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oxymonosulfate by palygorskite
supported Co–Fe for water treatment

Wenxiang Xia,a Qianqian Wu,a Rui Huang,b Yinglu Tao,a Kaimei Wang,a Shuxiao Wu,a

Songxue Wang, *a Mingli Wangc and Qingsheng Lid

In the present work, palygorskite (PAL) supported Co–Fe oxides (CoFe@PAL) were prepared and used as

a peroxymonosulfate (PMS) activator for removal of rhodamine B (RhB) in water. The results showed that

CoFe@PAL prepared at impregnation solution of 50 g L−1 and calcination temperature of 500 °C showed

the best catalytic performance. The removal efficiency of RhB (10 mg L−1) by PMS (0.1 mmol L−1)

activated with CoFe@PAL (1 g L−1) was above 98% within 60 min. The effects of various environmental

factors including initial pH, humic acid (HA) and inorganic anions on the removal effect were

simultaneously investigated. The radical quenching experiments and EPR characterization revealed that

cOH, SO4c
−, O2c

− and 1O2 radicals existed in the CoFe@PAL/PMS system simultaneously. The

intermediates during RhB degradation were analyzed by LC-MS and possible degradation pathways of

RhB were proposed. Moreover, CoFe@PAL exhibited superior stability and reusability.
1. Introduction

Organic dye wastewater, which is extensively emitted by
production processes in the textile, cosmetic, paint, and plastic
industries, poses a threat to both the environment and human
health due to its deep chromaticity, complex organic composi-
tions, high chemical oxygen demand (COD) concentration and
recalcitrance.1,2 Traditional water treatment processes,
including adsorption3 and biological degradation,4 generally
suffer from low efficiency of removal or degradation. Advanced
oxidation processes (AOPs) based on the hydroxyl radical (cOH)
are efficient water treatment technologies for removing high
organic loading wastewater.5,6 Compared with traditional cOH
based AOPs, SO4c

− based AOPs exhibit higher redox potential,
longer lifespan and wider pH range.7,8 Recently, perox-
ymonosulfate (PMS) activation, as a novel developing AOPs, has
attracted increasing attention from researchers across the
globe.

Persulfates activation by transition metals is one of the most
efficient methods with simple operation and low energy
consumption.9,10 For example, homogeneous Co2+ is considered
to be the most efficient PMS activator for transition metals.11,12

However, cobalt ions pose some problems, such as separation
difficulties and signicant biotoxicity. So considerable
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researchers have been committed to develop heterogeneous Co-
based catalysts including Co3O4 and Co oxides/carbon
composites, which could effectively reduce toxic contamina-
tion and improve the stability of the catalyst.13,14 Furthermore,
some studies showed that some transition metals such as Fe,
Cu, and Mn doping into the Co-based catalyst can signicantly
improve the activation performance of persulfates.15,16 There-
fore, some researchers have exploited bimetallic multiphase
catalysts to promote persulfates activation and enhance catalyst
stability. Li8 and co-workers prepared Co0.8Fe2.2O4 nano-
catalysts for PMS activation and found that the catalytic activity
of Co0.8Fe2.2O4 was superior to Fe3O4 and Co3O4. Therefore, the
incorporation of other metal components into a single metal
oxide is benet for the catalytic activity of PMS.

However, the application of metal oxide catalysts is greatly
limited by agglomeration, few active sites, and a limited surface
area.17,18 Therefore, supported metal oxide catalysts have been
extensively studied in the eld of wastewater treatment.19,20

Loading metal oxides onto materials with a large specic
surface area can increase the distribution density of the active
sites, thus improving the catalytic activity of the catalyst.21

Palygorskite (PAL) is a natural mineral with a thin sheet struc-
ture. Owing to its low price, large specic surface area, and
strong chemical stability, PAL has been developed as a support
for loading metallic nanoparticles.22,23 Li24 and co-workers
synthesized MoS2/PAL via a hydrothermal method and
applied in the reduction of 4-nitrophenol, the results proved
that MoS2/PAL could prevent the agglomeration of MoS2
nanoparticles, and its catalytic activity was more excellent than
MoS2.
RSC Adv., 2023, 13, 12483–12494 | 12483
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In this study, various common metal salt solutions were
selected as precursors, and different bimetallic oxides were
loaded onto PAL through impregnation–calcination method.
The microscopic morphology and crystallographic structure of
catalysts were characterized by SEM, XRD, and BET. The
optimal catalyst was used to activate PMS and degrade rhoda-
mine B (RhB) solution. The effects of some important experi-
mental conditions on the catalytic degradation process were
investigated. The main active species in the catalytic system
were explored, and the stability and reusability of the catalysts
were also evaluated. These studies are intended to provide
a reference for the treatment of dye wastewater with persulfate.

