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Nanoscale zero-valent iron—biochar (BC@Fe) composites were synthesised via a one-step carbothermal
method, followed by sulphidation to obtain sulphided BC@Fe (S-nZVI/BC-C-X) composites. Sulphidated
nanoscale zero-valent iron—biochar (S-nZVI/BC-B-X) was also prepared using a one-step sodium
borohydride reduction method. Batch experiments were conducted to investigate the effects of
adsorption time, initial Cr(vi) concentration, pH and background ions on the Cr(vi) removal performance
of S-nZVI/BC-C-X and S-nZVI/BC-B-X. A comparative analysis of their adsorption characteristics and
removal efficiencies was conducted. The adsorption mechanisms were further elucidated through
kinetic and isotherm model fitting, masking experiments and characterisation of the composites before
and after Cr(v)) adsorption. The findings revealed that Cr(v) removal by S-nZVI/BC-C-5 primarily
occurred via (i) reduction of Cr(v) to Cr(m) by FeS, FeS, and Fe®, (i) reduction of Cr(v) to Cr(m) by Fe?*,
(iii) reduction of Cr{v) to Cr(i) by HS™ released from FeS corrosion and (iv) adsorption of Cr(vi) by S-nzZVI/
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1. Introduction

China is the world's largest producer of chromium chemicals,
and the discharge of chromium-containing wastewater from
processes such as electroplating and tanning and from the
chemical manufacturing industry has led to substantial chro-
mium pollution." In the environment, chromium exists
primarily in two forms: Cr(ir) and Cr(vi). Cr(vi) is 100 times more
toxic than Cr(m). According to China's GB 5749-2022 standard
for drinking water quality, the maximum permissible level of
Cr(v1) in drinking water is 0.05 mg L. Cr(vi) is known for its
carcinogenic, teratogenic and mutagenic effects, posing serious
threats to human health and ecosystems.> Consequently,
addressing Cr(vi) pollution has become a pressing environ-
mental issue.

The primary approaches for Cr(vi) pollution remediation are
chemical reduction, adsorption and microbial remediation.?
Among these approaches, chemical reduction is currently the
most mature, well-established and widely applied technique in
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engineering applications owing to its cost-effectiveness and
high efficiency.* Commonly used reducing agents include iron-
based reductants (e.g. Fe®), sulphur-based reductants (e.g. Cas),
organic reductants and biochar.* Nanoscale zero-valent iron
(nZVI) has garnered considerable research attention for envi-
ronmental remediation owing to its high adsorption capacity,
strong reducibility and rapid reaction rates.>®* However, nZVI
presents certain limitations in addressing environmental
remediation, such as pH dependence, poor electron selectivity,
susceptibility to agglomeration, oxidation and passivation.” In
addition, nZVI easily reacts with water, oxygen or other ions
during the adsorption process, leading to a reduction in its
removal capacity.®

To improve the performance of nZVI for pollutant removal,
its surface or structure is typically modified using physical or
chemical methods. Currently, the primary modification tech-
niques for nZVI are coating,® loading,'®"* bimetallic structure
formation™ and vulcanisation.”* Among these techniques,
sulphide modification has proved particularly effective in
enhancing the pollutant removal efficiency and long-term
reactivity of nZvI."** Sulphidated nZVI (S-nZVI) offers consider-
able advantages for the remediation of water and soil pollution.
FeS can simultaneously release two reducing ions—Fe(u) and
$> —which function as electron donors during Cr(v)
reduction.”

Carbon materials, such as activated carbon and biochar,
serve as excellent carriers and adsorbents. When composited
with S-nZVI particles, carbon materials (i) prevent the
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aggregation and deactivation of these particles by dispersing
and stabilising them and (ii) efficiently adsorb and concentrate
Cr(v1) on their surfaces,' thereby providing them with a highly
reactive interface. Furthermore, the conductive nature of
carbon facilitates electron transfer and thereby enhances the
Cr(v1) reduction process.'®"” The resulting Cr(u) is subsequently
adsorbed or precipitated onto the composite material.

Yang et al. demonstrated that an ultra-high-dispersion S-
nzZvl carbon nanotube-polyacrylonitrile honeycomb
membrane efficiently removed Cr(vi) and exhibited strong
resistance to interference from Cl~, NO;~, HCO;~ and SO,>".%
Tian et al synthesised a novel S-nZVI supported on
polyethyleneimine-modified corn straw biochar, which out-
performed conventional nZVI in terms of stability and reus-
ability, making it more promising for environmental
applications.*®

S-nZVI is primarily prepared via liquid-phase reduction
through one-step or two-step sulphidation.*** However, the
selection of alternative reductants to the commonly used
NaBH,, which is expensive and forms numerous secondary
pollutants during reduction,® is essential for the effective
remediation of Cr(vi) pollution. Moreover, S-nZVI supported on
porous materials through NaBH, reduction has a limited
loading capacity, which constrains its pollutant removal effi-
ciency. An emerging S-nZVI synthesis approach involves the use
of sulphide-reducing bacteria; however, the conditions and
processes involved in this approach are considerably
complex.?*?> In Cr(vi) pollution remediation engineering, the
cost-effectiveness of materials is a critical factor. Therefore,
developing economical and eco-friendly S-nZVI is imperative for
current environmental remediation efforts.

In this study, sodium alginate (SA) was crosslinked with Fe**
to obtain an SA-Fe®" gel with a three-dimensional network
structure. nZVI biochar (Fe@BC) composites were prepared via
high-temperature pyrolysis of the SA-Fe*" gel. Furthermore, S-
nZVI biochar (S-nZVI/BC-C-X) was prepared by sulphidising
Fe@BC. The Cr(vi) removal performance of S-nZVI/BC-C-X was
then systematically compared with that of S-nZVI biochar syn-
thesised via NaBH, reduction (S-nZVI/BC-B-X).

The main objectives of our study were as follows: (1) devel-
opment of an economical and green method for preparing S-
nZvl, (2) comparison of Cr(vi) removal performance between
S-nZVI/BC-C-X and S-nZVI/BC-B-X and (3) investigation of the
Cr(vi) remediation mechanism of S-nZVI/BC-C-X and S-nZVI1/BC-
B-X. Thus, this study offers a method for preparing S-nZvl,
which has promising applications for the remediation of
Cr(vi)-contaminated water and soil contamination.

