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emoval of o-nitrophenol by
a green Ag@ZnFe2O4/BC catalyst via Fenton-like
oxidation

Abdelazeem S. Eltaweil, *a Kristina Samir,a Eman M. Abd El-Monaemb

and Gehan M. El-Subruitia

This investigation focused on engineering a novel sustainable Fenton-like catalyst from lime for the efficient

degradation of o-NP. The heterogeneous catalyst consisted of Ag NPs and ZnFe2O4 that were prepared

using lime juice, while waste lime peels were pyrolyzed at 500 °C to fabricate BC. The Fenton-like

Ag@ZnFe2O4/BC catalyst was analyzed using SEM to study its morphology, FTIR to assess its chemical

composition, XPS to define its elemental composition, zeta potential analysis to evaluate its surface

charge, and XRD to reveal its crystal structure. The experimental findings of the Fenton-like degradation

of the o-NP compound revealed that the best catalytic parameters were as follows: pH = 3, mass of

Ag@ZnFe2O4/BC = 0.01 g, concentration of H2O2 = 500 mg L−1, temperature = 25 °C, and

concentration of o-NP = 100 mg L−1. Kinetic assessments showed the suitability of second-order

kinetics to model the Fenton-like degradation of o-NP by Ag@ZnFe2O4/BC. The mechanistic study

suggested the synergistic effect of adsorption and Fenton-like processes, in which several adsorption

pathways dominated o-NP adsorption, including pi–pi interactions, electron donor–acceptor

interactions, coordination bonds, and hydrogen bonds. The Fenton-like reaction of o-NP proceeded via

the free radical Fenton-like mechanism using the active species of Ag@ZnFe2O4/BC, comprising Fe2+,

Ag0, and EPFRs-BC for activating H2O2 and yielding cOH. GC-MS analysis identified the intermediates

yielded throughout the degradation of the o-NP compound by the Fenton-like Ag@ZnFe2O4/BC catalyst.
1 Introduction

Indeed, water contamination has become one of the most
concerning global issues in recent years. Notably, industrial
wastewater is deemed the major source of water contamination,
where diverse industries drain high concentrations of
hazardous substances such as phenolic compounds. Nitro-
phenols, such as o-nitrophenol (o-NP), degrade quickly in water,
but they require an extended period to degrade in deep
groundwater and soil.1 Notably, o-NP poses extreme danger to
animals, plants, marine life, and humans. Nevertheless, o-NP is
used in everyday life in foams, pesticides, adhesives, glues,
fabrics, emulsiers, laundry detergents, colors, exploding
substances, rubber-based materials, and acrylics.2 Conse-
quently, nding an appropriate method to conquer the concrete
hazards of o-NP is a research hotspot. Environmental experts
have endeavored to develop many wastewater treatment
methods, including precipitation, electrochemistry,
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membranes, treatment with biological agents, adsorption, and
Fenton reactions. The Fenton oxidation reaction is one of the
best and most successful wastewater treatment procedures for
eliminating numerous toxic organic wastes, such as highly
volatile phenols, benzene, and benzene derivatives, which are
extremely poisonous and barely degradable chemicals.3

In 1894, Fenton established the procedure known as the
Fenton reaction, which is utilized for purifying wastewater via
radical oxidation. The Fenton reaction has striking advantages,
including non-toxicity, outstanding efficacy, and accessibility
(works at ambient temperature and under atmospheric pres-
sure).4 The homogeneous Fenton process is a simple oxidation
reaction between soluble iron ions and hydrogen peroxide
(H2O2), resulting in reactive oxygen radicals that can attack
organic contaminants and degrade them. However, this type of
Fenton process has some bottlenecks, such as the poor recy-
clability of the soluble iron catalyst and a pH of 3–5.5 On the
contrary, the wide pH range operability and eminent reusability
of solid catalysts make the heterogeneous Fenton process
favorable over the homogeneous process.6 For this purpose,
different types of heterogeneous Fenton catalysts have been
ameliorated to boost their catalytic performance, such as metal
oxides/ferrites, metal–organic frameworks, carbon-based
materials, and layered double hydroxide.7–9 In particular,
RSC Adv., 2025, 15, 33549–33560 | 33549
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green-synthesized catalysts are worthy of attention owing to
their eco-benign character to the environment and humans and
low energy consumption compared to chemical catalysts,
promising catalytic activity, low capital costs, and
sustainability.10

Silver nanoparticles (Ag NPs) possess exceptional plasmonic,
optical, and thermal characteristics, high surface areas, chem-
ical stability, and excellent catalytic activity and stability.11

