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Cobalt-doped MIL-88A anchored on a cellulose
filter paper: a recyclable flow-through catalyst for
peroxymonosulfate activation during the
degradation of organic dyest

Yaru Li,}? Jing-jing Shao,}? Thomas L. Eberhardt® and Hui Pan @ *?

To demonstrate the effective use of a heterogeneous catalyst for the treatment of wastewater in a flowing
state, we synthesized a metal-organic framework, MIL-88A, in situ on a filter paper. A cobalt doping
modification yielded a composite catalyst, Co-doped MIL-88A, on a filter paper (Co-M88A-FP), which was
then used to activate peroxymonosulfate (PMS). Characterizations of Co-M88A-FP catalyst revealed that
the morphology and structure of MIL-88A did not change when synthesized on the filter paper; however,
the surface of MIL-88A became rough and amorphous after Co doping. The Co-M88A-FP/PMS catalytic
system exhibited highly efficient degradation of rhodamine B (a test pollutant dye) and appeared to be
adaptable to continuous flow conditions. XPS, EPR and radical scavenging test results indicated that singlet
oxygen was the reactive species that mainly contributed to the degradation of the test pollutant dye.
Therefore, it was revealed that electron-rich substances with low steric hindrance would be degraded

rsc.li/catalysis

1. Introduction

In recent years, there has been an increasing concern regarding
the removal/treatment of dyes in wastewater."> Dyes have the
potential to cause severe water contamination, resulting in
various health issues owing to their toxic, carcinogenic, allergic,
and mutagenic effects.>* Hence, it is imperative to find effective
treatment technologies to manage the environmental release of
dyes from wastewaters. Rhodamine B (RhB), a common
synthetic xanthene dye, is widely used as a colorant and tracer
fluorescent agent and gets released in large quantities into the
environment.” Traditional wastewater treatment technologies,
such as activated sludge processes, have proven to be ineffective
in digesting synthetic dyes as such because of their high
chemical stability.® Accordingly, there remains a need to
develop more effective dye removal methods from wastewaters.
Among the various treatment approaches, sulfate-radical-
based advanced oxidation processes (SR-AOPs) have gained
significant attention owing to their high oxidation potential
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more quickly by the Co-M88A-FP/PMS system.

and adaptability across a wide pH range. SR-AOPs using
various reactive oxygen species (ROS), including sulfate
radicals (SO,"), hydroxyl radicals ('OH), superoxide anions
(0,7), and singlet oxygen ('0,), are recognized as attractive
methods for wastewater treatment to degrade various
pollutants.” Unlike the conventional Fenton reaction, in
which H,0, is commonly used as the oxidant, SR-AOPs use
peroxymonosulfate (PMS) as the oxidant. The wide working
pH range and easy transportation of PMS broaden its
universal application.®® Based on previous studies, transition
metals (Co®", Fe**, and Mn”*) have been shown to be
promising candidates for effective PMS activation;'*"?
however, the use of these metal ions with heterogeneous
catalytic systems is hampered by their high solubility, poor
stability, and high toxicity, causing secondary contamination.
Therefore, it is essential to explore heterogeneous catalysts
with low metal ion leaching, high stability, and high activity.
Metal-organic frameworks (MOFs) are three-dimensional
frameworks formed by metal centers and organic ligands;
they have ultra-high surface areas and rich active sites and are
structurally customizable. As a class of porous materials, they
display superior potential for applications in drug delivery,
gas and liquid separation, sensing, absorption, and catalysis.
In particular, MOFs have been used to develop SR-AOPs for
wastewater treatment.'*'* MIL-88A (Fe) is one of the classic
MOFs that is prepared from fumarate and Fe** ions, making
it less toxic, cost-effective, and easy to synthesize."> Recently,

This journal is © The Royal Society of Chemistry 2025
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MIL-88A has been studied for the development of SR-AOPs for
activating PMS. Zhang et al. used MIL-88A as a SR-AOP
catalyst for tetracycline hydrochloride degradation, which,
when combined with photocatalysis, provided a system to
efficiently degrade this antibiotic.'®

