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ate framework-67 in chitosan-
grafted hydrogel as an effective catalyst for
peroxymonosulfate activation to degrade
antibiotics and dyes †

Atipong Nachaichot, a Kunlarat Phonlakan, a Supinya Nijpanich, b

Soraya Pornsuwan c and Surangkhana Budsombat *a

Zeolitic imidazolate framework-67 (ZIF-67) was synthesized in situ in the hydrogel of chitosan-grafted

poly(acrylic acid) (chitosan-g-PAA) to activate peroxymonosulfate (PMS) and degrade tetracycline (TC).

The catalytic performance of the composite hydrogel for TC degradation was evaluated under different

conditions. The results showed rapid degradation, with enhanced degradation efficiency as the catalyst

dosage, PMS dosage, and temperature increased. TC was degraded entirely within 30 min for catalyst

and PMS dosages of 1 and 1 g per L, respectively. The composite hydrogel was effective across a broad

pH range. A scavenging study and electron paramagnetic resonance experiments indicated that SO4c
−,

HOc, O2c
− and 1O2 were involved in the degradation process. The antibacterial test against E. coli

showed that the products of the TC degradation were nontoxic. Additionally, the composite hydrogel

was evaluated in the presence of anions and in real water samples. The reusability study showed that the

composite hydrogel could be recovered through filtration and effectively used for five consecutive

cycles. Moreover, the composite hydrogel could degrade 82% ciprofloxacin and 86% norfloxacin, while it

could completely degrade rhodamine B, reactive red 141, and methylene blue dyes within 30 min.
1. Introduction

High levels of antibiotics are discharged into water due to the
growth of the pharmaceutical industry and animal husbandry.
Tetracycline (TC), an antibiotic, is widely utilized to treat animal
and human diseases and promote animal and plant growth.1

However, TC is highly water-soluble, chemically stable, and
non-biodegradable,2 which is harmful to human health and the
environment.3 Several wastewater treatment processes,
including adsorption, membrane technologies, and advanced
oxidation processes (AOPs), can remove or degrade antibiotics.4

AOPs are potential approaches as they do not generate
secondary toxic waste to be deposited into the environment.
Hydroxyl radicals are produced in AOPs to degrade organic
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pollutants into nontoxic molecules, which can be mineralized
into carbon dioxide and water. In recent years, sulfate radical-
based advanced oxidation processes (SR-AOPs) have received
much attention because they offer a strong oxidizing capacity
and a broad working pH range with a long lifetime.5,6 Sulfate
radicals can be generated using various methods, including
photolysis, pyrolysis, radiolysis, and activation of perox-
ymonosulfate (PMS).7

Although direct PMS activation is slow and requires energy,8

combining PMS and transition metals, including Co, Mn, Ni,
Fe, and Cu, is effective. Co demonstrated higher activation
performance than other transition metals since the redox
potential of Co was similar to that of PMS. Nevertheless,
homogeneous Co catalysts have the potential toxicity of Co
leaching and difficult metal recovery. Consequently, heteroge-
neous Co-based catalysts are being developed to overcome the
limitations.9,10 Zeolitic imidazolate framework-67 (ZIF-67) has
been introduced as a PMS activator for degrading dyes and
antibiotics. ZIF-67 is a porous metal–organic framework mate-
rial composed of Co as the metal center and 2-methylimidazole
(2-Mim) as the ligand.11 The high porosity and abundance of Co
ions make ZIF-67 an effective PMS activator in SR-AOPs.12

However, separating ZIF-67 from wastewater is challenging.
Therefore, this issue is addressed by combining ZIF-67 with
NiCo2O4 nanocage,13 Fe2O3 nanoparticles,14 and Ti-based
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra06537a&domain=pdf&date_stamp=2024-11-08
http://orcid.org/0009-0006-9227-3584
http://orcid.org/0009-0006-1312-4346
http://orcid.org/0000-0001-5691-8679
http://orcid.org/0000-0003-4756-7891
http://orcid.org/0000-0003-0837-2389
https://doi.org/10.1039/d4ra06537a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06537a
https://rsc.66557.net/en/journals/journal/RA
https://rsc.66557.net/en/journals/journal/RA?issueid=RA014048


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
nó

ve
m

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

3.
7.

