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Engineered SrSnFe,0,;@0-MnO,/activated biochar
heterocomposite with a porous surface for efficient

o-nitrophenol removal
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and Manal Fawzy®

*a Mohamed E. El-Khouly,” Abdelazeem S. Eltaweil {2 <©

Water contamination by phenolic compounds remains a critical environmental challenge, requiring
adsorbents that combine high efficiency, structural stability, and facile recovery. In this study, we report
a novel heterostructured composite, SrSnFe,O4@3-MnO,/BCyon, synthesized from cotton-branch-

derived biochar through sequential KOH activation, MnO, growth, and magnetic ferrite incorporation.

Unlike conventional MnO,/biochar systems, the incorporation of SrSnFe,O,4 induced a-to-8 MnO, phase
transformation, heterointerface strain, and defect formation, enhancing surface functionality and
adsorption reactivity. Comprehensive characterization (SEM, XRD, BET, XPS, VSM) confirmed a highly
porous carbon framework, abundant oxygen-containing groups, and strong magnetic properties (Mg =

54.87 emu g %), enabling efficient pollutant capture and rapid magnetic separation. The composite

exhibited excellent adsorption of o-nitrophenol (o-NP), achieving 99.04% removal within 60 min and

a maximum adsorption capacity of 525.51 mg g~ Adsorption followed the Freundlich isotherm and
pseudo-second-order kinetics, and XPS analysis revealed synergistic interactions between surface

Received 12th January 2026
Accepted 8th March 2026

functionalities and o-NP molecules. The material maintained good reusability (50.29% after five cycles)

and demonstrated effective removal in real wastewater samples. This work presents a scalable strategy
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1. Introduction

Environmental pollution has become a serious issue over the last
few decades. One primary reason is rapid industrial growth and
the continuous release of wastewater." These effluents often
contain toxic organic compounds that can harm aquatic life and
pose risks to human health.>® One of the most hazardous
pollutant categories is nitrophenols due to their toxicity and
stability. They are commonly present in wastewater from petro-
chemical and oil-refining operations, plastics and paint indus-
tries, leather processing, pharmaceutical production,
photographic activities, steel manufacturing, and olive oil pro-
cessing.* Because of their stable aromatic structure and the
presence of nitro groups, nitrophenols are difficult to biodegrade
and can persist in water for long periods.* As a result, strict limits
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for constructing magnetically retrievable 3-MnO,/biochar heterostructures with superior adsorption
performance, highlighting their potential for practical wastewater remediation.

have been proposed or applied for phenolic contaminants in
industrial discharges and drinking water.* Regulatory agencies
have imposed strict discharge limits; for example, the U.S. EPA
sets a maximum allowable concentration of 0.5 mg L™" of phenol
in industrial effluents,® while the World Health Organization
(WHO) recommends a much lower threshold of 0.001 mg L™ in
drinking water.® Various methods have been reported for the
removal of phenolic compounds from industrial effluents,
including photocatalytic oxidation, electrochemical oxidation,
chemical oxidation, adsorption, and microbiological
processes.>” Among treatment techniques, adsorption is notable
for its simplicity, high efficiency, low risk of secondary pollution,
and potential for adsorbent regeneration.®

Biochar (BC) is an effective carbon material widely used for
adsorption because it is low-cost, sustainable, and structurally
versatile. Activating BC (especially with KOH) develops a more
open, hierarchical pore network that allows pollutants to enter
quickly and be retained through pore filling and various phys-
ical interactions.”'® Moreover, the aromatic domains of BC
provide favourable sites for m-m stacking with phenolic rings,
while oxygen-containing groups can provide additional stabili-
zation through hydrogen bonding.' These merits enable BC to
provide rapid, early-stage uptake, transferring o-NP from solu-
tion to the solid interface. Although BC provides rapid physical

RSC Adv., 2026, 16, 15361-15378 | 15361


http://crossmark.crossref.org/dialog/?doi=10.1039/d6ra00303f&domain=pdf&date_stamp=2026-03-18
http://orcid.org/0000-0002-3361-8320
http://orcid.org/0000-0001-8912-1244
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00303f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016017

Open Access Article. Published on 19 March 2026. Downloaded on 4/8/2026 2:12:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

capture, this interaction alone may be insufficient to ensure
strong and stable adsorption as equilibrium is approached."
Therefore, metal oxides such as MnO, can be introduced to
provide a high density of reactive surface sites, and their vari-
able manganese oxidation states enhance interfacial activity.*?
One of the more attractive forms of MnO, is 3-MnQ, because its
layered structure and oxygen-rich surface provide strong inter-
facial interactions and facilitate charge redistribution. Beyond
conventional MnO, forms, 3-MnO, offers additional advantages
due to its high density of oxygen vacancies and rapid surface
redox activity, which enhance ion exchange, surface complexa-
tion, and interfacial electron transfer.*?

Recent studies have explored the incorporation of MnO, onto
biochar to enhance adsorption and catalytic performance;
however, most reported MnO,/biochar composites rely on simple
physical mixing or surface deposition, which often results in
weak interfacial contact and limited electron-transfer efficiency.**
In contrast, the heterostructure developed in this work intro-
duces a unique interfacial coupling between MnO, and the
carbon matrix through an in situ growth mechanism, producing
a highly integrated MnO,-carbon interface. This architecture
provides hierarchical porosity, stabilized manganese oxidation
states, and improved redox cycling, collectively enhancing the
material's catalytic and adsorption behaviour. Moreover, using
agricultural-waste-derived biochar and a green, low-temperature
synthesis route distinguishes this system from conventional
composites and contributes to its sustainability. These features
highlight the novelty of the proposed heterostructure and its
advantages over existing MnO,/biochar materials.*