Alternatively, considering the synergistic contribution of
different metals to PMS activation, bimetallic-MOF-based
catalysts are gaining wide attention."”">° Cobalt is recognized
as a very effective and ubiquitous metal for PMS activation,
which can substantially enhance the catalytic activity.>">
Moreover, the leaching of Co ions can be significantly
reduced owing to their coordination interactions with other
metals. Luong et al. synthesized a CuCo-zeolitic imidazolate
framework catalyst as a novel Fenton-like catalyst for the
degradation of methyl orange and methylene blue.*
However, the direct use of MOFs still faces some limitations.
Specifically, catalyst powders are difficult to separate and
recover during batchwise wastewater treatment processes,
and they, in themselves, are not amenable to wastewater
treatment systems that rely on continuous flow conditions.
Monometallic active center stability and flexible framework
dynamic  adaptability  significantly  outperform  the
uncontrollable synergistic effects of the bimetallic system
and the mass transfer limitations of the powdered MOF.

To overcome these problems, anchoring the MOF on a
proper carrier is a feasible approach. Renewable cellulose
fibers from biomass can serve as a low-cost, high-surface-area
substrate and, in the form of filter paper (FP), provide a
potential carrier for loading powder catalysts, affording
advantages of low cost, a high number of active sites, and
environmental friendliness. These unique advantages are
attributed to the following two points: (i) a high porosity that
makes circulation possible and (ii) environmentally friendly
recyclability compared to that of synthetic carriers. In a study
by Yang et al., FP was used to load chitosan-templated MnO,
nanoparticles, and the resultant catalyst system was used to
remove methylene blue via Fenton-like degradation.>* In this
study, MIL-88A (M88A) was immobilized on FP by
synthesizing it in situ and then doping it with cobalt to
obtain a Co-doped MIL-88A on FP (Co-M88A-FP) catalyst. The
effects of in situ synthesis on FP and subsequent Co doping
on the physical/chemical properties of the MIL-88A were
examined using scanning electron microscopy and various
spectroscopies. In batchwise and continuous flow
experiments, the Co-M88A-FP/PMS system demonstrated
excellent RhB removal capability, for which the influencing
factors and possible mechanisms were investigated.

2. Materials and methods
2.1 Materials

Double-ring qualitative (medium-rate) FP was purchased
from Stofan Biotechnology Ltd. (Hangzhou, China) and was
cut to size (3 cm in diameter) before being used to prepare
the MIL-88A on FP (MS88A-FP) catalyst component and Co-
MS8SA-FP catalyst. Intact pieces of the same FP (11 cm in
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diameter) were used to collect M88A and Co-M88A powders
by gravity filtration. Rhodamine B (RhB), Congo red (CR),
PMS (Oxone (2KHSO5-KHSO,4-K,S0,), 98%), 1,4-benzoquinone
(p-BQ; 99%), tert-butanol (TBA; 99%), 1-histidine (98%), and
fumaric acid (99%) were purchased from Macklin
Biochemical Company (Shanghai, China). Cobalt nitrate
hexahydrate (Co(NO;),-6H,0O, 98.5%), ferric chloride
hexahydrate (FeCl;-6H,0, 99%), sodium hydroxide (NaOH,
96%), urea (99%), and methanol (99.5%) were purchased
from Sinopharm Reagent Co., Ltd. (Shanghai, China). Methyl
orange (MO) and methylene blue trihydrate (MB) were
purchased from Alfa Aesar (Shanghai, China). All reagents
were used without further purification.

2.2 Preparation of Co-M88A-FP catalyst

The preparation of MIL-88A on filter paper (M88A-FP) was
adapted from a method reported by Wang et al.> First, 10
mmol fumaric acid and 10 mmol FeCl;-6H,O were each
dissolved in 25 mL of deionized water. A piece of cellulose FP
(3 cm diameter) was immersed in the FeClz-6H,0 solution for
12 h at room temperature. Subsequently, the fumaric acid
solution was added to the FeCl;-6H,0 solution with FP, gently
mixed, and transferred to a 100 mL Teflon-lined autoclave.
The sealed autoclave was heated at 80 °C for 2 h and cooled,
and the resulting M88A-FP was rinsed with deionized water,
freeze-dried, and stored in a sealed plastic bag.

