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oxymonosulfate for rhodamine-B
removal from water: enhanced efficiency with
cobalt-enriched, magnetically recoverable CNTs

M. O. Abdel-Salam, †abc Hebatullah H. Farghal, †a Ehab El Sawy, a

Taeho Yoon *d and Mayyada M. H. El-Sayed *a

Dyes are known to pose environmental threats due to their mutagenic and persistent effects. To address

this concern, researchers have explored various unconventional dye degradation materials, such as metal

oxides with carbon materials. However, challenges related to degradation efficiency and regeneration

have been significant obstacles. Consequently, there has been a surge in interest in recent years toward

using nanomaterials with carbon materials activated by peroxymonosulfate for organic pollutant

degradation. In this study, we present a novel approach to prepare a hybrid nanocomposite catalyst,

CoS/CoFe2O4-CNTs (CS/CF-CNTs), using a carbon nanotube decorated with cobalt ferrite and further

enhanced by embedding with cobalt sulfide nanoflowers. This catalyst aims at enhancing Rhodamine-B

degradation through advanced oxidation processes. The carbon nanotubes provide a stable substrate for

the cobalt materials, with cobalt ferrite (CF) serving as a magnetic component, facilitating catalyst

removal and regeneration for multiple uses. Due to the oxidation involved in the degradation process,

high electronic conductivity of the carbon nanotubes and the active cobalt sites of the composite play

a crucial role in activating peroxymonosulfate to generate reactive oxygen radicals. Notably, the CS/CF-

CNTs catalyst showed a remarkable Rhodamine-B degradation rate of 98% in less than 10 min. The

catalyst also exhibited excellent stability even after four cycles of regeneration. The operating reaction

conditions were optimized by investigating the effects of pH, dye concentration, salinity with different

salts, catalyst dose, and peroxymonosulfate dose, and the results demonstrated the superior

effectiveness of CS/CF-CNTs compared to CS and to CF-CNTs, emphasizing the synergistic interaction

between the carbon nanotubes and the two cobalt materials. Quenching experiments revealed the

involvement of sulfate and hydroxyl radicals in the degradation reaction mechanism.
1. Introduction

Water is an instrumental natural resource for the existence of
humans and living organisms. Despite its importance, all living
organisms are facing the serious problems of water shortage
and pollution. Water pollution arises from domestic, sewage,
agricultural, and industrial wastewater.1 Among the contami-
nants of great concern nowadays are the emerging contami-
nants. These are found in water at minute concentrations that
can only be detected using sophisticated analytical instruments
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and could pose health hazards with prolonged exposure.
Examples of emerging contaminants are pharmaceuticals and
personal care products, pesticides, disinfectants, and others.2

This study is concerned with the emerging contaminant
Rhodamine-B, which is a basic dye that is used in the textile
industry. It is carcinogenic and neurotoxic through inhalation
and ingestion.3 The value of the Rhodamine-B market in 2023
was 182.37 million USD, and it is expected to rise to 252.89
million USD in 2033 (Spherical insights, https://
www.sphericalinsights.com/reports/rhodamine-b-market,
accessed May 6th, 2024). It is persistent in the environment,
with high stability and minimal degradation tendency.4 The
concentration of Rhodamine-B in textile wastewater in Hay-
atabad Peshawar, Khyber Pakhtunkhwa, Pakistan was found to
be in the range of 20–250 mg L−1.5 Different methods have been
utilized for the removal of Rhodamine-B from wastewater, such
as adsorption,6 membrane ltration7 and advanced oxidation
processes.8 The method applied herein is an advanced oxida-
tion process; these processes are characterized by the genera-
tion of strong hydroxyl or sulfate radicals that can degrade even
RSC Adv., 2025, 15, 6371–6383 | 6371
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the most recalcitrant contaminants in various types of waste-
water.9 Various methods have been applied for the generation of
radicals, including the conventional chemical method, along
with other modern sonochemical, photochemical, and electro-
chemical techniques. Chemical methods deploy ozone,
hydrogen peroxide, and persulfate, which are not effective on
their own, but require activation.10 Herein, the chemical
method is applied using the oxidant peroxymonosulfate or
oxone (PMS). PMS can be activated via UV light or heat treat-
ment. Alternatively, less-energy-intensive transition-metal-
induced activation can be conducted using homogeneous or
heterogeneous catalysts. Heterogeneous catalysts are preferable
to homogeneous catalysts, as the former have less toxicity and
are more recyclable.11 Rhodamine-B was efficiently and
almost completely degraded by Fe/MCM-41 catalysts in the
presence of H2O2 at an initial dye concentration of 100 ppm, 1 g
L−1 catalyst dose, H2O2 dose of 20 mmol L−1, pH 4, and
temperature of 80 °C.12

