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Abstract

Hexavalent chromium (Cr(VI1)) is a toxic heavy metal pollutant posing severe risks to
ecosystems and human health. Herein, a modified nickel tailings—rice husk biochar
composite (MNR) was fabricated via co-pyrolysis of nickel tailings and rice husk
powder, and coupled with Bacillus cereus to construct a Cr(VI)-contaminated
groundwater remediation system. Under optimized conditions, 99.81% + 0.06% of
Cr(VI) was removed within 18 h from simulated groundwater with an initial Cr(VI)
concentration of 50 mg L. The highly toxic and mobile exchangeable Cr(VI) was
reduced to less toxic Cr(lll), which was further immobilized as solid-phase hydroxide
precipitates, enabling stable chromium sequestration in the aqueous system. This
work provides an alternative strategy for Cr(VI)-contaminated groundwater
remediation, with advantages of high removal efficiency and waste valorization of
industrial and agricultural solid wastes.

Keywords: nickel tailings, Bacillus cereus, biochar, solid waste utilization, hexavalent
chromium remediation.
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1. Introduction

Rapid industrialization and urbanization have aggravated
heavy metal contamination in global soil and aquatic
environments. Hexavalent chromium (Cr(Vl)) is a
ubiquitous pollutant with high aqueous solubility,
environmental persistence and poor biodegradability
(Jiang et al., 2026). Classified as a Group 1 human
carcinogen by the International Agency for Research on
Cancer (IARC) (Tripathi et al., 2024), it poses severe threats
to ecosystems and public health due to its extreme toxicity
and high mobility. Waterborne Cr(VI) mainly originates
from industrial wastewater discharges from electroplating,
leather tanning, textile dyeing and stainless steel
manufacturing (Irshad et al., 2023), and poses cumulative
health risks even at trace concentrations (Liu et al., 2023;
Manoj et al., 2020).

Developing efficient Cr(VI) remediation technologies
remains a high-priority research need. Three interrelated
but distinct performance metrics are clarified: Cr(VI)
reduction denotes the valence conversion of Cr(VI) to less
toxic Cr(ll1); Cr(VI) removal refers to the disappearance of
dissolved Cr(VI) from the aqueous phase via both reduction
and direct adsorption; chromium immobilization is the
stable sequestration of total chromium in the solid phase,
serving as the ultimate goal of remediation. Conventional
Cr(Vl) treatment technologies include chemical
precipitation, ion exchange, membrane filtration and
adsorption. Among them, adsorption has attracted
extensive attention for its operational simplicity, cost-
effectiveness and robust performance (Sinha et al., 2022).
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As a representative carbonaceous adsorbent, biochar
shows considerable promise for aqueous Cr(VI)
remediation, benefiting from its large specific surface area,
well-developed hierarchical porous structure and
abundant surface functional groups (Sinha et al., 2022;
Yang et al., 2024). However, pristine biochar exhibits
limited Cr(VI) adsorption and reduction capacities, which
constrains its overall Cr(VIl) removal efficiency (Li et al.,
2024; Liu et al., 2025). Although modified biochar
composites can improve performance to some extent, their
potential secondary pollution risks contradict the core
principle of sustainable biochar-based remediation.
Accordingly, there remains an urgent need to develop
alternative modification strategies to improve the practical
applicability of biochar.

Coupling biochar with functional microorganisms is a
widely used water remediation strategy, effective for
removing heavy metals, organic pollutants and ammonia
nitrogen. Chen et al. (2019) fabricated biochar—microbe
composites using rice husk and sludge biochar as carriers
to immobilize phosphate-solubilizing bacteria via
adsorption, and tested their Pb(ll) removal performance in
wastewater. Compared with pristine biochar systems, the
composites increased Pb(ll) removal efficiency from
18.61% to 24.11% (rice husk biochar group) and from
53.89% to 60.85% (sludge biochar group), verifying the
synergistic enhancement effect. Building on this, coupling
functional biochar composites with Cr(VI)-reducing
microorganisms holds strong potential for integrating
interfacial chromium retention and  sustained
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biotransformation, improving both Cr(Vl) removal and
long-term immobilization.

Iron-based materials, typically nanoscale zero-valent iron
(nzV1), are widely applied for biochar modification to
enhance Cr(VI) removal efficiency owing to their strong
reducing capacity (Mondal et al., 2025; Li et al., 2025).
During reactions, Fe(0) in nZVI reduces Cr(VI) to Cr(lll) while
being oxidized to Fe(ll) and Fe(lll) species (Hou et al., 2025).
However, nzZVI suffers from gradual reductive capacity
depletion and surface passivation caused by iron hydroxide
precipitates during long-term operation, limiting its
sustained reactivity. As a porous support, biochar
effectively inhibits nZVI aggregation and oxidation while
providing abundant surface active sites for pollutant
binding (Xiong et al., 2025). For instance, Cheng et al.
(2024) synthesized corn stalk biochar-supported sulfidated
nZVl (S-nZVI@BC), which achieved rapid Cr(VI) removal
from aqueous solutions with excellent dispersibility and
transport stability. Qiao et al. (2025) reported that
carboxymethyl cellulose-stabilized biochar-supported nzVI
(CMC-nzZVI@BC) attained 99.9% Cr(VI) removal within 180
min, 22.4% higher than pristine nZVI@BC. Additionally,
iron-modified straw biochar prepared via a precipitation—
pyrolysis route enables valorization of waste biomass into
functional Cr(VI) removal materials (Liu et al., 2025).

To date, few studies have explored the synergistic potential
of multi-metal components from industrial solid wastes
such as nickel tailings. Notably, nickel tailings are
dominated by iron oxides and other associated mineral
components with negligible metallic nickel content.
Systematic research on biochar coupled with multi-metal
waste fractions for Cr(VI) remediation remains scarce,
leaving a clear research gap.

This work addresses two interconnected environmental
challenges: widespread aqueous Cr(VI) contamination and

Table 1. Elemental composition of the raw nickel tailings feedstock.

sustainable valorization of industrial and agricultural solid
wastes. A multifunctional nickel tailings—rice husk biochar
composite (MNR) with both reductive activity and
microbial carrier functions was fabricated via co-
calcination of rice husk and nickel tailings, and coupled with
Bacillus cereus to enhance aqueous Cr(VI) removal. The
effects of raw material ratio, calcination parameters,
material-microbe synergy and reaction time on Cr(VI)
removal efficiency were systematically investigated. This
strategy achieves simultaneous valorization of agricultural
and industrial solid wastes through the synergistic effect of
enhanced interfacial chromium retention by MNR and
microbial Cr(VI) reductive transformation. Under optimized
conditions, the MNR-Bacillus cereus system achieved
99.81% + 0.06% Cr(VI) removal within 18 h from simulated
groundwater with an initial Cr(VIl) concentration of 50
mg-L™". Compared with reported biochar-microbe systems,
which typically yield only 5%-10% heavy metal removal
enhancement over pristine biochar (Chen et al., 2019), this
system exhibits a significantly stronger synergistic effect,
providing a promising alternative for sustainable aqueous
Cr(VI) remediation.