2. Materials and methods
2.1 Materials and chemicals

The palygorskite (PAL, 0.35–0.45 mm) used was obtained from
Jiangsu Meishibo Co., Ltd (China). Peroxymonosulfate (PMS,
KHSO5$0.5KHSO4$0.5K2SO4) was purchased from Shanghai
Macklin Biochemistry Technology Co., Ltd (China). Cobalt
nitrate hexahydrate (Co(NO3)2$6H2O), iron nitrate nonahydrate
(Fe(NO3)3$9H2O), copper nitrate trihydrate (Cu(NO3)2$3H2O),
manganese chloride tetrahydrate (MnCl2$4H2O), rhodamine B
(RhB), methanol (MeOH) and tert-butyl alcohol (TBA) were
purchased from Sinopharm Chemical Reagent Co., Ltd (China).
All solutions used in the experiments were prepared using
deionized (DI) water.

2.2 Sample preparation

The PAL was sonicated in DI water for 30 min and washed
several times to remove impurities from the PAL surface, and
then the PAL was dried in an oven at 70 °C for 8 h. Aer drying,
the PAL was sealed in a sample bag for later use. 5 g of
Co(NO3)2$6H2O and Fe(NO3)3$9H2O were dissolved in 100 mL
of DI water to prepare the precursor solution, and then PAL (15
g) was immersed in this precursor solution for 24 h. Removing
the PAL from the solution and drying in an oven at 70 °C for 8 h.
The soaked PAL was calcined in a muffle furnace at 500 °C for
3 h and the resultant catalyst was labeled as CoFe@PAL. The
samemethod was used to prepare the CoCu@PAL, CoMn@PAL,
FeCu@PAL and FeMn@PAL catalysts.

In addition, a series of CoFe@PAL prepared at different
calcination temperatures and different concentrations of
impregnation solution were denoted as xCoFe@PAL-y, where x
and y stand for the calcination dosage of metal salt in the
impregnation solution and temperature, respectively.

2.3 Characterization

The microstructure and surface elemental distribution of the
samples were analyzed by a eld emission scanning electron
microscopy (FE-SEM) (SIGMA300, Zeiss, Germany) equipped
with energy dispersive spectrometer (EDS). The crystal structure
of the samples was analyzed by X-ray diffractometry (XRD)
(Smartlab 9 kW, Rigaku, Japan). The elemental information (Fe
and Co) of samples was determined by X-ray Photoelectron
Spectroscopy (XPS) (ESCALAB 250Xi, Thermo Scientic, USA).
12484 | RSC Adv., 2023, 13, 12483–12494
The Brunauer–Emmett–Teller (BET) specic surface area and
pore size distributions of the samples were analyzed on
a Micromeritics ASAP 2460 instrument. The generated reactive
radicals in the system were detected by Electron paramagnetic
resonance (EPR) (Bruker A300 spectrometer, Germany).
2.4 Experiment procedures

The adsorption and degradation experiments were performed
on a magnetic stirrer. A total of 5 mL of 200 mg per L RhB dye
was dissolved in 100 mL DI water as the feed solution. Subse-
quently, the oxidant PMS and catalyst were added and then
mixed evenly by stirring with a magnetic stirrer. A certain
amount of water sample was collected at a certain time and
ltered through 0.22 mm lter, and then detected the absor-
bance of the samples at l = 554 nm on a UV-vis spectropho-
tometer (UV5800H, China). RhB concentration is proportional
to the absorbance at the corresponding wavelength, and the
degradation rate of RhB is calculated using the following
equation:

Dð%Þ ¼ A0 � At

A0

� 100 (1)

where D is the degradation rate of RhB; A0 is the initial RhB
absorbance; At is the RhB absorbance at time t; t is the reaction
time, min.