20
25

 1
5:

55
:3

5.
 

 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
membranes15 to degrade TC, ciprooxacin, and sulfamethox-
azole, respectively.

This study synthesized ZIF-67 in situ in chitosan-graed pol-
y(acrylic acid) (chitosan-g-PAA) hydrogel. The obtained composite
hydrogel was used to activate PMS in the TC degradation. Since
chitosan-g-PAA hydrogel demonstrated a high mechanical
strength, high water stability, and high adsorption capacity
toward Co(II) ions, it was chosen to support ZIF-67.16 This study
rst reported the in situ synthesis of ZIF-67 in a hydrogel for
applications in SR-AOPs. The catalytic ability of the ZIF-67
composite hydrogel in the TC degradation was investigated. The
inuence of catalyst dosage, PMS dosage, initial TC concentra-
tion, pH, and temperature on the TC degradation was evaluated.
The generation of reactive oxygen species was examined using
scavenging and electron paramagnetic resonance (EPR) experi-
ments. Furthermore, the catalytic system was tested in real water
samples. Additionally, the impact of inorganic anions on TC
degradation was discussed. The reusability of the composite
catalyst was evaluated. Moreover, the catalytic performance of the
composite toward other antibiotics was studied.

2. Experimental
2.1 Chemicals

Chitosan ($75% deacetylation, 50 000–190 000 Da), PMS,
acrylic acid (AA), and 2-Mim were obtained from Sigma-Aldrich.
N,N0-methylenebis(acrylamide) (MBA) was purchased from
Fluka. Loba Chemie supplied t-butanol and methylene blue.
Potassium persulfate and cobalt(II) nitrate hexahydrate
(Co(NO3)2$6H2O) were acquired from VWR and Guangdong
Guanghua Chemical Factory, respectively. Ascorbic acid and
sodium azide were purchased from Qrec. Sodium hydrogen
carbonate and sodium nitrate were obtained from Ajax Fine-
chem. Methanol and sodium chloride were obtained from RCI
Labscan. TC, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), and
2,2,6,6-tetramethyl-4-piperidone (TEMP) were provided by TCI.
Reactive red 141 was acquired from DyStar Singapore. Rhoda-
mine B, ciprooxacin, and noroxacin were purchased from
HiMedia, Millimed, and Masa Lab Co., Ltd, respectively.

2.2 Synthesis of ZIF-67 composite hydrogel

Chitosan-g-PAA hydrogel was synthesized, as mentioned in
previous studies.16 ZIF-67 was synthesized in situ in the hydrogel
as follows: rst, 2.1825 g (7.50 mmol) of Co(NO3)2$6H2O was
Fig. 1 Chemical structures of (a) the chitosan-g-PAA hydrogel and (b) Z

© 2024 The Author(s). Published by the Royal Society of Chemistry
dissolved in deionized water (75 mL), followed by stirring the
solution for 30 min. Then, the synthesized hydrogel was added
to the solution and stirred for 4 h. In another beaker, 2.4600 g
(29.96 mmol) of 2-Mim was dissolved in deionized water (25
mL), followed by slowly dropping this prepared 2-Mim solution
into the hydrogel-containing solution. Aerward, the mixed
solution was allowed to sit for 12 h. The obtained composite
hydrogel was ltered, followed by thoroughly washing it with
water and methanol to remove chemical residues and non-
embedded ZIF-67 particles. Finally, the composite hydrogel
was dried in an oven.