These auspicious merits of Ag NPs make them a preeminent
catalyst to degrade a variety of organic pollutants, including
pharmaceuticals, nitro compounds, and dyes.12 Interestingly,
Ag NPs have exhibited astonishing performance as a Fenton
catalyst owing to their high ability to activate H2O2 and form
hydroxyl radicals (cOH).13 Most of the reported studies on the
fabrication of Ag NPs depend on chemical or physical
approaches that consume high energy and use harmful
reagents. However, the green approach uses naturally reducing
agents and has revealed promising results in the morphology,
size, chemical stability, and catalytic activity of green-fabricated
Ag NPs.14

Zinc ferrite (ZnFe2O4) is a so ferromagnetic material with
a remarkable magnetic character and has gained increasing
interest as a catalyst owing to its accessibility, low cost, high
surface area, electrical conductivity, superb catalytic activity,
mechanical and chemical stability, and surface oxygen
mobility.15 The ferromagnetic nature of ZnFe2O4 allows its
facile, fast, and inexpensive separation from the catalytic
media. ZnFe2O4 NPs are fabricated via diverse approaches,
including micro-emulsion, co-precipitation, citrate precursor-
based, molten salt-based, hydrothermal, and sol–gel
methods.16 However, the green fabrication approach is still the
best one from environmental and economic perspectives.

Biochar (BC) is one of the most well-known carbonaceous
materials that has attracted signicant fame in different
sectors, especially wastewater remediation.17 BC is typically
fabricated by the thermal decomposition of biowastes at high
temperatures of 300–900 °C. Notably, BC is characterized by its
good mechanical properties, ample active oxygenated groups,
a porous structure, and a large surface area. The environmen-
tally persistent free radicals (EPFRs) of BC render it a remark-
able Fenton-like catalyst because EPFRs can easily activate H2O2

and produce high concentrations of cOH radicals.3

The heterogeneous Ag NPs, ZnFe2O4, and BC catalysts have
demonstrated superb catalytic activity toward different organic
pollutants. For instance, Welter et al. prepared ZnFe2O4-sup-
ported BC for decomposing rhodamine B via the photo-Fenton
reaction. The experimental ndings revealed that the photo-
Fenton decomposition % of rhodamine B reached 100%
within an hour. In addition, the recycling study elucidated the
excellent recyclability of ZnFe2O4@BC for eight runs.18 In
another investigation, Sang and his co-authors studied the
catalytic activity of rice straw-derived BC toward the Fenton-like
degradation of ciprooxacin, showing that the decomposition
% reached 96.80% within 20 min.19 Eltaweil et al. developed
Chenopodium-derived biochar for degrading o-NP by fabri-
cating the magnetic Fe3O4/MIL-88A/BC catalyst. The degrada-
tion % of o-NP achieved was 91.04% during 120 min at pH 5
33550 | RSC Adv., 2025, 15, 33549–33560
using 10mg of Fe3O4/MIL-88A/BC and 500mg L−1 H2O2.3 In this
context, Park et al. prepared iron-doped sugarcane BC for
decomposing orange G, revealing that the Fenton-like decom-
position % was 99.70% within 120 min.8 In another study,
Hoang et al. synthesized Ag/Ni/Fe3O4/AC beads for the photo-
Fenton decomposition of enrooxacin, showing that the
degradation % was 96.78%. In addition, the recyclability test
demonstrated that the decomposition % of enrooxacin was
83.61% aer reusing the Ag/Ni/Fe3O4/AC beads for ve runs.20

According to previous investigations, Ag NPs and ZnFe2O4

have not been utilized for decomposing o-NP via the Fenton-like
reaction till now, and there is a shortage of studies that have
reported the Fenton-like decomposition of o-NP by BC. Conse-
quently, our study highlighted the fabrication of a novel
sustainable Fenton-like catalyst from lime for the efficient
degradation of o-NP. The catalyst was constructed from Ag NPs
and ZnFe2O4, which were synthesized from lime juice, while the
remaining lime peels were pyrolyzed at 500 °C to fabricate BC.
The chemical, morphological, and magnetic properties of the
as-fabricated Ag@ZnFe2O4/BC were determined using bountiful
characterization instruments. The better reaction conditions
for the Fenton-like degradation of o-NP by Ag@ZnFe2O4/BC
were identied using a series of experiments, comprising the
impacts of H2O2 concentration, pH medium, system tempera-
ture, o-NP concentration, and catalyst dose. The degradation
mechanism of o-NP was studied by scavenging tests and XPS
analyses. Furthermore, the intermediate compounds of the o-
NP degradation reaction were identied by GC-MS. The recy-
clability of the Ag@ZnFe2O4/BC catalyst was examined experi-
mentally by cycling tests.

2 Experimental section

The chemicals used, preparation steps and applied character-
ization instruments are presented in Texts S1 and S2.

