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r modified-CuCo2O4 as an
efficient peroxymonosulfate activator for non-
radical degradation of organic pollutants from
aqueous environment†

Kai Xie,ab Ruirui Han,c Ping Sun,a Hui Wang,a Yingsen Fang, *a Zhicai Zhai,a

Danzhu Mab and Hui Liu *a

A series of rice husk biochar (RHBC) modified bimetallic oxides were prepared using a simple pyrolysis

method to activate peroxymonosulfate (PMS) for the degradation of acid orange G (OG). The results

demonstrated that 50 mg L�1 OG was completely decomposed by 1 mM PMS activated with 100 mg L�1

RHBC–CuCo2O4 within 15 min at initial pH 3.4. The OG degradation rate constant k of RHBC–

CuCo2O4/PMS (0.95 � 10�1 min�1) was five times greater than that of CuCo2O4/PMS (0.19 �
10�1 min�1), suggesting that the introduction of RHBC significantly improved the activity of bimetallic

oxides. The effects of the initial pH, catalyst dosage, PMS concentration and reaction temperature on OG

removal were also studied. The degradation products of OG were analysed using a gas chromatography-

mass spectrometer (GC-MS). Electron paramagnetic resonance (EPR) and quenching experiments

showed that singlet oxygen (1O2) was the main active species. The RHBC–CuCo2O4/PMS oxidation

system is not only unaffected by inorganic anions (Cl�, NO3
�, HCO3

�) and humic acid (HA), but also

could remove other typical pollutants of acetaminophen (ACT), sulfathiazole (STZ), rhodamine B (RhB),

and bisphenol A (BPA). These findings show that RHBC–CuCo2O4 has great potential for practical

applications in the removal of typical organic pollutants.
1. Introduction

In recent years, the problem of water pollution caused by rapid
industrial development has become increasing signicant and
has attracted worldwide attention.1,2 Recently, several works
have considered the remediation of environmental water
pollution. The Fenton method with hydroxyl radicals (cOH) as
the main active material and the advanced oxidation of per-
sulfate (AOPs) with sulfate radicals ðSO$�

4 Þ as the main active
material have attracted much attention. Aer in-depth study, it
is found that the traditional advanced oxidation method with
cOH as the main active substance cannot avoid some
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shortcomings of hydroxyl itself, such as short half-life (10�3 ms),
narrow pH range (2–4) and that only part of the organic matter
can be effectively degraded. The SO$�

4 based advanced oxidation
technology has a higher redox potential (E0 ¼ 2.5–3.1 V) than
that of cOH (E0 ¼ 1.8–2.7 V), and SO$�

4 has a longer half-life (30–
40 ms) than that of cOH. The advantages of wider pH applicable
range and more stable effect with organic matter.3–7 However,
peroxymonosulfate (PMS) is a mild oxidant, and its degradation
efficiency of organic pollutants is not signicant at room
temperature. Therefore, it needs to be activated under heat, UV
exposure, ultrasound or transition bimetallic oxides to produce
SO$�

4 with higher oxidation abilities, which then degrades the
refractory organic compounds (POPs) in the environment.8–12

Among the various studied methods, transition metal catalyst-
activated PMS has been considered to be more feasible and
effective. Among them, Co2+ is considered to be one of the best
metal ions to activate PMS, but the environmental toxicity of
dissolved Co limits its wide application.13–15 Therefore, hetero-
geneous catalysts containing. Cobalt and its derivative
complexes have been developed to activate PMS and avoid the
potential leaching of metals. To date, CuCo2O4 bimetallic oxide
with a spinel structure and general formula AB2O4 shows more
potential in activating PMS because of its good chemical
stability. Although these heterogeneous activation methods
RSC Adv., 2021, 11, 39467–39475 | 39467
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overcome the disadvantage of leached metal ions form homo-
geneous systems into the environment, there is still the
problem of low reaction rates.16

To enhance the activity and stability of the catalyst, the
composite materials of metal oxides and carbon-based catalysts
used to activate PMS has attracted increasing attention.17–19