2.3 Procedures for degradation of TC

The TC degradation was performed using the ZIF-67 composite
hydrogel as a catalyst. In a typical procedure, 1 g per L of the
catalyst was added to 100 mL of a 10 mg per L TC solution for
30 min to establish adsorption–desorption equilibrium. The
introduction of 0.3 g per L PMS solution initiated the TC
degradation. The sample was collected and diluted with meth-
anol, followed by subjecting it to ultraviolet-visible (UV-vis)
measurements.

The inuence of inorganic anions and water system on TC
degradation was investigated under optimized conditions of 1 g
per L catalyst dosage, 1 g per L PMS dosage, initial TC concen-
tration of 10 mg per L, and 5 mM anion concentration to mimic
the actual sewage solution.17 Moreover, the catalytic ability of the
composite was investigated in drinking water, tap water, and
water from a facultative pond for wastewater treatment at Sri-
nagarind Hospital, Khon Kaen. The composite was washed with
water and methanol in the reusability test, followed by air-drying
for the next experiment. The catalytic performance of the
composite toward different antibiotics and dyes was studied
using the initial pollutant concentration of 10 mg per L.

The degradation efficiency (in %) of the catalyst was deter-
mined from the concentration before degradation (C0) and the
concentration aer degradation (Ct) using eqn (1).

Degradation efficiencyð%Þ ¼ C0 � Ct

C0

� 100% (1)

2.4 Characterizations

Detailed information for Fourier transform infrared spectros-
copy (FTIR), eld emission scanning electron microscopy in
conjunction with energy-dispersive X-ray spectroscopy (FESEM-
IF-67.

RSC Adv., 2024, 14, 35628–35637 | 35629
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Fig. 2 FTIR spectra of chitosan-g-PAA and the ZIF-67 composite
hydrogel.
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EDS), thermogravimetric analysis (TGA), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), atomic absorp-
tion spectrophotometry (AAS), UV-vis, and EPR has been
Fig. 3 SEM images of the ZIF-67 composite hydrogel at (a) 1000× and

35630 | RSC Adv., 2024, 14, 35628–35637
presented in the ESI material (Text S1).† An antibacterial study
was performed using the CLSI M2-A11 protocol against Escher-
ichia coli (E. coli, strain ATCC 8739).

3. Results and discussions
3.1 Synthesis of the ZIF-67 composite hydrogel

The chitosan-g-PAA hydrogel was synthesized using the free
radical gra copolymerization of AA with MBA as the cross-
linking agent, according to the reported procedures.16 The
chemical structure of the hydrogel is depicted in Fig. 1(a) and
FTIR conrmed its successful synthesis. As shown in the FTIR
spectrum in Fig. 2, the amino and hydroxyl groups of chitosan
were between 3000–3500 cm−1, and its O–H bending was at
1055 cm−1.18 The band at 2931 cm−1 was attributed to the
formation of the –CH2 linkages in the copolymers and –CH2

stretching of MBA.18 The carbonyl stretching vibration appeared
at 1700 cm−1. The N–H deformation and the in-plane scissoring
vibrations of CH2 of MBA were at 1555 and 1402 cm−1, respec-
tively.19 The chemical structure of ZIF-67 is shown in Fig. 1(b).
The characteristic bands corresponding to ZIF-67 are shown in
the FTIR spectrum of the ZIF-67 composite hydrogel in Fig. 2. The
in-plane bending vibrations of the imidazole ring were at 1316,
(b) 10 000× magnifications with elemental mapping (c).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effects of degradation system (a) and catalyst dosage (b) with
a correlation plot between time and degradation efficiency (c).

Fig. 5 Effect of the initial TC concentration.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
nó

ve
m

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

3.
7.

20
25

 1
5:

55
:3

5.
 