2. Materials and methods
2.1 Materials

SA, FeCl;-6H,0, tartaric acid, ascorbic acid, and oxalic acid (all
AR) were obtained from Aladdin. NaOH (AR) was obtained from
Shanghai Yi En Chemical Technology Co., Ltd. NaCl, Na,CO3,
Na,SO, and NaNOj; (all AR) were procured from Shanghai
Baishun Biotechnology Co., Ltd. Na,S-9H,0, K,Cr,0;, H;POy,,
H,S0O,, HNO; and NaBH, were provided by Guangdong Xilong
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Chemical Co., Ltd. Furthermore, 1,10-phenanthroline (AR) was
provided by Shanghai Aladdin Biochemical Technology Co.,
Ltd., and 1,5-diphenylcarbazide (AR) was obtained from
Shanghai MacLean Biochemical Technology Co. Ltd. o-Phthalic
anhydride (AR) were procured from Guangdong Yuefeng
Chemical Reagent Co., Ltd. Finally, standard solutions of Fe
and Cr®" were obtained from China National Academy of
Metrology Sciences, and the pH buffer reagent were obtained
from Aipure.

2.2 Characterisation

Transmission electron microscopy (TEM; JEM-2100Plus, JEOL,
Japan) was performed at an accelerating voltage of 200 kV. The
S-nZVI/BC-C-5 and S-nZVI/BC-B-5 for TEM measurement was
prepared by dispersing a small quantity of the powder sample in
ethanol via ultrasonication for 10 min. A droplet of the resulting
suspension was subsequently transferred onto an ultrathin
carbon-supported film and dried at ambient conditions prior to
the analysis. X-ray diffraction (XRD; Ultima IV, Rigaku, Japan)
was conducted under the following test conditions: light source
= Cu Ka, wavelength = 0.15418 nm, operating voltage = 40 kv,
operating current = 10 mA and scanning range 26 = 10-80°. An
instrument measuring the adsorption specific surface area and
pore-size distribution (Tristar II 3020, Micromeritics, USA) was
used in adsorption tests. X-ray photoelectron spectroscopy (XPS;
ESCALAB 250Xi) was performed under the following test
conditions: light source = AI Ko (hv = 1486.6 eV) and power =
150 W; moreover, a 500 um-beam-spot energy analyser with
a fixed transmission energy of 30 eV (Thermo Corporation, USA)
was used for performing XPS. The S-nZVI/BC-C-5 and S-nZVl/
BC-B-5 for XPS analysis were prepared using the pressed pellet
method. First, a piece of conductive tape with an area of 1 x 1
cm?” was attached to a clean aluminium foil substrate. The dry
powder was then evenly distributed onto the adhesive surface.
The sample was encapsulated with a second piece of aluminium
foil and pressed into a pellet under pressure. Subsequently, the
top foil was carefully removed and the excess foil around the
pellet was trimmed away. The obtained pellet was mounted on
a sample stub for XPS measurement. Further, a tube furnace
(OTF1200X, Hefei Kejing Material Technology Co., Ltd), atomic
absorption spectrophotometer (AA-7000, Shimadzu, Japan) and
ultraviolet-visible (UV-vis) spectrophotometer (UV-2700, Shi-
madzu, Japan) were used.

2.3 Preparation of S-nZVI/BC-C-X

SA (30 g) was dissolved in distilled water (1 L) by stirring in
a beaker. Then, a FeCl; solution (0.3 mol L") was prepared, and
SA was dropped into it for cross-linking by allowing the mixture
to stand for 24 h. The resulting SA-Fe®* gel was filtered and
washed with distilled water 6-8 times to remove Fe** from the
surface. The gel was then dried in a vacuum drying oven at 60 °C
and baked at 100 °C for 3 h. The dried gel was then placed in
a crucible and kept in a tube furnace. After vacuuming for
15 min, high-purity nitrogen was passed through the chamber
at a flow rate of 200 mL min~" for 20 min. Subsequently,
temperature was first increased to 200 °C and then to 900 °C at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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heating rates of 5 °C min~ ' and 10 °C min~ ", respectively, while
maintaining a nitrogen flow rate of 100 mL min~". The reaction
mixture was then allowed to cool to room temperature at a rate
of 10 °C min~ ", followed by 3 h of pyrolysis at 900 °C. The ob-
tained BC@Fe composite was bagged and stored under vacuum
conditions.

Na,S-9H,0 (2.5739 g) was dissolved in 50 mL of deionised
water in a conical flask. Then, 1 g of BC@Fe was added to the
mixture and shaken at 25 °C and 120 rpm for 2 h. After filtration
and separation, the product was vacuum-dried at 50 °C to
obtain S-nZVI/BC-C-5, which was stored in a vacuum desiccator.
Under the same conditions, the amounts of Na,S-9H,0 added
were adjusted to 7.2436 and 0.5148 g to prepare sulphided
BC@Fe (S-nZVI/BC-C-X), labelled as S-nZV1/BC-C-10 and S-nZVI/
BC-C-1, respectively.

2.4 Preparation of S-nZVI/BC-B-X

Coconut shells were dried, crushed, and sieved through a 200-
mesh sieve and dried again at 100 °C for 2 h. The powder was
placed in a tube furnace, evacuated and purged with nitrogen.
The temperature was raised to 200 °C at a heating rate of 5 °
C min~*, then further increased to 700 °C at 10 °C min~* and
held at 700 °C for 3 h for pyrolysis. The sample was then cooled
to room temperature at 10 °C min . The resulting coconut
shell biochar was washed with 250 mL of 5 mol per L HNO; in
a 500 mL conical flask and shaken for 3 h at 120 rpm and 25 °C
for 3 h. After filtration and rinsing, the pH was adjusted to 7
and the material was dried at 80 °C to obtain coconut shell-
activated carbon. To synthesise S-nZVI/BC-B-5, 0.9 g of
coconut shell-activated carbon was added to a three-necked
flask, followed by 125 mL of a 0.045 mol per L FeCl; solution
under nitrogen protection. After stirring for 30 min, a mixed
solution of 0.00225 mol per L Na,S and 0.25 mol per L NaBH,
(125 mL, prepared in an anaerobic bottle) was slowly added
using a peristaltic pump. The reaction mixture was stirred for
30 min, and the product was collected via vacuum filtration
and dried in a freeze dryer for 24 h. The composite was stored
in a vacuum-sealed bag. S-nZVI/BC-B-1 and S-nZVI/BC-B-10
were similarly prepared using Na,S-9H,O concentrations of
0.0009 and 0.0045 mol L™, respectively. nZVI biochar (nZv1/
BC) was synthesised under identical conditions but without
Na,S addition.