Carbon-based materials usually include activated carbon
(AC),18,20 carbon nanotubes (CNT),21,22 graphene oxide (GO)23–25

and biochar (BC).26,27 Some research reports have considered
metal oxides as supported on carbon-based materials as cata-
lysts to activate PMS. For example, CuCo2O4 doped AC was used
to degrade the 3BF dye pollutant. The reaction rate (k) of
CuCo2O4–AC was 5.2 times greater than that of CuCo2O4 alone,
and the removal efficiency was still as high as 96% aer 5
cycles.20 GO supported CuCo2O4 was used to degrade bisphenol
A (BPA), which showed that the BPA degradation rate reached
100% in 5 min with k value for CuCo2O4–GO that was 35.5 times
that of CuCo2O4 alone.23 Some studies reported the degradation
of trimethoprim (TMP) from the sol–gel synthesis of CuFe2O4–

MWCNT. One study showed that the degradation rate of TMP
reached 90% in 24 min.21 Among all considered carbon-based
materials, BC is widely used as a support or catalyst because
of its high surface area, porous structure and rich functional
groups which impact the surface, high cost-effectiveness and
environmental friendliness.28–30

For a long time, SO$�
4 and cOH has been considered as the

main way of persulfate oxidation to remove pollutants.
However, in recent years, some studies have found that non-
radical pathways, such as 1O2, play a dominant role in the
activation of persulfate by carbon-based material. Compared
with the radical oxidation pathway, the non-radical oxidation
pathway is relatively stable and less disturbed by water
matrix.20,21,31 Therefore, the removal efficiency and mechanism
of pollutants by RHBC–CuCo2O4 non-radical activated persul-
fate should be studied urgently.

An RHBC-modied CuCo2O4 was synthesized using a simple
pyrolysis method as an activator of PMS to further improve its
stability and catalytic activity. The OG is a typical azo dye and,
has attracted much attention due to its toxicity, mutagenicity,
carcinogenicity and refractory degradation.32 Therefore, OG was
selected as the target pollutant to evaluate the catalytic perfor-
mance of RHBC–CuCo2O4 on PMS. X-ray diffraction (XRD),
scanning electron microscopy (SEM) and high-resolution
transmission electron microscopy (HRTEM) were used to
characterize the morphology and composition of the RHBC–
CuCo2O4 catalyst. The effects of the catalyst dosage, PMS
concentration, initial pH value and reaction temperature on the
RHBC–CuCo2O4/PMS oxidation system were studied. The
mechanism for the RHBC–CuCo2O4/PMS oxidation system was
discussed based on radical quenching experiments and EPR
analysis.

2. Experimental section
2.1 Chemicals and materials

The RHBC was purchased from Qinfeng Zhongcheng Biomass
New Materials Co., Ltd (Nanjing). The PMS was purchased from
39468 | RSC Adv., 2021, 11, 39467–39475
Aladdin Biochemical Technology Co., Ltd. The cobalt nitrate
hexahydrate (Co(NO3)2$6H2O), copper nitrate trihydrate
(Cu(NO3)2$3H2O), anhydrous ethanol (EtOH, AR), sodium
chloride (NaCl), sodium nitrate (NaNO3), sodium bicarbonate
(NaHCO3), L-histidine (L-His, 99%), tert-butanol (TBA, 99%), p-
benzoquinone (p-BQ, 99%), humic acid (HA, 99%), OG (96%),
acetaminophen (ACT, 99%), rhodamine b (RhB, 99%) sulfa-
thiazole (STZ, 99%), BPA (99%), and other reagents were
purchased from Macklin Biochemical Technology Co., Ltd; The
water used in the experiment was obtained from a Milli-Q
ultrapure water machine (Millipore, USA).