The apparent rst-order-rate constants was calculated as
follows:

ln
Ct

C0

¼ �kt (2)

where C0 is the initial RhB concentration, mg L−1; Ct is the RhB
concentration at time t, mg L−1; t is the reaction time, min; and
k is the rate constant of the pseudo-rst-order reaction, min−1.
3. Results and discussion
3.1 Characterization of CoFe@PAL

Fig. 1 shows the SEM images of PAL and CoFe@PAL prepared at
different calcination temperatures. From the SEM images of
PAL at low and high magnication, the surface of PAL was
consisted of at bers, and most of them were gathered into
clusters. Compared to PAL, the surface of CoFe@PAL showed
weak ber structure and abundant pores (Fig. 1b–d), some
spheres and sheets of nanoparticles were distributed on the
surface of CoFe@PAL, indicating the successful loading of Co
and Fe species.25 Specically, few nanoparticles were observed
on the surface of 5CoFe@PAL-400, while a lot of nanoparticles
were uniformly distributed on the surface of 5CoFe@PAL-500.
When the prepared temperature reached 600 °C, the size of
nanoparticles on the surface of 5CoFe@PAL-600 further
increased, due to nanoparticles accumulating with each other at
a high temperature.26

The EDS spectrum images of 5CoFe@PAL-500 were pre-
sented in Fig. 2, showing that 5CoFe@PAL-500 is composed of
C, O, Al, Mg, Si, Co and Fe element. Among them, the propor-
tion of Co and Fe was 1.14% and 7.95%, respectively. In
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM images of (a) PAL (a), 5CoFe@PAL-400 (b), 5CoFe@PAL-500 (c) and 5CoFe@PAL-600 (d).

Fig. 2 Element distribution of CoFe@PAL-500.
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View Article Online
addition, distribution maps of elements conrmed that each
element was uniformly distributed in the 5CoFe@PAL-500.

Further, XRD spectra of PAL and CoFe@PAL are shown in
Fig. 3. The diffraction peaks at 26.62° and 60.04° corresponding
Fig. 3 XRD patterns of PAL, 5CoFe@PAL-400, 5CoFe@PAL-500 and
5CoFe@PAL-600.

© 2023 The Author(s). Published by the Royal Society of Chemistry
to (011) and (121) were well indexed to SiO2, proving that SiO2 is
the component of PAL. Moreover, the XRD patterns of all
samples demonstrate almost the same characteristic reections
at 2q = 24.08°, 33.50°, 36.52°, 41.08°, 44.88°, 51.02°, 60.08°,
63.48°, 67.48° and 87.88°, all of which can be perfectly indexed
to dolomite (PDF#75-1654). These results indicated that the type
of PAL used in this study is dolomitic palygorskite (palygorskite
$ 20%, dolomite $ 40%). However, no diffraction peaks of Co
or Fe species were detected, probably due to other peaks being
too strong in the spectra.27 Additionally, the weaker diffraction
intensity of CoFe@PAL as the calcination temperature
increased may be attributed to the partial collapse of the PAL
structure by high temperatures.28

The XPS spectra of Fig. 4 show the chemical composition and
valence state of CoFe@PAL catalyst. As shown in Fig. 4a, the full
survey spectrum of catalyst revealed the presence of Co and Fe
elements with the peak at 778.1 eV (Co 2p) and 706.1 eV (Fe 2p).
The high-resolution spectra of Fe 2p and Co 2p are presented in
Fig. 4b and c. As shown in Fig. 4b, the doublets of Fe 2p3/2
binding energies at 710.99 eV and Fe 2p1/2 binding energies at
724.08 eV were due to the contributions from Fe3+ ions in
octahedral sites, and the doublets of Fe 2p3/2 binding energies
at 713.00 eV and Fe 2p1/2 binding energies at 725.80 eV were due
to the contributions from Fe3+ ions in tetrahedral sites.29 The
RSC Adv., 2023, 13, 12483–12494 | 12485
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Fig. 4 (a) XPS full survey spectrum, (b) Fe 2p spectrum and (c) Co 2p spectrum of 5CoFe@PAL-500.
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XPS spectrum of Co 2p in CoFe@PAL (Fig. 4c) shows three peaks
(779.06, 780.92 and 783.90 eV), which could be assigned to Co2+

ions in octahedral sites, tetrahedral sites and Co3+ ions in
octahedral sites.8 The above results suggested that Fe(III), Co(III)
and Co(II) are present on the surface of CoFe@PAL.