In this work, cobalt sulde/cobalt ferrite-carbon nanotubes
(CS/CF-CNTs) catalysts are combined with PMS to potentially
enhance the degradation of Rhodamine-B. Cobalt-based hetero-
geneous catalysts are known for their superiority over the Fenton
system and higher standard potential compared to other transi-
tion metals.13 The presence of cobalt ferrite should impart
magnetic properties to the composite, facilitating its collection
from wastewater via a magnetic eld aer the degradation
process. Carbon nanotubes are deployed due to their excellent
surface area, catalytic properties, and electron transfer ability,
which makes them good candidates for water treatment.14

Numerous reports have shown the superior performance of
cobalt-based heterogeneous catalysts combined with PMS. For
example, a cobalt/MOF with PMS degraded about 98% of 20 ppm
Rhodamine-B in 30 min.15 Additionally, CoCN–NaBH4 (Co(OH)2–
g-C3N4) was able to degrade almost 100% of 100 ppm orange G at
a catalyst dose of 0.1 g L−1 and a PMS dose of 0.23 mM.16

This is the rst report, to the best of our knowledge, on the
degradation of Rhodamine-B using cobalt sulde/cobalt ferrite-
carbon nanotubes. This work investigates the surface
morphologies and physicochemical properties of the CS/CF-
CNTs hybrid nanocomposite catalyst using various tech-
niques, such as X-ray diffraction, scanning electron microscopy,
transmission electron microscopy, X-ray photoelectron spec-
troscopy, and nitrogen adsorption–desorption isotherms. A
comprehensive study is conducted on the effect of the different
operating parameters on the removal, including pH, contact
time, initial concentration, catalyst dose, PMS dose, and salinity
with different salts. The selectivity of the catalyst and PMS
toward Rhodamine-B is tested in tap water and compared to
that in distilled water. In addition, the reusability of the catalyst
is assessed, and the removal mechanism is explained in view of
the ndings of the quenching experiments.

2. Materials and methods
2.1. Materials

Oxone (PMS; 2KHSO5), ferric nitrate nonahydrate (Fe(NO3)3-
$9H2O), ethanol (C2H5OH), cobalt(II) nitrate hexahydrate
6372 | RSC Adv., 2025, 15, 6371–6383
(Co(NO3)2$6H2O), acetic acid sodium salt (CH3COONa), sulfuric
acid (H2SO4), nitric acid (HNO3), ethylene glycol (C2H6O2), and
methanol (CH3OH) were purchased from Sigma-Aldrich (99%
analytical grade). Thiourea (H2NCSNH2), sodium chloride
(NaCl), and potassium sulfate (K2SO4) were purchased from
Duksan Pure Chemicals Co., Ltd (95% analytical grade). CNTs
were obtained from Korea Nano Company. Rhodamine-B was
obtained from Loba Chemie, PVT, LTD. All the reagents were of
analytical grade and were used as obtained. All the solutions
were prepared using ultrapure water.

2.2. Preparation of the CS/CF-CNTs hybrid nanocomposite

A CS/CF-CNTs hybrid nanocomposite was synthesized using
a solvothermal technique. Initially, 357 mg of Co (NO3)2$6H2O
were dissolved in 75 mL of C2H6O2 and ultrasonicated for
10 min to achieve complete dispersion. Subsequently, 252mg of
H2NCSNH2 were added to the mixture while ultrasonication
continued. A solution of magnetic-CoFe2O4-CNTs, prepared
using the procedure outlined in our previous report,11 was then
added dropwise to the sonicated mixture. Aer 1 h of agitation,
the resulting solution was transferred to a 100 mL
polytetrauoroethylene-lined autoclave. The reaction mixture
underwent heating at 180 °C for 12 h in an oven, followed by
cooling to room temperature as depicted in Fig. 1. The resultant
black precipitate, identied as the CS/CF-CNTs composite, was
washed three times with distilled water and subsequently dried
in a vacuum oven at 70 °C for 6 h. CoS was synthesized using
a similar procedure, excluding the addition of magnetic
CoFe2O4-CNTs.