2. Experimental section

2.1. Materials

Nickel tailings, a typical industrial solid waste generated
from nickel ore beneficiation and smelting, were obtained
from Jinchuan Group Co., Ltd. (Jinchuan, Gansu Province,
China). The elemental composition of the raw nickel
tailings was determined via inductively coupled plasma
optical emission spectrometry (ICP-OES) (Agilent 5110,
Agilent Technologies, Santa Clara, CA, USA) after complete
acid digestion. The corresponding compositional results
are presented in Table 1.

SIOz TIOz AIzO; F8203 MnO MgO

Ca0 Na,O K20 P,0s LOI Total

36.29 0.23 3.17 17.85 0.13 28.09

231 0.38 0.29 0.06 10.59 99.39

Rice husk powder was prepared by grinding rice husks
harvested from farmland in Lianyungang, Jiangsu, China.
Bacillus cereus (strain CGMCC 1.3760, equivalent to the
type strain ATCC 14579) was purchased from a certified
commercial microbial strain supplier in Beihai, Guangxi,
China. Strain identity was verified via 16S ribosomal RNA
(16S rRNA) gene Sanger sequencing. The sequence was
aligned against the NCBI GenBank database via Basic Local
Alignment Search Tool (BLAST), showing 99.2% similarity to
the reference Bacillus cereus ATCC 14579 sequence
(GenBank accession no. AF290547.1). This strain mediates
Fe(Il)/Fe(lll) redox cycling under trace iron conditions via
environmental electron mediators, and the generated
reducing equivalents can drive reduction of multiple
elemental species (Xiang et al., 2024). It was employed
herein as the core functional microorganism for Cr(VI)
reduction to Cr(lll). Other reagents: sulfuric acid (H,SO,,
98%, Sinopharm), phosphoric acid (H3PO4, 70%,
Sinopharm), acetone (99%, Macklin),
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1,5-diphenylcarbazide (DPC, 99%, Sinopharm), chromium
standard stock solution (100.0 mg/L, Macklin), sodium
hydroxide (NaOH, 99%, Aladdin), potassium chloride (KClI,
99%, Aladdin), ammonium chloride (NH4Cl, 99%, Aladdin),
sodium chloride (NaCl, 99%, Aladdin), calcium chloride
(CaCly, 99%, Aladdin), magnesium chloride (MgCl,, 99%,
Aladdin), magnesium chloride hexahydrate (MgCl,-6H,0,
99%, Aladdin), potassium dihydrogen phosphate (KH,PO4,
99%, Aladdin), sodium bicarbonate (NaHCOs;, 99%,
Aladdin), potassium dichromate (K,Cr,0;, 99%, Aladdin),
tryptone (Aladdin), and yeast extract (40%, Aladdin). All
reagents were analytical grade and produced in China.

2.2. Design of experiment
2.2.1. Simulated groundwater

Simulated groundwater was prepared with laboratory
reagents, containing KCl (28.3 mg-L™"), NH4Cl (155.7 mg-L™"),
NaCl (455.9 mg-L™"), CaCl, (246.4 mg-L™"), magnesium
chloride hexahydrate (1057.2 mgLl™), potassium
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dihydrogen phosphate (29.9 mg-L™"), sodium bicarbonate
(808.2 mg-L™"), and other trace components. Cr(VI)-spiked
synthetic groundwater was prepared by adding K2Cr.07 to
the synthetic groundwater matrix, yielding an initial Cr(VI)
concentration of 50.0 mg-L™%.

2.2.2. Nickel tailings modification

Nickel tailings and rice husk powder were separately ball-
milled, sieved through a 50-mesh sieve, and mixed at
preset mass ratios (gradients detailed in Section 2.3).
Deionized water was added to the mixture, and the
suspension was stirred at 240 rpm for 2 h with a constant-
speed electric stirrer, then separated by vacuum filtration.
The collected solids were rinsed, air-dried in a cool well-
ventilated area, re-ball-milled, and sieved through a 100-
mesh sieve. The pretreated powders were calcined in
corundum crucibles in a nitrogen-atmosphere tube furnace
for 2 h isothermally (temperature gradients detailed in
Section 2.3). The final products were designated as MNR
composites.

2.2.3. Expansion culture of Bacillus cereus

Bacillus cereus was expanded in Luria—Bertani (LB) medium
(pH 6.5-7.5), dispensed into Erlenmeyer flasks, and
incubated at 37°C and 160 rpm in a thermostatic shaking
incubator (model THZ-98AB; Shanghai Yiheng Scientific
Instrument Co., Ltd., China) (Shi et al., 2026; Wang et al.,
2023; Lu et al., 2015). Subculturing was performed every
12 h to prepare bacterial suspensions with gradient
concentrations. Cell density was quantified by optical
density at 600 nm (ODsoo) (Meyers et al., 2018). All
suspensions were freshly subcultured immediately before
use, with no significant viability loss observed during
preparation.

2.2.4. Cr(VI) remediation experiment

Batch experiments were performed to evaluate Cr(VI)
removal performance of the MNR—Bacillus cereus system
in simulated groundwater. MNR material was added to
mixed solutions of Cr(VI)-spiked simulated groundwater
and bacterial suspension, and incubated at 37°C and 160
rom in a thermostatic shaking incubator (THZ-98AB;
Shanghai Yiheng Scientific Instrument Co., Ltd.), consistent
with bacterial culture conditions.

Samples were collected at 0, 6, 12, 18, 24, 30 and 36 h to
monitor aqueous Cr(VI) concentration kinetics. All samples
were filtered through disposable microporous membranes
before analysis. Experimental group configurations are
detailed in Section 2.3. Residual dissolved Cr(VI) was
quantified at 540 nm via ultraviolet-visible (UV-Vis)
spectrophotometry (UV2200; Beifen Ruili, China) using the
DPC method according to standard HG/T 3696.2. Total
chromium retained on spent MNR was determined by
ICP-OES (Agilent 5110, Agilent Technologies, USA) after
acid digestion, to characterize chromium transformation
and solid-phase immobilization.