The BET specic surface area and pore size distributions of
the materials were analyzed, and the results were shown in
Fig. 5. According to IUPAC, all the samples exhibited a type IV
isotherms with H3-type hysteresis loops, which indicated the
presence of mesopores in PAL particles.19

As shown in Fig. 5a, with calcining temperature rise, the
specic surface area (SSA) of CoFe@PAL increased at rst and
then decreased; the CoFe@PAL-500 sample exhibited the
highest specic surface area (109.97 m2 g−1) among all samples.
In Fig. 5b, the average pore size of the catalysts showed
a downward trend. The average pore size of 5CoFe@PAL-600
was 50.1 nm, which was smaller than that of 5CoFe@PAL-500
(56.6 nm) and 5CoFe@PAL-400 (60.4 nm). Compared with the
PAL, the Co–Fe substance of the precursor solution gradually
decomposed at 400 °C and 500 °C. Then the active particles
were formed and dispersed on the carrier, leading to improve
the specic surface area of CoFe@PAL slightly. However,
agglomeration occurred among active particles at 600 °C, and
the pores of the carrier were blocked by the agglomerated
12486 | RSC Adv., 2023, 13, 12483–12494
particles, resulting to the reduction of specic surface area and
pore size, which is in accordance with the SEM results.

Fig. 5c and d show the effect of impregnation concentration
on CoFe@PAL surface structure. As shown in Fig. 5c, the
increasing impregnation concentration of catalysts caused
a great increase in the specic surface area. The specic surface
area of 8CoFe@PAL-500 reached 121.64 m2 g−1, due to the
excess Co and Fe species were accumulated on the surface of
catalyst. From Fig. 5d, the average pore size of PAL,
2CoFe@PAL-500 and 8CoFe@PAL-500 was 69.7 nm, 70.7 nm
and 69.0 nm, respectively, showing no signicant difference.
However, the average pore size of 5CoFe@PAL-500 decreased to
56.6 nm obviously. Combined with the SEM image in Fig. 1c,
a lot of active component particles on the surface of
5CoFe@PAL-500 lled and covered the small pores in PAL,
resulting in a smaller pore size.
3.2 Catalytic performance of CoFe@PAL

In this study, ve kinds of combinations of Co–Fe, Co–Mn, Co–
Cu, Fe–Mn and Fe–Cu were selected to prepare catalysts. The
catalytic performance of these coated samples was investigated
by activating PMS to remove RhB. As shown in Fig. 6, the
removal efficiency of RhB by PMS alone was only 5.54% aer
reacting for 60 min, revealing its negligible degradation
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07948h


Fig. 5 (a and c) N2 adsorption–desorption isotherms and (b and d) the corresponding pore size distributions of catalysts (SSA: specific surface
area, r: average pore size).
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capacity. The adsorption efficiency of RhB by PAL alone was
13.01%, indicating that only a tiny amount of RhB can be
adsorbed by PAL. The simultaneous presence of PAL and PMS
enhanced the removal efficiency of RhB with a removal effi-
ciency of 22.84%. When the CoFe@PAL, CoMn@PAL, CoCu@-
PAL, FeMn@PAL, and FeCu@PAL was individually added to the
PMS/RhB mixed solution, the removal rate of RhB reached
94.28%, 73.11%, 53.13%, 43.54% and 29.35%, respectively.
These results indicate that CoFe@PAL presented the excellent
performance on activating PMS to remove RhB, and the syner-
gistic effect of adsorption and PMS activation accelerated the
removal efficiency.

Considering the inuence of preparation conditions, the
effects of calcination temperature and impregnation concen-
tration on RhB degradation were evaluated and the results are
shown in Fig. 7. In Fig. 7a, the adsorption effect of PAL,
© 2023 The Author(s). Published by the Royal Society of Chemistry
CoFe@PAL-400 and CoFe@PAL-500 on RhB was 13.10%,
14.01% and 14.53%, respectively. However, the adsorption
removal of RhB decreased, when the preparation temperature
increased to 600 °C. Combined with BET characterization
analysis, the specic surface area of CoFe@PAL-600 was
signicantly lower than that of the other three samples, which
resulted in a lower adsorption performance. Aer adsorption
experiments, the removal effects of RhB were studied in the
presence of CoFe@PAL and PMS, as shown in Fig. 7a. To be
specic, RhB was almost completely removed within 50 min in
the CoFe@PAL-400/PMS system. However, about 94.28% and
79.90% RhB were degraded within 60 min in CoFe@PAL-500/
PMS and CoFe@PAL-600/PMS systems, respectively. The
apparent rate constant (k) of CoFe@PAL-400/PMS system was
0.029 min−1, which wasmuch higher than that of other catalytic
systems. Thus, the activity performance of CoFe@PAL was
RSC Adv., 2023, 13, 12483–12494 | 12487
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Fig. 6 RhB removal performance in different systems ([RhB]0 =

10 mg L−1, [PMS]0 = 0.1 mM, [catalyst] = 1 g L−1).