Despite extensive studies of carbon-metal oxide hybrid
adsorbents, significant limitations remain. Many reported
systems suffer from limited regeneration, insufficient active
sites, and weak or unstable magnetism, which hinder their
practical applicability. In particular, most ferrite-biochar
composites exhibit suboptimal affinity for phenolic pollutants
due to low redox activity, inadequate surface functionality, or
poor pore accessibility, while their structural robustness under
repeated cycles is often insufficient. These gaps highlight the
need for multi-functional, magnetically recoverable hybrid
adsorbents that combine strong interactions with phenolic
molecules, structural stability, and efficient reusability.*® To
address these challenges, magnetic properties can be enhanced
by incorporating metals or multi-cationic ferrites into carbon
matrices. SrSnFe,0, offers distinct advantages over conven-
tional ferrites: as a multi-cationic M-type ferrite, it contains Sr**
and Sn** ions, which introduce lattice distortion, increase the
density of Lewis-acidic sites, and enhance electron-acceptor
properties. These features strengthen interactions with
phenolic ~-OH and -NO, groups compared with simpler ferrites
such as Fe;0,. Additionally, the Fe**/Fe*" redox pair can facili-
tate electron exchange and surface complexation. When
combined with 3-MnO, and activated biochar, SrSnFe,O, forms
a complementary heterostructure with abundant active sites,
enhanced interfacial electron transfer, strong w— interactions,
and hierarchical pore filling, resulting in a high-performance
hybrid adsorbent for o-nitrophenol and other phenolic
pollutants.” "
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This study demonstrates the successful development of
a novel, sustainable SrSnFe,0,@05-MnO,/BCxon hetero-
structure derived from cotton branch biomass (Gossypium bar-
badense). The composite effectively integrates the magnetic and
Lewis-acidic properties of SrSnFe,0,, the high surface reactivity
and layered structure of 3-MnO,, and the mesoporous, high-
surface-area architecture of activated biochar. The work shows
that this heterostructure achieves rapid and efficient o-nitro-
phenol adsorption, with enhanced interfacial interactions and
synergistic effects between components. Additionally, the
material exhibits excellent structural stability and reusability,
facilitated by its strong magnetic properties, making it a prom-
ising candidate for practical wastewater remediation applica-
tions. These findings provide new insights into the design of
multi-functional, magnetically recoverable biochar-based
composites with superior adsorption performance.

2. Materials and methods

2.1. Chemicals

All chemicals and reagents used in this study were of analytical
grade, as detailed in SI Text S1.

2.2. Plant extract preparation

Cotton branches (Gossypium barbadense) were collected from
the El-Mamoura agricultural area near Alexandria, Egypt, with
fresh biomass obtained from the Agriculture Research Centre
(ARC) experimental farm. The branches were thoroughly
washed with tap and distilled water, dried at 60 °C, and ground
into a fine powder using a stainless-steel mill. For extract
preparation, the powder was suspended in distilled water at
a 10% (w/v) solid-to-liquid ratio, heated at 70 °C with gentle
stirring for 20 min, and then filtered through Whatman No. 1
paper. The resulting filtrate was stored in sterilized Falcon tubes
at 4 °C for subsequent use.

The selection of cotton branches as the botanical source was
based on their well-documented richness in bioactive phyto-
chemicals that serve as natural reducing and stabilizing agents
in green nanoparticle synthesis. Literature on Gossypium species
reports the presence of monoterpenes, sesquiterpenes, tri-
terpenes, phenolic acids and their analogues, flavonoids,
tannins, coumarins, as well as fatty acids, carbohydrates, and
proteins.**?* These biomolecules are known to participate in
electron donation, metal chelation, and nanoparticle capping,
thereby facilitating controlled nucleation and preventing
agglomeration during the formation of metal oxide and ferrite
nanoparticles. The extraction conditions used in this study (70 ©
C, 20 min, and 10% w/v) were selected based on established
green-synthesis methodologies, which demonstrate that such
parameters effectively release active phytochemicals while pre-
venting their thermal degradation.

2.3. Two-step cotton branches biochar activation via KOH

Biochar was prepared following a modified version of a previ-
ously reported procedure.> Dried cotton branch powder (50 g)
was pyrolyzed in a horizontal tubular furnace at 450 °C for 1 h

© 2026 The Author(s). Published by the Royal Society of Chemistry
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under N, flow (100 mL min '), using a heating rate of 10 ©
C min~". After cooling under nitrogen, the biochar was washed
with ethanol, acid-treated with 0.1 M HCI (1:10, v/v) for 24 h
and rinsed with distilled water to neutral pH. The product was
dried at 60 °C overnight, yielding ~50% biochar, consistent
with reported values for lignocellulosic biomass at similar
temperatures. For chemical activation, 10 g of cotton branch
biochar was soaked in 100 mL of 3 M KOH (KOH : biochar =3 :
1, w/w) for 24 h. The impregnated biochar was washed, filtered,
and dried at 60 °C for 6 h, then pyrolyzed at 800 °C for2 hat 10 °©
C min " (Fig. 1). The product was thoroughly washed to neutral
pH and dried again at 60 °C to obtain the KOH-activated bi-
ochar (BCgon). During high-temperature activation, KOH reacts
with the carbon matrix through redox, dehydration, and gasi-
fication pathways, generating a highly porous structure and
oxygenated surface groups. The overall transformations can be
summarized by the following reactions:**

6KOH + 2C — 2K + 3H, + 2K,CO;
2K2CO3 +C — KzO + C02
K2C03 - Kzo + CO2

K,O0+C — 2K + CO

2.4. Preparation of MnO,-anchored cotton branches KOH-
activated biochar (BCkon)

MnO, nanoparticles were anchored on BCkoy via a modified
oxidation-reduction method.” Briefly, 1 g of BCgoun Wwas
dispersed in 100 mL deionized water using ultrasonication for
1 h. Manganese chloride tetrahydrate (10 mmol) was added and
stirred at 80 °C for 1 h, followed by dropwise addition of plant
extract with stirring for another hour. Potassium permanganate
(50 mmol) was then added, and the mixture was stirred for 6 h
at 50 °C.*® The product was calcined at 500 °C for 2 h (10 °
C min "), collected by centrifugation, washed with deionized
water, and dried at 50 °C to yield MnO,/BCxon. The overall
redox process forming MnO, can be represented as follows:*”

3Mn?" + 2MnO,4~ + 2H,0 — 5MnO,(s) + 4H"

2.5. Preparation of SrSnFe,0, nanoparticles

Sr-Sn co-doped ferrite nanoparticles were synthesized via a green
route using cotton branch extract as a bio-reducing and stabi-
lizing agent. Fe(NO3);-9H,0, SnCl,, and SrCl,-6H,0 were di-
ssolved in 100 mL of distilled water and stirred for 2 h to ensure
complete homogenization. Cotton branch extract was then added
dropwise, resulting in a characteristic dark brown colour, con-
firming nanoparticle nucleation. The mixture was maintained at
90 °C for 2 h, cooled, filtered, and washed repeatedly with
distilled water. The obtained powder was dried at 60 °C overnight
and subsequently annealed at 500 °C for 2 h to enhance crys-
tallinity. To clarify the reaction pathway, the formation of Sr-Sn
co-doped ferrite occurs through phytochemical-assisted

© 2026 The Author(s). Published by the Royal Society of Chemistry
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oxidation of Sn** to Sn**, co-precipitation of mixed metal
hydroxides, and solid-state diffusion during annealing, which
drives the incorporation of Sr** and Sn** into the spinel ferrite
lattice. The overall stoichiometric transformation for the target
composition Sr,Sn,Fe, ,,0, (x = 0.1) can be summarized by the
following simplified solid-state reaction:

1.8Fe® + 0.1Sr?* + 0.1Sn*" + 40?~ — SroSno 1 Fe; 504

2.6. Fabrication of SrSnFe,0, decorated MnO, anchored
BCKOH

SrSnFe,0,@3-MnO,/BCkon composites were synthesized with
varying SrSnFe,0, loadings (2-30%) to evaluate their efficiency
in removing ortho-nitrophenol (o-NP) from contaminated water.
For each composite, a calculated amount of SrSnFe,O, was
added to MnO,/BCop and dispersed in 20 mL of distilled water
with continuous stirring for 12 h to allow diffusion of the
magnetic nanoparticles into the support. The mixture was then
sonicated for 1 hour, after which the composite was collected,
washed, and dried at 60 °C for 24 hours. The final products were
labelled according to their SrSnFe,O, content. To clarify the
interfacial chemistry occurring during composite formation,
the process can be described as involving Fe-O-Mn bridging,
partial surface redox events, and electrostatic interactions
between positively charged ferrite sites and oxygenated func-
tional groups on 8-MnO,/BCxop.

2.7. Materials characterization

Characterization of the materials was performed using various
analytical techniques, as detailed in SI Text S2.

2.8. Adsorption study

Ortho-nitrophenol (0-NP) was chosen as a model pollutant to
evaluate the performance of the SrSnFe,0,@3-MnO,/BCkon
composite. A 1000 mg L' stock solution was prepared and
stored in the dark, with serial dilutions made to obtain
concentrations ranging from 50 to 300 mg L~'. Adsorption
experiments were conducted in 100 mL conical flasks contain-
ing 20 mL of o-NP solution, shaken at 300 rpm and 25 °C. The
effects of pH (2-10) and composite dosage (5-80 mg) were
investigated, and the influence of temperature was assessed
using a controlled shaker between 25-55 °C. The residual o-NP
concentration was measured using a double-beam UV-visible
spectrophotometer at 334 nm. The adsorption capacity and
the removal efficiency (% R) were calculated using the following
equations:*®

G -C

G

% R = % 100 (1)

q:(CQ—C)XV [2)

m

where C, and C are the concentration of the o-NP in (mg L") at
the beginning and a specific time, respectively, V symbolizes the
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Fig. 1 Schematic illustration of the synthesis pathway of SrSnFe,O4@3-MnO,/BCyon composite.

0-NP volume in L, and m symbolizes SrSnFe,0,@3-MnO,/
BCkon Mmass in g.

2.9. Interfering ions investigation

The effect of co-existing ions on o-NP adsorption by SrSnFe,-
0,@3-MnO,/BCkoy Was investigated using anionic (C1~, NO;z ™,
SO4>~, HCO; ") and cationic (Na*, K*, Ca®>", Mg®") species. Batch
experiments were performed with 0.1 M of each ion, an initial o-
NP concentration of 50 mg L', pH 5, and 0.01 ¢ of adsorbent,
shaken at 150 rpm for 1 h to reach equilibrium.

2.10. Regeneration experiment

Desorption was evaluated for SrSnFe,0,@3-MnO,/BCkon Over
five consecutive cycles. In each cycle, 0.01 g of the composite
was placed in 50 mL of 50 mg L™* 0-NP solution at pH 5, 25 °C,
and shaken at 150 rpm for 1 h. After measuring the residual o-
NP, the adsorbent was washed with distilled water, dried at
105 °C for 12 h, and subjected to desorption in 50 mL of 0.5 M
NaOH or HCI for 2 h at 25 °C. Following desorption, the
remaining o-NP concentration was recorded, and the adsorbent
was washed and dried again at 105 °C for reuse in the next cycle.

2.11. Selectivity study

The selectivity of SrSnFe,0,@93-MnO,/BCkop Was assessed using
various pollutants, including p-nitrophenol, Congo red, methy-
lene blue, crystal violet, methyl orange, tetracycline, and doxy-
cycline. Batch experiments were conducted at pH 5, with 0.01 g of
adsorbent, an initial pollutant concentration of 50 mg L', and
an equilibrium time of 1 h. Residual concentrations were
measured using a double-beam UV-visible spectrophotometer at

15364 | RSC Adv, 2026, 16, 15361-15378

each compound's maximum wavelength. This study evaluated
the composite's ability to remove a diverse range of dyes, anti-
biotics, and aromatic compounds, highlighting its potential for
broad environmental remediation applications.

2.12. Ionic strength study

The effect of ionic strength on the o-NP adsorption capacity was
evaluated by dissolving a specific amount of NaCl (ranging from
0.2 to 1.0 M) in 20 mL of an 0-NP solution at pH 6. Next, 0.01 g of
the SrSnFe,0,@3-MnO,/BCkon composite was added to the o-
NP/NaCl solution, and the mixture was stirred at 150 rpm for
1 hour. After this period, a sample was withdrawn and analyzed
to determine the concentration of o-NP remaining in solutions.

2.13. Real wastewater sample

Adsorption experiments using real wastewater were conducted
by adding 10 mg of SrSnFe,0,@3-MnO,/BCkon to 25 mL of
solutions containing o-NP at 10, 30, or 50 mg L. The mixtures
were maintained at 25 °C, pH 5, and shaken at 180 rpm for
60 min. After adsorption, the solutions were filtered through
0.45 um PVDF syringe filters, and the filtrates were collected for
analysis. All experiments were performed in triplicate, with
average values reported.

3. Characterization result and
discussion
3.1. FTIR

Fig. 2A shows FTIR spectra for SrSnFe,0,@3-MnO,/BCkon and
its pristine components, as well as raw biomass. The FTIR

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (A) FTIR spectra and (B) XRD patterns of the SrSnFe,0,4@3-MnO,/BCyon composite and its individual components. (C) VSM magnetization

curves of SrSnFe,O4 and the SrSnFe,O4@3-MnO,/BCyon composite.

spectrum of the raw biomass exhibits a broad absorption band
between 3000-3500 cm ™, indicative of O-H stretching vibra-
tions. The peak at 2925.17 ecm ' is associated with C-H
stretching in methylene groups, typically present in waxes and
fats.? The signal at 1450.43 cm ™" corresponds to the symmetric
bending of CH, groups characteristic of both amorphous and
crystalline cellulose, and the band at 1067.01 cm ™" is attributed
to C-O stretching vibrations.** Additionally, the peak at
1641.17 cm™ ' represents carbonyl (C=O0) functional groups.*
For the FTIR spectra of BC and BCoy, the low-intensity bands
in the range of 3000-3500 cm™" correspond to asymmetric and
symmetric O-H stretching vibrations on the biochar surface.**
In BCyon, 2 small peak observed at 3679.19 cm ™' may indicate
the presence of additional hydroxyl groups potentially gener-
ated during KOH activation. At the same time, the overall O-H
region shows a similar shape and intensity compared with
unactivated biochar. These processes enrich the surface with —
OH, -COOH, carbonyl, and O-C-O functionalities, consistent
with the observed shifts in peak positions and intensities.** The
bands at 1615.60 cm™* in BC and 1580 cm ™! in BCyoy corre-
spond to C=O stretching vibrations,* while the peaks at
1450.43 cm " in BC and 1402.61 cm ™" in BCkoy are assigned to
C-H bending. Likewise, C-O stretching vibrations are