2.1 Synthesis of silver nanoparticles

Two or three limes were well-cleaned with distilled water and
squeezed to prepare fresh lime juice. The lime juice was ltered
through lter paper to remove the lime's dregs. Then, 10 mL of
the lime juice was dropped into an aqueous AgNO3 solution
(0.01 N, 100 mL). The Ag/lime mixture remained at 30 °C for
24 h under gentle stirring. The resulted Ag NPs were collected,
washed, and heated for drying in an oven at 60 °C for 10 h.5

2.2 Synthesis of zinc ferrite

ZnFe2O4 was fabricated by the microwave approach as follows:
100 mL of an aqueous solution of Zn(NO3)2$6H2O and
Fe(NO3)3$6H2O was stirred for 15 min and labeled as sample A.
Next, 5 mL of lime juice (prepared by the same procedure in
Section 2.1) was added to 45 mL of distilled H2O (sample B).
Then, samples A and B were mixed under stirring for 30 min
and transferred to a microwave oven (2.54 GHz at 900 W) for
15 min. The resultant powder was pyrolyzed for 4 h at 600 °C at
a heating rate of 5 °C min−1 to form a dark golden-brown
powder of ZnFe2O4.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.3 Synthesis of biochar

The leover lime peels from the preparation of Ag NPs and
ZnFe2O4 were cut into small pieces and dried in an oven at 100 °
C for 24 h. The dried lime pieces were crushed in a mortar and
pestle, converting them to a powder. The lime powder was
pyrolyzed for 5 h at 500 °C at a heating rate of 10 °C min−1 in an
oxygen-free environment, where the crucible was kept in
a stainless-steel cylinder and the air in the cylinder was replaced
by nitrogen gas. Finally, a dark black ne powder of BC was
obtained and stored in a vial.6

2.4 Preparation of the composite

The Ag@ZnFe2O4/BC catalyst was fabricated by dissolving 0.5 g
of AgNO3 in 100 mL of distilled water and then adding 0.1 g of
BC and 0.05 g of ZnFe2O4 to the Ag solution under stirring. Aer
30 min, 10 mL of fresh lime juice was dropped into the reaction
mixture and kept for 24 h at 30 °C. Ultimately, Ag@ZnFe2O4/BC
was centrifuged, washed, and dried at 60 °C for 10 h.

2.5 Fenton experiment

The Fenton-like degradation process of o-NP by Ag@ZnFe2O4/
BC was optimized as follows: (i) the best pH medium to effi-
ciently degrade the o-NP molecules was identied by perform-
ing the Fenton-like process in diverse pH media in the range of
3–11. (ii) The favorable catalyst dose was determined by varying
the Ag@ZnFe2O4/BC dose from 0.005 to 0.02 g. (iii) The suitable
H2O2 concentration to produce higher cOH proportions was
determined by changing the used concentration of H2O2 from
100 to 1000 mg L−1. (iv) The inuence of raising the catalytic
system temperature on the degradation % of o-NP was inspec-
ted in the temperature range from 25 to 55 °C. (v) The catalytic
activity of Ag@ZnFe2O4/BC was examined at low and high
concentrations of o-NP, ranging from 50 to 400 mg L−1. (vi)
Finally, the concentration of degraded o-NP was investigated by
withdrawing a sample aer each experiment and measuring it
using a spectrophotometer.21 The degradation efficacy of o-NP
was dened using eqn (1).

Degradation efficiency; DE ¼ C0 � Ct

C0

� 100 (1)

3 Results and discussion
3.1 Studying the Ag@ZnFe2O4/BC characteristics

3.1.1 XRD. The XRD patterns of Ag, ZnFe2O4, BC, and
Ag@ZnFe2O4/BC are depicted in Fig. 1a. The XRD pattern of Ag
NPs demonstrated its face-centered cubic structure, with peaks
located at the positions of 32.27°, 38.18°, 44.25°, and 64.72°,
correlating to the crystallographic planes of (111), (200), (220),
and (311), respectively.22 The XRD pattern of ZnFe2O4 exhibited
diffraction peaks at 2q positions of 29.92°, 35.28°, 36.92°,
42.88°, 53.16°, 56.72°, and 62.24°, corresponding to the planes
of (220), (311), (222), (400), (422), (511), and (440), respectively.
These ndings conrmed the formation of the cubic structure
of the ZnFe2O4 nanoparticles. The XRD pattern of biochar
revealed its concomitant broad peak between 2q = 20° and 30°,
© 2025 The Author(s). Published by the Royal Society of Chemistry
indicating the presence of a stacking structure of aromatic
layers. The XRD pattern of the synthesized Ag@ZnFe2O4/BC
composite showed the diffraction peaks of Ag and ZnFe2O4 at 2-
theta values of 29.92, 35.28, 38.18, 42,88, 44.25, 53.16, 56.72,
62.24, and 64.72, with the lower-intensity ones attributed to the
existence of the amorphous BC.