2.2.5. Post-reaction characterization

After Cr(VI) remediation tests, solid and aqueous phases
were separated for chromium speciation analysis and
immobilization pathway verification. Aqueous Cr(VI) was
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directly determined by the DPC spectrophotometric
method (Section 2.2.4), and dissolved Cr(lll) in the final
supernatant was quantified by titration. For solid-phase
analysis, spent MNR composites were collected by vacuum
filtration, rinsed three times with ultrapure water, and
dried at 60°C under anoxic conditions to prevent chromium
valence transformation. Total chromium retained on the
solid matrix was quantified by ICP-OES after complete acid
digestion (same procedure as Section 2.2.4).

Solid-phase Cr(Vl) was determined by anoxic acid
extraction followed by ferrous ammonium sulfate (FAS)
titration. Briefly, dried spent MNR was digested with
non-oxidizing sulfuric acid in a nitrogen-sealed vessel to
avoid Cr(lll) oxidation. The leachate was titrated with
standard FAS titrant using N-phenylanthranilic acid as
redox indicator; the end point was identified by a color shift
from purplish-red to light green, and Cr(VI) concentration
was calculated from titrant consumption. For total
chromium in the leachate, excess ammonium persulfate
was added to oxidize all Cr(lll) to Cr(VI) prior to titration,
and Cr(lll) content was derived from the difference
between total chromium and Cr(VI). Solid-phase Cr(lIl) was
calculated as the difference between total solid-phase Cr
and solid-phase Cr(VI), achieving quantitative valence
differentiation.

The FAS titration method was validated before sample
testing. The FAS titrant was calibrated with 0.5-20 mg L™’
standard Cr(VI) solutions before each batch, with a method
detection limit of 0.05 mg L™ for Cr(VI). Spike recovery tests
at three concentration levels (1, 5, and 10 mg L") yielded
recovery rates of 97.26% + 0.02% to 102.74% * 0.02%,
confirming the accuracy and reliability of the method.

In addition, X-ray photoelectron spectroscopy (XPS)
(ESCALAB 250Xi, Thermo Fisher, USA) was performed on
spent MNR to characterize surface elemental composition
and chromium chemical states. Survey spectra were
collected over a binding energy range of 0-1300 eV, and
high-resolution Cr 2p spectra were acquired for chromium
speciation identification.

2.3. Comparative experiments
2.3.1. Standard experimental conditions

Baseline experimental parameters were determined prior
to the formal batch tests. Each reaction system had a total
liquid volume of 200 mL, consisting of 150 mL of Cr(VI)-
spiked simulated groundwater and 50 mL of Bacillus cereus
suspension. The Bacillus cereus suspension was prepared
with an inoculation volume fraction of 2% (v/v). The dosage
of 600°C-calcined MNR composite was 1 g per system, and
the nickel tailings-to-rice husk mass ratio was 1:2. For every
test group, an initial sample was collected immediately
after bacterial inoculation to record baseline readings, and
these baseline data were excluded from subsequent
analysis. Subsequent sampling was conducted at 6-h
intervals.

2.3.2. Sampling Procedure

Samples were collected by extracting 1 mL of liquid with a
sterile syringe from each reaction vessel. The collected
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liquid was filtered to separate solid particles, and the
filtrate was stored at 4°C in a refrigerator prior to Cr(VI)
concentration testing.

2.3.3. Analytical Method

Filtrate Cr(VI) concentrations were measured using the DPC
spectrophotometric method following standard HG/T
3696.2.

2.3.4. Experimental and control group design

Test groups covered two nickel-tailings-to-rice-husk mass
ratios (1:1 and 1:2) and five calcination temperatures
(300°C, 400°C, 500°C, 600°C, and 700°C) to optimize
material preparation parameters. For Cr(VI) treatment
assays, MNR dosages were setto0g,0.5g,1g,and 2g, and
the volume-based inoculation ratios of Bacillus cereus
suspension were adjusted to 0% (v/v), 1% (v/v), 2% (v/v),
and 5% (v/v) (Gu et al., 2023).

In addition to the gradient test groups, the following
control groups were set up to quantify individual
contributions and clarify the synergistic mechanism:

(1) Raw material control groups: pure nickel tailings
group and pure rice husk biochar group, to evaluate
the baseline Cr(VI) removal capacity of individual raw
feedstocks;

(2) Single modified material group (MNR alone): to
quantify the chromium retention capacity of the
modified composite independent of microorganisms;

(3) Single microorganism group (Bacillus cereus alone):to
determine the independent Cr(VI) reduction
contribution of the strain;

(4) Abiotic control groups: heat-inactivated Bacillus
cereus group and blank group (neither material nor
bacteria), to exclude the interference of medium
components and abiotic factors on chromium
concentration determination.

All experiments were performed in triplicate under

consistent temperature and shaking conditions.

3. Results

3.1. Surface pore structure and specific surface area of
pristine and modified samples

Figure 1 shows the N, adsorption-desorption isotherms of
raw rice-husk biochar and the as-synthesized MNR
composite. After modification, the specific surface area
increases from 2.299 m?/g (raw biochar) to 62.046 m?/g
(MNR), total pore volume rises from 0.0098 cm3/g to
0.0562 cm3/g, and average pore diameter decreases from
24.4 nm to 19.3 nm. According to International Union of
Pure and Applied Chemistry (IUPAC) criteria, the MNR
isotherm is Type IV with a typical H2-type hysteresis loop
(Lin et al., 2023), corresponding to slit-shaped or ink-bottle
pore geometries. The Barrett-loyner-Halenda (BJH) pore
size distribution spans 0—40 nm. Both materials exhibit
hierarchical micro-mesoporous features, with pore size
maxima below 2 nm and average pore diameters in the
mesoporous range (2-50 nm).

The 30-fold increase in specific surface area and optimized
pore structure provide structural support for the
remediation process: they facilitate interfacial enrichment
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of Cr(VI) and offer abundant reaction sites for subsequent
reduction, as well as physical confinement for Cr(lll)-
bearing precipitates, consistent with the proposed
immobilization mechanism (Prajapati et al., 2026).
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Figure 1. N, adsorption-desorption isotherms of raw rice-husk
biochar (a) and MNR composite (b).

3.2. Surface functional groups of pristine and modified
samples

Figure 2 presents Fourier transform infrared (FTIR) spectra
of the unpyrolyzed precursor and calcined MNR composite,
illustrating changes in surface functional groups induced by
high-temperature treatment. For the precursor, absorption
peaks at 3686.85, 3431.28, 2920.35, 1637.39, 1017.32 and
610.66 cm™ are assigned to free Mg—OH stretching,
associated hydroxyl (-OH) groups, aliphatic C—H stretching,
aromatic C=C stretching, Si—O stretching, and Mg—OH
bending, respectively.