© 2026 The Author(s). Published by the Royal Society of Chemistry

confirmed by the peaks at 1067.01 em ' in BC and
1042.73 cm ™' in BCkopn. These spectral changes collectively
confirm that KOH activation substantially alters the surface
chemistry by increasing the abundance of polar oxygen-
containing functional groups and generating a more reactive
surface. The FTIR spectra of MnO,/BCxop, SrSnFe,0,4, and the
final SrSnFe,0,@3-MnO,/BCkon composite exhibit two distinct
bands at 614.06 and 514.33 cm™'. These peaks correspond to
M-O stretching vibrations within octahedral coordination
environments, indicating the successful anchoring of MnO,
nanostructures and the incorporation of SrSnFe,O, onto the
activated biochar surface.?

3.2. XRD analysis

The X-ray diffraction (XRD) patterns of pristine biochar (BC),
KOH-activated biochar (BCkon), #-MnO,/BCkoy, SrSnFe,O,,
and the SrSnFe,0,@3-MnO,/BCkon composite are presented in
Fig. 2B. The pristine BC exhibited a broad diffraction peak at 26
= 24.7°, indexed to the (002) plane of graphitic carbon, indi-
cating the presence of partially ordered aromatic lamellae. A
weaker reflection at 26 = 29.65° corresponds to the (100) plane
of hexagonal carbon domains,** confirming the turbostratic
and nanocrystalline nature of the carbon matrix.** The XRD

RSC Adv, 2026, 16, 15361-15378 | 15365
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pattern of BCkop displayed distinct peaks at 26 = 10.77°, 28.27°,
36.00°, and 46.79°, attributed to trace K,CO; likely remaining
after KOH activation and washing. After anchoring «-MnO,
onto BCkop, the sample exhibited characteristic reflections of
tetragonal @-MnO, at 26 = 32.83° (400), 36.35° (211), 44.56°
(301), 60.30° (521), and 64.75° (541), consistent with JCPDS 44-
014.% The SrSnFe,0, ferrite displayed well-defined peaks at 26
=31.53°,35.60°, 44.45°, and 62.75°, assigned to the (220), (311),
(222), and (511) crystallographic planes of the cubic spinel
phase (JCPDS 82-1042).*® In the final composite (30%

No.1
655.7 nm

N
.

. —
Nos
655.7.0m

View Article Online
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SrSnFe,0,@3-MnO,/BCxoy), distinct modifications in both
peak positions and intensities indicate lattice reconstruction
and partial transformation of the MnO, phase. Notably, new
reflections emerged at 26 = 10.77°, 21.09°, and 36.23°, corre-
sponding to the (001), (002), and (100) planes of birnessite-type
3-MnO, (JCPDS 80-1098).*>** The low-angle (001) peak around
10.77° associated with an interlayer spacing of ~7 A is a well-
recognized fingerprint of the layered 3-MnO, structure, as
stated by.** Literature reports confirm that the appearance of
this basal reflection, combined with the suppression of major a-
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Fig. 3 SEM images of (A) cotton branches dry biomass, (B) pristine BC, (C) KOH activated BC, (D) MnO,/BCkon. (E and F) SrSnFe,Oy4, and (G and
H) SrSnFe;O4@3-MnO,/BCyon composite. (K) EDX of SrSnFe;04@3-MnO,/BCkon.
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MnO, tunnel-structure peaks, is indicative of an o« — 9 rear-
rangement of MnOg octahedra during mild synthesis or post-
treatment conditions.***

3.3. VSM analysis

The VSM analysis (Fig. 2C) confirmed that both SrSnFe,0, and
the SrSnFe,0,@3-MnO,/BCxoy composite exhibit ferrimag-
netic behaviour with well-saturated hysteresis loops. Pure
SrSnFe,0, displayed a coercivity of 205.43 G and a saturation
magnetization of 54.87 emu g~ . These values are consistent
with predominantly single-domain nanoparticles, as supported
by TEM and XRD analyses. Upon incorporation into the o-
MnO,/BCkon matrix, the saturation magnetization decreased
significantly (M, = 28.56 emu g~ ') due to dilution by the non-
magnetic support and weakened interparticle exchange inter-
actions.® The reduction in coercivity is associated with lower
effective magnetic anisotropy and the dispersion of SrSnFe,0,
particles within the non-magnetic matrix.*®

3.4. SEM and EDX analysis

The SEM images (Fig. 3) reveal clear morphological differences
among the prepared materials. The raw cotton stalk biomass
(Fig. 3A) shows heterogeneous natural textures, with regions
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ranging from smooth surfaces to rough fibrous structures.*” The
pristine biochar (Fig. 3B) exhibits a relatively smooth and
continuous outer surface with a well-defined porous network
composed of interconnected channels and multilayered carbon
domains, with most pores appearing at the nanoscale. After
activation, the KOH-treated biochar (Fig. 3C) displays a strongly
developed porous architecture, characterized by enlarged
openings and newly formed pores extending into the micro-
scale. Loading MnO, onto the activated biochar results in an
irregular morphology consisting of fragmented carbon sheets
and partially collapsed pore walls, where granular and clustered
particles are distributed across the surface and within the pore
network (Fig. 3D). The SrSnFe,O, particles alone appear as
spherical aggregates (Fig. 3E and F). In the final SrSnFe,0,@3-
MnO,/BCkon composite (Fig. 3G and H), ferrite nanoparticles
are visibly distributed along the 3-MnO,/BCkog surface, form-
ing a continuous heterogeneous coating across the carbon
matrix. Elemental mapping via EDX (Fig. 3K) shows the pres-
ence of C, O, Mn, Sr, Fe, and Sn, consistent with the compo-
nents of the synthesized composite.