2.3. Characterization of the as-synthesized (CS/CF-CNTs)
nanocomposites

Various analytical techniques were employed to examine the
hybrid nanocomposite prepared in this study. The crystalline
structures of the samples were analyzed using X-ray diffraction
(XRD) with Cu Ka radiation at 40 kV and 30mA, scanning angles
within the range of 10–70°, and a scan step of 0.02° (PANalytical,
X'Pert-PRO MPD). High-resolution transmission electron
microscopy (HR-TEM) at 200 kV (FEI Tecnai G2F20) and eld
emission scanning electron microscopy (FE-SEM) (Hitachi-
Japan, S-4800) were used to investigate surface morphologies.
X-ray photoelectron spectroscopy (XPS) with Al Ka mono-
chromatized radiation (AXIS Nova) was employed to analyze the
surface conguration and components of the samples. Infrared
(IR) spectra were collected using a total reectance infrared
(ATR-IR) spectrometer (Bruker Instruments) in the range of
4000–400 cm−1 at a resolution of 4 cm−1. The degradation of
Rhodamine-B was monitored using a Cary UV-vis Agilent
G51911AA spectrophotometer. Furthermore, the hybrid nano-
composite sample underwent examination using a nitrogen
adsorption–desorption apparatus (Micromeritics 3FlexSurface
Characterization Analyzer) at −196 °C. Additionally, the Bru-
nauer–Emmett–Teller (BET) surface area and pore size distri-
bution (PSD) were estimated. The sample was degassed at 180 °
C for 12 h before conducting the adsorption–desorption
experiments. The magnetic properties of the samples were
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of the synthesis of CS/CF-CNTs.
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measured using a Lake Shore VSM 7307 vibration magnetom-
eter. The PSD was determined using the Barrett–Joyner–
Halenda (BJH) methodology, and the BET-specic surface area
was calculated using the BET equation. Zeta potential
measurements were performed at pHs from 3.1 to 11.1 to
determine the charge of the catalyst at various pH values.
2.4. Evaluating the catalytic degradation of CS/CF-CNTs with
PMS activation

Catalytic degradation was studied at different catalyst and PMS
doses in 100 mL of a 50 ppm Rhodamine-B solution without
adjusting the pH (pH was about 3.3). The study was extended
using various initial concentrations (10–50 ppm) of the dye in
the presence of 10 mg catalyst and 60 mg PMS without pH
adjustment. Similarly, the degradation kinetics were examined
under the same conditions. The effect of pH was investigated in
the range of 3.3–9.4 using the same catalyst and PMS doses
indicated earlier. Aer degradation, 5 mL of the contaminant
solution was quenched with 5 mL of sodium thiosulfate (0.5 M)
and measured on a UV/VIS spectrophotometer at 554 nm. The
obtained absorbance was substituted in a calibration curve to
determine the remaining concentration, and the percent
removal was determined as follows:

%Removal ¼ C0 � Cr

C0

� 100

where C0 is the initial concentration of Rhodamine-B, while Cr

is the concentration of Rhodamine-B remaining aer catalytic
degradation.
2.5. Testing the regenerability, selectivity, and stability of
the nanocomposite

A regeneration study was conducted over four successive cycles.
In each cycle, 100 mL of a 10 ppm solution of Rhodamine-B was
used at 0.1 g L–1 catalyst dose and 0.6 g L–1 PMS dose. Upon the
completion of each catalytic degradation cycle, the CS/CF-CNTs
hybrid nanocomposite catalyst was separated by applying an
external magnetic eld and then thoroughly washed with 10 mL
of deionized water and dried overnight at 70 °C before
commencing the subsequent recyclability experiment. The
degradation efficiency of the catalyst in the presence of PMS was
tested on 10 ppm Rhodamine-B in tap water and compared to
© 2025 The Author(s). Published by the Royal Society of Chemistry
that in distilled water. Additionally, the selectivity of the catalyst
in the presence of PMS was tested on 50 ppm Rhodamine-B in
the presence of salts such as NaCl and K2SO4 at 5 mM
concentration.

Quenching experiments were used to explore the underlying
mechanism of pollutant degradation by identifying the reactive
species responsible for the process. In this study, tert-butyl
alcohol (TBA, 1 M) and ethanol (1 M) were utilized as quenching
agents to differentiate between the hydroxyl radicals (cOH) and
sulfate radicals (SO4c

−) that are potentially involved in the
degradation of Rhodamine-B. TBA selectively scavenges
hydroxyl radicals due to its higher reactivity with cOH (rate
constant z3.8–7.6 × 108 M−1 s−1) compared to its relatively
slow interaction with sulfate radicals (rate constant z4–9.1 ×

105 M−1 s−1). Conversely, ethanol acts as a dual scavenger,
reacting with hydroxyl and sulfate radicals, but with different
rate constants. This difference in bahavior enables a clearer
understanding of which reactive species dominate under the
applied experimental conditions. The quenching experiments
were performed using a catalyst dosage of 10 mg, 60 mg of PMS,
and a pollutant concentration of 50 mg L–1 Rhodamine-B in
a reaction volume of 100 mL. To examine the catalyst's stability
during Rhodamine-B degradation, leaching tests for cobalt and
iron ions were conducted. The concentrations of leached cobalt
and iron ions were measured using Inductively Coupled Plasma
Optical Emission Spectroscopy (ICAP™ 7400 Duo, Bremen,
Germany, ICP). Before analysis, calibration curves were con-
structed to quantify the metal ions precisely, with the detection
wavelengths set at 371.993 nm for iron and 350.228 nm for
cobalt.