 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
1156, and 1006 cm−1.20 The bands at 748 and 671 cm−1 were
attributed to the out-of-plane bending of the imidazole ring.21,22

The morphology of ZIF-67 particles on the surface is illus-
trated in the SEM images of the composite hydrogel in Fig. 3(a
and b). Elemental mapping in Fig. 3(c) revealed the presence of
Co, C, and N, conrming the formation of ZIF-67. The average
particle size was 3.7 mm, and particle aggregation was observed.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The thermal stabilities of chitosan-g-PAA and the ZIF-67
composite hydrogel were analyzed using TGA and depicted in
Fig. S1.† The bare hydrogel showed a multi-step decomposition,
and the primary weight loss at 454 °C was attributed to the PAA
decomposition.16 The composite hydrogel showed two addi-
tional weight loss steps at 319 and 603 °C, which could be
related to the escape of 2-Mim from the ZIF-67 surface,23 and the
major ZIF-67 decomposition,24 respectively. The ZIF-67 content
of 17.5% was determined from the difference between the
residual weights of the bare hydrogel and the ZIF-67 composite
hydrogel at 800 °C. The crystallinity of both the bare hydrogel
and the composite hydrogel was analyzed using XRD. As shown
in Fig. S2,† the XRD pattern of the bare hydrogel displayed
a small broad peak in the range of 15–40°, which was attributed
to a random crosslinking network.25 Upon the in situ synthesis
of ZIF-67 in the hydrogel, no noticeable peaks of ZIF-67 particles
were observed. This could be due to the relatively low ZIF-67
content in the hydrogel.
3.2 TC degradation

3.2.1 Effect of catalyst dosage. The catalytic performance of
the composite hydrogel was evaluated towards TC at a dosage of
0.25 g per L and compared with control experiments. As
depicted in Fig. 4(a), only 2% of TC was removed when either
the bare hydrogel or the composite catalyst was present,
possibly due to the adsorption of TC. Additionally, 31% of TC
was degraded aer 30 min of reaction when only PMS was
present due to the oxidizing properties of PMS. A similar extent
of degradation was observed in the system containing PMS and
bare hydrogel. This observation suggested that the bare
hydrogel did not play a signicant role in the degradation
process of TC. Combining PMS and the composite catalyst
resulted in a higher degradation rate and 87% degradation
efficiency, revealing that the composite catalyst facilitated the
PMS activation.

Furthermore, the impact of catalyst dosage on TC degrada-
tion was evaluated, and a correlation between time and
RSC Adv., 2024, 14, 35628–35637 | 35631
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Fig. 6 Effect of pH.
Fig. 8 Effect of the PMS dosage.
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degradation efficiency at the beginning of the degradation
process was depicted in Fig. 4(b and c). The increased degra-
dation rate as a function of the catalyst dosage was due to the
increased active sites provided to PMS. At 1 g per L catalyst
dosage, 81% of TC was rapidly degraded within 0.5 min, and the
degradation efficiency reached 89% aer 30 min.

3.2.2 Effect of the initial TC concentration. The inuence
of the initial TC concentration on its degradation was evaluated.
As shown in Fig. 5, the degradation rate decreased as the initial
concentration rose from 10 to 100 mg per L, and the degrada-
tion efficiency declined from 89% to 80%. The relatively
constant quantity of reactive species generated from the same
concentrations of catalyst and PMS in the reaction could explain
this observation.1 Notably, the high degradation rates and effi-
ciencies were maintained despite the ten-fold increase in the
initial TC concentration.

3.2.3 Effect of pH. The degradation ability of the composite
hydrogel was evaluated in the pH range of 2–9. As displayed in
Fig. 7 Effect of temperature.