3.5. BET, BJH, and DFT analysis

The N, adsorption-desorption isotherms (Fig. 4A and B) exhibit
type IV behaviour with H-type hysteresis loops, confirming the

400
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Fig. 4 Nitrogen adsorption—desorption isotherms of (A) BC, and BCxop, and (B) MNnO,/BCkon and SrSnFe,O,4@3-MnO,/BCyon composites. (C)
BJH pore size distribution curves of all samples. (D) TGA profiles of BC, BCkon, MNO,/BCkon, and SrSnFe,O4@3-MnO,/BCyon composite.
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predominance of mesoporosity and capillary condensation in the
prepared materials.*® BET results (Table 1) show a marked increase
in surface area from pristine BC (5.26 m”> g~ ') to BCyoy (57.44 m®
g "), followed by a further rise after MnO, incorporation (325.02
m” g~ "), indicating enhanced mesopore development.® After

Table 1 Textural parameters derived from the BET analysis of the
synthesized composite
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introducing 30 wt% SrSnFe,0,, the surface area decreased to
179.24 m®> g, due to partial pore filling/surface coverage;
however, the composite retained a high surface area and an
accessible mesoporous network. The BJH/DFT pore size distribu-
tion (Fig. 4C) confirms dominant mesopores within 30-47 nm.*

3.6. TGA analysis

Fig. 4D represents the thermal properties of pristine BC, BCxom,
MnO,-BCkoy, and SrSnFe,0,@3-MnO,/BCkoy composite. The
result showed that the combination of BC with KOH, MnO,, and
SrSnFe,0, improved the composite thermal stability and weight
loss.*® All samples exhibited initial weight loss below 150 °C,
attributed to the release of moisture and volatiles. Pristine BC
exhibited continuous degradation, reflecting low thermal
stability, while the enhanced thermal stability of BCxon could
be attributed to the formation of more resistant carbon

Average pore SBET
Adsorbents diameter (nm) (m*>g™)
BC 32.54 5.26
BCxon 47.40 57.44
MnO,@BCxkon 43.8 325.02
SrSnFe,0,@MnO,-BCxon 30.13 179.24
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Fig. 5 XPS of 30% SrSnFe,O4@3-MnO,/BCyon composite, and high-resolution spectra of (A) C 1s, (B) O 1s, (C) Fe 2p, (D) Sn 3d, (E) Sr 3d, (F) Mn
2p, (G) K 2p, (H) survey, and (I) lattice distortion and heterostructure formation.
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domains. Further enhancement in stability after MnO, incor-
poration, owing to strong BC-MnO, interactions. SrSnFe,0,@-
MnO,-BCkopn composite retained the highest weight (~69% at
700 °C), demonstrating superior thermal stability due to the
synergistic reinforcement of the carbon framework and
suppression of pyrolytic degradation,®* indicating that surface
modification and composite formation effectively enhance the
structural robustness of biochar.

3.7. XPS analysis

The X-ray photoelectron spectroscopy (XPS) analysis of the
SrSnFe,0,@3-MnO,/BCkon composite is presented in Fig. 5.
The C 1s spectrum (Fig. 5A) shows peaks at 284.74, 286.33, and
288.35 eV, corresponding to C-C, C-OH, and C=O groups,
confirming oxygenated functionalities on the biochar surface.*
The O 1s spectrum (Fig. 5B) exhibits peaks at 529.67 eV (lattice
oxygen, M-O) and 530.95 eV (surface hydroxyls), reflecting
metal-oxygen interactions.*® The Fe 2p spectrum (Fig. 5C)
indicates the coexistence of Fe** and Fe®" states, with Fe** 2p;),
and 2p,,, at 709.5 and 724.8 eV, and Fe3* 2ps/ and 2pyj, at 711.3
and 725.9 eV, together with characteristic satellite features at
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~719 eV, confirming mixed-valence iron in the ferrite lattice.>*
The Mn 2p spectrum (Fig. 5F) reveals Mn®" and Mn** species,
with Mn** 2p;,, and 2p,, at 641.2 and 652.9 eV, and Mn** 2p;/,
and 2p,,, at 643.6 and 654.8 eV, along with a satellite at 647 eV,
supporting correct oxidation-state assignment.>> The Sn 3d
spectrum (Fig. 5D) confirmed mixed Sn*>”sn*" oxidation states,
with Sn** 3ds,, and 3d,,, peaks at 486.85 and 495.56 eV, and
Sn®" at 485.87 and 494.34 eV. Moreover, a weak Sn satellite
structure appeared at (~492-493 eV), ensuring fitting accu-
racy.”® The Sr 3d spectrum (Fig. 5E) displayed Sr 3ds,, and 3d;,
peaks at 131.97 and 133.06 eV, along with a higher-energy
shake-up component at 134.18 eV, confirming Sr incorpora-
tion in an oxidized environment.”” Residual K 2p peaks at
292.55 and 295.02 eV reflect the presence of potassium from the
KOH activation step.”® The survey spectrum (Fig. 5H) confirms
the presence of all intended elements (Fe, Sn, Sr, Mn, O, C, K),
indicating successful composite fabrication. To ensure accurate
oxidation-state identification, all XPS spectra were refitted using
appropriate constraints for spin-orbit splitting, fixed doublet
area ratios, and consistent FWHM values. Satellite features for
Fe, Mn, Sr, and Sn were included, and detailed fitting parame-
ters are provided in the SI (Table S1).
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4. The performance of SrSnFe,O,@03-
MnO,/BCyon composite

4.1. Comparison test

To evaluate the adsorption performance of individual compo-
nents before integrating them into the composite, a compara-
tive study was conducted. This study examined pristine BC,
BCxon, SrSnFe,0,4, and MnO,/BCkoy, along with five SrSnFe,-
0,@3-MnO,/BCxon composites containing different ferrite
loading percentages (2-30%), as shown in Fig. 6A. The removal
%, and q (mg g~ ") of pristine BC, BCxon, StSnFe,04, and MnO,/
BCkon Were found to be 56.98% and 85.41 mg g~ ', 61.76% and
87.03 mg g ', 66.54% and 88.65 mg g ', 71.32% and 90.28 mg
g, respectively. As ferrite loading increased from 2 to 30 wt%,
the removal % and capacity increased from 80.88% and
93.52 mg g ' to 93.31% and 97.73 mg g '. These findings
indicate that modifying MnO,/BCkon With SrSnFe,0, signifi-
cantly improves adsorption capacity and removal efficiency,
reflecting increases in surface area and active sites. Given its
superior adsorption performance, the SrSnFe,0,@3-MnO,/
BCkon composite with 30% ferrite loading was selected for
subsequent batch adsorption experiments.