3. Results and discussion
3.1. Characterization of the nanocatalysts

XRD analysis was conducted to examine the crystalline struc-
ture of the hybrid nanocomposite and identify the specic
phases (Fig. 2). In the XRD pattern of the CNTs, notable peaks
were observed at 26° and 43°, corresponding to the (0 0 2) and (1
0 0) planes, respectively. These peaks indicate the presence of
concentric cylindrical features in the CNTs and suggest
adequate graphitization with sp2-type atoms, devoid of carbon-
based impurities or catalytic metal particles on their surfaces.17

For the CF-CNTs, distinct diffraction peaks were observed at
RSC Adv., 2025, 15, 6371–6383 | 6373
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Fig. 2 XRD patterns of CNTs, CF-CNTs, CS, and CS/CF-CNTs
nanocomposite.
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31.3°, 36.1°, 43.3°, 53°, 57.4°, and 63.5°, corresponding to the
(2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), and (4 4 0) diffraction
planes, respectively. These peaks are characteristic of the
spherical spinel single-phase CF.11,18 For the CS sample, the
diffraction peaks appear at 31.05°, 35.68°, 47.13°, and 54.91°
with low intensity, indicating the amorphous or nanocrystalline
structure of CS, and these peaks correspond to the (204), (220),
(306) and (330) planes, respectively.19 In the XRD pattern of the
CS/CF-CNTs, the intensity slightly increased with a small shi at
Fig. 3 (a) SEM images and (b) HR-TEM images of CS/CF-CNTs nanocom

6374 | RSC Adv., 2025, 15, 6371–6383
47.13°, and the graphitic carbon peak could not be seen as
a well-dened peak. This could be attributed to the character-
istic (0 0 2) peak of graphitic carbon being weak, indicating that
the carbon structures in CNTs are disordered. This observation
aligns with previous reported ndings.20

To scrutinize its morphological structure, FE-SEM and HR-
TEM analyses were conducted on the synthesized CS/CF-CNTs
hybrid nanocomposite. As depicted in Fig. 3a, the morphology
of the pristine CS exhibited a micro-ower-like structure,21 with
spherical CF rmly anchored on the cylindrical structure of the
CNTs and CS. The hydrothermal method seems to have facili-
tated the effective loading of CF onto the surfaces of the CNTs
and CS. Fig. 3b presents the HR-TEM image of the CS/CF-CNTs
hybrid nanocomposites, revealing the intertwining of CS with
the CNT networks. Similar observations were demonstrated in
the FE-SEM images. The successful fabrication of the CS/CF-
CNTs hybrid nanocomposite is evident from the absence of
free CF in the HR-TEM images and FE-SEM micrograph.

XPS analysis was employed to determine the valence state
and elemental composition of the CS/CF-CNTs hybrid nano-
composites. The survey spectrum in Fig. 4a indicates the pres-
ence of Co, Fe, S, O, and C in the energy region, which is
consistent with the XRD results. Further analysis of the Co 2p
spectrum (Fig. 4b) based on the Gaussian tting approach
reveals two peaks at 785 and 802.8 eV, which correspond to the
satellite peaks of Co2+,22 along with peaks at 778.5 and 793.7 eV
corresponding to the Co 2p3/2 and 2p1/2 of cobalt sulde.23 The
peaks at 780.6 and 796.3 eV suggest the coexistence of Co3+ and
Co2+, with Co3+ potentially providing additional active sites for
degradation. The Fe 2p3/2 spectrum (Fig. 4c) shows peaks at
711.94, 716.8, 721.2, and 737 eV, indicating the Fe3+ and Fe2+

states. The S 2p spectrum (Fig. 4d) displays peaks at 168.5 eV
(oxidized S), 164.5 and 162.5 eV (S–C bond), and 161.8 eV
(CoS).24,25 In addition, Fig. 4e presents the high-resolution C 1s
spectrum of the nanocomposites. The high-resolution C 1s
spectrum (Fig. 4e) reveals peaks at 284.4 eV (C–C/C]C bonds),
288.5 eV (O–C–O), and 285.31 eV (C–O/C–S),26 conrming tight
bonding between C atoms and S atoms, indicating the attach-
ment of CoS particles to the surface of the CNTs. Fig. 4f presents
the deconvolution of the O 1s energy region. The two evident
components have been attributed to the contribution of the
crystal lattice oxygen (lower binding energy) and chemisorbed
oxygen species (higher binding energy). The appearance of the
posite.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XPS spectra of CS/CF-CNTs: (a) survey spectrum, (b) Co 2p, (c) Fe 2p, (d) S 2p, (e) C 1s, and (f) O 1s.
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latter in the shoulder peak might originate from oxygen uptake
from the environment, water vapor or carbonaceous species.27

To evaluate the magnetic properties of the prepared CS/CF-
CNTs and CF-CNTs nanocomposites, the magnetization curve
was measured at room temperature. As shown in Fig. 5, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
saturation magnetization values of CS/CF-CNTs and CF-CNTs
are 12.78 emu g−1 and 32.6 emu g−1, respectively. These
values indicate that the materials are superparamagnetic.28 By
comparing the magnetization curves, it can be observed that the
magnetization ability of CS/CF-CNTs is lower than that of pure
RSC Adv., 2025, 15, 6371–6383 | 6375
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Fig. 5 VSM plots for CS/CF-CNTs and CF-CNTs.