35632 | RSC Adv., 2024, 14, 35628–35637
Fig. 6, the TC degradation rate increased with the pH value up to
pH 5.17 The hydrogel surface was positively charged at a pH below
4.3 since the point of zero charge of chitosan-g-PAA was 4.3.16

Under strong acidic conditions, the reaction between protons and
PMS generated SO2–O–O–H2

+.26 Therefore, the slow degradation
was due to the repulsion between the two positively charged
species. Furthermore, TC had three pKa values, which were 3.3,
7.8, and 9.6.27 TC was in the form of TCH3

+ at a pH below 3.3. The
electrostatic repulsion between the hydrogel and TC could
account for the low degradation rate. The one-way analysis of
variance (ANOVA) indicated that the degradation rate did not
change signicantly as the pH of the solution was further
increased from 5 to 7 and 9 (p < 0.05). Therefore, the suitable pH
of the solution for the composite hydrogel was in the 5–9 range.

3.2.4 Effect of temperature. The effect of temperature on
TC degradation was studied and is illustrated in Fig. 7. The TC
degradation rate increased with the increase in temperature
due to the increased collision frequency between the catalyst
and TC. Additionally, this observation conrmed that the PMS
activation was endothermic.

3.2.5 Effect of PMS dosage. The effect of PMS dosage on TC
degradation was investigated using three different concentra-
tions of PMS (0.3, 0.5, and 1 g per L). As shown in Fig. 8, the TC
degradation rate increased with the increased PMS dosage. The
increment was because the catalytic system generated an
increased reactive oxygen species. A rapid TC degradation was
observed within 1 min for the three PMS dosages. At 1 g per L
PMS dosage, a complete TC degradation was achieved within
30 min. Table 1 reports the efficiencies of different Co-based
PMS activators for TC degradation. The composite hydrogel
showed similar performance compared to the other catalysts.

3.2.6 Effect of radical scavenger. Scavenging experiments
employing methanol, t-butanol, ascorbic acid, and sodium azide
as scavengers were conducted to understand the degradation
process. Reportedly, methanol could quench SO4c

− and HOc,
while t-butanol selectively quenched HOc.32,33 Ascorbic acid and
sodium azide were used to quench superoxide radicals (O2c

−) and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of different Co-based catalysts for TC degradation

Catalyst [TC]0 (mg L−1) [Catalyst] (g L−1) [PMS] Performance Ref.

Co/SiO2 10 0.03 0.48 mM 46%, 20 min 28
Co@NC-800 30 0.2 0.2 g L−1 90.1%, 3 min 29
Co@NCNTs-600 20 0.12 2 mM 93.1%, 20 min 30
ZCCN-30% 10 0.2 1 mM 99%, 40 min 31
BCFB@PCo/CoO 30 0.2 0.4 g L−1 99.94%, 15 min 1
ZIF-67 in NiCo2O4 nanocage 20 0.05 0.3 g L−1 99.58%, 30 min 13
ZIF-67 composite hydrogel 10 1 1 g L−1 100%, 30 min This study

Fig. 9 (a) Effect of radical scavenger. [scavenger] = 20 mM, and (b)
EPR spectra in ZIF-67 composite hydrogel/PMS systems.
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singlet oxygen (1O2), respectively.34 As depicted in Fig. 9(a), meth-
anol, t-butanol, ascorbic acid, and sodium azide had an inhibiting
effect, indicating that SO4c

−, HOc, O2c
−, and 1O2 were generated in

the catalytic degradation of TC. DMPO and TEMP were used as
spin-trapping agents in EPR experiments. The presence of SO4c

−

and HOc was evidenced from the seven-line spectrum character-
istic of DMPOX (5,5-dimethyl-2-pyrrolidone-N-oxyl) (Fig. 9(b)).35

The signals of DMPO-O2c
− adduct were observed when DMPO and

methanol were used.36 Moreover, the generation of 1O2 was
conrmed by the triplet signal of TEMP-1O2.37

Furthermore, the ZIF-67 composite hydrogel was analyzed
using XPS. The presence of the C 1s, N 1s, O 1s, and Co 2p peaks
is indicated in the survey spectrum in Fig. 10(a). Chitosan and
PAA in the hydrogel introduced the O 1s peak at 532.3 eV.16