Fig. 8 TOC removal rate, RhB degradation rate and PMS decompo-
sition rate in the 5CoFe@PAL-500/PMS system ([catalyst] = 1 g L−1,
[PMS]0 = 0.1 mM, [RhB]0 = 10 mg L−1).
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affected by its calcination temperature, and CoFe@PAL-400
showed the best catalytic activation.

The leaching of metal ions from the catalyst/PMS system can
cause secondary contamination to the environment. In this
Fig. 7 (a) Effect of calcination temperature of catalyst on RhB remova
impregnation concentration of catalyst on RhB adsorption, (d) effect of im
1 g L−1, [PMS]0 = 0.1 mM, [RhB]0 = 10 mg L−1).

12488 | RSC Adv., 2023, 13, 12483–12494
study, the leaching of Co and Fe was detected by ICP-OES in
different systems. As shown in Fig. 7b, the amount of dissolved
Co ion in the CoFe@PAL-400/PMS system was 22.29 mg L−1. The
amounts of dissolved Co ion decreased as calcination temper-
ature increased from 400 °C to 600 °C. The precursor solution
l, (b) the amount of metal dissolved in different systems, (c) effect of
pregnation concentration of catalyst on RhB degradation ([catalyst] =

© 2023 The Author(s). Published by the Royal Society of Chemistry
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on the surface of support was not completely oxidized to metal
oxides at low calcination temperature, leading to the residual
metal salts leaching in water to produce Co ions. In addition,
the concentration of leached Fe in the CoFe@PAL-500/PMS
system was only 0.43 mg L−1, which was conformed to the
discharge standard of iron.30 Therefore, CoFe@PAL-500, which
dissolved a relatively low amount of Co ions, was selected for
follow-up tests.

Fig. 7 illustrates the inuence of impregnation concentra-
tion on RhB removal. Fig. 7c presented that adsorption effi-
ciencies of RhB were 16.40%, 14.53%, and 11.27% by
8CoFe@PAL-500, 5CoFe@PAL-500, 2CoFe@PAL-500, respec-
tively. Characterization analysis based on BET showed the
specic surface area of 2CoFe@PAL-500 was 96.70 m2 g−1,
smaller than those of 5CoFe@PAL-500 (109.97 m2 g−1) and
8CoFe@PAL-500 (121.64 m2 g−1). The higher specic area
provided more adsorption sites for the reaction, which was
conducive to enhancing the adsorption performance of catalyst.

Fig. 7d shows that RhB degradation was signicantly
improved in the co-existence of PMS and catalysts. For example,
approximately 79.79%, 94.28% and 90.03% of RhB were
degraded in 2CoFe@PAL-500/PMS, 5CoFe@PAL-500/PMS and
8CoFe@PAL-500/PMS systems, respectively. The removal
Fig. 9 (a) Effect of catalyst dosage on RhB removal ([PMS]0 = 0.1 mM, [R
10 mg L−1, [catalyst] = 1 g L−1), (c) effect of RhB concentration on RhB
temperature on RhB removal ([catalyst] = 1 g L−1, [PMS]0 = 0.1 mM, [Rh

© 2023 The Author(s). Published by the Royal Society of Chemistry
efficiency of RhB in the 2CoFe@PAL-500 system decreased
because of the low concentration of the impregnation solution
and less active substances on catalyst. The RhB degradation rate
by 8CoFe@PAL-500 was slightly lower than that by 5CoFe@PAL,
which may be due to excessive accumulation of active
substances on the carrier. The active sites were generally
reduced, leading to the reduced degradation rate of RhB.
According to Fig. 7d, the value of k in 5CoFe@PAL-500/PMS
system was the largest, indicating that the degradation rate of
RhB in this system was fast. Therefore, CoFe@PAL prepared at
50 g L−1 of impregnation solution and 500 °C of calcination
temperature is the optimum preparation conditions for PMS
activation in this study.