View Article Online
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4.2. Effect of pH

The point of zero charge (pHzpc) is a key parameter governing
surface charge behaviour and adsorption performance. The
PHzpc of the SrSnFe,0,@3-MnO,/BCykoy composite was deter-
mined from zeta potential measurements to be 4.69 (Fig. 6B). At
pH values below 4.69, surface protonation dominates, resulting
in a positively charged surface. In contrast, deprotonation
occurs at higher pH values, yielding a negatively charged
surface. The effect of solution pH on o-NP adsorption is pre-
sented in Fig. 6C. Maximum adsorption was achieved at pH 5.
In contrast, adsorption efficiency declined under both strongly
acidic (pH 2-4) and neutral-to-alkaline conditions (pH 7-11). At
PH < 4.69, excessive protonation leads to competitive occupa-
tion of surface functional groups by H' ions, reducing the
availability of active sites for o-NP adsorption. This decrease
could be attributed to site competition rather than material
instability. At pH values above the pK, of o-NP (7.23), o-NP
molecules become deprotonated and negatively charged. Since
the composite surface is also negatively charged above its
PHzpc, electrostatic repulsion significantly suppresses adsorp-
tion. Under mildly acidic conditions (pH = 5), where o-NP
remains predominantly in its neutral form, adsorption is
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governed by non-electrostatic interactions, including m-m
stacking, hydrogen bonding, and electron donor-acceptor
interactions between o-NP and the oxygen-rich carbon matrix
and metal oxide surfaces of the composite.

4.3. Dose effect

Fig. 7A shows that increasing the SrSnFe,0,@3-MnO,/BCxoxn
dosage from 0.005 to 0.08 g improved the o-NP removal effi-
ciency (from 84.70% to 99.04%) due to the greater number of
available adsorption sites. In contrast, the adsorption capacity
decreased (from 189.63 to 12.46 mg g~ ') with increasing dosage.
This commonly observed effect results from site overlapping
and particle aggregation at higher solid concentrations, which
reduces the effective surface area per gram and leaves a larger
fraction of active sites unsaturated.*

4.4. Initial concentration effect

As shown in Fig. 7B, increasing the initial o-NP concentration
from 50 to 300 mg L' reduced the SrSnFe,0,@3-MnO,/BCxoy
removal efficiency from 93.31% to 53.11%. This decline is
attributed to the limited number of active sites on SrSnFe,-
0,@3-Mn0O,/BCkoy, which become saturated at higher
pollutant concentrations, leaving excess o-NP unadsorbed.®® In
contrast, the adsorption capacity increased markedly from
97.73 mg g~ ' to 526.09 mg g~ !, driven by the stronger concen-
tration gradient at elevated o-NP levels. This gradient enhances
mass transfer, overcomes ion diffusion resistance, and facili-
tates adsorption onto available sites. Thus, optimizing both
initial concentration and adsorbent dosage is essential for
practical applications.®® Notably, the SrSnFe,0,@3-MnO,/
BCxon composite achieved rapid adsorption, reaching equilib-
rium within 60 min (Fig. 7C).

4.5. Temperature effect

The adsorption of o-NP onto SrSnFe,0,@3-MnO,/BCkon Was
confirmed to be an endothermic process, as the removal effi-
ciency increased from 93.52% to 98.96% when the temperature
rose from 25 °C to 65 °C, with a corresponding rise in
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adsorption capacity from 97.73 to 99.35 mg g * (Fig. 7D). This
enhancement can be attributed to three factors: (1) elevated
temperatures increase molecular motion and collision
frequency with the adsorbent, promoting adsorption; (2)
according to the Arrhenius equation, heat supplies the activa-
tion energy required for adsorption; and (3) thermal swelling of
the adsorbent generates additional porosity, facilitating access
to internal active sites.”” Nevertheless, given the cost-
effectiveness and operational simplicity, adsorption isotherm
studies were conducted at ambient temperature, despite
optimal performance at 65 °C.

4.6. Kinetic study

The adsorption of o0-NP onto SrSnFe,0,@3-MnO,/BCkon Was
found to proceed through multiple mechanisms, influenced by
surface heterogeneity and physicochemical conditions. To
analyse the process kinetics, pseudo-first-order (PFO) (Fig. 8A),
pseudo-second-order (PSO) (Fig. 8B), and Elovich (Fig. S1)
models have been examined. The linearized forms of these
models are listed in Table S2. Based on R” values (Table 2), the
PSO model provided the best fit (R> = 1), with predicted
adsorption capacities (gca1) closely matching the experimental
results (gexp), confirming its suitability for describing the
adsorption process. The Elovich model parameters further
support the presence of a heterogeneous adsorption surface,
where « represents the initial adsorption rate, and g reflects the
gradual decrease in adsorption energy as surface sites become
progressively occupied. The high « value suggests rapid initial
uptake, whereas the ( value indicates surface energetic
heterogeneity rather than an actual desorption rate.*

4.7. Isotherm study

To assess the adsorption behaviour of o-NP, four isotherm
models, Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich (D-R) were applied. The linear fits (Fig. 9) and
derived parameters (Table S3) show that the Freundlich model
provides the best description of the experimental data (R* =

0.985), outperforming the Langmuir (R*> = 0.910), Temkin (R* =
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Fig. 8 Kinetics models: (A) pseudo-first order, (B) pseudo-second order for o-NP adsorption by SrSnFe,O4@3-MnO,/BCkon.
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Table 2 Kinetic parameters of the o-NP adsorption SrSnFe,04@3-MnO,/BCkon
o-NP initial concentration (mg L")
Model parameters 50 100 150 200 250 300
Experimental, g. (mg g~ ") 97.73 193.51 274.71 365.64 446.19 531.29
Pseudo-first order (PFO)
Calculated, g, (mg g7 9.67 47.14 52.78 68.09 53.18 92.17
ky (miIf ) 0.031 0.043 0.042 0.0051 0.033 0.001
R? 0.935 0.970 0.965 0.947 0.931 0.987
PSO
Calculated, g. (mg g™) 99.09 196.89 278.83 369.63 449.09 537.42
k, (mg g™ 0.0069 0.0022 0.0020 0.0015 0.0014 0.0012
R? 0.999 0.999 0.999 0.999 0.999 0.999
Elovich
a (mgg ' min™") 3.67 x 10° 2.15 x 10° 1.79 x 107 1.08 x 10" 2.01 x 10°
6 (gmg™) 0.157 0.074 0.068 0.05 0.045 0.043
R? 0.823 0.933 0.960 0.965 0.922 0.955
2.8
B
2.74 ) 0.08+ ®)
e
2.64 9
e 2_
254 i 0064 R*=0.910
IE o
. 244 ° =
= ~
) 5
= 231 ° O 0.044
2.21
2.1 0.02
20 ¢ 9
1.94— T T T T T T T 0 y y y
00 02 04 06 08 10 12 14 0 10 » 3 b
log C, Ce
600
sl © (D)
. °
5001
6.0
400+
= 56
= 300+
5.2+
2004
4.8+
1004
4.4 v v r r v v r r r r
0 600000 1200000 1800000 2400000 0.0 0.8 1.6 24 32 4.0
82 InC,

Fig. 9 Linear fitting plots of (A) Freundlich, (B) Langmuir, (C) D-R, and (D) Temkin isotherm models to the adsorption data of o-NP onto

SrSnFe;04@3-MnO,/BCyron composite.