The N 1s peak at 399.1 eV was primarily due to ZIF-67.38 The C 1s
peak at 285.7 eV was due to the hydrogel and ZIF-67. As shown
in Fig. 10(b), the Co 2p spectrum consisted of two major Co 2p1/
2 and Co 2p3/2 peaks at 797.3 and 781.2 eV, respectively.39 The
peaks at 798.3 and 783.3 eV were assigned to Co2+, while the
peaks at 796.1 and 781.0 eV could be attributed to Co3+.40 Both
Co2+ and Co3+ states can exist in ZIF-67 due to the adsorption/
desorption with external molecules in water.41 Moreover,
shake-up satellite peaks were at 802.7 and 786.4 eV.40

The Co 2p spectrum of the used ZIF-67 composite hydrogel is
shown in Fig. 10(c). The Co3+/Co2+ ratio in the ZIF-67 composite
hydrogel increased from 1.94 to 2.05, suggesting the participa-
tion of Co2+ and Co3+ in PMS activation. Co2+ reacted with PMS
(HSO5

−) to form Co3+ and SO4c
−. The generated Co3+ could be

reduced to Co2+ to establish the Co2+/Co3+ cycle. The possible
degradation mechanisms activated using the ZIF-67 composite
hydrogel and PMS are shown in eqn (2)–(11).7,40,42

Co2+ + HSO5
− / Co3+ + SO4c

− + OH− (2)

Co3+ + HSO5
− / Co2+ + SO5c

− + H+ (3)

SO4c
− + OH− / SO4

2− + HOc (4)

HSO5
− + SO5

2− / HSO4
− + SO4

2− + 1O2 (5)

H2O + HSO5
− / HSO4

− + H2O2 (6)

H2O2 / H+ + HO2c
− (7)

HO2c
− / H+ + O2c

− (8)
© 2024 The Author(s). Published by the Royal Society of Chemistry
2H+ + 2O2c
− / H2O2 +

1O2 (9)

HOc + O2c
− / OH− + 1O2 (10)

SO4c
− + HOc + O2c

− + 1O2 + TC / intermediates / H2O

+ CO2 (11)
RSC Adv., 2024, 14, 35628–35637 | 35633
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Fig. 10 (a) Survey XPS spectrum. Co 2p spectrum of (b) the fresh and
(c) the used ZIF-67 composite hydrogel.
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3.2.7 Effect of inorganic anions and the real water system
evaluation. The impact of the commonly found anions in water
on TC degradation was investigated. As depicted in Fig. 11(a),
35634 | RSC Adv., 2024, 14, 35628–35637
NO3
− signicantly affected the TC degradation rate. As shown

in eqn (12)–(14), NO3
− could react with HOc or SO4c

− to produce
NO3c and NO2c, decelerating the TC degradation.43

NO3
� þHOc/NO

�

3 þOH� (12)

NO3
� þ SO4

c�/NO
�

3 þ SO4
2� (13)

NO
�

3 þH2Oþ e�/NO
�

2 þ 2OH� (14)

The presence of Cl−, SO4
2−, or HCO3

− decreased the TC
degradation rate slightly. Cl− could react with SO4c

− to produce
weaker chlorine oxidants (eqn (15)).40,44

Cl− + SO4c
− / SO4

2− + Clc (15)

Although SO4
2− could not react with sulfate radicals, it could

reduce their reduction potential, leading to a slower
Fig. 11 Effects of (a) inorganic anions and (b) water systems.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Antibacterial activities against E. coli of the as-prepared TC solution (left) and residual TC solution after the degradation reaction that
used the ZIF-67 composite hydrogel/PMS system (triplicate).