After pyrolysis, the aliphatic C-H peak at 2920.35 cm™
disappears, attributable to organic matter decomposition
and carbon aromatization, whereas the aromatic C=C peak
is preserved. This spectral feature is consistent with the
formation of a carbonized aromatic framework, as
reported previously (Xu et al., 2022). The Si—O stretching
peak shifts to 1055.86 cm™ with enhanced intensity,
indicating structural rearrangement of silicate components
upon calcination.

Notably, both free Mg—OH stretching and bending peaks
are absent in the calcined MNR spectrum, suggesting
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cleavage of Mg—-OH bonds and decomposition of
magnesium hydroxide during pyrolysis. The broad
absorption band of matrix —OH groups remains distinct
with only slight narrowing, indicating that most hydroxyl
groups on the biochar matrix are preserved after
calcination. Variations in hydroxyl-related signals are
primarily attributed to the decomposition of Mg-bearing
components rather than extensive dehydration of the
biochar skeleton.

MgO formed during calcination may dissolve and release
Mg(ll) in aqueous environments, potentially participating
in chromium redox transformation and hydroxide co-
precipitation. Coupled with the surface reactive sites
provided by the silicate framework, Mg-derived species
and Si—O functional groups likely contribute to chromium
transformation and solid-phase retention in the reaction
system.

after
before =
o
o
S ¥
B &
3 £
= ! v
5]
2
g
E 2
Z 7 s a
£ % a 3 g
‘ FE T G
3 8
I ~
=
1 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500

Wave number/cm™!

Figure 2. FTIR spectra of the composite system before and after
roasting.

3.3. Component changes in the samples before and after
modification

X-ray diffraction (XRD) tests were conducted on the
uncalcined raw sample and samples calcined at 300°C and
600°C. Diffraction patterns were collected using Cu-Ka
radiation (A = 1.5418 A) within a 20 scanning range of 10°—
80°.

Figure 3 presents XRD patterns of nickel tailings treated
under different calcination temperatures. The uncalcined
raw sample shows dominant diffraction signals
corresponding to the lizardite mineral phase. For the
sample calcined at 300°C, new diffraction peaks assignable
to hematite are observed (Rowe et al., 2012), likely related
to phase transformation of free iron-containing
components in raw tailings. Meanwhile, weakened lizardite
diffraction peak intensity suggests a decreased relative
content of lizardite after low-temperature calcination.
After calcination at 600°C, the characteristic peaks of
lizardite are no longer detectable, while new diffraction
signals corresponding to forsterite appear. This spectral
evolution is consistent with the dehydroxylation and
decomposition of lizardite to form forsterite under high-
temperature conditions, as reported in previous studies
(Trittschack et al., 2012). In addition, hematite-related
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diffraction peaks disappear in the 600°C-calcined sample,
indicating possible phase transformation of initial hematite
components during calcination. This change may be
attributed to the reduction of Fe(lll) to Fe(ll) species at high
temperatures (Zhang et al., 2022). It should be noted that
XRD only detects crystalline phases, and weakly crystalline
or amorphous phases cannot be identified; the above
phase assignments are plausible interpretations based on
standard diffraction data.

A (Mg, 4 Fe, ,MSI0,)
 Me,Si,0,(0H),
Fe,0,

Nickel tailings

Intensity

600°C

10 20 30 40 50 60 70 80
26(degree)
Figure 3. XRD patterns of raw nickel tailings and nickel tailings
roasted at 300°C and 600°C.

3.4. Changes in the chemical states and relative contents of
chemical bonds of elements in the samples

XPS was performed on the uncalcined precursor and
600°C-calcined MNR to investigate the effect of calcination
on the chemical states and bonding environments of major
elements (Greczynski et al., 2020).

Mgls (before) g
L Mg-O (2.01%)

Mgls (after) \
1)

—» Mg-O (2.55%)

Intensinty(a.u.)

1 1 L 1 1
1310 1308 1306 1304 1302 1300
Binding energy (eV)

Figure 4. XPS spectra of Mg—0 bonds in samples before and after
600°C roasting.

To complement the XRD observations regarding lizardite
attenuation and forsterite formation, the relative content
of Mg-O bonds in the uncalcined sample and 600°C-
calcined sample was analyzed. Figure 4 shows that the
relative proportion of Mg-O bonds increases from 2.01% in
the raw sample to 2.55% after calcination at 600°C.
Combined with the XRD spectral changes, this variation is
consistent with the dehydroxylation and decomposition of
lizardite, which may promote forsterite generation under
high-temperature conditions (Trittschack et al., 2012). In
addition, the spectral results imply that silicate-bound
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magnesium species may transform into free MgO during
calcination (Radfarnia et al., 2025), and further convert into
forsterite at elevated temperatures (Yang et al., 2022).
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Figure 5. XPS spectra of iron species with different valence states
in samples before and after 600°C roasting.
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Figure 6. XPS spectra of (a) carbon-containing bonds and (b) Si-O
bonds in samples before and after 600°C roasting.

High-resolution Fe 2p spectra (Figure 5) reveal a distinct
valence shift: the relative proportion of Fe(ll) increases
from 47.01% in the raw sample to 52.27% after 600°C
calcination, while Fe(lll) decreases from 52.99% to 47.73%.
This indicates partial Fe(lll) is reduced to reductive Fe(ll)
sites during high-temperature calcination, which explains
the disappearance of hematite diffraction peaks in the XRD
patterns. These Fe(ll) sites act as electron donors to drive
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Cr(VI) reduction to Cr(lll), forming the core of the reductive
remediation mechanism.

Figure 6(a) and 6(b) illustrate variations in carbon-related
functional groups before and after 600°C calcination. After
high-temperature treatment, the relative proportion of C—
C bonds increases from 51.12% (uncalcined raw material)
to 76.11%. By contrast, the relative contents of C=0 and C-
O bonds decrease from 12.51% to 7.15% and from 36.37%
to 16.74%, respectively. Additionally, the relative
proportion of Si—O bonds increases, while the absolute
content of silicon-containing components remains stable.
These spectral variations may be associated with the
pyrolysis of rice husk-derived lignin during 600°C
calcination. The carbonization process may transform
partial carbon in oxygen-containing functional groups into
elemental carbon, corresponding to the increased C—C
bond proportion. Lignin pyrolysis is accompanied by
dehydration, dehydroxylation and demethoxylation
reactions, which may reduce the abundance of C=0 and C—
O functional groups. Furthermore, volatile gas release
during pyrolysis reduces overall sample mass (Wu et al.,
2018), which may contribute to the elevated relative
proportion of Si—-O bonds despite unchanged absolute
silicon-based component content.

Figure 7 displays the XPS survey spectra of the uncalcined
raw sample and 600°C-calcined sample. After calcination,
photoelectron peak intensities of Mg, C and Si increase, O
peak intensity declines, and Fe peak intensity remains
nearly unchanged. These elemental spectral variations
align with the above characterization results, reflecting
consistent structural and compositional changes after high-
temperature modification.
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Figure 7. XPS survey spectra of target elements in the raw
sample and 600°C-calcined sample.