2.2 Catalyst preparation

The catalyst was prepared using a pyrolysis method, in which
the molar ratio of Co(NO3)2$6H2O to Cu(NO3)2$3H2O was 2 : 1,
and the mass ratio of metal oxides to BC was 1 : 1. The initial
temperature of the calcining process was 50 �C. The tempera-
ture was then increased to 150 �C at a rate of 10 �C min�1, and
kept for 60 min, Next, the temperature was increased to 300 �C
at a rate of 10 �C min�1, and kept for 240 min. The RHBC–
CuCo2O4 catalyst was then allowed to naturally cool to room
temperature, the prepared material is denoted as RHBC–
CuCo2O4. The RHBC–CuO and RHBC–Co3O4 catalysts were
prepared similarly.

2.3 Characterization of catalysts

The FEI F20TWINJEM-2100F TEM (FEI, USA) and FEI NANO450
SEM (FEI, USA) were used for morphological analysis of the
samples. The microstructure of the samples was characterized
using an XR-7000 for X-ray diffraction (XRD). An ESCALAB250XI
was used for X-ray photoelectron spectroscopy (XPS) (Thermo
Fisher Scientic, USA) to quantitatively analyse the element
content and morphology of the materials. The N2 sorption data
were obtained using an ASAP2020 specic surface area (SSA)
and a porosity analyser (Micromeritics, USA).

2.4 Experiment procedures

The degradation experiments were performed in a water bath
shaker at 25 �C. A total of 100 mL of 50 mg L�1 OG pollutant was
added into a 250 mL conical ask, while the oxidant PMS and
catalyst were subsequently added. The reaction system was
sampled at a certain time and passed, through a 0.45 mm lter
membrane. The analysis was performed aer methanol
quenching. The effects of different conditions (type and amount
of catalyst, amount of PMS, reaction temperature, different ions
and water quality) on the OG degradation were studied. In
addition, experiments for catalyst recycling and free radical
quenching were performed. In the experiments, the OG degra-
dation can be described using pseudo-rst order kinetics. As
shown in the eqn (1) as below:

ln

�
Ct

C0

�
¼ �kt (1)

where Ct is the OG concentration at time t, mM; C0 is that initial
OG concentration, mM; t is the reaction time, min; and k is the
rate constant of the pseudo-rst-order reaction, min�1.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of RHBC–CuCo2O4.
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2.5 Analytical methods

The residual concentration of OG and RhB in the reaction
system were detected using UV spectrophotometer, at detection
wavelengths 475 nm and 554 nm, respectively. The residual
concentrations of ACT, STZ and BPA were determined form
high performance liquid chromatography (LC-20A, Shimadzu,
Japan) with a photodiode array detector (SPDM20A). A Zorbax
SB-C18 column (4.6� 250 mm, 5 mm) (Agilent, USA) was used at
a column temperature of 30 �C. A mixture of methanol (A)/0.3%
formic acid solution (B) (30 : 70, v/v, for ACT and STZ; 70 : 30, v/
v, for BPA) was used as the mobile phase at a ow rate of 1.0
mL min�1. Total organic carbon (TOC) was determined using
a TOC analyzer (Elementar, Germany). The degradation prod-
ucts were detected using a 7890B/5977C GC-MS (Agilent, USA).
The reactive oxide species (ROS) generated form the system was
detected using an EPR spectrometer (Bruker A320, USA).
Fig. 2 SEM images of (A) RHBC, (B) CuCo2O4, and (C) RHBC–CuCo2O4

© 2021 The Author(s). Published by the Royal Society of Chemistry
3. Results and discussion
3.1 Characterization

The XRD characterization of the RHBC–CuCo2O4 is shown in
Fig. 1. When preparing the RHBC–CuCo2O4, the RHBC char-
acteristic peaks are not obvious due to its amorphous precursor.
The 2q peaks are 19.07�, 31.36�, 36.96�, 38.95�, 45.06� and
59.59�, which correspond to the characteristic peaks of
CuCo2O4 (PDF # 01-1155).33 This demonstrates the successful
preparation of RHBC–CuCo2O4.