Fig. 13 Reusability of the ZIF-67 composite hydrogel.
Fig. 14 Degradation of other antibiotics and dyes.
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degradation.45 As shown in eqn (16) and (17), HCO3
− reacted

with HOc and SO4c
− to generate the less active carbonate and

bicarbonate radicals, respectively.46

HCO3
− + HOc / CO3c

− + H2O (16)

HCO3
− + SO4c

− / cHCO3 + SO4
2− (17)

The catalytic ability was evaluated in the real water envi-
ronment. As shown in Fig. 11(b), the effectiveness of the catalyst
declined with the purity of water. The TC degradation rate
decreased in the following order: deionized water > drinking
water > tap water > facultative pond water. A high 78% degra-
dation extent was achieved aer 30 min of reaction for the test
in facultative pond water.

3.2.8 Antibacterial test. The toxicity of the degradation
products against E. coli was examined using an antibacterial
test. The test compared the as-prepared TC solution (10 mg per
L) and residual TC solution aer a degradation reaction using
© 2024 The Author(s). Published by the Royal Society of Chemistry
the ZIF-67 composite hydrogel/PMS system, following the CLSI
M2-A11 protocol. A positive control using 10 mg of Gentamicin
was included. As shown in Fig. 12, no inhibition zones were
produced by the degradation products, indicating nontoxicity.

3.2.9 Reusability. Furthermore, the reusability of the ZIF-67
composite hydrogel in PMS activation for TC degradation was
studied. The composite hydrogel was washed with water and
methanol, followed by air-drying for the next experiment. As
shown in Fig. 13, the composite hydrogel could be used for ve
consecutive cycles with a slightly decreased degradation rate.
The slower rate could be attributed to the loss of the catalyst
during stirring and washing. The composite hydrogel remained
intact, and the FTIR spectra showed no substantial change aer
ve cycles (Fig. S3†). These observations indicated that the
composite hydrogel was sufficiently stable under the studied
degradation conditions. The cobalt leaching was analyzed using
AAS. The Co2+ traces were 1.4 mg per L aer the rst cycle, and
between 6.8 and 8.8 mg per L aer cycles 2 to 5. Although these
RSC Adv., 2024, 14, 35628–35637 | 35635
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values were comparable to those of other Co-based catalysts,47

more efforts should be made to stabilize cobalt ions to meet the
permissible limit for surface water.48

3.3 Degradation of other antibiotics and dyes

The catalytic performance of the ZIF-67 composite hydrogel
toward different antibiotics and dyes was evaluated. As shown
in Fig. 14, the composite hydrogel could degrade 82% cipro-
oxacin and 86% noroxacin within 30 min. Moreover, it could
completely degrade rhodamine B, reactive red 141, and meth-
ylene blue dyes.

4. Conclusions

This study synthesized ZIF-67 in situ in chitosan-g-PAA hydrogel.
FTIR and SEM conrmed the successful synthesis of ZIF-67, and
the average particle size of ZIF-67 was 3.7 mm. TGA determined
that the composite hydrogel had 17.5% ZIF-67 content. The ZIF-
67 composite hydrogel could effectively activate PMS in the TC
degradation. The degradation rate increased with the increased
catalyst dosage, PMS dosage, and temperature. However, the TC
concentration showed the opposite effect. TC was completely
degraded for catalyst and PMS dosages of 1 and 1 g per L,
respectively. Furthermore, the catalyst did not have signicantly
different degradation efficiencies when tested in the 5–9 pH
range, suggesting its versatility. XPS analysis revealed the
involvement of Co2+ and Co3+ in the degradation process. The
scavenging study and EPR experiments indicated the produc-
tion of SO4c

−, HOc, O2c
−, and 1O2 in the catalytic system. When

evaluated in real water samples and the presence of anions, the
composite hydrogel maintained an above 78% degradation
efficiency. The antibacterial test against E. coli indicated the
nontoxicity of the products of the TC degradation. Moreover,
the composite hydrogel could degrade other antibiotics and
dyes. The composite hydrogel could be used for ve cycles with
a slightly decreased degradation rate.
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