2.5 Comparison of S-nZVI/BC-C-X and S-nZVI/BC-B-X for
Cr(vi) adsorption

A Cr(vi) solution with pH 2 and a mass concentration of
50 mg L' was prepared for tests. Further, 100 mL of the Cr(vi)
solution was added to 15 mg of S-nZVI/BC-C-5 in a conical flask.
The solution thus obtained was shaken at 25 °C and 120 rpm for
24 h, allowing adsorption. The concentration of Cr(vi) was
determined using an UV-vis spectrophotometer.?® The experi-
mental conditions of Cr(vi) adsorption on BC@Fe, S-nZVI/BC-C-
X, nZVI/BC and S-nZVI/BC-B-X were the same as those for S-
nZVI/BC-C-5. Each set of experiments was repeated thrice.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.6 The effect of initial pH level on the adsorption of Cr(vi)
by S-nZVI/BC-C-5 and S-nZVI/BC-B-5

A 50 mg per L Cr(vi) solution was prepared, and its pH was
adjusted to 2, 3, 4, 5, 6 and 7 in separate aliquots. Then, Cr(vi)
solution aliquots (100 mL each) with different pH levels were
separately mixed with 15 mg of S-nZVI/BC-C-5 in a conical flask.
The solution was shaken at 25 °C and 120 rpm for 24 h. The Cr(vi)
concentration was determined after completion of adsorption.**
Each experiment was repeated three times for each pH level. The
experimental conditions for Cr(vi) adsorption on S-nZVI/BC-B-5
were the same as those used for S-nZVI/BC-C-5.

2.7 Kinetic Cr(vi) adsorption experiments for S-nZVI/BC-C-5
and S-nZVI/BC-B-5

A Cr(vi) solution with pH 2 and a mass concentration of
50 mg L~ ' was prepared. Then, 500 mL of the Cr(vi) solution was
added to a conical flask with 75 mg of S-nZVI/BC-C-5. The
conical flask was shaken at 25 °C and 120 rpm. Subsequently,
1 mL of the Cr(vi) solution was sampled at predetermined time
intervals, and the Cr(vi) concentration was determined after
dilution.*®*® The same experiment was repeated, with sampling
times ranging from 1 to 48 h. The experiments were replicated
thrice for each time point. The kinetic Cr(vi) adsorption exper-
iment for S-nZVI/BC-B-5 was conducted under the same
conditions as for S-nZVI/BC-C-5, except that the sampling time
intervals ranged from 10 min to 24 h.

The Cr(vi) adsorption capacity at time ¢ (g,) was calculated as
follows:

g = GGV 0
where C, (mg L") is the initial Cr(vi) ion concentration, C, (mg
L") is the Cr(v1) ion concentration at time ¢, V is the volume (L)
of Cr(vi) ion solution and m is the dry mass (g) of the adsorbent.

2.8 Isotherm Cr(vi) adsorption experiments for S-nZVI/BC-C-
5 and S-nZV1/BC-B-5

Adsorption isotherm experiments were performed by adding
15 mg of S-nZVI/BC-C-5 to 100 mL of a Cr(vi) solution with
varying initial concentrations (50, 100, 200 and 300 mg L") at
pH 2. The mixtures were shaken at 120 rpm and 25 °C for 24 h.
The isotherm Cr(vi) adsorption experiments for S-nZVI/BC-B-5
were conducted under the same conditions as those for S-
nZV1/BC-C-5.

The adsorption capacity at the adsorption equilibrium (g.)
was calculated as follows:

(G —C)V

go= (=L, @)

where Co, (mg L") and C. are the initial and equilibrium
concentrations of Cr(vi) ions, respectively, V is the volume (L) of
Cr(v1) solution and m is the dry mass (g) of adsorbent.

RSC Adv, 2025, 15, 41351-41363 | 41353
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2.9 Cyclic Cr(vi) adsorption experiments for S-nZv1/BC-C-5
and S-nZVI/BC-B-5

In the cyclic adsorption experiments, 15 mg of S-nZVI/BC-C-5
was added to 100 mL of a 50 mg per L Cr(vi) solution at pH 2.
The mixture was shaken at 25 °C and 120 rpm for 24 h to allow
adsorption. After completion of adsorption, the solution was
removed and 100 mL of a fresh Cr(vi) solution (50 mg L™"; pH 2)
was added to the same adsorbent to begin the next cycle. This
process was repeated five times under identical conditions. The
cyclic adsorption experiments for S-nZVI/BC-B-5 were conduct-
ed under the same conditions as those for S-nZVI/BC-C-5.

2.10 Masking experiments for Cr(vi) adsorption on S-nZVl/
BC-C-5 and S-nZVI/BC-B-5

To investigate the role of Fe** in Cr(vi) adsorption, masking
experiments were conducted using 1,10-phenanthroline as
a chelating agent. A Cr(vi) solution (500 mL; 50 mg L™'; pH 2)
was prepared, and 1 g " of 1,10-phenanthroline was added to
this solution to mask Fe**. Then, 75 mg of S-nZVI/BC-C-5 was
added to the solution. The mixture was shaken at 25 °C and
110 rpm. At predetermined time intervals (¢ = 1-24 h), 1 mL of
the solution was sampled and analysed to determine the Cr(vi)
concentration. The masking experiments for S-nZVI/BC-B-5
were performed under the same conditions as those for S-
nZVI/BC-C-5, except with sampling intervals ranging from
30 min to 24 h.