Using MBS88A-FP as the precursor, Co-M88A-FP was
synthesized following a method reported by Li et al>*® A 50
mL solution of Co(NO3),:6H,0 (11.2 mM) and urea (27.8 mM)
was added to each sample of M88A-FP placed in a 100 mL
glass beaker. After covering with a watch glass and then
heating in a water bath at 90 °C for 1 h, the Co-M88A-FP
samples were rinsed with deionized water, freeze-dried and
stored in plastic bags. The procedures used to synthesize
M88A and Co-M88A powders were similar to those used for
the synthesis of MB88A-FP and Co-M88A-FP, respectively,
except for the absence of FP. After the synthesis reactions,
M88A and Co-M88A were collected by gravity filtration and
washed with an excess of deionized water. Both products, still
on FP, were freeze-dried to obtain dry powders; these were
stored in plastic bags until needed.

2.3 Catalyst characterization methods

The morphology of the immobilized and free powder
catalysts was characterized by SEM (GIMINER 300, ZEISS,
Germany). The key elements (C, O, Co, and Fe) and their
distributions in the Co-M88A-FP catalyst were characterized
by energy-dispersive X-ray spectroscopy (EDS). The
crystalline structures of the catalysts were investigated using
XRD (DMAX III VC, Rigaku, Japan) with Cu-Ko radiation (4
= 1.54 A) at 40 kv and 30 mA. Patterns were collected from
10° to 60° with a 5° min™" step. The surface chemical state
of each catalyst was analyzed using XPS (AXIS ULTRA DLD,
Kratos, Japan). The characterization was performed at a
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pressure of approximately 8 x 10™°
as the excitation source.

Pa using an Al Ko X-ray

2.4 Chemical analysis methods

The concentrations of RhB were determined via UV-vis
spectrophotometry  (UV-2450, SHIMADZU, Japan). To
elucidate the differences in catalytic performance, the
pseudo-first-order kinetic pattern was selected to describe the
catalytic degradation rate of RhB under different conditions,
which is given using the following equation:

In C/Cy = —kopst &Y

where ¢ is the treatment time (min); C and C, are the
concentrations (mg L) of RhB at ¢ = ¢ and 0, respectively;
and keps is the pseudo-first-order rate constant (min™)
determined for RhB degradation.

Electron paramagnetic resonance (EPR; EMX-PLUS,
Bruker, USA) was used to identify the active species in the
reaction system with the Co-M88A-FP catalyst. 5,5-Dimethyl-
1-pyrroline N-oxide (DMPO) and 2,2,6,6-tetramethylpiperidine
(TEMP) were used as the spin-trapping agents. Co-M88A-FP
and PMS were pre-mixed in an aqueous solution for 10 min
before the spectra were collected.

The leaching of Co and Fe in the reaction mixture after
the degradation reaction of RhB was determined by
inductively coupled plasma mass spectrometry (ICP-MS; iCAP
RQ, Thermo Scientific, USA).

The charges of the RhB solution before and after the
reaction and those of the RhB + catalyst solution at different
pH values were characterized using a nanoparticle size and
zeta potential analyzer (BeNano 180 Zate, China).

2.5 Batchwise dye degradation experiments

In the batch experiments, the degradation reactions of RhB
were performed in a 250 mL flat-bottom glass beaker.
Typically, 200 mL of a 20 mg L™" RhB solution was adjusted
to the desired initial pH with 0.1 M sulfuric acid and 0.1 M
sodium hydroxide using a mechanical stirrer at a pre-set
temperature (25 °C, 35 °C, or 45 °C). Then, given amounts of
the catalyst (50, 75, 100, 125, or 150 mg L") and PMS (40, 60,
80, 100, or 120 mg L™") were added to the RhB solution to
start the degradation reaction. A 3 mL aliquot of the dye-
containing solution was withdrawn at each selected sampling
time (2, 5, 7, 10, 12, 15, 17, and 20 min), filtered through a
0.22 um PTFE filter, and analyzed using the UV-vis
spectrophotometer. Experimental conditions held constant
are shown in parentheses for determinations of the effects of
the Co-M88A-FP dosage (25 °C, 100 mg L™" PMS, pH = 5),
PMS concentration (25 °C, 100 mg L™" Co-M88A-FP, pH = 5),
temperature (100 mg L' Co-M88A-FP, 100 mg L™* PMS, pH =
5) and initial pH of the reaction medium (25 °C, 100 mg L™*
Co-M88A-FP, 100 mg L™ PMS) on RhB degradation. The
catalytic dose is the total mass of the filter paper and MOF
material loaded on it. Additional dyes (CR, MB, and MO)
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were subjected to batchwise degradation reactions using the
same procedure. The maximum absorption wavelengths of
RhB, CR, MB, and MO were 554, 496, 665, and 465 nm,
respectively.>”°

The stability and reusability of Co-M88A-FP catalyst were
evaluated using four consecutive cycles. The used catalyst
was collected after each cycle, washed three times with
deionized water, dried at 40 °C for 24 h, and used for the
next run. The ROS formed in the Co-M88A-FP/PMS system
were determined by using MeOH (100 mM), TBA (100 mM),
p-BQ (20 mM), and r-histidine (5 mM) as radical scavengers.
All batchwise tests were performed in triplicate.