3.1.2 FTIR. The FTIR analysis was employed to analyze the
chemical compositions of Ag, ZnFe2O4, BC, and Ag@ZnFe2O4/
BC, as demonstrated in Fig. 1b. All the analyzed samples
showed the peak belonging to OH stretching at around
3400 cm−1 and the related peaks to the symmetric and asym-
metric C–H stretching at 2923 and 2853 cm−1, respectively.23

The FTIR spectrum of Ag NPs illustrated their accompanying
bands at the wavenumbers of 568 and 532 cm−1, indicating the
binding of Ag NPs with oxygen. The FTIR peak at 1733 cm−1 and
the band near 1647 cm−1 were assigned to the C]C stretching
(nonconjugated) and –C]O stretching, respectively. Further-
more, the observed peaks in the wavenumber range of 1444–
1409 cm−1 corresponded to C–H, and the peaks at 1383 and
1072 cm−1 were associated with the aromatic ring of the lime
and C–O stretching, respectively.24 The FTIR spectrum of
ZnFe2O4 depicted a peak at 546 cm−1, which coincided with the
stretching vibration of tetrahedral metal oxide, while the peaks
at 435 and 415 cm−1 were associated with the bending vibra-
tions of the metal oxide octahedral site.25 The peak at 1386 cm−1

was attributed to the aromatic ring of the lime; in addition, the
peaks at 823 and 624 cm−1 were ascribed to C]C and C–H,
respectively. The FTIR spectrum of BC showed a peak at
1568 cm−1, which belonged to the stretching vibration of C]C,
while the peak at 1426 cm−1 corresponded to the C–O stretching
vibration. The peaks at 873 and 799 cm−1 were related to out-of-
plane C–H bending vibration and O–H bending, respectively.26

The FTIR spectrum of Ag@ZnFe2O4/BC illustrated the di-
stinguishing peaks of Ag, ZnFe2O4, and BC, indicating its
successful formation of the composite.

3.1.3 VSM. The magnetic feature is one of the promising
specications of an excellent catalyst because it allows the
perfect separation of the catalyst in no time aer nishing the
catalytic reaction. So, the magnetism of ZnFe2O4 and
Ag@ZnFe2O4/BC was measured via VSM, as illustrated in
Fig. 1c. The hysteresis diagrams of ZnFe2O4 and Ag@ZnFe2O4/
BC indicated their so ferromagnetic properties, where the
coercivity magnitudes were 188.98 and 101.56 G, sequentially.
Furthermore, the magnetization magnitudes of ZnFe2O4 and
Ag@ZnFe2O4/BC were 42.85 and 25.45 emu/g, respectively,
denoting their potent magnetic characters. The noticed dwin-
dling in the magnetic character of ZnFe2O4 aer integrating
with Ag and BC was because of their non-magnetic properties.
At the same time, the magnetization of Ag@ZnFe2O4/BC was
high enough to be separated by an external magnet.10

3.1.4 Zeta potential. The surface charge of the Ag@ZnFe2-
O4/BC composite was recorded using the zeta potential in a wide
pH range between 3 and 11, as shown in Fig. 1d. The zeta
potential data depicted that the net charges on the Ag@ZnFe2-
O4/BC surface were −6.25, −13.69, −22.15, −36.00, and
−39.88 mV when the pH of Ag@ZnFe2O4/BC was 3, 5, 7, 9, and
11, respectively. The adsorption process is the initial stage of the
RSC Adv., 2025, 15, 33549–33560 | 33551
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Fig. 1 (a) XRD patterns and (b) FTIR spectra of Ag, ZnFe2O4, BC, and Ag@ZnFe2O4/BC. (c) VSM hysteresis loop curves of ZnFe2O4 and
Ag@ZnFe2O4/BC. (d) Zeta potential curve of Ag@ZnFe2O4/BC.
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catalytic reactions, and usually, electrostatic interactions are the
dominant force that controls the adsorption processes.
However, the zeta potential results denoted that electrostatic
interactions would not be a part of the o-NP degradation
because o-NP exists in the molecular form at pH < 7.23 and in
the anionic form at pH > 7.23.

3.1.5 SEM. The SEM analysis revealed a comprehensive
understanding of the topological structures of Ag, ZnFe2O4, BC,
and Ag@ZnFe2O4/BC, as presented in Fig. 2a–d. The SEM image
of Ag depicted a unique sheet-like morphology, reecting the
high available surface area of the Ag species. The SEM image of
ZnFe2O4 exhibited adhered particles with a uniform nano-size
ranging from 26.15 to 29.60 nm.27 The SEM image of BC illus-
trated a highly porous structure with wide pores, conrming the
signicant role of BC as a good supporter.28 The SEM image of
Ag@ZnFe2O4/BC conrmed the integration of Ag sheets and
ZnFe2O4 nanoparticles onto the BC surface.