Fig. 7 Comparison between the degradation performance of several
catalysts at 10 mg/100 mL catalyst dose and 60 mg/100 mL PMS at
normal pH conditions for a Rhodamine-B concentration of 50 ppm.
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CF-CNTs. The decreased magnetic intensity of CS/CF-CNTs may
be attributed to the CS coating. Nevertheless, the goodmagnetic
responsiveness of the as-prepared nanocomposite enabled it to
be separated conveniently with an external magnetic eld,
facilitating its collection and reuse.

The nitrogen adsorption–desorption isotherms of the CS/CF-
CNTs hybrid nanocomposite were also obtained to determine
its specic surface area (Fig. 6a) and its PSD (pore size distri-
bution) (Fig. 6b). Following the classication scheme of the
International Union of Pure and Applied Chemistry (IUPAC),
the synthesized nanocomposite exhibits a type IV isotherm with
a minor hysteresis loop, indicating the prevalence of mesopores
along with some macropores, likely attributable to unoccupied
spaces within the hybrid nanocomposite.29 This is supported by
the PSD shown in Fig. 6b. As a result, the BET surface area was
determined to be 34.7 m2 g−1, with the average pore size esti-
mated at 22.4 nm and the pore volume at 0.175 cm3 g−1 using
the BJH equation. The above characterization ndings indicate
that the CS/CF-CNTs hybrid nanocomposite possesses a meso-
porous crystalline structure.

Fig. 7 shows a comparison between the different examined
catalysts in their percent removal and time needed for the
degradation of Rhodamine-B. As shown in the gure, CF-CNTs
Fig. 6 BET isotherm (a) and pore size distribution (b) of CS/CF-CNTs.

6376 | RSC Adv., 2025, 15, 6371–6383
gave the lowest percent removal of about 83% in 20 min, whilst
both CS and CS/CF-CNTs gave almost the same percent removal
(about 99.5%) aer 12 and 10 min, respectively. This indicates
that the inclusion of magnetic cobalt ferrite did not affect the
removal efficiency of the nanocomposite, but did affect the
degradation rate. In this work, we focused on the catalytic
degradation of Rhodamine-B using the CS/CF-CNTs nano-
composite as it provides a faster degradation rate than the other
tested catalysts, and in addition it can be easily removed from
wastewater by applying a magnetic eld.

3.1.1. Effect of PMS and catalyst concentration. Fig. 8a
shows the effect of increasing the PMS concentration at
a constant catalyst concentration of 10 mg/100 mL. When the
PMS concentration was increased three-fold, the degradation
time dropped by one third, i.e., the degradation time decreased
from 30 min for an 86.9% degradation at 20 mg/100 mL PMS to
10 min for a 99.7% degradation at 60 mg/100 mL PMS, which is
an indication of the role of PMS in generating radicals and thus
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The effect of PMS dosage at a catalyst concentration of 10 mg/100 mL, at pH 3.3 and 50 mg L–1 Rhodamine-B (a). The effect of catalyst
concentration at a PMS dose of 60 mg/100 mL, at pH 3.3, and 50 mg L–1 Rhodamine-B (b). The effect of pH on Rhodamine-B degradation at
a PMS and catalyst concentration of 60 and 10mg/100mL, respectively, with 50mg L–1 Rhodamine-B (c). DLSmeasurement of the CS/CF-CNTs
at different pH values (d). The effect of contact time of the catalyst and PMS with Rhodamine-B at a PMS and catalyst concentration of 60 and 10
mg/100 mL, respectively, and at pH 3.3 and 50mg L–1 Rhodamine-B. Inset: pseudo-first-order linear kinetic plot. (e) The effect of increasing the
initial concentration of Rhodamine-B on the degradation process with 60 mg/100 mL PMS and 10 mg/100 mL catalyst at pH 3.3 (f).