2.11 Removal of simulated contaminants from water using
S-nZVI/BC-C-5 and S-nZVI/BC-B-5

To evaluate the effect of background ions on Cr(vi) removal,
Cr(vi) solutions (50 mg L") were prepared either alone or in
combination with various electrolytes, i.e. (i) 50 mmol per L
NaCl, Na,SO,, NaNO; and KH,PO, and (ii) 0.5 mmol per L
tartaric acid, ascorbic acid, and oxalic acid. The pH of all
solutions was adjusted to 2. Then, 200 mL of each solution was
placed in a conical flask and a certain amount of S-nZvVI/BC-C-5
was added. The mixture was shaken at 25 °C and 110 rpm for
24 h. After the reaction, a 1 mL aliquot of the solution was
collected and analysed for Cr(vi) concentration using UV-vis
spectroscopy. The same experimental procedure was applied
to evaluate the effect of background ions on Cr(vi) adsorption by
S-nZVI/BC-B-5.

2.12 Experiments on the remediation effect of S-nZV1/BC-C-5
on soil pollution by Cr(vi)

The soil sample was collected from Guilin Yang farm in Haikou.
After drying, it was ground, crushed and sieved through a 100-
mesh sieve. Then, 5.0 kg of soil was added to a certain amount
of K,Cr,0; solution, dried naturally, milled, crushed and sieved
through a 100-mesh sieve. The soil sample thus obtained was
used as simulated Cr-contaminated soil (Cr(vi) concentration =
100 mg kg~ ").2° Further, 10 g of the simulated soil sample was
mixed with S-nZVI/BC-C-5 to obtain three separate mixtures (w/
w = 1%, 2% and 3%). Deionised water was then added to
increase the moisture content to 75%. The soil samples were
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stored away from light and weighed every 2 d. Water was added
to maintain the soil moisture content. Soil was sampled and
freeze-dried on the 14th and 28th day.?” The Cr(vi) content was
also determined via alkali extraction and atomic absorption.

3. Results and discussions

3.1 Material characterisation

Fig. 1a presents the SEM image of S-nZVI/BC-C-5. The surface of
S-nZVI/BC-C-5 has a flocculent porous structure. This
morphology is conducive to the entry of pollutants into the
material. The high-resolution (HR) TEM (HRTEM) image of S-
nZVI/BC-C-5 presented in Fig. 1b shows irregular metal parti-
cles. Fig. 1c shows the presence of lattice fringes with a crystal-
lographic spacing of 0.26 nm; these correspond to the (112)
crystallographic plane of FeS.*® Fig. 1d shows lattice fringes with
a crystallographic spacing of 0.34 nm that correspond to the
(110) crystallographic plane of FeS,.> The elemental mapping
images of S-nZVI/BC-C-5 shown in Fig. le-h indicate dense
distribution of C and uneven distribution of Fe and S. Fig. 1i
confirms the successful loading of FeS and ZVI onto the biochar
surface in S-nZVI/BC-B-5. As shown in Fig. 1j, the metal particles
have a size of 100-300 nm. Fig. 1k and 1 further displays lattice
fringes with a spacing of 0.25 nm, corresponding to the (201)
plane of FesS.

Hysteresis loops are observed in the N, adsorption-desorp-
tion isotherms of S-nZVI/BC-C-5 and S-nZVI/BC-B-5 (Fig. 2a).
According to the IUPAC classification, these N, adsorption-
desorption isotherms are type IV curves and the observed
hysteresis loops are H2-type curves.*® The specific surface areas
of S-nZVI/BC-C-5 and S-nZVI/BC-B-5 are determined to be 371
m” ¢~ " and 227.3 m> g, respectively. The pore-size distribu-
tions (Fig. 2b) reveal that S-nZVI/BC-C-5 and S-nZVI/BC-B-5
exhibit a microporous and mesoporous structure.*® Moreover,
the pore size is mainly distributed in 1-33 nm. The proportion
of mesopores in the pore-size distribution is higher than that of
micropores.

3.2 Comparison of the performance of S-nZVI/BC-C-X and S-
nZVI/BC-B-X for Cr(vi) adsorption

S-nZVI/BC-C-X, S-nZVI/BC-B-X, nZVI/BC and BC@Fe are
compared for their Cr(vi) adsorption performance, as shown in
Fig. 3a. S-nZVI/BC-C-5 exhibits the highest adsorption capacity,
whereas S-nZVI/BC-C-10 shows the lowest adsorption capacity.
This behaviour may be attributed to the FeS content in the
materials as a moderate level of FeS doping is known to enhance
adsorption efficiency. Fig. 3b presents a comparison of Cr(vi)
adsorption by S-nZVI/BC-B-X and nZVI/BC, revealing a similar
trend to that observed in Fig. 3a. As the sulphur doping ratio
increases, the Cr(vi) removal performance of S-nZVI/BC-B-X
initially improves and then declines, with S-nZVI/BC-B-5
showing the optimal removal efficiency. These results indicate
that both preparation methods benefit from an optimal sulphur
doping level. However, S-nZVI/BC-C-5 exhibits superior Cr(vi)
removal performance compared with S-nZVI/BC-B-5.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) SEM, (b—d) HRTEM, and (e—h) HRTEM elemental mapping images of S-nZVI/BC-C-5; (i) SEM and (j—) HRTEM images of S-nZVI/BC-B-5.
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Fig. 2 BET (a) and pore-size analysis results (b) of S-nZVI/BC-C-5 and S-nZVI/BC-B-5.

3.3 Effect of pH on Cr(vi) adsorption by S-nZvI/BC-C-5 and S-
nZVvl/BC-B-5

Fig. 4 shows that the highest adsorption capacity of Cr(vi) was
achieved by S-nZVI/BC-C-5 and S-nZVI/BC-B-5 at pH 2. This
observation is mainly attributable to the strong acidic condi-
tions, wherein a high concentration of H" promotes the corro-
sion of FeS and Fe into Fe*", which reduces Cr(vi) to Cr(u). With

© 2025 The Author(s). Published by the Royal Society of Chemistry

increasing pH, the Cr(vi) adsorption capacity of S-nZvVI/BC-C-5
and S-nZVI/BC-B-5 decreases significantly.**** After S-nZVI/BC-
C-5 adsorb Cr(vi) at pH 2 and 3, the Fe ion concentrations in
the solution are 4.7 and 0.28 mg L™, respectively. No Fe ions are
detected in the solution after Cr(vi) adsorption by S-nZVI/BC-C-5
within the pH range of 4-7. When S-nZVI/BC-B-5 is used for
Cr(vi) adsorption at pH 2, the Fe ion concentration in the
solution is 0.83 mg L™}, whereas no Fe ion is detected in the pH