The morphologies of RHBC, CuCo2O4 and RHBC–CuCo2O4

were analysed via SEM and HRTEM, as shown in Fig. 2. In
Fig. 2(A), the RHBC is an irregular blocky structure with a smooth
surface, while Fig. 2(B) indicates the CuCo2O4 is composed of
agglomerated nanoparticles.33,34 When the CuCo2O4 is com-
pounded with the RHBC, the nanoparticles of the CuCo2O4 are
uniformly distributed on the surface of the RHBC (Fig. 2(C)),
which indicates that the RHBC–CuCo2O4 was successfully
synthesized. The RHBC, CuCo2O4, and RHBC–CuCo2O4 were
further studied via HRTEM, as shown in Fig. 2(D), (E), and (F),
respectively. The darker part in Fig. 2(D) is due to the multilayer
bulk RHBC stack, the darker part in Fig. 2(E) is due to the opacity
of the CuCo2O4 metal, and Fig. 2(F) shows the CuCo2O4 particles
are uniformly distributed on the surface of the RHBC, which is
consistent with the result of SEM images.20,33

The collected EDX spectrum is shown in Fig. 3(A), which
indicates that the catalyst is composed of Co, Cu, C and O
elements. Further elemental analysis shows that all elements
were homogeneously distributed in the catalyst (Fig. 3(B–
E)).19,20,33 In addition, the pore volume and Brunner–Emmett–
Teller (BET) obtained by measuring the adsorption/desorption
of N2 gave the specic surface area as shown in Fig. S2 and,
Table S1.†
; HRTEM images of (D) RHBC, (E) CuCo2O4, and (F) RHBC–CuCo2O4.

RSC Adv., 2021, 11, 39467–39475 | 39469
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Fig. 3 (A) EDX spectrum, and elemental mapping images for (B) RHBC–CuCo2O4, (C) Co, (D) Cu, and (E) C.
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3.2 Performance comparison of different catalyst

The catalytic performance of the RHBC–CuCo2O4/PMS system
was evaluated using OG as the target contaminant, as shown in
Fig. 4. The degradation of OG by PMS alone can be neglected as
the removal efficiency was only 5% aer 30 minutes of reaction.
When the RHBC, CuO, Co3O4, CuCo2O4, RHBC–CuO, RHBC–
Co3O4, and RHBC–CuCo2O4 were individually added to the
PMS–OG mixed solution, the OG removal efficiency improved
signicantly. Aer reacting for 15 min, the PMS was activated by
the RHBC–CuCo2O4, and the OG degraded completely. In
contrast, the other catalysts showed incomplete degradations
for OG within 30 min (i.e., 6%, 27%, 17%, 60%, 97% and 80%
OG removal by RHBC, CuO, Co3O4, CuCo2O4, RHBC–CuO and
RHBC–Co3O4, respectively). These results show that the degra-
dation performances of RHBC–CuO, RHBC–Co3O4, and RHBC–
CuCo2O4 for OG are signicantly improved compared with CuO,
Fig. 4 Degradation efficiency of OG in different oxidation system.
Condition: [OG] ¼ 50 mg L�1, [catalyst] ¼ 100 mg L�1, [PMS] ¼
307 mg L�1, and T ¼ 25 �C.

39470 | RSC Adv., 2021, 11, 39467–39475
Co3O4, and CuCo2O4. The performance of RHBC–CuCo2O4 is
improved by 40%, which indicates that the introduction of
RHBC can enhance the catalyst activity to activate PMS and
degrade OG.18 To quantitatively determine the catalytic activity
of the above kinetic curves, the pseudo-rst-order reaction rate
constants k were calculated as 0.13 � 10�2, 0.89 � 10�2, 0.51 �
10�2, 0.19 � 10�1, 0.32 � 10�1, 0.25 � 10�1, and 0.95 �
10�1 min�1, indicating that RHBC–CuCo2O4 has an excellent
catalytic activity to remove OG. Combined with the character-
izations of Fig. 2 and Table S1,† this result may be due to the
inhibition of CuCo2O4 agglomeration aer loading RHBC,
which results in a looser structure and a higher specic surface
area (142.9 m2 g�1). This provides more active sites for more
complete reactions, which is conducive to enhancing the cata-
lytic activity of CuCo2O4.20,23,24
3.3 Inuencing factors of catalytic oxidation process