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 6371–6383 | 6377
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reducing the degradation time. This is in alignment with
a previous report about Co–Mn layered double hydroxides with
PMS, in which increasing the PMS concentration led to an
increase in the degradation rate of Acid Orange G.30 Thus, the
PMS concentration of 60 mg/100 mL was applied in further
studies. Notably, no remarkable decrease in degradation effi-
ciency was obtained using PMS alone. To a similar extent, when
the catalyst dose was increased from 5 to 15 mg/100 mL (Fig.
8b), the time required for almost complete degradation (99%)
decreased from 13 min to 8 min. This could be due to the
increase in the active sites available for the reaction with PMS to
generate more reactive radicals and enhance the catalytic
degradation. This concurs with the results reported for the use
of manganese oxide octahedral molecular sieve/PMS for the
degradation of acid orange 7 at higher catalyst concentrations.31

However, due to the insignicant difference between the
degradation time at 10 mg/100 mL catalyst (10 min) and that at
15 mg/100 mL catalyst (8 min), the catalyst concentration of 10
mg/100 mL was applied in further studies. It should be noted
that the concentration of the catalyst should always be less than
that of PMS; otherwise, the catalyst will react with the produced
radicals, leading to a decrease in the removal efficiency.32

3.1.2. Effect of pH. As the PMS degradation process is
affected by the initial pH of the solution, the effect of pH was
studied in the textile wastewater pH range33 of 3.3 to 9.4; pH 3.3
is the normal pH without adjustment. As depicted in Fig. 8c,
almost complete degradation was obtained over the whole pH
range. The time for complete degradation decreased from
10 min at pH 3.3 to 3 min at pH 9.4. At pH values below 6,
electrostatic chemical interactions via electron transfer could
possibly take place between the negatively charged catalyst, as
conrmed from the zeta potential measurements (Fig. 8d), and
the positively charged dye, while at pH values above 6, possible
physical interactions are likely to occur between the negatively
charged catalyst and the neutral dye (https://chemicalize.com/,
accessed Feb 4th, 2024). The degradation efficiency and
degradation time shown herein are higher than those
previously reported for the degradation of Brilliant Blue FCF
using Fe3O4–TiO2/PMS, where only 61% decolorization was
attained at pH 6 using 0.4 g L–1 catalyst and 1.5 mM PMS
Fig. 9 Degradation of Rhodamine-B in tap water (TP) vs. distilled water
100 mL and pH 3.3 (a), Effect of different salts on the removal and degr

6378 | RSC Adv., 2025, 15, 6371–6383
aer 60 min.34 Thus, this catalyst could be efficiently applied
in basic, neutral, and acidic media, which facilitates its
application in real wastewaters. For practicality and ease of
operation, the pH of the dye solution without adjustment (pH
3.3) was applied in the rest of the study. The kinetics of
degradation followed the pseudo-rst order model with an R2

value of 0.9724 (Fig. 8e). It should be noted that the pH of the
Rhodamine-B solution remained almost constant (at pH 2.8)
aer the degradation.

3.1.3. Effect of initial concentration. The effect of the
initial concentration of Rhodamine-B dye on the degradation
was investigated in the range of 10 to 50 mg L−1, as depicted in
Fig. 8f. Complete degradation of the dye was attained over the
whole range of initial concentrations; however, the time
required for complete degradation increased from 2 min at
10 mg L−1 to 10 min at 50 mg L−1, possibly due to saturation of
the active sites on the catalyst surface, which, in turn, limited
the diffusion of the dye molecules to and from the catalyst
surface.35 Thus, a longer time is required for the complete
degradation of the dye with increasing initial dye concentration.
These ndings are similar to those reported for the degradation
of methylene blue by manganese cobaltite nanoparticles/PMS,
where increasing methylene blue concentrations required
longer times for complete degradation.35 Notably, the reported
analyte-to-PMSmolar ratios range from 1 : 2 to 1 : 250; the molar
ratio used herein is 1 : 51, which is in accordance with previ-
ously published literature.36

3.1.4. Degradation in tap water and the presence of salts.
The degradation of Rhodamine-B dye was studied in tap water
and compared to that in distilled water, as shown in Fig. 9a.
Complete degradation was achieved in both tap water and
distilled water; however, the degradation time for tap water was
0.5 min as compared to 2 min for distilled water. This nding
was also observed in a previous report on the degradation of
naproxen by g-C3N4 and was attributed to the presence of
divalent magnesium and calcium cations as well as chloride
ions in tap water, which could have played a role in the degra-
dation process.37 Additionally, the efficiency and time of the
degradation of methyl red dye was enhanced in tap water rela-
tive to distilled water aer applying Fe3O4/ZrO2 nanoparticles
(DW) at respective PMS and catalyst concentrations of 60 and 10 mg/
adation time (b).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Effect of radical scavengers on Rhodamine-B degradation.
Reaction conditions: 10 mg/100 mL catalyst dose and 60 mg/100 mL
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owing to the presence of mineral ions in tap water.38 It is also
possible that the presence of the mineral ions in tap water
changed the ionic environment surrounding the catalyst
surface and consequently enhanced the interaction between the
dye and the catalyst.