RSC Adv, 2025, 15, 41351-41363 | 41355
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Fig. 4 Effect of pH on the adsorption of Cr(vi) by S-nZVI/BC-C-5 and
S-nZVI/BC-B-5.

range of 3-7. At pH 2, S-nZVI/BC-C-5 and S-nZVI/BC-B-5 exhibit
the highest metal dissolution, which is consistent with their
superior Cr(vi) adsorption performance at the same pH. This
indicates that the adsorption mechanism involves the
corrosion-induced release of Fe*" under acidic conditions and
subsequent Cr(vi) reduction.®*

3.4 Analysis of Cr(vi) adsorption kinetics for S-nZVI/BC-C-5
and S-nZVI/BC-B-5

The pseudo-first-order and pseudo-second-order kinetic models
were used to fit the experimental data on Cr(vi) adsorption for S-
nZVI/BC-C-5 and S-nZVI/BC-B-5 using eqn (3) and (4):****%7

4= gl — e, 3)
quezt

- 4t 4

I T ¥ kgt @)
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Comparison of Cr(v) adsorption performance among (a) S-nZVI/BC-C-X and BCa@Fe, (b) S-nZVI/BC-B-X and nZVI/BC.

where g, is the adsorption capacity at time ¢ (mg g~ %), g. is the
adsorption capacity at equilibrium (mg g™ "), &, is the first-order
rate constant (min~ '), k, is the second-order rate constant (g
mg ' min~') and ¢ is time (min).

Fig. 5 presents the fitting curves of Cr(vi) adsorption for S-
nZVI/BC-C-5 and S-nZVI/BC-B-5 at pH 2. The rate of Cr(vi)
adsorption for S-nZVI/BC-C-5 and S-nZVI/BC-B-5 is high before
6 h. At this stage, the redox reaction of FeS and Fe with Cr(vi) is
the primary surface reaction.*® Subsequently, the adsorption
performance of S-nZVI/BC-B-5 for Cr(vi) decreases significantly,
primarily because FeS and nZVI are mainly loaded on the
surface of the biochar, leading to a rapid reaction during the
adsorption process. The Cr(vi) adsorption on S-nZVI/BC-C-5
increases slowly after 6 h and reaches equilibrium at 24 h of
adsorption, which can be primarily attributed to the spherical
porous structure of S-nZVI/BC-C-5 facilitating the continuous
reaction of FeS and nZVI with Cr(vi) inside the spheres.

350

300 +

n S-nZVI/BC-C-5
e S-nZVI/BC-B-5
—— Pseudo-first-order
— — Pseudo-second-order

250

200

q.(mg/g)

150 A

100

50 ,

T T T T T
0 500 1500 2000 2500 3000

t (min)

T
1000

Fig. 5 Experiments on the kinetics of Cr(v) adsorption by S-nZVI/BC-
C-5and S-nzVI/BC-B-5.
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Table 1 Experimental fitted data of Cr(vi) adsorption kinetics
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Pseudo-first-order model

Pseudo-second-order model

Materials pH Geca (Mg g™ k1 R? Geca (Mg g™ ") k, R?
S-nZVI/BC-C-5 2 309.8 0.00411 0.9540 345.6 0.0000157 0.9930
S-nZVI/BC-B-5 2 143.7 0.0467 0.7401 150.5 0.000497 0.9358
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Fig. 6 Thermodynamic isotherms for Cr(v) adsorption by S-nZVI/BC-
C-5and S-nZVI/BC-B-5 at pH 2.

The data fitting results of Cr(vi) adsorption for S-nZvVI/BC-C-5
and S-nZVI/BC-B-5 are summarised in Table 1. At pH 2, the
correlation coefficients (R*) of the pseudo-second-order kinetic
model of Cr(vi) adsorption for S-nZVI/BC-C-5 and S-nZVI/BC-B-5
were higher (0.9930 and 0.9358, respectively) than those of the
pseudo-first-order kinetic model (0.9540 and 0.7401, respec-
tively), indicating that Cr(vi) adsorption for S-nZVI/BC-C-5 and
S-nZVI/BC-B-5 mainly involved chemisorption.***°

3.5 Isothermal thermodynamic adsorption experiments

The data and fitted curves for Cr(vi) adsorption by S-nZVI/BC-C-
5 and S-nZVI/BC-B-5 at pH 2 is shown in Fig. 6, and the fitting
results are summarised in Table 2.

As shown in Table 2, the Langmuir adsorption model yields
higher correlation coefficients (R> = 0.9721 and 0.9575 for S-
nZVI/BC-C-5 and S-nZVI/BC-B-5, respectively) than the Freund-
lich model (R*> = 0.9333 and 0.9194 for S-nZVI/BC-C-5 and S-
nZVI/BC-B-5, respectively). In addition, the g, values

Table 2 Constants and correlation coefficients for the thermody-
namic adsorption of Cr(vi) by S-nZVI/BC-C-5 and S-nZVI/BC-B-5 at
pH 2

Langmuir Freundlich
Materials PH ¢m K, R? n Ky R?
S-nZVI/BC-C-5 2 398.9 1.1272 0.9721 17.02 297.3 0.9333
S-nZVI/BC-B-5 2 338.9 0.0326 0.9575 3.68 69.60 0.9194

© 2025 The Author(s). Published by the Royal Society of Chemistry

predicted by the Langmuir model align more closely with the
experimental values.”* These results suggest that the adsorption
of Cr(vi) onto S-nZVI/BC-C-5 and S-nZVI/BC-B-5 primarily
follows monolayer adsorption behaviour. According to the
Langmuir model, the maximum adsorption quantities are 398.9
and 338.9 mg g ' for S-nZVI/BC-C-5 and S-nZVI/BC-B-5,
respectively. As summarized in Table 3, S-nZVI/BC-C-5
exhibits considerably higher Cr(vi) adsorption capacity than
those of other reported adsorbents.