3.5. Scanning Electron Microscopy Analysis

Figure 8(a—f) shows scanning electron microscopy (SEM)
micrographs of various samples, revealing microstructural
evolution during calcination and its correlation with Cr(VI)
remediation performance.

Figure 8(a) shows that raw nickel tailings exhibit an
irregular block-stacked morphology with dense, smooth
surfaces and limited pore channels. These structural
features are consistent with the low specific surface area
and weak intrinsic reactivity of stable crystalline minerals
(Luo et al., 2026). In contrast, raw rice husk powder (Figure
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8(b)) displays a typical honeycomb-like porous biomass
structure with wrinkled lamellar skeletons and rod-shaped
siliceous components, which serves as a structural
framework for particle loading and pore development
during subsequent pyrolysis (Xiang et al., 2026).

The uncalcined composite precursor (Figure 8(c) and (d))
shows only simple physical superposition of the two
components. Rice husk lamellae partially adhere to nickel
tailing aggregates without forming a stable integrated
structure (Yang et al., 2025). The compact surface lacks
reconstructed pores and exposed active sites, resulting in
limited Cr(VI) removal capacity (Mends et al., 2025a).

After calcination at 600°C for 2 h under nitrogen
atmosphere, the MNR composite undergoes marked
structural rearrangement (Figure 8(e, f)). Dense nickel
tailing particles are etched and refined, uniformly
dispersed on the 3D porous biochar skeleton derived from
rice husk pyrolysis with no obvious agglomeration (Huang
et al., 2025). This evolution is attributed to hierarchical
pore generation from volatile release during carbonization,
and particle fragmentation from lizardite dehydroxylation
and phase transformation, consistent with XRD analysis.
The modified MNR develops abundant interconnected
hierarchical pores and nanoscale particles, with a specific
surface area of 62.046 m? g™, nearly 30 times that of raw
biochar, in agreement with BET results.

The porous network improves accessibility of surface
reactive sites (oxygen-containing functional groups and
Fe(ll) species confirmed by FTIR and XPS), providing
sufficient interfacial sites for chromium retention.
Meanwhile, interwoven rod-shaped siliceous fibers on the
MNR surface stabilize the porous skeleton and physically
confine Cr(OH)s precipitates within pores, limiting
reoxidation and secondary migration of reduced Cr(lll). The
dispersed oxide particles on the biochar skeleton act as
electron transfer mediators to accelerate bacteria-driven
Fe(Il)/Fe(lll) redox cycling and promote Cr(VI) reduction
(Xiang et al., 2024).

Figure 8. SEM images of (a) raw nickel tailings, (b) raw rice husk
powder, (c, d) unmodified nickel tailings—rice husk powder
mixture, and (e, f) modified MNR composite.

3.6. Cr(VI) remediation experiments

Solution physicochemical properties were determined at
each sampling interval throughout the Cr(VI) removal
experiments in simulated groundwater. The solution pH
was measured at 0, 6, 12, 18, 24, 30, and 36 h using a
calibrated benchtop pH meter (PHS-3C, LeiCi Instrument
Co., Shanghai, China) equipped with a glass combination
electrode. As shown in Figure 9, the solution pH increases
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gradually during the reaction, rising from an initial value of
7.42 £ 0.14 to 8.21 + 0.03 at 36 h, and tends to stabilize
after 30 h.
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Figure 9. Temporal evolution of solution pH during Cr(VI)
removal by the MNR—Bacillus cereus system. Data are mean +
standard deviation (n = 3).

Inductively coupled plasma mass spectrometry (ICP-MS)
testing reveals that the concentration of dissolved Mg ions
in the aqueous phase rises continuously and reaches a
steady state after 30 h. As shown in Figure 10, dissolved Mg
concentration increases from 0.42 + 0.08 mg/L at 0 h to
9.31 + 0.25 mg/L at 36 h. The consistent trends of Mg
concentration and pH imply that Mg release from the MNR
composite modulates solution alkalinity and drives the
gradual pH elevation. Dissolution of Mg-bearing silicate
phases (e.g., forsterite) in MNR releases Mg(ll) into the
aqueous phase, and the concomitant hydrolysis of silicate
groups consumes protons, leading to the gradual pH
increase.

Total dissolved Fe concentration was also monitored by
ICP-MS. The results show that total dissolved Fe remains
below 0.3 mg/L throughout the reaction. This low
concentration is attributed to the weakly alkaline pH
environment, which favors iron hydroxide precipitation.
This indicates that homogeneous reduction by free
dissolved Fe(ll) in the aqueous phase is not a major Cr(VI)
removal pathway.

Mg concentration in leachate (mg/L)

0 6 12 18 24 30 36
Time(h)

Figure 10. Temporal variation of dissolved Mg concentration in
the leachate during Cr(VI) removal by the MNR-Bacillus cereus
system. Data are mean t standard deviation (n = 3).

Prior to spectrophotometric quantification of Cr(VI), a
standard calibration curve was established under
consistent DPC chromogenic reaction conditions (Figure
11), and all agqueous Cr(VI) concentrations were calculated
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based on this curve. Blank correction was applied to all
absorbance readings to eliminate matrix interference.
Specifically, absorbance values of bacteria-containing
groups were corrected using corresponding bacterial
suspension blanks with identical inoculation ratios, while
ultrapure water blanks were used for baseline calibration
of bacteria-free samples. Moreover, control tests verified
that the LB medium introduced via bacterial inoculation

exerted negligible interference with Cr(VI) removal
performance.
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Figure 11. Standard calibration curve for Cr(VI) determined by
DPC spectrophotometry at 540 nm.

Figure 12(a) presents the results for bacterial-coupled
systems using MNR composites calcined at different
temperatures, with all other experimental parameters kept
constant. For all tested groups, Cr(VI) removal efficiency
increases gradually with reaction time. At 6 h and 12 h, the
500°C-calcined MNR group exhibits the lowest removal
capacity, while the 300°C and 400°C groups show
comparable treatment performance. From 500°C to 700°C,
removal efficiency generally increases with elevated
calcination temperature. This temperature-dependent
trend remains observable at 18 h and 24 h, with further
improved Cr(VI) removal for all groups. At 30 h, the removal
efficiency of all groups exceeds 84.06% + 1.72%, and the
performance discrepancy among different temperature
groups gradually narrows. At 36 h, the 600°C group
achieves a Cr(VI) removal efficiency of 97.25% + 0.63%,
while a further temperature increase to 700°C yields only
marginal performance improvement. Based on
comprehensive comparison of treatment effects, 600°C
was selected as the optimal calcination temperature for
MNR preparation in this study.