0.905), and D-R (R* = 0.803) models (Table 3). The Langmuir
model yielded a maximum monolayer adsorption capacity
(gmax) of 525.51 mg g~ *. The Freundlich constant (n > 2) indi-
cates highly favourable adsorption on a heterogeneous surface,

15372 | RSC Adv, 2026, 16, 15361-15378

consistent with the composite's engineered porosity. The
Temkin constant (b < 80 k] mol™") and the D-R mean adsorp-
tion energy (E < 8 k] mol ') suggest that physisorption is a main
part of the process.*
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Table 3 Values of the isotherm parameters for the adsorption of o-NP
onto SrSnFe;0,@3-MnO,/BCyony composite

Isotherm model Parameter Value
Langmuir [gmax (Mg g™ )] 525.51
[b (L mg )] 0.835
(Ry) 0.0097
(R%) 0.910
Freundlich [Ke (L mg™ )] 7.162
(n) 2.164
(R%) 0.985
Temkin [B (J mol™)] 21.746
[b (k] mol 1)) 0.022
(4) 1.531
(R% 0.905
D-R gs (mg g™) 355.467
Kaq (mol > k™%17?) 51.850
E (k] mol™) 0.098
R 0.803

4.8. Thermodynamics study

The thermodynamic behaviour of 0-NP adsorption onto SrSnFe,-
0,@3-MnO,/BCxon Was assessed by calculating the standard
enthalpy change (AH° kJ mol '), Gibbs free energy change
(AG® k] mol ™), and entropy change (AS° J K~ mol '), using the
equations provided in Table S4. The thermodynamic parameters
derived from the van't Hoff plot (Fig. S2) are listed in Table 4,
indicating that the adsorption process is endothermic, as evi-
denced by the positive AH. The negative AG values confirm that
the adsorption process is spontaneous. Additionally, the positive
AS value implies increased randomness at the solid-liquid
interface, indicating that the migration of o-NP ions into the
adsorbent structure is accompanied by an increase in disorder.”

4.9. Ionic strength effect

Fig. 10A illustrates the effect of ionic strength on the adsorption of
o-NP onto the SrSnFe,0,@3-MnO,/BCxoy composite. Increasing
the NaCl concentration from 0.2 to 1.0 M improved adsorption
performance, with the removal efficiency rising from 93.31% to
98.01% and the adsorption capacity increasing from 97.73 to
99.35 mg g . This enhancement is likely due to the salting-out
effect, wherein dissolved ions disrupt the structured network of
water molecules. This disruption reduces the available cavities for
accommodating o-NP, leading to decreased pollutant solubility
and, consequently, enhanced adsorption onto the composite.*

4.10. Interfering ions effect

Real water systems often contain multiple contaminants that
can compete with target pollutants for adsorption sites. To
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assess this effect, batch experiments were performed to evaluate
the influence of common co-existing ions on the adsorption of
0-NP by SrSnFe,0,@3-MnO,/BCxon. As shown in Fig. 10B and
C, the presence of both anions (Cl~, NO; ™, S0,%7, HCO;7) and
cations (Na*, K*, Ca**, Mg**) caused varying degrees of inhibi-
tion. Monovalent cations (Na*, K*) led to only minor reductions
in removal efficiency (~10.7%). In contrast, divalent cations
(Ca**, Mg®") produced a more substantial effect (~23.9%),
attributed to their higher charge density and stronger electro-
static interactions with the adsorbent surface. Similarly,
monovalent anions (Cl~, NO;~, HCO; ) reduced efficiency by
~24%, while multivalent anions decreased it further to ~32.5%.
Overall, these results indicate that co-existing ions moderately
influence adsorption performance, with multivalent species
exerting the most significant interference. Notably, despite
these competitive effects, SrSnFe,0,@3-MnO,/BCxoy main-
tained strong adsorption capacity, demonstrating its robust-
ness and potential for practical wastewater treatment in
complex real-world systems.®®

4.11. Reusability study

Regeneration is a crucial characteristic of these composites,
reflecting their stability and contributing to cost reduction
through high reuse efficiency. As shown in Fig. 10D, the
regeneration experiment demonstrated that the SrSnFe,0,@3-
MnO,/BCkon composite maintained impressive performance,
with only a 49.71% decrease in removal efficiency and
a 83.14 mg g ' reduction in adsorption capacity after five
consecutive cycles. This favourable outcome is attributed to the
durability of the synthesized composite and its excellent sepa-
ration efficiency (Fig. 10D), which minimizes mass loss during
recovery. The observed decline in removal efficiency over
successive cycles may be due to partial pore blockage within the
composite, reducing the availability of active adsorption sites.*”

5. Proposed mechanism of o-NP
adsorption onto SrSnFe,0,4,@3-MnO,/
BCkon

Kinetic, isotherm, and thermodynamic analyses indicated that
0-NP adsorption onto SrSnFe, O,@3-MnO,/BCkoy involves both
physical and chemical interactions. To further elucidate these
processes, XPS analysis of the composite after o-NP uptake was
conducted (Fig. 11). The survey spectrum (Fig. 11A) revealed
apparent shifts in core-level binding energies, confirming
strong surface interactions between o-NP molecules and the
composite. Specifically, the Fe 2p peak shifted to lower energy
(706.52 eV). In comparison, the Sn 3d peak shifted to higher

Table 4 Thermodynamic parameters of o-NP removal onto SrSnFe,O,@3-MnO,/BCyoy composite

Thermodynamic parameters AG® (k] mol™)

AH® (k) mol ) AS°(JK ' mol )

298
—10.78

308
—11.96

318
—13.14

Temperature (K)

© 2026 The Author(s). Published by the Royal Society of Chemistry

328
—14.32

338
—15.50

24.37 117.98
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Fig. 10 (A) Effect of ionic strength of o-NP adsorption onto SrSnFe,O4@3-MnO,/BCyon composite. [NaCl = 0.2-1.0 mol L™t Co =50 mg L
pH =5, and m = 0.01g]. (B and C) Effect of interfering\ions on o-NP adsorption [ions concentration = 0.1 mol L™}, Co =50 mg L™, pH=5,and m
= 0.01 g]. (D) Regeneration of SrSnFe,04@3-MnO,/BCyon [Co = 50 mg L™ pH =5, and m = 0.01 gl.