3.6 Cyclic adsorption experiments on Cr(vi) adsorption by S-
nZVl/BC-C-5 and S-nZVI/BC-B-5

Cr(v1) adsorption by S-nZVI/BC-C-5 and S-nZVI/BC-B-5 during
cyclic experiments is shown in Fig. 7. This figure shows that the
adsorption capacities of both materials for Cr(vi) decreased
significantly. Setting the initial adsorption capacity as 100%,
the adsorption capacity of S-nZVI/BC-B-5 for Cr(vi) dropped by
97.96% in the second cycle, and in subsequent cycles, the
adsorption capacity was nearly zero. However, the adsorption
capacity of S-nZVI/BC-C-5 for Cr(vi) decreased by 75.79% in the
second cycle, with a slower decline in subsequent cycles. After
five cycles, the adsorption capacity of S-nZVI/BC-C-5 decreased
by 85.96% but reached 42.74 mg g '. This difference in
performance is primarily attributed to the structural features of
S-nZVI/BC-C-5. Most of the ZVI in S-nZVI/BC-C-5 is embedded
within its spherical structure, allowing the unreacted ZVI to
remain available for continued reaction with Cr(vi) during
subsequent cycles.

The concentrations of Fe ions in the solution after the first,
second, and third cycles of Cr(vi) adsorption on S-nZVI/BC-C-5
were 4.67, 0.26, and 0.12 mg L, respectively. In subsequent
cycles, no Fe ions were detected in the solution. For S-nZVI/BC-
B-5, the concentrations of Fe ions after the first and second
cycles of Cr(vi) adsorption were 0.83 and 0.10 mg L, respec-
tively, but no iron ions were detected in the solution in later
cycles. Fe leaching experiments indicated that the majority of S-
nZVI was consumed during the first cycle. In the subsequent
adsorption cycles, Cr(vi) was primarily immobilized through
adsorption.

3.7 Mechanistic analysis

XRD was used to investigate the crystal structures of S-nZV1/BC-
C-5, S-nZVI/BC-C-5-Cr (after two adsorption cycles), S-nZVI/BC-
B-5 and S-nZVI/BC-B-5-Cr (after two adsorption cycles). Fig. 8
shows that S-nZVI/BC-C-5 exhibited two intense characteristic
diffraction peaks at 20 = 44.67° and 65.02°, corresponding to
the (110) and (200) crystallographic planes of Fe’, respectively

RSC Adv, 2025, 15, 41351-41363 | 41357
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Table 3 Comparison of adsorption properties of various materials for Cr(vi)

Adsorbents pH Concentration range (mg L") Omax (Mg g ™) Ref.
Chitosan-based adsorbent 1-7 50-500 290.77 42
CAP@Ui0-66-NH,@PPy hybrid fibrous membrane 2-10 10-50 312.70 43
Iron-rich biochar 2-8 10-800 200 44
Amino-functionalized agricultural waste loofah 2-11 25-400 162.04 45
Fe-based metal organic framework/chitosan composite 3-11 10-200 79.16 46
Graphene aerogel with three-dimensional soft layered structure 1-10 50-250 20.62 47

Fe;0, modified r-glutamic acid functionalized graphene oxide 2-14 15-35 75.63 48
S-nZVI/BC-C-5 2-7 50-300 398.9 This study

(PDF#06-0696).* A weak diffraction peak was observed at 26 =
41.85°, corresponding to the (203) crystal plane of FeS (PDF#65-
3356).*° Another weak peak was observed at 26 = 60.9°, corre-
sponding to the (112) crystal plane of FeS, (PDF#65-2567).>* The
XRD pattern of S-nZVI/BC-B-5 displayed a diffraction peak at 26
= 44.67°, attributed to the (110) crystal plane of Fe® (PDF#06-
0696), and another peak at 260 = 35.5°, assigned to the (201)
crystal plane of FeS (PDF#65-3356). For S-nZVI/BC-B-5-Cr, the
characteristic diffraction peaks of Fe and FeS largely di-
sappeared. This is primarily because Fe and FeS in S-nZVI/BC-B-
5 are mainly loaded on the surface of biochar, where they react
rapidly and are extensively consumed during Cr(vi) removal. In
the XRD pattern of S-nZVI/BC-C-5-Cr, the diffraction peaks of
FeS and FeS, were also mostly absent; only relatively weak
characteristic Fe diffraction peaks were detected. This indicates
that Fe is primarily encapsulated within the spherical nZv1/BC-
B-5, allowing a portion of Fe to participate in subsequent
adsorption reactions.

In the XPS Cr 2p spectrum of S-nZVI/BC-C-5-Cr and S-nZVI/
BC-B-5-Cr (Fig. 9a), the Cr 2p;/, and Cr 2p,,, absorption peaks
were fitted into two peaks. The peaks at 576.4 and 586.2 eV
corresponded to Cr** 2p;,, and Cr** 2p,, respectively, and those
at 578.3 and 587.9 eV corresponded to Cr®* 2ps,, and Cr®* 2p,,,

S-nZV1/BC-B-5
S-nZVI/BC-C-5

100 +

Removal rate(%)

553
(=}
1

0 T T T

3
Cycling test

Fig.7 Cyclic experiments in the adsorption of Cr(vi) by S-nZVI/BC-C-
5 and S-nZVI/BC-B-5.
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respectively.*® These peaks mainly resulted from adsorbed Cr(vi)
and Cr(m). The intensity of the Cr diffraction peak for the S-
nZVI/BC-C-5-Cr surface was higher than that for the S-nZvI/BC-
B-5-Cr surface, which is consistent with the stronger adsorption
performance of S-nZVI/BC-C-5 for Cr(vi).

The XPS results for S in S-nZVI/BC-C-5 are shown in Fig. 9b.
The S 2p absorption peak was fitted into three components. The
peak at 162.98 eV, accounting for 46% of the total area, was
attributed to S>~.-** The peak at 164.0 eV, accounting for 39%
of the area, was assigned to S,”~,"""** and the peak at 167.8 eV,
contributing 15%, was associated with SO,2~.4%3 Furthermore,
the S 2p spectrum of S-nZVI/BC-B-5 was fitted into two peaks,
with §> accounting for 23% and SO4>~ for 77% of the total
area.*™ No S,”~ peak was detected.