The removal efficiency of Rhodamine-B by the catalyst with
PMS was investigated in the presence of the salts NaCl and
K2SO4 at a concentration of 5 mM (as shown in Fig. 9b). The
results indicated that the percentage removal and degradation
times remained almost constant or slightly improved, suggest-
ing that the presence of salts did not inuence the degradation
performance of the catalyst. This nding suggests that there
was no competition between the salts and Rhodamine-B.
Previous studies have stated that Cl− reacts with HSO5

− to
produce more active species, thereby enhancing removal effi-
ciencies and reducing degradation times.39 Additionally, Cl−

might generate HOCl/Cl2, which could accelerate dye degrada-
tion or react with sulfate radicals to generate the less-reactive
Clc.40 Although sulfate salts have been reported to decrease
reaction rates and deactivate the catalyst surface, this effect was
not observed in this study, possibly because the salt concen-
tration used was lower than in previous reports.41

3.1.5. Elucidation of the reaction mechanism. Based on the
experimental results, it is suggested that the CS/CF-CNTs may
trigger the activation of PMS, as indicated in previous work.42

Initially, Rhodamine-B likely adsorbs onto the surface of the
nanocomposite when it is introduced into the untreated solu-
tion. This adsorption can take place chemically or physically,
depending on the solution pH. Upon exposure to PMS, the
surface of the CS/CF-CNTs hybrid nanocomposite is activated,
facilitating the release of radical species (SO4c

−, cOH), similar to
the catalytic behavior of transition metal ions43 (eqn (1)–(4)).
This activation leads to the generation of cOH through the
reaction of SO4c

− with OH− or H2O (eqn (3) and (4)). The bi-
valent (II) metal ions within the CS/CF-CNTs catalyst play
a crucial role in releasing SO4c

− from PMS and subsequently
oxidizing into their trivalent forms. Following this, PMS reduces
the trivalent (III) metal ions back to their bivalent (II) states,
resulting in the formation of less-active SO5c

−. However, this
reduction step occurs relatively slowly, leading to a low content
of bivalent metal ions (II) during the catalytic reaction. The free
radicals attack the pollutant molecules, causing the pollutants
to be decomposed into small molecules and nally mineralized
into carbon dioxide and water. The presence of CNTs aids in
dispersing the CS/CF, exposing more active sites of the bivalent
(II) metal ions. Consequently, the CNTs assist in the regenera-
tion of bivalent (II) metal ions, enhancing the catalytic potential
and stability for PMS activation. This synergistic interaction
between CS/CF and CNTs signicantly improves the catalytic
efficiency and stability for PMS activation.

(Catalyst)III + HSO5
− / (Catalyst)II + SO5c

− + H+ (1)

(Catalyst)II + HSO5
− / (Catalyst)III + SO4c

− + OH− (2)

SO4c
− + H2O / OHc + SO4

2− + H+ (3)
© 2025 The Author(s). Published by the Royal Society of Chemistry
SO4c
− + OH− / OHc + SO4

2− (4)

SO4c
−/OHc + Dye / H2O + CO2 (degradation product) (5)

This reaction mechanism was conrmed by quenching
experiments in which 1 M ethanol and 1 M TBA were applied as
quenching agents. It is well known that TBA quenches hydroxyl
radicals (k1 = (3.8–7.6) × 108) while ethanol quenches both
hydroxyl (k1 (OHc, ethanol) = 1.2–2.8 × 109 M−1 s−1) and sulfate
radicals (k1 (SO4c

−, ethanol) = 1.6–7.8 × 107 M−1 s−1).11 As can
be seen from Fig. 10, TBA decreased the percent removal of
Rhodamine-B by about 6.8%, while ethanol decreased the
percent removal by 9%. This could imply that both sulfate
radicals and hydroxyl radicals were involved in the reaction
mechanism, with sulfate radicals being slightly more dominant.
Notably, the reduction in percent removal by ethanol or TBA
quenching was not substantial despite applying a 1 M concen-
tration of each reagent. It could be that the degradation reaction
rate is faster than the ethanol or TBA quenching rate, leading to
minimal effects of quenching on the percent removal, or that
the amount of the quenching agent was not sufficient to
produce a prominent effect.10

3.1.6. Reusability. The reusability of the catalyst was
examined for four consecutive cycles using 10 mg L−1 of the dye,
separating the catalyst with a magnetic eld, and applying it for
the next cycle (Fig. 11a). The degradation efficiency of the
catalyst was not affected; however, the degradation rate
decreased with increasing the number of cycles, from 2 min in
the rst cycle to about 35 min in the fourth cycle. The reason for
the decline in the degradation rate could be ascribed to the
leaching of catalyst molecules as well as the masking of active
sites by the degradation products of the dye.44 Moreover,
Fig. 11b depicts the FTIR spectra of the CS/CF-CNTs catalyst
composite before and aer four cycles of Rhodamine-B degra-
dation. The very slight peak shi observed aer degradation
PMS at normal pH conditions for a Rhodamine-B concentration of
50 ppm.