2.6 Dye degradation experiments under continuous flow

Fig. 1 provides a diagram of the experimental equipment in a
flow-type setup. For testing the degradation reaction under a
continuous flow, a piece of Co-M88A-FP was placed at the
bottom of a sintered glass funnel. Using a peristaltic pump,
the RhB solution (20 mg L") and PMS solution (100 mg L)
were introduced at flow rates of 6 or 12 mL h™". Filtrates were
collected every hour using a fraction collector over a 72 h
period. A 3 mL aliquot of each sample was filtered through a
0.22 ym PTFE filter before analysis by UV spectrometry to
determine the RhB concentration. The liquid flux was
calculated using the following equation:

%4

Flux(Lm™2h™") = ST

(2)

where V represents the volume (L) of the treated liquid, S is
the effective area (m?) of the catalyst and T is the time (h).

3. Results and discussion
3.1 Characterization of the catalyst components and catalysts

The XRD patterns of catalyst components and catalysts are
shown in Fig. 2. The XRD peaks of M88A were located at
26 = 8.0° 10.5° and 13.3°, which are in agreement with
previous reports, confirming that M88A was successfully
synthesized.”® We attribute the lower intensity of the XRD

PMS
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Fig. 1 Schematic of the preparation of Co-M88A-FP catalyst and its
application in the continuous treatment of wastewater with a flow-
type setup.
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Fig. 2 XRD patterns of the catalyst components (M88A, FP, and
MB88A-FP) and catalysts (Co-M88A and Co-M88A-FP).

peaks of Co-M88A to the reaction of Co** on the MOF
surface during the Co doping process, which may have
generated protons that eroded MS88A, giving rise to a
more porous and amorphous  structure.”®  The
characteristic peaks at 20 = 14.7°, 16.5°, 22.7°, and 34.2°
corresponded to the (-1 1 0), (1 1 0), (2 0 0), and (0 0 4)
lattice planes of cellulose I, respectively.*> When the FP
was loaded with M88A or Co-M88A, the cellulose peak
was still clearly present in the XRD patterns, but the
characteristic peaks of M88A and Co-M88A were not easily
observed owing to the predominance of the cellulose
peaks.*

el CKal2

Sam Sum

¥k X : N
O Kal ‘ e3 ‘ Co Kol ‘ e4 ‘ Fe Kal
am om0

View Article Online

Paper

The morphologies of the catalyst components and
catalysts were characterized by SEM, and the images are
shown in Fig. 3. The morphology of the pure M88A was
typical, that is, hexagonal microrods with an average length
of 2.5 um (Fig. 3a).>® However, the addition of cobalt resulted
in the crystal surface becoming rough and amorphous, which
is consistent with the XRD results (Fig. 3b). Fig. 3c clearly
shows that the hexahedral structure of MB88A remained
unchanged after M88A was loaded on the FP and dispersed
on cellulose fibers (Fig. 3c). This result demonstrates that the
crystal growth of M88A is not affected by the presence of FP
during the in situ synthesis. As shown in Fig. 3(d), the Co-
MB8B8A-FP catalyst had a more amorphous appearance than
MB8B8A-FP, likely due to the Co loading on the surface of M88A
in the form of small particles and interactions with the
fibers. The catalyst Co-M88A-FP was subjected to EDS
analysis to further explore its elemental distribution. Results
confirm that the Co-M88A-FP catalyst shows the presence of
Co, Fe, C, and O and that these elements are uniformly
distributed on the catalyst surface (Fig. 3e1-e4).