3.1.6 XPS. The XPS analysis was conducted to analyze the
elemental composition of the pure Ag@ZnFe2O4/BC composite
(Fig. 3a–f). The survey spectrum conrmed the existence of Ag
33552 | RSC Adv., 2025, 15, 33549–33560
3d, Zn 2p, Fe 2p, O 1s, and C 1s at binding energies of 369.06,
1044.5, 714.04, 533.18, and 285.95 eV, respectively. The Ag 3d-
XPS spectrum revealed two peaks at 367.93 and 373.86 eV,
corresponding to the Ag 3d5/2 and Ag 3d3/2 associated with the
metallic Ag0 state, respectively; furthermore, the peaks at 367.35
and 373.66 were assigned to the Ag+ of Ag 3d5/2 and Ag 3d3/2,
respectively.29 The Zn 2p-XPS spectrum depicted peaks at
1022.61 and 1045.53 eV, corresponding to the Zn 2p3/2 and Zn
2p1/2 energy levels of Zn2+, respectively.30 The Fe 2p-XPS spec-
trum exhibited various peaks at different binding energies,
indicating the presence of various oxidation states of iron. The
observed peaks at 711.54 and 724.74 eV were attributed to the
Fe2+ oxidation state, while the manifested peaks at 714.35 and
727.71 eV belonged to the Fe3+ oxidation state.31 The O 1s-XPS
spectrum demonstrated peaks at 531.98, 530.28, and
532.28 eV, relating to M–O (M = Ag, Fe, and Zn), M–O–M, and
OH, respectively.32,33 The C 1s-XPS spectrum exhibited peaks at
284.28, 285.38, and 287.28 eV, which were correlated with the
C–C/C]C, C–O, and C]O bonds, respectively.34
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of (a) Ag, (b) ZnFe2O4, (c) BC, and (d) Ag@ZnFe2O4/BC.

Fig. 3 XPS spectra of the Ag@ZnFe2O4/BC composite: (a) survey spectrum, (b) Ag 3d, (c) Zn 2p, (d) Fe 2p, (e) O 1s, and (f) C 1s.
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3.2 Studying the optimal conditions for o-NP degradation

3.2.1 Inuence of the catalytic pH medium. The pH of the
Fenton-like catalytic degradation medium is a crucial factor
© 2025 The Author(s). Published by the Royal Society of Chemistry
that affects the reactivity of the metal ions in the catalysts. The
experimental observations revealed that the optimal pH for the
Fenton-like reaction of o-NP in the Ag@ZnFe2O4/BC/H2O2
RSC Adv., 2025, 15, 33549–33560 | 33553
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Fig. 4 The experimental findings from the investigation of the catalytic reaction parameters: (a) pH, (b) H2O2 concentration, (c) H2O2 degra-
dation rate, (d) o-NP concentration, (e) Ag@ZnFe2O4/BC dosage, and (f) processing temperature.
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catalytic system was pH = 3 (Fig. 4a). This result can be
explained by the precipitation of the hydroxy iron at near-
alkaline pH,35 at which the iron concentration in the catalytic
system decreases, as presented in eqn (2). On the contrary, the
H2O2 molecules interact with the ample −OH species in the
alkaline medium, creating hydroperoxyl species that tend to
attack the metal ions from the catalytic system,36 as elucidated
in eqn (3) and (4). Meanwhile, the H2O2 molecules undergo self-
decomposition when the pH of the catalytic system becomes
more alkaline, diminishing the yield concentration of cOH
radicals.37

Fe2+ + cOH / Fe3+ + −OH / Fe(OH)3 (2)

H2O2 +
−OH / −O2H + H2O (3)

M + −O2H / M.cO2H (4)

3.2.2 Inuence of the initial H2O2 concentration. The
concentration of H2O2 plays a vital role in the concentration of
hydroxyl radicals produced during the Fenton degradation
reactions. Consequently, the degradation of o-NP was tested as
a function of the initial H2O2 concentration while keeping the
pH, temperature, Ag@ZnFe2O4/BC dosage, and initial o-NP
concentration constant, as illustrated in Fig. 4b. An increase in
the initial concentration of hydrogen peroxide led to a corre-
sponding enhancement in the rate of o-NP degradation, with
a notable enhancement in the o-NP degradation % of 71.14% at
a H2O2 concentration of 500 mg L−1. This observation can be
33554 | RSC Adv., 2025, 15, 33549–33560
attributed to the higher yield concentration of cOH, boosting
the attacked concentration of o-NP. However, further increasing
the H2O2 concentration over 500 mg L−1 led to a decrease in the
rate of o-NP degradation by 7.59%. This deterioration in the
degradation % of o-NP is attributed to a phenomenon known as
self-scavenging because cOH reacts with excess H2O2, forming
H2O and HO2c, as depicted in eqn (5).