Figure 12(b) depicts the temporal changes in residual Cr(VI)
content and removal efficiency at different MNR dosages
in bacterial-inoculated systems (Qiu et al., 2020).
Consistent improvement in Cr(VI) removal is observed over
time for all dosage groups, and higher MNR dosages
correspond to better treatment performance throughout
the reaction process. At 36 h, increasing the MNR dosage
from 0.5 g to 1 g leads to a notable enhancement in Cr(VI)
removal, whereas a further dosage increase to 2 g yields no
obvious performance promotion. The group with 1 g MNR
dosage reaches a removal efficiency of 99.81% + 0.08% at
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36 h, with no significant difference compared with the 2 g
dosage group.

Figure 12(c) shows the Cr(VI) removal performance under
different Bacillus cereus inoculation ratios. Overall,
increased inoculum dosage corresponds to continuously
improved Cr(Vl) removal efficiency and faster reaction
kinetics. Obvious performance enhancement is observed
when the inoculation ratio increases from 1% (v/v) to 5%
(v/v) at 12 h and 24 h. The 5% (v/v) group achieves a stable
removal efficiency of 99.81% + 0.06% starting from 18 h. At
36 h, the 2% (v/v) group also achieves nearly complete
Cr(Vl) removal, and the performance gap among high-
concentration inoculation groups gradually diminishes at
the later reaction stage.

Figure 12(d) presents the Cr(VI) removal results of bacteria-
free systems with different nickel tailings-to-rice husk
powder mass ratios. Pure nickel tailings display limited
Cr(Vl) removal capacity throughout the reaction. All
composite groups exhibit better treatment performance
than single-component groups (pure nickel tailings and
pure rice husk powder). The composite group with a mass
ratio of 1:2 maintains the optimal removal effect among all
groups, with a removal rate of 58.67% + 1.68% at 36 h.
Compared with bacterial-coupled systems, all sterile
groups show distinctly weaker Cr(VI) removal performance,
implying the critical contribution of Bacillus cereus to
chromium remediation (Guo et al., 2021). Accordingly, the
mass ratio of 1:2 was determined as the optimal raw
material proportion for MNR precursor preparation.

To further quantify the individual contributions of each
component and verify the nature of the interaction
between MNR and Bacillus cereus, additional control
groups were tested under optimal reaction conditions
(600°C-calcined MNR, 1 g dosage, 5% (v/v) inoculation
ratio, 1:2 raw material ratio, 18 h reaction), with all
operational parameters fixed at constant levels. The results
are summarized as follows:

(1) Raw nickel tailings alone: 1.02% + 0.07% Cr(VI)
removal;

(2) Rice husk biochar alone: 18.76% * 0.45% Cr(VI)
removal;

(3) MNR alone : 36.28% + 0.84% Cr(VI) removal;

(4) Bacillus cereus alone: 52.53% + 1.39%
reduction;

(5) Full combined system (MNR + Bacillus cereus):
99.81% + 0.06% Cr(VI) removal;

(6) Abiotic control (heat-inactivated bacteria and blank
matrix): < 0.5% Cr(Vl) concentration change,
negligible.

To quantitatively distinguish whether the enhanced

performance of the combined system arises from a simple

additive effect or a true synergistic interaction, the
synergistic factor (SF) was employed as a quantitative
indicator, defined as:

Cr(V1)

SF = — Meombined (1)
77MNR + nbacteria

where Ncompinea 1S the Cr(VI) removal efficiency of the full
combined system, nyyris the removal efficiency of MNR
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alone, and Npqcteria is the reduction efficiency of Bacillus
cereus alone. An SF value greater than 1 indicates a
synergistic effect between the two components, while SF =
1 and SF < 1 correspond to additive and antagonistic
effects, respectively.

The calculated SF value under optimal conditions is
approximately 1.12, well above the threshold of 1 for a
synergistic effect. This result quantitatively confirms that
the treatment performance of the combined system
exceeds the expected additive effect of the two
independent components, verifying the existence of a true
synergistic effect rather than a simple superposition of
individual functions. The synergistic effect can be
attributed to the mutually promoting interaction between
the two components: MNR provides a favorable
microenvironment for bacterial colonization and metabolic
activity, while the bacteria-driven Fe redox cycle in turn
enhances the overall reductive conversion capacity of the
system.

One-way analysis of variance (ANOVA) was performed to
evaluate the effect of each factor on Cr(VI) removal
efficiency (Table 2). The response variable was the mean
removal efficiency across seven sampling points (0-36 h),
with three independent replicates per level. All four factors
showed significant effects (p < 0.05). Residual normality
and variance homogeneity were tested. Welch ANOVA and
Games—Howell tests were conducted as sensitivity
analyses, confirming robust significance. Tukey  honestly
significant difference (HSD) was used for post-hoc
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painrwise comparisons. Note that F-values and effect sizes
from separate single-factor experiments cannot be
compared to rank factor influence. The results align with
single-factor experimental trends, supporting the role of
Bacillus cereus and the rationality of optimized parameters.
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Figure 12. Residual Cr(VI) concentrations and removal
efficiencies at different sampling time points across
experimental groups. All systems except panel (d) were
inoculated with Bacillus cereus. Variables for each panel: (a)
calcination temperature of MNR material; (b) dosage of modified
MNR material; (c) inoculum ratio of Bacillus cereus; (d) mass
ratio of nickel tailings to rice husk powder, without Bacillus
cereus inoculation. Data are mean % standard deviation (n = 3).

Table 2. ANOVA results for factors affecting Cr(VI) removal efficiency.

Factor df, df, F p n? w?
Temperature 4 10 12.8133 6.0118 x 107* 0.8367 0.7590
Bacterial suspension concentration 2 6 185.3580 4.0403 x 107 0.9841 0.9762
Nickel-tailings/rice-husk powder ratio 3 8 133.2046 3.6227 x 1077 0.9804 0.9706
MNR mass 2 6 233.0025 2.0541 x 10°® 0.9873 0.9810

3.7. Chromium mass balance

To quantitatively elucidate the fate of chromium in the
synergistic remediation system, a chromium mass balance
was established under optimal reaction conditions, with
the initial total Cr(VI) mass in the simulated groundwater
taken as 100%. The distribution of chromium across
different phases is summarized in Table 3.