The decomposition efficiency of PMS and TOC removal in
the 5CoFe@PAL-500/PMS system was investigated and shown in
Fig. 8. With the increase of PMS decomposition rate in the
5CoFe@PAL-500/PMS system, RhB was gradually degraded.
Aer 60 min of reaction, the decomposition rates of PMS and
RhB were 92.23% and 94.02%, respectively, suggesting that PMS
was greatly activated by 5CoFe@PAL-500 catalyst to generate
active species for RhB degradation. Moreover, the TOC removal
rate was ∼36.5% in the 5CoFe@PAL-500/PMS system within
60 min.
hB]0 = 10 mg L−1), (b) effect of PMS dosage on RhB removal ([RhB]0 =

removal ([catalyst] = 1 g L−1, [PMS]0 = 0.1 mM), (d) effect of reaction
B]0 = 10 mg L−1).
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3.3 Removal of RhB by CoFe@PAL

3.3.1 Inuence of experimental conditions. Various exper-
imental conditions including catalyst dosage, PMS dosage, RhB
concentration and reaction temperature were investigated in
the catalyst/PMS system. The experimental results are shown in
Fig. 9. Fig. 9a described the degradation efficiency of RhB with
the increase of catalyst dosage. The RhB removal efficiency
increased signicantly from 84.23% to 94.28% within 60 min as
the catalyst dosage from 0.5 g L−1 to 1.0 g L−1. However, the RhB
removal efficiency enhanced slightly from 94.28% to 94.64%
when the catalyst dosage further increased to 5 g L−1 due to the
x amount of PMS in the system. The change in reaction rate
constant k also complied with the tendency. Fig. 9b shows the
RhB removal efficiency and reaction rate constant was improved
with the increasing of PMS dosage from 0.02 mM to 0.5 mM,
owning to more PMS being activated by CoFe@PAL. The effect
of RhB concentration on removal efficiency in the system was
investigated and the result is shown in Fig. 9c. The RhB could be
completely removed in 60 min when the RhB concentration was
less than 5 mg L−1 in the condition. It is worth noting that the
RhB removal rate still reached to 94.28% at the RhB concen-
tration of 10 mg L−1 and the removal rate did not drop below
81.32% until the RhB concentration reached 15 mg L−1. Fig. 9d
Fig. 10 (a) Effect of initial pH of solution on RhB removal, (b) the pHpzc o
the reaction at different pH ([catalyst] = 1 g L−1, [PMS]0 = 0.1 mM, [RhB]

12490 | RSC Adv., 2023, 13, 12483–12494
shows the effect of reaction temperature on RhB degradation.
The RhB degradation efficiency increased from 95.17% to
99.99% with the increasing of temperature from 20 °C to 45 °C.
The increasing reaction rate constant also shows that higher
temperature can contribute to accelerate the PMS activation
and generated more radicals for RhB decomposition.31,32

3.3.2 Inuence of initial pH and co-exist substances. Initial
pH is oen deemed as the essential factor for catalytic degra-
dation reactions. Fig. 10a illustrates the degradation effect of
RhB at different pH values (3.0–11.0), which was adjusted by
0.1 mol L−1 HCl and NaOH. At pH values of 5.0–9.0, the system
showed positive performance of RhB removal, and the degra-
dation rate of RhB were 94.28%, 88.11% and 87.51% aer
60min of reaction, respectively. When the initial pH values were
3.0 and 11.0, the RhB removal rate decreased to 54.08% and
20.01%. Moreover, the k values were 0.0056, 0.0211, 0.0154,
0.0150 and 0.0016 min−1 at pH values of 3.0, 5.0, 7.0, 9.0 and
11.0, respectively. The results showed that the RhB degradation
rate was low in strong acid or alkaline systems.

Furthermore, the pHpzc of 5CoFe@PAL-500 was determined
in Fig. 10b. It shows that 5CoFe@PAL-500 was positively
charged at pH= 3.0. And RhB (pKa= 3.1) was also in the form of
cationic species at pH < 3.1.33 Therefore, the positive electric
f 5CoFe@PAL-500 at different pH, (c) the final solution pH at the end of

0 = 10 mg L−1).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Effects of anions and HA of solution on RhB removal ([catalyst]
= 1 g L−1, [PMS]0 = 0.1 mM, [RhB]0 = 10 mg L−1).
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repulsive forces occur between RhB and 5CoFe@PAL-500 at pH
= 3.0, resulting in unfavorable performance of RhB degrada-
tion.32 At high pH values, the generated sulfate radicals (SO4c

−)
Fig. 12 (a) Effects of the radical scavengers on the RhB degradation by 5C
spectra of O2c

−, (d) EPR spectra of 1O2 ([catalyst] = 1 g L−1, [PMS]0 = 0.1

© 2023 The Author(s). Published by the Royal Society of Chemistry
were inclined to react with the surrounding hydroxyl ions (OH−)
to form hydroxyl radicals (cOH), and followed by the conversion
of cOH into its oxygen radical (Oc−) quickly (eqn (3) and (4)).
Since the activity of the Oc− was much weaker than that of the
SO4c

−, the RhB degradation rate became slower.34,35 This was
conrmed by the nal solution pH at the end of the reaction
(Fig. 10c), which showed that the pH of the nal solution
decreased when the initial pH of the reaction was 9.0 and 11.0.