The XPS survey scans showed the presence of the expected
elements (C, O, and Fe) on M8SA and MS8SA-FP catalyst
components (Fig. 4a); the characteristic peak for Co was
apparent in the XPS spectrum of Co-M88A-FP -catalyst,
demonstrating the successful doping of Co on MS88A-FP.
Fig. 4b displays the Fe 2p spectra of the catalyst components
(M88A and MS88A-FP) and Co-M88A-FP catalyst. The XPS
spectra of Fe 2p for M88A and M88A-FP could be divided into
Fe 2psj, (711.53/711.93 eV) and Fe 2pq;, (725.33/725.53 eV),
with satellite signals at 717.17 and 717.83 eV. The peak

Fig. 3 SEM images of (a) M88A, (b) Co-M88A, (c) M88A-FP, and (d) Co-M88A-FP. Elemental mapping images of (e1) C, (e2) O, (e3) Co and (e4) Fe

in Co-M88A-FP.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 XPS spectra of M88A, M88A-FP and Co-M88A-FP: (a) survey and (b) Fe 2p spectra.

distance between Fe 2p;, and Fe 2p,, was about 13.6 eV,
which is close to that reported for Fe,03,** thereby showing
that Fe®" is present in M88A and M8SA-FP. After doping with
Co, the Fe 2p spectrum showed extra peaks representing Fe>"
at 712.9 eV and 717.6 eV; however, the peak at 717.6 also
corresponded to the Auger electron peak of Co.** This
phenomenon is consistent with the XRD and SEM results, all
of which are strong evidence of the successful cobalt loading.

3.2 Performance of Co-M88A-FP catalyst in batchwise
experiments

The catalytic activity of Co-M88A-FP was assessed by
calculating the degradation efficiency of RhB (Fig. 5). In the
absence of PMS, very little RhB was removed by the Co-M88A-
FP catalyst. Similarly, using FP and M88A-FP, very little RhB
was removed, thereby indicating that the effect of RhB
adsorption in subsequent experiments would be negligible.
Another control analysis was performed using PMS without
the Co-M88A-FP catalyst, which showed that the degradation
of RhB reached only 5.06% after 20 min, thereby
demonstrating that the oxidizing power of PMS alone is
extremely limited. Furthermore, when M88A-FP was added to
the RhB solution with PMS, only a limited degradation of

1.0F
08}
—o—MB88A-FP
Co-M88A-FP
®) 0.6 ——PMS
D —<— MS8A-FP+PMS
04F —— Co-M88A-FP+PMS
02}
0.0 >
1 2 1 2 L " 1 " 1 " 1
0 4 8 12 16 20
Time (min)

Fig. 5 Concentrations of RhB as a function of time in different
systems (reaction conditions: 25 °C; 100 mg L™ PMS; 100 mg L™ Co-
MB88A-FP catalyst; 20 mg L™* RhB; and pHq = 5).
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RhB (ca. 9.06%) was observed. Notably, the use of Co-M88A-
FP catalyst in the reaction system resulted in a dramatic
increase in the degradation efficiency, in which the full
degradation of RhB could be achieved within 20 min. This
result clearly demonstrates that cobalt doping significantly
enhances the catalytic activation of PMS.

Intuitively, the catalyst dosage should be limited within a
reasonable range and preferably optimized to achieve a
satisfactory catalytic effect using the least amount, thereby
reducing costs and the possibility of secondary pollution
caused by any metal-ion leaching from the catalyst. As
shown in Fig. 6a, when the Co-M88A-FP catalyst dosage was
50 mg L', 90.94% of RhB could be degraded within 20
min. The degradation rate of RhB reached 100% when the
catalyst dosage was 100 mg L™ or higher. The degradation
of RhB and ks gradually increased with an increase in the
catalyst dosage, which is attributable to the presence of
more active sites. In addition, the k,,s was positively related
to the catalyst dosage in the range of 50-150 mg L™
(Fig. 6a1). Based on the above results, a 100 mg L™ Co-
MB8B8A-FP dosage was selected for the subsequent batchwise
experiments to assess the impacts of PMS concentration,
temperature, and pH.

The effect of the PMS concentration on RhB degradation
is shown in Fig. 6b and b1, where the RhB degradation rate
increased from 73.63% to 100% and the ks increased from
0.068 min™ to 0.164 min™' as the PMS concentration
increased from 40 mg L™ to 100 mg L. However, the
k-value remained almost constant when the PMS
concentration was further increased to 120 mg L™, indicating
that PMS may have saturated the available active sites on the
Co-M88A-FP catalyst.