energy (496.53 eV), and a decrease in Mn 2p intensity indicated
coordination between Mn sites and o-nitrophenol functional
groups. High-resolution spectra of Fe 2p, Mn 2p, Sn 3d, and Sr
3d (Fig. 11D-G) further supported these interactions, showing
energy shifts and attenuation of characteristic peaks (e.g., Mn
2p at 674.69 eV). Notably, the Sn 3d peak shifted from 495.5 to
496.89 eV and the Sr 3d peak from 131.98 to 133.68 eV, sug-
gesting metal-ligand coordination with o-NP. Shifts in the C-O
and O-C=O0 peaks indicate additional contributions from
hydrogen bonding, electrostatic attraction, 7t—7 donor-acceptor
interactions, and partial covalent character. The adsorption
mechanism is further influenced by solution pH. The point of
zero charge (pHpyc) of the composite, determined by zeta
potential measurements, is 4.69 (Fig. 6B). At pH values below
4.69, the surface is positively charged due to protonation. In
contrast, at pH values above 4.69, deprotonation renders the
surface negatively charged. Maximum o-NP adsorption occurs
at pH 5, where o-NP remains predominantly neutral and elec-
trostatic repulsion is minimal. Under strongly acidic conditions
(pH 2-4), excessive protonation leads to competition between
H' ions and o-NP molecules for adsorption sites, reducing
uptake. At pH values above the pK, of 0-NP (7.23), 0-NP becomes
negatively charged, and adsorption is suppressed due to elec-
trostatic repulsion from the negatively charged composite
surface. Overall, o-NP adsorption onto SrSnFe,0,@3-MnO,/

15374 | RSC Adv, 2026, 16, 15361-15378

BCkon proceeds via a multi-pathway mechanism. Physical
interactions, such as pore filling, van der Waals forces, and -
stacking between o-NP molecules and aromatic rings of the
biochar, contribute to adsorption, while chemical interactions
occur through surface complexation between the -OH and -NO,
groups of o-NP and surface metal centres (Fe**, Sn**, Mn*"),
forming inner-sphere complexes. In addition, pH-mediated
effects, including surface charge modulation and protonation/
deprotonation of functional groups, govern electrostatic
attraction or repulsion, influencing overall adsorption effi-
ciency. These synergistic interactions among the composite's
functional groups, metal sites, and solution pH enhance the
adsorption efficiency of o-NP. Fig. 12 illustrates the main
pathways and interactions responsible for o-NP uptake onto
SrSnFe,0,@3-MnO,/BCkon-

5.1. Selective adsorption study for different pollutants

Investigating adsorption selectivity is critical for assessing the
performance of SrSnFe,0,@3-MnO,/BCkon toward different
classes of pollutants. As shown in Fig. 13A, the composite
exhibited variable but high removal efficiencies and adsorption
capacities for antibiotics, dyes, and nitrophenol isomers. For
antibiotics, removal reached 66.48 and 69.78 mg g~ * for doxy-
cycline and tetracycline, respectively. For dyes, Congo red

© 2026 The Author(s). Published by the Royal Society of Chemistry
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© 2026 The Author(s). Published by the Royal Society of Chemistry

(anionic) and methylene blue, the capacities reached 62.14 and
72.84 mg g~ ', respectively, indicating a variety of interactions
with the surface-active sites. Notably, superior performance was
achieved for m-nitrophenol and p-nitrophenol with removal
capacities of 81.82 and 89.65 mg g~ ', respectively.

5.2. Real wastewater sample experiment

A 25 mL real wastewater sample was spiked with o-NP at three
initial concentrations (10, 30, and 50 mg L") using standard-
ized stock solutions. In addition, a synthetic o-NP mixture was
prepared and used for method optimization and removal eval-
uation. The developed procedure, optimized using known
concentrations, was subsequently applied to real wastewater to
assess practical performance. The removal efficiencies in real
wastewater were 85.75%, 74.21%, and 68.54% at initial o-NP
concentrations of 10, 30, and 50 mg L™, respectively (Fig. 13B).
The lower removal at higher concentrations is attributed to

RSC Adv, 2026, 16, 15361-15378 | 15375
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Table 5 Comparison between the capacity of SrSnFe,0,4@3-MnO,/BCyon composite and reported adsorbents for the removal of nitrophenols

Adsorbent Q(mgg™) pH Ref.
Waste rubber-derived porous carbon (WRPC) 393.42 6 68
Pine sawdust biochar 117.16 6 69
Ball-milled biochar-vermiculite/zeolite magnetic composites 196.14 6 70
Date seed-based biochar 43.19 7 71
Mg-activation on sugarcane bagasse biochar 144.93 7 72
Cu & Ni-impregnated MnO,/s-doped biochar 75.76 4 73
Pickling-reheating activated alfalfa biochar 117.65 5 74
EDTA-4Na- and KOH-modified almond shell biochar 149 2 75
Lignin-based KOH-activated carbon 612 7.2 61
Activated sunflower stem biochar 333 2 24
SrSnFe,0,@3-MnO,/BCkon 525.51 5 Current study

progressive saturation of available adsorption sites. Moreover,
the slightly reduced performance in real wastewater compared
to spiked samples is likely due to matrix effects, in which
coexisting ions and organic constituents compete with o-NP for
active adsorption sites.

5.3. Comparison with other adsorbents

The adsorption performance of the newly developed SrSnFe,-
0,@3-MnO,/BCkopn composite was benchmarked against other
reported adsorbents (Table 5). SrSnFe,0,@3-MnO,/BCkom
exhibited superior adsorption capacity compared to many
conventional materials. These results highlight its potential as
a highly effective and practical adsorbent for environmental
remediation applications.

6. Conclusion

The SrSnFe,0,@03-MnO,/BCkoy composite derived from cotton
stalk biochar shows strong potential as a sustainable, multi-
functional adsorbent for removing o-nitrophenol (0-NP) from
aqueous media. Incorporation of MnO, and SrSnFe,O,
improved the textural properties of biochar by increasing
surface area and porosity and introduced magnetic function-
ality that facilitates separation and recovery. The composite

15376 | RSC Adv, 2026, 16, 15361-15378

exhibited high adsorption efficiency, rapid kinetics, and
favourable isotherm behaviour, indicating strong affinity for o-
NP. Although the saturation magnetisation decreased after
composite formation, it remained adequate for magnetic
separation. The material also maintained good performance in
real wastewater, supporting its applicability under practical
conditions, and demonstrated regeneration and reusability over
multiple cycles. Overall, this work demonstrates the upcycling
of agricultural residues into value-added magnetic biochar-
based composites for the remediation of phenolic wastewater.
Future studies should address scale-up, continuous-flow eval-
uation, and assessment against broader classes of
contaminants.
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