SO4c
− + OH− / cOH + SO4

2− (3)

cOH + H2O / Oc− + H3O
+ (4)

Inorganic anions and dissolved organic matter are widely
present in natural water bodies. Therefore, the inuences of
typical inorganic anions (HCO3

−, Cl−, H2PO4
− and NO3

−) and
humic acid (HA) on RhB degradation efficiency in the
5CoFe@PAL-500/PMS system were explored. As shown in
Fig. 11, inorganic anions and HA showed different inhibitory
effects on the 5CoFe@PAL-500/PMS system. Aer adding
10 mM of HCO3

−, Cl−, H2PO4
− and NO3

− into the system, the
RhB degradation efficiency decreased from 94.28% to 21.78%,
75.40%, 81.36% and 83.23%, respectively. It can be attributed to
oFe@PAL-500/PMS system, (b) EPR spectra of cOH and SO4c
−, (c) EPR

mM, [RhB]0 = 10 mg L−1).
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Table 1 Contribution of different regions in the 5CoFe@PAL-500/PMS system for RhB removal

Action of different regions
5CoFe@PAL-500
adsorption

5CoFe@PAL-500/PMS

cOH SO4c
− O2c

− and 1O2

RhB removal 14.53% 12.64% 29.47% 37.64%
Contribution percentage 15.41% 13.41% 31.26% 39.92%
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the fact that HCO3
−, Cl−, H2PO4

− and NO3
− quench cOH and

SO4c
− of the system and generating less oxidative or more

selective radicals such as CO3c, Clc, H2PO�
4 and NO�

3 (eqn
(5)–(8)).36 In addition, the presence of HCO3

− increased the
alkalinity of the reaction solution which resulted in the signif-
icant decrease of RhB degradation. When 10 mg L−1 of HA was
added to the 5CoFe@PAL-500/PMS system, RhB degradation
rate decreased to 70.06%. It can be attributed to the competi-
tion of HA with RhB for radicals and active sites on catalyst.19

HCO3
� þ SO4

��/CO�
3 þ SO4

2� (5)

Cl− + SO4c
− / Clc + SO4

2− (6)

H2PO4
� þ SO4

��/H2PO
�
4 þ SO4

2� (7)

NO3
� þ SO4

��/NO�
3 þ SO4

2� (8)

3.3.3 Identication of active species. To identify the
possible active species formed in the 5CoFe@PAL-500/PMS
system for RhB degradation, we conducted radical quenching
tests using MeOH and TBA as radical scavengers. MeOH is
a typical scavenger for cOH (k = 9.7 × 108 M−1 s−1) and SO4c

− (k
= 2.5 × 107 M−1 s−1), and TBA is widely used as a selective
radical scavenger for cOH with the rate constant of 3.6–7.6× 108

M−1 s−1.37,38 Fig. 12a illustrates the degradation efficiency of
Fig. 13 The possible degradation pathway of RhB in the 5CoFe@PAL-500

12492 | RSC Adv., 2023, 13, 12483–12494
RhB in the presence of MeOH and TBA. With the addition of
100 mM TBA, the RhB degradation efficiency fell from 94.28%
to 90.18%, When TBA concentration increased to 500 mM, the
removal rate of RhB was further reduced to 81.64%, indicating
that cOHwas involved in the catalytic reaction. In comparison to
TBA, MeOH exhibited an intense inhibition effect on the
removal of RhB. The RhB removal rate decreased from 62.75%
to 52.17% as MeOH concentration increased from 100 mM to
500 mM. Furthermore, that the k value in the presence of MeOH
was much smaller than in the presence of TBA (Fig. 12a). In
conclusion, both SO4c

− and cOH radicals existed in the catalytic
oxidation, but SO4c

− radicals played a major role in RhB
degradation.