H2O2 + cOH / HO2c + H2O (5)

3.2.3 Degradation rate of H2O2. The decomposition rate of
the H2O2 molecules by Ag@ZnFe2O4/BC was studied in the
absence of o-NP, as presented in Fig. 4c. The obtained results
claried that the decomposition % of H2O2 with 500 mg L−1

fullled its peak aer 120 min, where it was 99.09%. This
nding suggests that the o-NP degradation reaction will reach
equilibrium aer 120 minutes, meaning that the H2O2 mole-
cules are decomposed completely, and the cOH radicals are
almost consumed.38

3.2.4 Inuence of the initial o-NP concentration. The
degradation capability of the Fenton-like Ag@ZnFe2O4/BC
catalyst was examined at varying o-NP concentrations, ranging
from 50 to 300 ppm, as shown in Fig. 4d. The adsorption of o-NP
with concentrations of 50, 100, 200, and 300 mg L−1 was
32.39%, 23.70%, 16.09%, and 10.65%, and the oxidation rates
of o-NP were 95.65%, 85.43%, 77.83%, and 61.09%, respectively.
This diminution in the degradation rate of o-NP with its
increasing concentration is because of the insufficiency in the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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cOH yielded compared to the amount of o-NP molecules.
Furthermore, the high quantities of the o-NP molecules in the
catalytic medium may block the active functional groups of the
Ag@ZnFe2O4/BC catalyst and decrease the produced cOH.39

3.2.5 Inuence of the catalyst dosage. To investigate the
ideal Ag@ZnFe2O4/BC dosage to efficiently degrade the o-NP
molecules, a series of Fenton-like experiments on degrading o-
NP was conducted at different catalyst masses, as elucidated in
Fig. 4e. The results indicated a spontaneous enhancement in
the oxidation rate of o-NP from 57.05% to 90.46% with the
increase in the Ag@ZnFe2O4/BC mass from 0.005 to 0.02 g,
sequentially.40 This observation suggests that increasing the
mass of Ag@ZnFe2O4/BC provides a larger number of electrons
to activate H2O2, resulting in higher yields of cOH.

3.2.6 Inuence of the operational temperature. Undoubt-
edly, the temperature plays a pivotal role in the reactivity of the
Fenton-like degradation of o-NP by Ag@ZnFe2O4/BC. So, the o-
NP degradation was studied at different temperatures, starting
from room temperature to 55 °C, as demonstrated in Fig. 4f.
The degradation rate of o-NP ameliorated from 71.34% to
91.56% by raising the operational temperature from 25 to 55 °C.
This experimental catalytic performance is attributed to the
enhancement in the interaction reactivity between H2O2 and
Fig. 5 (a) Synergistic effect test, (b) scavenging test, (c) first-order curve

© 2025 The Author(s). Published by the Royal Society of Chemistry
Ag@ZnFe2O4/BC by elevating the reaction temperature, leading
to an increased cOH concentration and an improved rate of o-
NP degradation.41

3.3 Synergistic effect

To identify the synergistic effect between Ag, ZnFe2O4, and BC
to construct a productive Fenton-like catalyst, the o-NP degra-
dation was examined by Ag, ZnFe2O4, BC, and Ag@ZnFe2O4/BC
(Fig. 5a). In the rst step, the adsorption of o-NP by Ag, ZnFe2O4,
BC, and Ag@ZnFe2O4/BC was 17.29%, 9.31%, 13.29%, and
32.39%, respectively. By contrast, aer adding H2O2 in the
second step, the Fenton-like degradation percentages of o-NP by
Ag, ZnFe2O4, BC, and Ag@ZnFe2O4/BC were 49.20%, 33.64%,
39.76%, and 71.85%, respectively.42 These observations reect
the synergistic effect between Ag, ZnFe2O4, and BC, where their
integration results in the formation of a Fenton-like catalyst
with a higher degradation aptitude. Furthermore, the results
highlight the crucial role of the adsorption process as
a prerequisite step that facilitates the subsequent degradation.

3.4 Scavenging effect

To identify the predominant oxygen species in the Fenton-like
degradation of o-NP by Ag@ZnFe2O4/BC, the catalytic reaction
, and (d) second-order curve.
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was performed in the existence of scavengers, such as t-BuOH
and CF (Fig. 5b). Typically, t-BuOH can quench the activity of
cOH radicals, while CF can hinder O2c

− radicals. The experi-
mental observations claried a drastic diminution in the
degradation percent of o-NP in the presence of t-BuOH to
27.14%, implying the dominance of cOH in o-NP degradation.
Contrariwise, the existence of CF in the H2O2/Ag@ZnFe2O4/BC
system did not inuence the degradation percent of o-NP,
indicating that O2c

− is not the predominant oxygen species in
the catalytic reaction.43

3.5 Kinetics of degradation of o-NP

The o-NP Fenton-like degradation data for Ag@ZnFe2O4/BC
within 180 min were inspected by rst-order and second-order
models (eqn (6) and (7)).
Fig. 6 XPS spectra of the used Ag@ZnFe2O4/BC composite: (a) survey s

Table 1 Parameters from the kinetics study on the Fenton-like
degradation of o-NP by Ag@ZnFe2O4/BC