The effect of the RHBC–CuCo2O4 dosage on OG degradation is
shown in Fig. 5(A), The removal rate of OG increased signi-
cantly as the RHBC–CuCo2O4 dosage increased from 0 to
200mg L�1. When themass concentration of RHBC–CuCo2O4 is
0 mg L�1, PMS alone could not degrade the OG. When the mass
concentration increased to 25 mg L�1, the removal rate of OG
was approximately 93% aer 30min of reaction. When themass
concentration increased to 50, 100, and 200mg L�1, the times of
complete removal for OG were shortened to 30, 15, and 10 min,
respectively. The k value of RHBC–CuCo2O4 were 0.32 � 10�2,
0.48 � 10�1, 0.95 � 10�1, and 1.86 � 10�1 min�1 at concen-
trations of 25, 50 100, and 200 mg L�1, respectively. This may be
due to the increased amount of RHBC–CuCo2O4 catalyst, which
provides additional active sites in the oxidation system and
accelerates the production of ROS from the activated PMS.20,35
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Dosage of RHBC–CuCo2O4, (B) dosage of PMS, and (C)
effect of reaction temperature. Conditions: [OG] ¼ 50 mg L�1, [cata-
lyst] ¼ 0–200 mg L�1, [PMS] ¼ 0–614 mg L�1, and T ¼ 25–45 �C.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 6
:3

3:
18

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Fig. 5(B) illustrates the effect of the PMS dosage on OG
removal. When the mass concentration of PMS was 154 mg L�1,
the OG could not be completely degraded. When the concen-
tration of PMS was increased to 307 and 614 mg L�1, the times
for complete removal of OG were shortened to 15 and 10 min,
and the k values increased from 3.39 � 10�2 min�1 to 0.95 �
10�1 and 1.35 � 10�1 min�1, respectively. This is because when
the PMS in the RHBC–CuCo2O4/PMS system is low, the gener-
ation rate of the ROS is limited. When the PMS dosage
increases, the generation and rate of ROS increase, and the
degradation rate of OG improves.36

Fig. 5(C) shows the effect of different temperatures the OG
removal in the RHBC–CuCo2O4/PMS system. When the
temperature increased from 25 to 45 �C, the effect of OG
removal improved, because thermal activation is one of the
important ways to activate persulfate, and increasing the
© 2021 The Author(s). Published by the Royal Society of Chemistry
temperature is generally conducive to the production of ROS by
PMS.8 At 25 �C, the degradation reaction was completed in
15min. At 35 and 45 �C, the degradation reaction was shortened
to 10 min. At 25, 35, and 45 �C, the k values of the oxidation
system were 0.95 � 10�1, 1.90 � 10�1, and 1.98 � 10�1 min�1,
respectively. According to the Arrhenius equation, the calcu-
lated activation energy (Ea) of the oxidation system was
37.42 kJ mol�1, indicating that the catalytic activity for RHBC–
CuCo2O4 was less affected by the reaction temperature. Mean-
while, the Ea was lower than that of the CuCo2O4/PMS oxidation
system as reported in the literature,20,37 which has a better
applicability and operability in practical applications.
3.4 Reaction mechanism analysis

To determine the ROS for OG degradation in the RHBC–
CuCo2O4/PMS system, radical quenching experiments were
performed by adding 0.5 M EtOH, 0.5 M TBA, 10 mM p-BQ, and
10 mM L-His as ROS quenchers to the solution. The EtOH can
quench both SO$�

4 and cOH, TBA can quench cOH, p-BQ, and L-
His can quench O$�

2 and 1O2. As shown in Fig. 6(A), when p-BQ
and L-His were added to the RHBC–CuCo2O4/PMS system, the
removal rates of OG were only 65% and 42%, indicating that
O$�

2 and 1O2 may play major roles in OG degradation of. When
EtOH and TBA were added, there was a slight effect on the OG
degradation, indicating that SO$�

4 and cOH may have minimal
contributions.32,35 The presence of signicant ROS was further
veried by EPR detection. As shown in Fig. 6(B) and (C), the
signals for DMPO–OOH, DMPO–OH, DMPO–SO4, and
TEMP–1O2 were detected aer PMS was activated by RHBC–
CuCo2O4, which indicates the presence of SO$�

4 , cOH, O$�
2 , 1O2

in the oxidation system.38 Based on the results of the quenching
experiments and EPR measurements, the sulphate, hydroxyl,
superoxide, and singlet oxygen radicals coexist in the RHBC–
CuCo2O4/PMS activation system. In addition, it is reported that
O$�

2 , as a precursor, participates as 1O2, which may lead to O$�
2

playing an important role in OG degradation. It is also known
that singlet oxygen radicals play a major role in OG
degradation.6,20,39,40

The XPS spectra in Fig. 6(D–F), show the valence changes for
Co and Cu and the oxygen content changes in the RHBC–
CuCo2O4 catalyst before and aer reactions to explore the
activation mechanism of PMS. Five peaks (803.27, 795.39,
785.80, 780.87, and 779.46 eV) are shown in Fig. 6(D) for the XPS
spectrum of Co 2p in RHBC–CuCo2O4 before the reaction.17,41

Two obvious satellite peaks are located at 803.2 and 785.80 eV,
respectively. 795.39 eV corresponds to the Co 2p1/2 peak, while
Co(II) and Co(III) are located at 780.87 and 779.46 eV, respec-
tively. The Co(II) content decreased from 64.8% to 54.5% and
the Co(III) content increased from 35.2% to 45.5%, suggesting
that both Co(II) and Co(III) may be involved in the PMS activa-
tion.23,33,42 In Fig. 6(E), the XPS spectrum of Cu 2p in RHBC–
CuCo2O4 before reaction shows four peaks (961.93, 953.83,
941.95, and 933.88 eV), in which two obvious satellite peaks are
located at 961.93 and 941.95 eV. The Cu 2p1/2 peak position is at
953.83 eV, and Cu(II) is at 933.88 eV. Aer the reaction, Cu(I)
increased from 0 to 50.98%, indicating that Cu(I) and Cu(II) may
RSC Adv., 2021, 11, 39467–39475 | 39471
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Fig. 6 Effect of different quenchers on the OG degradation by (A) RHBC–CuCo2O4/PMS; (B) DMPO–OOH, DMPO–OH, and DMPO–SO4; (C)
TEMP–1O2 complex; (D) Co 2p before and after the reaction; and XPS spectra of (E) Cu 2p and (F) O 1s. Conditions: [OG]¼ 50mg L�1, [catalyst]¼
100 mg L�1, [PMS] ¼ 307 mg L�1, T ¼ 25 �C, [EtOH] ¼ 0.5 M, [p-BQ] ¼ [L-His] ¼ 10 mM, and [DMPO] ¼ [TEMP] ¼ 50 mM.
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also be involved in the PMS activation.21,42,43 In Fig. 6(F), the
–OH increased from 29.08% to 40.39% aer the reaction, which
may be due to the surface hydroxylation of RHBC–CuCo2O4.33,44

Therefore, a possible OG degradationmechanism by the RHBC–
CuCo2O4/PMS oxidation system is proposed. First, Co(III) and
Cu(II) in the RHBC–CuCo2O4 are reduced by HSO5