RSC Adv., 2025, 15, 6371–6383 | 6379
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Fig. 11 Reusability of 10mg/100mL catalyst for the degradation of 10mg L–1 Rhodamine-B at a PMS concentration of 60mg/100mL and pH 3.3
(a). FT-IR spectra before and after degradation (b).

Table 1 Selected cobalt-based catalysts coupled with PMS for the degradation of Rhodamine-B dye

Catalyst
Initial concentration
of dye Conc. of catalyst Conc. of PMS pH %R Ref.

CoS-rGO 14.37 mg L−1 0.25 g L−1 0.0056 g L−1 3–10 100% in 8 min 47
Co-doped hydroxyapatite 40 mg L−1 0.2 g L−1 0.045 g L−1 5.5 93.3% in 12 min 48
Co/nitrogen-doped CNTs
annealed at 700 °C

20 mg L−1 0.02 g L−1 0.06 g L−1 5.67 99.05% in 7 min 49

CoFe/SBA-15 calcined
at 700 °C

5 mg L−1 0.1 g L−1 — No adjustment >98% in 60 min 50

FeCo-LDH 20 mg L−1 0.2 g L−1 0.15 g L−1 No adjustment >98% in 10 min 51
CS/CF-CNTs 50 mg L−1 0.1 g L−1 0.6 g L−1 No adjustment >98% in 10 min This work
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indicates alterations in the chemical environment of the func-
tional groups, possibly due to the formation of new bonds
between the catalyst and the degradation products. Although,
there is a decrease in peak intensity aer degradation, the
vibration peaks of CS/CF-CNTs aer regenration of the catalyst
remained mostly unchanged compared to the peaks shown for
the fresh catalyst. This indicates that the CS/CF-CNTs catalyst
possesses excellent catalytic stability and reusability.

3.1.7. Stability of the catalyst. The content of the cobalt and
iron ions leached into the water was studied aer conducting
a catalytic degradation experiment using 10 mg catalyst and
60 mg PMS in 100 mL of 50 ppm Rhodamine-B solution; the
concentration of cobalt and iron in the treated water was then
measured using ICP. It was found that the concentration of
leached iron was about 0.257 mg L−1, while that of cobalt was
about 0.13 mg L−1. For iron, the maximum acceptable limit
determined by the Minnesota Department of Health is
0.3 mg L−1,45 which shows that the amount of iron leached from
the composite is below the maximum acceptable limit and thus
ensures the safety of using the composite with regard to iron
leaching. Similarly, the content of leached cobalt is within the
permissible limits of cobalt in freshwater, which should not
exceed 0.11 mg L−1 as per previously reported guidelines.46
6380 | RSC Adv., 2025, 15, 6371–6383
4. Comparison with literature

Table 1 lists some examples of cobalt-based catalysts that were
coupled with PMS for the degradation of Rhodamine-B. The
results show that the activity of our catalyst exceeded that of Co-
doped hydroxyapatite, FeCo-LDH, CoFe/SBA-15 and CoS-rGO in
terms of catalyst/dye weight ratio. All listed catalysts showed
degradation within an 8 to 15 min time frame except for CoFe/
SBA-15, which required 60 min.

5. Conclusions

In this study, a magnetic CS/CF-CNTs catalyst was successfully
synthesized via a simple hydrothermal process and exhibited
excellent performance in activating PMS to degrade
Rhodamine-B, a representative organic dye. The catalyst was
fully characterized by various techniques to evaluate its physi-
cochemical properties. Compared to CF-CNTs and CNTs, the
CS/CF-CNTs nanocomposite displayed notably enhanced cata-
lytic activity in removing Rhodamine-B with a degradation
efficiency of >95% in only 10 min. The inuence of different
parameters on the degradation of Rhodamine-B was investi-
gated, revealing pH, PMS concentration, and initial
Rhodamine-B concentration as critical factors affecting the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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degradation rate. For example, by increasing the concentration
of PMS from 20 to 60 mg/100 mL, the degradation time was
decreased from 30 min to 10 min while the degradation effi-
ciency was enhanced from 86.9% to 99.7%. Moreover, owing to
its exceptional recyclability, this catalyst could be easily sepa-
rated using an external magnet and reused multiple times,
indicating its practical application value. This work provides
a new strategy for developing an efficient reusable nanocatalyst
for pollutant degradation via an environmentally safe process in
which the magnetic catalyst is easily collected from water, thus
mitigating its environmental impact.
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