Kinetic model

Concentration (mg L−1)

50 100 200 300

First order
k1 0.0223 0.0.0134 0.0111 0.0069
R2 0.952 0.945 0.945 0.902

Second order
k2 0.1417 0.0496 0.0309 0.0134
R2 0.990 0.998 0.993 0.950

33556 | RSC Adv., 2025, 15, 33549–33560
ln
Ct

C0

¼ �k1t (6)

1

Ct

¼ 1

C0

þ k2t (7)

where Ct represents the measured o-NP concentration at time t,
C0 represents the initial o-NP concentration, and k1 and k2 are
the rst-order and second-order rate constants, respectively.44

The resultant kinetics parameters in Table 1 implied the
favorability of the second-order model to represent the Fenton-
like degradation of o-NP by Ag@ZnFe2O4/BC, where the R2

values from the second-order curves at different o-NP concen-
trations are higher than the values of the rst-order curves
(Fig. 5c and d). In addition, the o-NP degradation rate constants
were 0.1417, 0.0496, 0.0309, and 0.0134 min−1 when the o-NP
concentrations were 50, 100, 200, and 300 mg L−1, respectively.
3.6 Degradation mechanism of the o-NP molecules

In light of the experimental nding, the degrading mechanism
of o-NP occurs via two sequential stages. In the rst stage, the o-
NP molecules ow toward the Ag@ZnFe2O4/BC surface and
adsorb, where the XPS survey of the used catalyst claried the
nitrogen peaks, which conrmed the occurrence of the
adsorption process (Fig. 6a). It was supposed that the adsorp-
tion step of o-NP could occur through various interactions,
including (i) the benzene ring of Ag@ZnFe2O4/BC could chelate
the phenolic ring of o-NP through p–p interactions. (ii) The
hydroxyl groups (electron donor groups) of Ag@ZnFe2O4/BC
pectrum, (b) Fe 2p, (c) Ag 3d, (d) O 1s, and (e) C 1s.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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could donate electrons to the nitro group of o-NP (electron
acceptor groups) via electron donor–acceptor interactions. (iii)
Coordination bonds could inuence the adsorption pathway
because Ag@ZnFe2O4/BC contains some transition metal
species that could bond to the hydroxyl group of o-NP by coor-
dination bonds. (iv) The extra hydrogen in Ag@ZnFe2O4/BC
could attach to the oxygen and nitrogen groups of o-NP by
hydrogen bonds; furthermore, the hydrogen atoms connect to
the oxygen species of the composite by hydrogen bonds.45

The second stage includes the Fenton-like degradation of the
o-NP molecules by the Ag@ZnFe2O4/BC catalyst as follows. (i)
The Fe2+ species, as is well-known, is the cornerstone of the
Fenton degradation reaction since it participates in the activa-
tion of H2O2 to yield high concentrations of cOH radicals, as
depicted in eqn (8).46 As shown in the Fe2p spectrum aer the
degradation reaction (Fig. 6b), the Fe2+ peak shied from 711.54
and 724.74 eV to 710.54 and 723.84 eV, respectively, and the Fe3+

peaks' positions changed from 714.35 and 727.71 eV to 713.08
and 726.86 eV, respectively. Furthermore, the Fe3+/Fe2+ ratio in
the used Ag@ZnFe2O4/BC increased from 0.705 to 0.788
compared to the pristine catalyst.

(ii) It was deduced in pioneering studies that the Ag0 species
interact with H2O2 in the pH range of 3–4, forming the Ag0/
H2O2 complex, as demonstrated in eqn (9).47 This complex is
a short-lived reactive intermediate, and it participates in addi-
tional reactions in one pathway to yield the reactive cOH
Fig. 7 Schematic of the degradation pathway of o-NP by Ag@ZnFe2O4

© 2025 The Author(s). Published by the Royal Society of Chemistry
radicals, depending on the pH medium, as elucidated in eqn
(10).48 The Ag 3d spectrum of the Ag@ZnFe2O4/BC catalyst aer
the o-NP degradation showed a noticeable increase in the
intensity of the peaks belonging to Ag+, along with an increase
in the Ag+/Ag0 ratio from 0.492 to 0.799 (Fig. 6c). This nding
indicated the contribution of the Ag0 species to the Fenton-like
degradation of the o-NP molecules.