� to Co(II) and
Cu(I) simultaneously to produce SO$�

5 (eqn (2)).24,33,45 As SO$�
5

cannot directly degrade OG due to the low redox potential, it
may contribute to the formation of 1O2 (eqn (3) and (4)),46 which
is consistent with Fig. 6(F), as the lattice oxygen decreased from
40.31% before the reaction to 33.27% aer the reaction. As
E0Co(III)/Co(II) (1.82 V) is higher than E0Cu(II)/Co(I) (0.15 V), Co(III) and
Cu(I) undergo electron transfer (eqn (5)), while Co(II) can react
39472 | RSC Adv., 2021, 11, 39467–39475
with H2O to form surface hydroxylation, which is consistent
with the increased –OH from 29.08% to 40.39% before the
reaction in Fig. 6(F) (eqn (6)).32,33 The O2 generates O$�

2 through
HSO5

� transfer, before nally participating in the formation of
1O2 (eqn (7) and (8));20,33,47 The EPR results indicate a small
amount of SO$�

4 and cOH also participate in the reaction, eqn (9)
and (10). Consequently, the OG is efficiently degraded by ROS,
including SO$�

4 , cOH, O$�
2 , and 1O2 to CO2 and H2O as described

in eqn (11). Meanwhile, the removal rate of TOC can reach 7.8%
aer 30 min degradation in this reaction system, which may be
due to the small dosage of oxidant PMS. When the dosage of
PMS is increased by 5 times, the removal rate of TOC in this
reaction system can reach 89.1%. Besides, the intermediates in
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (A) Effect of water on OG removal, (B) reaction pH value on OG
removal efficiency, (C) stability of RHBC–CuCo2O4. Conditions: [OG]
¼ 50 mg L�1, [catalyst] ¼ 100 mg L�1, [PMS] ¼ 307 mg L�1, T ¼ 25 �C,
[Cl�] ¼ [NO3

�] ¼ [HCO3
�] ¼ 5 mM, and [HA] ¼ 10 mg L�1.
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the degradation process of OG were analysed using an GC-MS,
and the main intermediates were detected. It can be inferred
that the degradation pathway of OG may be that SO$�

4 , cOH, O$�
2

and 1O2 rst oxidizes the azo bond in the OG structure, making
it decolorized and degraded into aromatic compounds with
benzene ring and naphthalene nucleus as the main structure.
Then the aromatic compounds are oxidized into oxygen-
containing organic matter, and then decomposed into small
molecular acid substances, and nally mineralized into CO2

and H2O (Fig S3†).

hCuðIIÞ=hCoðIIIÞ þHSO5
�/hCuðIÞ�hCoðIIÞ þHþ

þ SO$�
5 (2)

2SO$�
5 þH2O/2HSO4

� þ 1:51O2 (3)

2^Cu(I)/^Co(II) + 2SO�
5 / 2^Cu(II)/^Co(III) + 2SO2�

4

+ 1O2 (4)

^Cu(I) + ^Co(III) / ^Cu(II) + ^Co(II) (5)

^Co(II) + H2O / ^Co(II) –OH� + H+ (6)

3HSO5
$� þH2O/3SO4

2� þ 2O2
$� þ 5Hþ (7)

O2
$� þ e�/1O2 (8)

hCuðIÞ=hCoðIIÞ þHSO5
$�/hCuðIIÞ=hCoðIIIÞ þ SO4

$�

þOH�

(9)

SO4
$� þOH�/$OH� þ SO4

2� (10)

SO4
$�=$OH��O2

$��1O2 þOG/intermediates/CO2 þH2O

(11)

3.5 Environmental impact

Anions (Cl�, NO3
�, and HCO3

�) and dissolved organic matter
such as humic acid (HA) are widely present in real water
bodies.8,35 Therefore, inorganic anions and HA were added to
the solution to simulate water bodies, and the effect of the
oxidation system on the OG removal was investigated. As shown
in Fig. 7(A), 5 mM of inorganic anions (HCO3

�, Cl�, NO3
�) and

10 mg L�1 of HA showed no signicant inhibitory effect on the
RHBC–CuCo2O4/PMS system.