Solid-phase Cr speciation was quantified by anoxic acid

the solid phase is dominated by Cr(lll), consistent with the
reductive immobilization mechanism. The overall
chromium recovery across the aqueous and solid phases
reaches 98.91% + 0.13%. The minor mass loss can be
attributed to sample transfer losses during filtration and
digestion. This mass balance confirms that the vast
majority of Cr(VI) removed from the aqueous phase is
successfully immobilized on the MNR solid matrix,

) e ; . i providing quantitative support for the remediation
extraction followed by FAS titration. Chromium retained in performance of the synergistic system.
Table 3. Chromium mass balance of the MNR—Bacillus cereus synergistic system under optimal conditions.
Chromium fraction Initial Cr (% of total) Final Cr (% of total), Percentage
Aqueous Cr(VI) 100 0.19 +0.06 0.19 +0.06
Aqueous Cr(lll) 0 <0.05 <0.05
Solid-phase Cr(VI) 0 1.11+0.04 1.11+0.04
Solid-phase Cr(lll) 0 97.61+0.12 97.61+0.12
Total recovered Cr 100 98.91+0.13 98.91+0.13
3.8. Post-reaction Characterization of MNR Composite groundwater system. ICP-OES confirmed total Cr

Post-reaction characterization was performed to clarify
chromium immobilization pathways in the simulated
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accounted for 0.73% + 0.01% of recovered MNR mass,
consistent with theoretical calculations and verifying
effective chromium enrichment on the solid matrix.
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Valence titration showed dissolved Cr(lll) in the final
aqueous solution was below the detection limit, indicating
nearly complete chromium transfer from the aqueous to
solid phase. Further titration of anoxic acid-digested spent
MNR verified dominant Cr(lll) in the solid phase, directly
confirming Cr(VI) reduction to Cr(lll) during remediation.

Due to ultra-low chromium loading, high-resolution Cr 2p
XPS spectra could not be clearly resolved, a common
limitation for low-concentration heavy metal systems.
Nevertheless, the detectable Cr signal in XPS survey spectra
(Figure 13) corroborated chromium retention on the MNR
surface.

Combined with the weakly alkaline microenvironment,
SEM morphology and negligible LB medium interference, it
is reasonably inferred that Cr(l11) forms Cr(OH); precipitates
in situ, retained on the MNR surface and in pores via
surface complexation and physical confinement by the
siliceous fiber network. This inference aligns with stable
chromium retention in batch experiments and supports
long-term immobilization potential.
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Figure 13. XPS survey spectrum of MNR composite after Cr(VI)
remediation.

3.9. Metal leaching and environmental safety

To evaluate potential secondary contamination risks,
dissolved metal concentrations in the aqueous phase were
determined after remediation under optimal conditions.
The dissolved Ni concentration was 0.04 + 0.01 mg/L, well
below widely accepted groundwater quality limits for
nickel. Dissolved Fe concentration was 0.12 + 0.02 mg/L,
and total dissolved Cr was below 0.05 mg/L, both falling
within safe thresholds for aquatic environments. No
significant leaching of other major toxic heavy metals was
detected beyond the quantified Ni, Fe and Cr species. The
low leaching risk is attributed to the stable silicate
crystalline phases of metal components in nickel tailings
formed during high-temperature calcination, which are
tightly bound to the biochar matrix and not easily released.
Reduced Cr(lll) mainly exists as Cr(OH)s; precipitates
confined within the pore structure, exhibiting low mobility.
Chromium is stably immobilized in the solid phase of spent
MNR materials with low leaching toxicity, posing negligible
risk of secondary pollutant diffusion under natural
environmental conditions, and the spent materials can be
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safely disposed of or potentially reused as auxiliary
construction materials.

4. Discussion

Post-modification characterization confirms the MNR
composite has favorable physicochemical properties for
Cr(VI) removal. Hydration pretreatment and co-pyrolysis
with rice husk biochar significantly increase its specific
surface area, micropore volume and pore sites, and the
interwoven siliceous porous framework formed during
pyrolysis facilitates chromium capture (Jiang et al., 2026).
Modification induces in-situ conversion of lattice Fe(lll) to
Fe(ll), as evidenced by shifts of C=C, Si-O, Mg-OH and Fe-O
absorption peaks (Galani et al., 2022). Surface Fe(ll) sites
donate electrons to reduce Cr(VI) upon contact, while
abundant oxygen-containing functional groups and mineral
bonds provide active sites for chromium retention. The
mineral-carbon composite structure prevents pore
collapse of pure biochar and exposes more mineral active
sites (Zhao et al., 2025).

Table 4 summarizes the key parameters and performance
of representative Cr(VI) remediation systems from relevant
studies (Mahajan et al., 2025; Shao et al., 2025; Hua et al.,
2025; Priyadarshini et al., 2025), covering material type,
microbial species, reaction conditions, treatment efficiency
and remediation mechanism.

Most reported abiotic materials require acidic conditions
to achieve high removal efficiency, and suffer from notable
performance attenuation after repeated cyclic operation.
Microbial systems usually require longer reaction times
and exhibit lower treatment capacity for high-
concentration pollution. In contrast, the MNR-Bacillus
cereus coupled system accomplishes nearly complete
Cr(VI) removal within a shorter reaction time under weakly
alkaline conditions, and maintains stable remediation
performance across multiple cycles. The unique microbe—
iron cyclic coupling mechanism enables continuous
regeneration of reductive Fe(ll) sites, which is the core
reason for its sustained high performance.

In simulated groundwater, the single MNR material
achieves a maximum Cr(VI) removal efficiency of 58.74%
within 36 h, whereas the MNR-Bacillus cereus coupled
system attains complete Cr(VI) removal within 18 h. MNR
gradually releases Mg(ll) and Fe(ll) ions, which buffer the
solution pH within a stable range of 7.5-8.5 over the entire
reaction process (Javed et al., 2022). This weakly alkaline
environment facilitates the reduction of soluble Cr(VI) to
insoluble Cr(OH)s; precipitates, thereby enabling stable
immobilization of chromium in the aqueous phase
(Giannakoudi et al., 2025; Zheng et al., 2021). Bacillus
cereus exerts a synergistic effect with MNR to enhance the
overall chromium removal performance (Nie et al., 2023).

Based on all experimental and characterization results, a
multi-process  coupling mechanism of interfacial
enrichment, microbial-iron synergistic reduction and
chromium immobilization is proposed to explain the
enhanced Cr(VI) removal by the synergistic system (Figure
14). The relative contributions of distinct removal
pathways are clarified as follows.

Global NEST Journal, 28(7), 08607


https://doi.org/10.30955/gnj.08607

12

WANG et al.

Table 4. Comparison of Cr(VI) remediation performance between the MNR-Bacillus cereus system and representative materials from

previous studies.