(iii) The EPFR-centered BC in Ag@ZnFe2O4/BC has a signi-
cant ability to activate the H2O2 molecules, as claried in eqn
(11), to yield the cOH radicals. The O 1s spectrum of
Ag@ZnFe2O4/BC aer degrading o-NP illustrated shis in the
positions of M–O, M–O–M, and OH from 531.98, 530.28, and
532.28 eV to 532.35, 530.84, and 533.20 eV, respectively (Fig. 6d).
Additionally, the C–C/C]C, C–O, and C]O peaks shied from
284.28, 285.38, and 287.28 eV to 284.56, 285.99, and 286.91 eV,
respectively, with the appearance of the related peak of C–N at
288.05 eV,49 as shown in Fig. 6e. Accordingly, the effective
contribution of BC in activating H2O2 and producing cOH can
be deduced. Besides, BC has an additional role that enables it to
control half of the redox cycle, where it can recover Fe3+ and Ag+

to Fe2+ and Ag0, respectively, as presented in eqn (12) and (13).
Ultimately, the yielded cOH radicals from Fe2+, Ag0, and

EPFRs could attack the o-NP molecules and degrade them to
intermediates that are further degraded to CO2 and H2O (eqn
(14)).
/BC.

RSC Adv., 2025, 15, 33549–33560 | 33557
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Fe2+ + H2O2 / Fe3+ + cOH + −OH (8)

Ag0 + H2O2 / Ag0/H2O2 (9)

Ag0/H2O2 + H+ / Ag+ + cOH + H2O (10)

EPFRs + H2O2 / cOH + −OH (11)

Fe3+ + èEPFRs / Fe2+ (12)

Ag+ + èEPFRs / Ag0 (13)

o-NP + cOH / byproducts / CO2 + H2O (14)

3.7 Degradation pathway of o-NP

Based on the GC-MS spectrum (Fig. S1), the o-NP molecules
were degraded through cOH attack, producing nitro-catechol
(11.82 min). Then, the cOH could hit the adjacent carbon atoms
to the nitro group of o-NP, forming a phenolic radical (14.94
min). This phenolic radical could be further attacked by cOH to
produce hydroquinone (23.59 min) and catechol (21.89 min),
which were oxidized to p-benzoquinone (10.21 min) and o-
benzoquinone (16.78 min), sequentially. Then, cOH could
cleave the benzene ring and generate muconic acid (20.56 min)
and maleic acid (12.70 min) via the ring-opening mechanism,
followed by the decomposition of maleic acid to oxalic acid
(4.56 min) and then formic acid (7.47 min).50–53 Fig. 7 depicts
a schematic representation of the obtained intermediates
throughout the Fenton-like degradation of o-NP by Ag@ZnFe2-
O4/BC.
3.8 Recycling study

A recycling test was conducted for ve catalytic runs of o-NP
degradation by Ag@ZnFe2O4/BC, as shown in Fig. 8. The
experimental result revealed the stability of Ag@ZnFe2O4/BC
Fig. 8 Recycling study of Ag@ZnFe2O4/BC for five catalytic degra-
dation runs of o-NP.

33558 | RSC Adv., 2025, 15, 33549–33560
because its catalytic activity toward o-NP declined from 94.02%
to 84.59% aer the h cycle. This observation could be
attributed to the excellent magnetic properties of Ag@ZnFe2O4/
BC, allowing for efficient separation using a magnet and pre-
venting mass loss during the separation process.

4 Conclusion

In conclusion, the Fenton-like Ag@ZnFe2O4/BC catalyst was
green-fabricated using lime to degrade the o-NP compound
efficiently. The physical and chemical characteristics of
Ag@ZnFe2O4/BC were investigated utilizing diverse analysis
tools, clarifying that the catalyst's surface carried a negative
charge in the pH range from 3 to 11. Moreover, the magneti-
zation magnitude of the ferromagnetic Ag@ZnFe2O4/BC cata-
lyst was about 25.45 emu/g. Notably, the maximal removal % of
o-NP was 94.02% under the optimal catalytic conditions of pH=

3, mass of Ag@ZnFe2O4/BC = 0.01 g, concentration of H2O2 =

500 mg L−1, temperature = 25 °C, and concentration of o-NP =

100 mg L−1. The scavenging test claried the predominance of
cOH in the Fenton-like degradation of o-NP. Additionally, the
free radical degradation mechanism was assessed by XPS
analysis, proposing the production of cOH by Fe2+, Ag0, and
EPFRs-BC species, with the contribution of EPFRs-BC to recover
Fe2+ and Ag0 to form a continuous redox cycle. The recycling test
demonstrated that the o-NP degradation % was almost equal to
85% aer reusing the Ag@ZnFe2O4/BC catalyst for ve catalytic
runs.

According to the aforementioned ndings, the Ag@ZnFe2O4/
BC composite is an efficient and reusable heterogeneous cata-
lyst. We provide the following suggestions to inspire readers to
develop this work: (i) expand the redox cycle by decorating the
catalyst with transition metal-rich substances, like layered
double hydroxide. (ii) Shorten the reaction time by introducing
more active species to the catalyst, such as MXene and metal–
organic frameworks. (iii) Decrease the negative charge on the
Ag@ZnFe2O4/BC surface in alkaline media by adding
substances with positive net charges, like chitosan, avoiding the
hindrance of the electrostatic repulsion forces.
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