To further evaluate the effect of the RHBC–CuCo2O4/PMS
oxidation system on removing pollutants in the actual water
body, 50 mg L�1 of OG solution was prepared using both ltered
tap water and river water, and a degradation experiment was
used under the same experimental conditions described above.
The experimental results shown in Fig. 7(A), indicate that the
RHBC–CuCo2O4/PMS system can still effectively remove OG
from tap and river waters.

Experiments were carried out at different pH values (3.4–9.0)
to further study the catalytic performance of the RHBC–
CuCo2O4/PMS system on the OG. Fig. 7(B) shows the OG
© 2021 The Author(s). Published by the Royal Society of Chemistry
degradation form the RHBC–CuCo2O4/PMS system. The OG
degradation rate was 100% and the k value was 0.95 �
10�1 min�1 at a pH of 3.4 and reaction time of 15 min. At pH
values of 5, 7, and 9, the complete degradation time of OG was
shortened to 10 min, and the k values were 0.16, 0.17, and
0.18 min�1, respectively. The results showed that the degrada-
tion rate of OG increased with the pH. This may be due to the
formation of interfacial repulsion between the PMS and the
catalytic site (–OH) of the catalyst. This is caused by the
connection of H+ with negatively charged superoxide bonds (O–
O) for the PMS at acidic pH values, which affects the degrada-
tion rate.6,20 At a larger pH, the degradation rate increases,
whichmay be due to two factors. On the one hand, more surface
cOH groups can enhance the electron density of transition
metals and act as donor ligands to accelerate PMS activation.48
RSC Adv., 2021, 11, 39467–39475 | 39473
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On the other hand, alkali treatment is a way to activate PMS,
which accelerates the production of ROS.49,50
3.6 Reusability test of catalyst

The RHBC–CuCo2O4 was recovered from the aqueous solution
via ltration aer the reaction through a 0.45 mm organic
membrane, washed three times with deionized water and
ethanol, and then dried in a vacuum oven at 60 �C for 24 h. The
stability of the RHBC–CuCo2O4 catalyst was then evaluated in
the OG degradation experiment. Fig. 7(C) indicates that the OG
degradation rate decreased slightly aer 30 min of recycling,
which decreased to 95% and 94% aer the second and third
uses, respectively. This may be due to the active sites being
covered by the adsorbed organics, which results in the loss of
active sites on the catalyst surface. Then, the catalytic perfor-
mance for RHBC–CuCo2O4 was studied with four typical
organic pollutants: ACT, STZ, BPA, and RhB. The reaction
conditions were the same as the OG degradation process, and
the degradation results are shown in Fig. S4.† Aer 30 min, the
degradation rates of all pollutants reached 93–100%. Thus,
RHBC–CuCo2O4/PMS, has the potential to degrade typical
organic pollutants. In addition, RHBC–CuCo2O4 has a compa-
rable catalytic performance with the other carbon–CuCo2O4

catalysts reported in the literatures (Table S2†).
4. Conclusion

The RHBC–CuCo2O4 prepared via pyrolysis has excellent
performance when activating PMS to degrade OG. The results
show that the OG degradation efficiency by RHBC–CuCo2O4/
PMS was 40 times higher than that of CuCo2O4/PMS, which
reached 100% in 15 min. In the RHBC–CuCo2O4/PMS system,
anions (Cl�, NO3

�, and HCO3
�) and HA did not affect the

degradation reactions. Combined with the results of radical
quenching experiments and EPR, the catalytic degradation
process in RHBC–CuCo2O4/PMS followed a non-self-radical
pathway, with singlet oxygen 1O2 being the main active
species. The results show that RHBC–CuCo2O4 has good
stability and the OG degradation efficiency was still 94% aer
three cycles. In addition, the degradation rate of the RHBC–
CuCo2O4 catalyst for the four typical pollutants (ACT, STZ, BPA
and RhB) reached 93–100%, indicating that RHBC–CuCo2O4

has the potential to degrade typical organic pollutants. There-
fore, RHBC–CuCo2O4 is a promising catalyst to activate PMS
and degrade organic contaminants in aqueous solution.
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