Fig. 9c shows the XPS analysis of Fe in S-nZVI/BC-C-5 and S-
nZVI/BC-C-5-Cr. For S-nZVI/BC-C-5, the peak at 719.0 eV
accounted for 14% of the total peak area and was attributed to
Fe®.5>% The peaks at 710.30 and 723.67 €V, accounting for 58%,
were assigned to Fe(u),”>*® while the peaks at 712.70 and
725.80 eV, contributing 28%, were associated with Fe(i).?>*
After Cr(vi) adsorption, the S-nZVI/BC-C-5-Cr spectrum showed
that the Fe(1) content increased to 31%, Fe’ content decreased
to 13%, and Fe(u) content reduced to 56%. This change likely

S-nZVI1/BC-B-5-Cr e Fe
¢ FeS
A FeS,
> * FeS
N e .
‘7 S-nZVI1/BC-B-5 = )
= L ]
3 %
g
2
= S-nZVI/BC-C-5-C K
E n r .
() °
&
S-nZV1I/BC-C-5
st et . Al
10 20 30 40 50 60 70 80

20 (degree)

Fig. 8 XRD patterns of S-nZVI/BC-C-5 and S-nZVI/BC-B-5 before
and after Cr(vi) adsorption.
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Fig. 9 Cr 2p XPS spectra (a) of S-nZVI/BC-C-5-Cr and S-nZVI/BC-B-5-Cr; S 2p XPS spectra (b) of S-nZVI/BC-C-5 and S-nZVI/BC-B-5; Fe 2p
XPS spectra (c) of S-nZVI/BC-C-5 and S-nZVI/BC-C-5-Cr; Fe 2p XPS spectra (d) of S-nZVI/BC-B-5 and S-nZVI/BC-B-5-Cr; C 1s XPS spectra (e)
of S-nZVI/BC-C-5 and S-nZVI/BC-C-5-Cr; C 1s XPS spectra (f) of S-nZVI/BC-B-5 and S-nZVI/BC-B-5-Cr.

resulted from a redox reaction in which Fe° reduced Cr(vi) to
Cr(m), forming Fe(u), which was subsequently oxidised to Fe(ur).
Fig. 9d presents the Fe 2p spectra of S-nZVI/BC-B-5 and S-nZVI/
BC-B-5-Cr. After Cr(vi) adsorption, the characteristic peak of Fe’
disappeared, which aligns with the cyclic adsorption test results

shown in Fig. 7.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The XPS analysis results for C in S-nZVI/BC-C-5 and S-nZVl/
BC-C-5-Cr are shown in Fig. 9e. The fitted peaks included C-C/
C=C (283.6 eV),”*** C-O (284.3 eV),"*** C=0 (285.5 eV)*>** and
COO (288.5 €V).**** For S-nZVI/BC-C-5-Cr, the C-C/C=C peak
position remained unchanged, while the C-O, C=0 and COO
peaks were weaker than those of S-nZVI/BC-C-5, suggesting that

RSC Adv, 2025, 15, 41351-41363 | 41359
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Fig. 10 Masking experiments of S-nZVI/BC-C-5 and S-nZVI/BC-B-5
for Cr(vi) adsorption.

C-0, C=0 and COO participated in Cr(vi) or Cr(i) adsorption,
likely forming complexes and reducing binding energy.> Fig. 9f
displays the C 1s spectra of S-nZVI/BC-B-5 and S-nZVI/BC-B-5-
Cr. The trends in the binding energies of the C-C/C=C, C-O,
C=0 and COO peaks were consistent with those observed in
the binding energies of these peaks for S-nZVI/BC-C-5 and S-
nZVI/BC-C-5-Cr.

According to Fig. 10, the addition of 1 g per L 1,10-phenan-
throline considerably inhibited the adsorption of Cr(vi) by both
S-nZVI/BC-C-5 and S-nZVI/BC-B-5. This is primarily attributed to
the formation of a stable orange-red complex between 1,10-
phenanthroline and Fe**, which reduces the concentration of
free Fe** in the solution, thereby diminishing Cr(vi) adsorption.
These findings confirm that the reduction of Cr(vi) by Fe*" is the
dominant mechanism governing its removal.

Based on the results of XRD, XPS and the masking experi-
ment, a reaction mechanism for Cr(vi) adsorption by S-nZvVI/BC-
C-5 is proposed. Initially, Cr(vi) is reduced to Cr(ur) by nZvl,
during which nZVI is oxidised to Fe(u) (eqn (7) and (8)).**** The
oxidation of nZVI generates a substantial amount of Fe(i), while

View Article Online
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the FeS shell corrodes to produce HS™ (eqn (9)).'**”** Subse-
quently, Cr(vi) is reduced by the released Fe>* and HS™ (ref. 57
and 58) (eqn (10)-(13)). In addition, Cr(vi) accepts electrons
from FeS and FeS, in the shell, accompanied by the oxidation of
$*~ and S,>” to SO, (eqn (14) and (15)).*® The overall
adsorption process is schematically illustrated in Fig. 11. The
major mechanisms involved in Cr(vi) removal are as follows: (i)
reduction of Cr(vi) to Cr(m) by Fe, FeS and FeS,; (ii) reduction of
Cr(v1) by Fe**; (iii) reduction of Cr(vi) by HS~ generated from FeS
corrosion; and (iv) physical adsorption of Cr species by biochar
and metal oxides. S-nZVI/BC-B-5 exhibits a similar Cr(vi)
removal mechanism as S-nZVI/BC-C-5.

3Fe + Cr,02~ + 14H" — 3Fe?" + 2Cr** + 7H,0 7)

3Fe + 2HCrO,~ + 14H" — 3F¢** +2Cr°" + 8H,O0  (8)

FeS + H* — Fe?* + HS™ 9)
3HS™ + 4Cr,0,°~ + 29H" — 8Cr** + 16H,0 + 380,* (10)
3HS™ + 8HCrO, +29H" — 8Cr’* + 20H,0 + 3S0,>" (11)
Fe®* + Cr,0°~ + 14H" — 6Fe* +2Cr* + TH,O0  (12)
3Fe** + HCrO,” + 7H™ — 3Fe** + Cr'" +4H,0  (13)
2FeS + 3Cr,077 + 26H" — 2Fe’ + 6Cr’*

+ 13H,0 + 2S04>~ (14)

3FeS, + 15HCrO,~ + 57H* — 3Fe** + 15Cr**
+ 36H,0 + 650, (15)