Temperature is known to be a critical factor for SR-AOPs.*®
Fig. 6¢c demonstrates the removal of RhB at three different
temperatures. Coinciding with the increase in temperature
was a significant increase in the RhB degradation rate. In
addition, the k.ps increased from 0.164 min ' at 25 °C to
0.286 min " at 35 °C and then to 0.432 min' at 45 °C. The
correlation between the temperature and rate constant was
further fitted with the Arrhenius equation (eqn (2)); the
apparent activation energy was determined to be 38.13 kJ
mol™ (Fig. S11). The catalytic activity of Co-M88A-FP catalyst
for our target pollutant (RhB) was higher compared to other

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Effects of (a) Co-M88A-FP catalyst dosage, (b) PMS concentration, (c) temperature, and (d) initial pH on RhB degradation (al, b1, c1, and d1
are the kops values of the corresponding degradation reactions; reaction conditions: 25 °C; 100 mg L™t PMS; 100 mg L™ Co-M88A-FP catalyst; 20

mg L™ RhB; and pH, = 5).

similar catalytic systems with higher apparent activation

energies for other water pollutants.®”=®

E
Inkops = —é +A (3)

E., R, T, kobs, t, and A represent the activation energy of the
reaction, the gas constant, the temperature of the reaction
system, the reaction rate constant, the reaction time and the
temperature-independent constant, respectively.

The initial pH of a system is known to exert a profound
effect on the removal of organic pollutants, including RhB.*’
Fig. 6d shows that the efficiency of RhB degradation under
acidic conditions (pH = 3 or 5) was lower than that at neutral
pH. This was caused by the hydrogen bonds formed between

This journal is © The Royal Society of Chemistry 2025

the H" and O-O of HSO;s under acidic conditions, which
hampered HSO; interactions with the positive charge carried
by the oxide surface.’® In addition, H" could stabilize HSO;5"
and scavenge SO, and 'OH, thus reducing the degradation
activity."" The degradation rate of RhB improved significantly
when the solution pH was increased from 7 to 11, which is
attributed to weaker hydrogen bonding between PMS and the
Co-M88A-FP catalyst as well as the increased production of
SO, and ‘OH. Although the RhB degradation rate varies with
the pH, the results show that the Co-M88A-FP/PMS system is
robust, maintaining good activity in the pH range from 3 to
11. Thus, wastewaters over a wide pH range can be effectively
treated using the Co-M88A-FP/PMS system, with cost savings
compared to other catalysts necessitating chemical additions

Catal. Sci. Technol,, 2025, 15, 4838-4849 | 4843
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to adjust the wastewater pH.**> The zeta potential values of
RhB solutions at different pH values were determined and
analyzed, and the results are listed in Fig. S2. It can be seen
that the RhB solution displays a positive charge at a pH value
lower than 5 owing to the tertiary amine cations on RhB
under acidic conditions.*?

Additionally, the negative charge of the RhB solution at a
pH higher than 5 was attributed to the deprotonated carboxyl
group of RhB under basic conditions.*® When the catalyst
Co-M88A-FP was added to the RhB solution (i.e., no PMS was
added to avoid the influence from degradation
intermediates), the solution remained electronically neutral
at most pH values, except for being positively charged at a
pH of 3 and negatively charged at a pH of 11. The zeta
potential values of the RhB solution after degradation were
close to 0 at most pH values except for a pH of 11, suggesting
that the degradation products were mostly electronically
neutral. The above results imply that the effect of the pH
value of the reaction medium on the degradation of RhB is
complicated. It has been reported that in addition to
affecting the adsorption of the pollutant onto the catalyst,
the pH value of the reaction medium also affects the reaction
pathway of the degradation of the pollutant, which is RhB in
this study.***°

Robust catalyst systems not only demand efficient catalytic
performance but also demand catalyst reusability and
stability. The next step in our evaluation of Co-M88A-FP
catalyst was to subject it to successive RhB removal
experiments under the same conditions. Fig. 7 shows the
performance of the catalyst during four RhB degradation
cycles. The degradation curves were similar for the four cycles,
and the RhB degradation rate was maintained at 88.84% in
the fourth cycle. We ascribe this slight decrease to the
leaching of small amounts of Co®". It should be noted that
the leaching of Co®" in the solution after the first reaction was
121.4 pg L', which is much lower than ‘the wastewater
discharge standards in China (GB 25467-2010) (1 mg L™').*®
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Fig. 7 Reusability of Co-M88A-FP catalyst for the degradation of RhB
(reaction conditions: 25 °C; 100 mg L™* PMS; 100 mg L™* Co-M88A-FP
catalyst; 20 mg L™ RhB; and pHq = 5).
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Overall, these results confirm that the Co-M88A-FP catalyst
possesses the efficiency and long-term stability essential for
practical wastewater treatment applications.