In addition, to further identify the active species generated
in the 5CoFe@PAL-500/PMS system, DMPO was taken as the
spin-trapping agents to capture signals of cOH, SO4c

−, and
O2c

− by EPR. As shown in Fig. 12b, the characteristic signals
for DMPO–cOH (with a typical 1:2:2:1 quartet peak) and
DMPO–SO4c

− adducts were simultaneously observed in the
system, indicating that cOH and SO4c

− were generated during
the activation of PMS by 5CoFe@PAL catalyst. Fig. 12c shows
that O2c

− (with a typical 1:1:1:1 quartet peak) was also detected
in the system. Utilizing TEMP as the trapping agent, a typical
1:1:1 triplet peak of the 1O2 signal was observed in the system
(Fig. 12d).8,27,32 The above results show that cOH, SO4c

−, O2c
−

/PMS system ([catalyst]= 1 g L−1, [PMS]0= 0.1mM, [RhB]0= 10mg L−1).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 (a) RhB removal in the reusability tests, (b) SEM image of
5CoFe@PAL-500 after repeated tests ([catalyst] = 2 g L−1, [PMS]0 =

0.2 mM, [RhB]0 = 10 mg L−1).

Table 2 Weight change of 5CoFe@PAL-500 after repeated test

Cycle index Initial First Second Third Fourth

Quality/g 0.2077 0.1864 0.1822 0.1791 0.1784
Quality loss/% 7.12 9.21 10.76 11.11
Quality loss/g 0.0143 0.0185 0.0216 0.0223
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and 1O2 radicals co-participated in the RhB degradation in the
5CoFe@PAL/PMS system.

According to Fig. 7 and 12a, the contribution of different
pathways was evaluated for RhB removal in the 5CoFe@PAL-
500/PMS system (Table 1). The adsorption contribution of
5CoFe@PAL-500 for RhB within 60 min was 15.41%. And the
oxidative decomposition contribution of SO4c

− and cOH for RhB
was 13.41% and 31.26%, respectively. Additionally, the total
oxidative decomposition contribution of O2c

− and 1O2 for RhB
was 39.92%.

3.3.4 Degradation pathway of RhB. The intermediates
during RhB degradation in the 5CoFe@PAL-500/PMS system
were analyzed by LC-MS and the detailed information are given
in Fig. 13. According to the identied chemical structures, seven
intermediates were detected in the system. Based on the iden-
tied intermediates and reported studies, the proposed degra-
dation pathway of active species attacking RhB to produce
intermediates is attributed to the deethylation, chromophore
cleavage and the opening of benzene ring.39,40 Eventually, the
intermediates would further be attacked by the radicals and
oxidized to CO2 and H2O.

3.3.5 Stability and reusability of catalyst. The stability and
reusability of 5CoFe@PAL-500 were evaluated by four-cycle
tests. Aer each catalytic degradation experiment, the catalyst
was recovered from the solution by ltration, then washed with
DI water several times and nally dried in an oven at 70 °C for
the next test. As depicted in Fig. 14a, the degradation rate of
RhB still remained above 97% within 60 min in four replicate
© 2023 The Author(s). Published by the Royal Society of Chemistry
tests. At the same time, Fig. 14b shows the SEM image of used
CoFe@PAL. The result indicates that some cobalt iron oxide was
still immobilized on the PAL surface aer repeated use.
Furthermore, Table 2 shows that the mass of catalyst changed
slightly aer four repeated experiments, only reduced by 0.02 g.
The above results indicated that 5CoFe@PAL-500 exhibited
excellent stability and reusability for RhB degradation.

4. Conclusions

In summary, the CoFe@PAL catalyst was successfully synthe-
sized as a PMS activator for RhB removal. The CoFe@PAL
exhibited the best catalytic performance for RhB degradation
with 50 g L−1 of impregnation solution and 500 °C of calcina-
tion temperature. The optimized catalyst showed the efficiency
of 94.28% within 60 min for RhB removal. In addition, the
5CoFe@PAL-500/PMS system showed the excellent capability of
RhB removal at pH range of 5–9. Compared to other inorganic
anions, HCO3

− had a greater inuence on the degradation
effect in the system. The radical quenching experiments and
EPR characterization revealed that cOH, SO4c

−, O2c
− and 1O2

radicals existed in the 5CoFe@PAL-500/PMS system simulta-
neously. The LC-MS analysis results indicated that the primary
degradation mechanisms of RhB were deethylation, chromo-
phore cleavage, and benzene ring opening. Finally, cycle
experiments and SEM characterization proved that
5CoFe@PAL-500 maintained good stability and reusability. In
conclusion, the resultant 5CoFe@PAL-500 is a promising cata-
lyst for PMS activation and degradation of organic pollutants in
aqueous solution.
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