active sites
on the micro-channels inside the beads. Reaction parameters including
catalyst dosage, SMX concentration, reaction temperatures validate the
advantage of this specific catalyst substrate configuration. More
importantly, 2Co/MSCB2 after used and regenerated exhibited a
significantly higher catalytic performance (16th run, 70.83 % in 20 min)
than the fresh one (70.47 % removal in 120 min), and this recurred
when regenerating the catalysts by post-sintering at 450 ◦C for 1 h. This

could be ascribed to the more and larger exposed open channels on the
surface layer of micro-structured ceramic beads, which further reduced
the intraparticle diffusion resistance in the AOPs reactions. Further-
more, the radical quenching experiment was conducted, and the cata-
lytic mechanism of the radical and non-radical pathways associated with
SMX degradation were explored.
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