3.3 Performance of Co-M88A-FP catalyst under continuous
flow

The catalytic performance of Co-M88A-FP catalyst was
measured under continuous flow to make use of its inherent
property of having a pore structure capable of allowing
liquids to flow through it. A schematic diagram of the flow-
type reactor allowing continuous flow is provided in Fig. 1.
The catalytic reaction can be completed under continuous
flow when a peristaltic pump is used to steadily pump PMS
and RhB solutions through the device. The degradation
efficiency of RhB remained at 100% throughout the catalytic
degradation reaction over 72 h at a flow rate of 6 mL h™,
indicating the efficient and stable catalytic activity of Co-
MS8S8A-FP catalyst. When the flow rate was doubled (12 mL
h™), the removal efficiency remained approximately 100% for
the first 12 h. Then, the RhB degradation efficiency decreased
to 77% after 53 h and remained at this level until the
reaction was complete at 72 h. The liquid fluxes
corresponding to flow rates of 6 ml L' and 12 ml L™ were
85Lm™>h™"and 17.0 L m™> h™", respectively.

The XPS spectra of the virgin Co-M88A-FP catalyst and
Co-M88A-FP catalyst obtained after 20 min of use in the
batchwise reaction were compared to evaluate the stability
of individual elements and selected functional groups. The
XPS spectra for the Co-M88A-FP catalysts before and after
use were essentially the same (Fig. 8a). As shown in Fig. 8b,
compared to the fresh Co-M88A-FP catalyst, the percentage
of Fe** decreased from 49.65% to 41.98% and the
percentage of Fe** increased from 50.35% to 58.02%,
indicating a change in the valence state of Fe. Fig. 8c shows
peaks at 780.59/795.99 eV and 782.34/797.74 eV, which are
associated with Co** and Co*', respectively. Similarly, the
relative contents of Co>" and Co®" changed from 55.87%
and 44.13% to 51.86% and 48.14%, respectively. We
attribute this change to an electron transfer reaction with
Co during PMS activation. The XPS spectra of O 1s are
presented in Fig. 8d. The five peaks with binding energies
of 533.42 eV, 532.84 eV, 532.24 eV, 531.52 eV and 530.01 eV
were attributed to the C-O and O-C=O bonds of the FP,
the oxygen component on the carboxylate group of the
fumarate, the O-H bond of the surface hydroxyl group, and
the lattice oxygen (Oy), respectively.””*®* The hydroxyl
content changed after the catalyst use, increasing from
22.53% to 30.81%, probably due to the generation of Co-
OH and Fe-OH functionalities.

The ROS during the degradation reaction were
investigated using EPR, DMPO and TEMP were selected as
trapping agents. A set of peak signals with intensities of 1:
2:2:1 was detected in the reaction solution when DMPO was
used as a trapping agent, which could be attributed to
DMPO-'OH and DMPO-SO," signals, as shown in Fig. 9a.
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The DMPO-0O," signal is shown in Fig. 9b, indicating the
production of SO, 'OH and O, in the Co-M88A-FP/PMS
system. The triple peak characteristic of 'O, captured by
TEMP was apparent and had a high peak intensity (Fig. 9¢),
demonstrating that 'O, was present in the Co-M88A-FP/PMS
system.

The presence of different ROS was confirmed by radical
scavenging experiments, wherein TBA, MeOH, p-BQ and
r-histidine were selected to scavenge "OH, SO,~, O, and 'O,
respectively. Fig. 9d shows that 100 mM TBA or 100 mM
MeOH had little effect on the degradation of RhB, with the