3.8 Remediation of simulated Cr(vi) wastewater using S-
nZVl/BC-C-5 and S-nZVI/BC-B-5

The Cr(vi) adsorption capacity for S-nZVI/BC-C-5 and S-nZVI/BC-
B-5 in the blank control group was set as 100%. As shown in
Fig. 12, the Cr(vi) removal efficiency for both materials
increased in the presence of background electrolytes, including

Cr(U(IH) Cr(VI) Cr(Iil)
Ff\ Cr(VI)
e2* : Cr(llI
< — (%;J i T
i ngonn ‘ggﬁgiﬁ
== = Iﬁ FeS, <¢== H*
N\ R
HS- :
Cr(VI) TR Adsorption S
S-nZVI/BC-C-5 O Cr(VI) Y Cr(1m)
0 S-nZVIBC-B-5 Cr(VI) Cr(III)

Fig. 11 Schematic of the mechanism of Cr(vi) adsorption on S-nZVI/BC-C-5 and S-nZVI/BC-B-5.
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Fig. 12 Remediation of simulated Cr(vi) wastewater by S-nZVI/BC-C-
5 and S-nzVI/BC-B-5.

NacCl, Na,SO,, KH,PO,, tartaric acid, ascorbic acid, oxalic acid
and a mixed-ion solution. Chloride ions (Cl7), as Lewis bases,
exhibited a corrosive effect on the passivation layer of iron
oxides. They could easily penetrate the oxide film on the surface
of S-nZVl, causing varying degrees of pitting corrosion. This
localised corrosion created new reactive sites, thereby over-
coming passivation-induced barriers and enhancing Cr(vi)
adsorption.*® The iron oxides on the S-nZVI surface demon-
strated a strong affinity for sulphate ions (SO,>").** These ions
displaced surface hydroxyl groups (-OH) and formed mono-
dentate or bidentate complexes with surface iron atoms. The
formation of such complexes accelerated the corrosion of S-
nzvl, leading to the release of more sulphide ions (S*7),
which actively participated in the reduction of Cr(vi).* Phos-
phate ions (H,PO, ) likely enhanced Cr(vi) reduction by form-
ing ternary surface complexes (e.g. =H,PO, -CrO,’”) on the S-
nZVI surface. These complexes promoted electron transfer and
increased material reactivity. Furthermore, phosphate could
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<
>
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o
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Material addition

Fig. 13 Experimental results on the remediation of Cr(v)-contami-
nated soil by S-nZVI/BC-C-5.
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react with reduced Cr(m) to form insoluble CrPO,, effectively
reducing the concentration of dissolved Cr(m).** This removal
shifted the reaction equilibrium toward Cr(vi) reduction,
thereby improving the overall removal efficiency. It was obvious
that NO; ™ influenced the Cr(vi) removal to some extent because
NO; ™~ can be reduced to NO,~ or NH," by nZVI, competing with
Cr(vi)."® Ascorbic acid can substantially enhance the Cr(vi)
removal performance of S-nZVI/BC-C-5 and S-nZVI/BC-B-5,
primarily due to its strong reducing properties; it rapidly
reduces Cr(vi) to Cr(m) while being oxidised to dehydroascorbic
acid.®® Tartaric acid also markedly improves the Cr(vi) reduction
rate by reducing Cr(vi) to Cr(m).** In addition, oxalic acid
increases the Cr(vi) reduction rate.** Since most background
ions promote the Cr(vi) removal by S-nZVI/BC-C-5 and S-nZVl/
BC-B-5, the experimental group with mixed background ions
exhibits the highest Cr(vi) removal rate.

3.9 Remediation of Cr(vi) pollution in soil by S-nZv1/BC-C-5

The experimental outcomes of the remediation of simulated
soil contaminated with Cr(vi) using S-nZVI/BC-C-5 are shown in
Fig. 13. The Cr(vi) content decreased by 68.4%, 84.9% and
90.8% after 14 d of remediation of the soil sample when using
1%, 2% and 3% w/w mixtures, respectively, of S-nZVI/BC-C-5
and soil. After 28 d of treatment, the Cr(vi) content decreased
by 72.1%, 88.2% and 92.6%, respectively. When the dosage of S-
nZVI/BC-C-5 increased from 1% to 3% (w/w), the removal of
Cr(vi) from contaminated soil gradually increased. Upon the
addition of 3% S-nZVI/BC-C-5 (w/w), the removal rate of Cr(vi)
was similar for days 14 and 28.

4. Conclusions

Herein, S-nZVI/BC-C-5 was prepared via the sulphidation of
BC@Fe, while S-nZVI/BC-B-5 was synthesised using a one-step
NaBH, reduction method with Fe*' as the iron source and
Na,S as the sulphur source. S-nZVI/BC-C-5 exhibited markedly
superior Cr(vi) adsorption performance compared with S-nZv1/
BC-B-5. The kinetic data for Cr(vi) adsorption by S-nZvVI/BC-C-
5 and S-nZVI/BC-B-5 at pH 2 were consistent with the pseudo-
second-order models, which yielded the equilibrium adsorp-
tion capacities of 309.8 and 143.7 mg g~ ', respectively. XRD,
XPS, and Fe>" masking results demonstrate that the dominant
adsorption mechanisms of S-nZVI/BC-C-5 are direct reduction
and corrosive reduction of Cr(vi), mainly involving (i) reduction
of Cr(vi) to Cr(m) by FeS, FeS, and Fe’ (ii) reduction by Fe**; (iii)
reduction by HS™ generated through FeS corrosion; and (iv)
adsorption of Cr(vi) by biochar and surface metal oxides. In
terms of reusability, S-nZVI/BC-C-5 demonstrated greater
stability, retaining an adsorption capacity of 42.74 mg g~ after
five cycles, whereas S-nZVI/BC-B-5 lost all adsorption effective-
ness after the second cycle. Wastewater remediation tests
confirmed that the presence of co-existing ions slightly
enhanced Cr(vi) removal by S-nZVI/BC-C-5, reflecting strong
anti-interference capability. Moreover, soil remediation experi-
ments revealed that the addition of 3% S-nZVI/BC-C-5 to Cr(vi)-
contaminated soil achieved a 92.6% reduction in Cr(vi) content
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after 28 d. These results demonstrate that S-nZVI/BC-C-5 is
a cost-effective and highly efficient material with substantial
potential for practical application in the remediation of Cr(vi)-
polluted water and soil environments.
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