This journal is © The Royal Society of Chemistry 2025

dye being close to completely degraded at 20 min. The RhB
degradation efficiency dropped to 83.04% when 20 mM p-BQ
was added to the Co-M88A-FP/PMS system, indicating that
0O," played some role in the degradation reaction. Finally,
the degradation rate of RhB markedly decreased to 4.12%
after 5 mM r-histidine was added to the reaction mixture,
indicating that 'O, played a significant role in the
degradation of RhB. According to this, the degradation of
RhB was dominated by 'O, in the Co-M88A-FP/PMS system,
while O,, 'OH and SO, showed little or no contribution to
RhB degradation processes.**>"
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Taking into consideration the XPS, EPR, and radical
scavenging tests, the possible mechanisms of PMS activation
by the Co-M88A-FP catalyst were proposed. First, PMS and
Co**/Fe*" undergo electron transfer on the Co-M88A-FP
catalyst surface to generate Co®>" and SO, (eqn (4) and
(5)).°>°* Then, SO, is transformed into HSO,  and generates
‘OH at the same time (eqn (6)). In addition, Co®>" can be
obtained as Co®" reacts with HSO;™ again, achieving the cycle
between Co** and Co*" (eqn (7)).>* However, upon
comparison of the redox potential of HSO5 /SO5™~ (1.10 V),
Fe'/Fe*" (0.77 V) and O,"/O, (-0.33 V), the Fe*'/Fe*" cycle is
more likely to be achieved by O, (eqn (8)).> Two
mechanisms are proposed for O, formation from dissolved
oxygen and the decomposition of PMS (eqn (9) and (10)).>*>°
0, is further transformed into 'O, and H,O, by reacting
with H,O (eqn (11)).°° Finally, alternative pathways for the
formation of 'O, may be the autolysis of SOs~ or the direct
reaction with Co**/Fe®" (eqn (12)-(14)).°" It has been reported
that RhB is mainly degraded to low or non-toxic
intermediates, including carboxylic acids, dicarboxylic acids,
amine compounds, and inorganic ions, via processes such as
the de-ethylation at the n-position, breakage of the
chromophore, and cleavage of the benzene ring.*>%>"*

Co*" + HSO5 — Co*" + S0, + OH~ (4)
Fe*' + HSOs — Fe*' + S0, + OH~ (5)
SO,” + OH — SO,> + 'OH (6)

Co*" + HSO5~ — Co*" +S0O5~ + H' (7)
Fe** +0,” — Fe*' + 0, (8)

HSOs; + H,0 — 0, +S0,* +2H" (9)
O, +e — 0, (10)

20, +2H,0 — '0, + H,0, + 20H" (11)
2805 — 250, + 'O, (12)

2C0*" + 2805~ — 2Co°" +2580,% +'0, (13)
2Fe*" + 2805~ — 2Fe*" + 250,%” + '0, (14)

The degradation performance of the Co-M88A-FP/PMS
system with different anionic and cationic dyes (see Fig. S37)
verified its utility for treating a variety of wastewater streams.
Congo red and methyl orange were completely degraded
within 7 and 20 min, respectively, while the degradation rate
of methylene blue was only 59.15% at 20 min. Intuitively, this
may be due to the presence of different substituents in
different dyes affecting the activity of the reaction. The
dominant ROS in the Co-M88A-FP/PMS system is 'O,, which
is reported to react with electron-rich groups, such as -CHz,
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-NH, and -NR,.°*®” Even though methylene blue also has
electron-rich substituents, the two methyl groups bonded to
N have significant steric hindrance, resulting in a reduction
in reactivity.®® Therefore, electron-rich substances with low
steric hindrance would be degraded more quickly in the Co-
MB88A-FP/PMS system.

Finally, the degradation efficiency of Co-M88A-FP catalyst
prepared in this study was compared with those of the other
reported MOF catalysts used to degrade RhB (Table S11).%%7*
This comparison clearly demonstrates that our Co-M88A-FP
catalyst has excellent degradation performance.

4. Conclusion

This study demonstrated the promising application of a
cobalt-doped MIL-88A/cellulose catalyst for the activation of
PMS to degrade dyes found in wastewaters. Filter paper, as a
carrier for the MOF, avoided aggregation of the MOF and
facilitated catalyst separation and recovery. The presence of Co
and Fe ions promoted the cycling of electrons, which in turn
generated more ROS, dominated by 'O,. The degradation of
RhB reached 100% under the optimized conditions and was
maintained close to 90% for four consecutive cycles. By
anchoring the MOF on a filter paper carrier, we were able to
demonstrate a system amenable to continuous wastewater
treatment, with RhB degradation efficiencies of 100% being
achieved in a flow-type setup. In conclusion, this study
provides further insight into the design of MOF-based catalysts
for the treatment of dyes in wastewater. Later, the application
of this catalyst will be expanded to study the degradability of
pollutants and its anti-interference performance in treating
complex aqueous systems (real wastewater).
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