Initial Cr(VI) . Removal
Adsorbent/ . . . Temperature Reaction - .
. Microorganism concentration Dosage pH o . efficiency Mechanism

Material (°C) time (h) o

(mg/L) (%)

Microbial Biosorption +
biomass Mixed extracellular
system microbial 73.54 - 7.0 30-37 48.00 91.30% chromate

(Mahajan et consortium reductase
al., 2025) reduction
Nano metal Adsorption +

. . Broad .

oxide material e Room ion exchange
None (abiotic) 100.00 0.5g/L pH 0.12 86.31% .
(Shao et al., range temperature +complexation
2025) & + reduction
Hydroxyapatite Electrostatic
material L Room attraction + Fe
. . None (abiotic) 11.70 - Neutral 3.00 100.00% .
(Priyadarshini temperature (0) reductive
et al., 2025) precipitation
Mineral
nanomaterial Room Bio-induced +
None (abiotic) 100.00 0.7g/L  7.0-9.6 168 100.00%  bio-controlled
(Hua et al., temperature mineralization
2025)
Mi ial
MNR-Bacillus icrobia
reduction and
cereus Bacillus cereus 50.00 10g  7.0-85 37 1800 ot synergisticin
composite ’ V8 o ) 0.06% y sgitu
(This work)

immobilization

First, the high specific surface area, hierarchical porous
structure and abundant surface active groups of MNR
enrich aqueous Cr(VI) at the solid-liquid interface via pore
entrapment and surface complexation, providing ample
sites for subsequent reduction. Meanwhile, forsterite
dissolution in MNR releases Mg(ll), sustaining a weakly
alkaline microenvironment and driving gradual pH
elevation, consistent with solution monitoring data. This
condition supports bacterial metabolism and favors
subsequent hydroxide precipitation of reduced chromium.
In addition, trace structural Fe(ll) leached from the mineral
matrix remains surface-bound as the initial electron donor
for the iron redox cycle. With total dissolved Fe below 0.3
mg/L throughout the reaction, homogeneous reduction by
free aqueous Fe(ll) is negligible, and iron-mediated redox
proceeds predominantly at the solid-liquid interface.

Second, the Bacillus cereus-mediated coupled reduction
pathway forms the core of efficient Cr(VI) removal, with
cyclic iron regeneration as the key kinetic driver. This strain
exhibits both Cr(VI) and Fe(lll) reduction activities. Direct
enzymatic reduction by bacteria contributes independently
to Cr(Vl) conversion, as verified by the bacteria-only
control. Meanwhile, bacterial metabolism reduces surface-
bound Fe(lll) to Fe(ll); the regenerated surface-associated
Fe(ll) acts as an efficient electron shuttle to rapidly reduce
Cr(VI1) to Cr(Ill) and is reoxidized to Fe(lll) in turn, enabling
sustainable iron cycling that accelerates electron transfer
and reduction kinetics. Only trace iron participates in the
cycle, avoiding excessive Fe(OH); precipitation, consistent
with dissolved Fe monitoring results (Pang et al., 2024; Hu
etal., 2023).
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Finally, valence speciation titration directly confirms Cr(VI)
reduction to Cr(lll), serving as solid experimental evidence
for the reductive conversion. The reduced Cr(lll) is
thermodynamically prone to hydrolysis in the weakly
alkaline environment to form amorphous Cr(OH)s phases,
a reasonable inference supported by aqueous chromium
chemistry and the extremely low dissolved total chromium
in the reacted solution. The precipitated chromium species
are retained on the MNR surface and in pores via surface
complexation and physical confinement by the interwoven
siliceous fiber network. Minor co-precipitation with Fe/Mg
hydroxides also occurs but contributes marginally due to
low dissolved metal ion concentrations. This
immobilization pattern aligns with stable chromium
retention in batch experiments and supports long-term
chromium immobilization potential.

Compared with biochar- and mineral-based Cr(VI)
remediation materials reported in existing literature (Li et
al., 2024; Rafiq et al., 2023; Jiao et al., 2023; Ramos et al.,
2024), the MNR-Bacillus cereus synergistic system
possesses a unique microbe—iron cyclic coupling pathway.
Conventional remediation materials predominantly rely on
straightforward pollutant sequestration and lack a
sustainable electron supply, whereas the self-regenerating
iron electron donor within this system continuously drives
Cr(VI) conversion, enabling stable chromium
immobilization under laboratory conditions.

From an economic perspective, the MNR composite is
synthesized entirely from two waste streams—nickel
tailings (industrial solid waste) and rice husk (agricultural
residue)—both of which incur negligible feedstock costs

Global NEST Journal, 28(XX), 1-14


https://doi.org/10.30955/gnj.08607

OPTIMIZATION OF RICE HUSK BIOCHAR-MODIFIED NICKEL TAILINGS COUPLED 13

while simultaneously achieving waste valorization. Its one-
step low-temperature calcination synthesis route entails
low energy consumption, with an estimated total
production cost of approximately 120-150 USD per tonne,
roughly 30-40% of the cost of commercial granular
activated carbon for water treatment applications. This
marked cost competitiveness gives the coupled system
strong scalability potential for the large-scale in-situ
remediation of Cr(VI)-contaminated groundwater.

Notably, this study is a laboratory proof-of-concept
conducted using synthetic groundwater with a relatively
high Cr(VI) concentration of 50 mg/L. This concentration
was selected to fully characterize the reaction mechanism
and evaluate the maximum treatment capacity of the
system, but it is generally higher than Cr(VI) levels in most
real contaminated groundwater, which typically range
from sub-milligram per liter to several milligrams per liter.
Differences in initial pollutant concentration may lead to
variations in  reaction kinetics and chromium
immobilization  pathways. In  addition, synthetic
groundwater has a simplified composition, whereas actual
groundwater contains diverse coexisting ions and variable
dissolved organic matter, both of which may compete for
reactive sites or interfere with microbial metabolic activity
and thus impair remediation performance. The
experiments were also conducted at a constant 37°C
optimized for Bacillus cereus metabolic activity, while
natural groundwater typically ranges from 5 to 15°C, which
may inhibit microbial activity and slow treatment kinetics.
Targeted pilot-scale research employing a self-developed
moving bed biofilm reactor (MBBR)-coupled system is
currently underway to further evaluate the system’s
performance under more realistic groundwater conditions.
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Figure 14. Mechanism diagram of Cr(VI) remediation by rice husk
biochar-modified nickel tailings synergized with Bacillus cereus in
simulated groundwater.

5. Conclusions

This study synthesized an MNR composite via rice husk
modification of nickel tailings. The preparation parameters
were optimized experimentally, with a nickel tailings-to-
rice husk mass ratio of 1:2 and a calcination temperature of
600°C identified as the optimal conditions. The MNR—
Bacillus cereus synergistic system was constructed and
investigated for Cr(VI) removal performance. Under
optimal conditions (1 g MNR dosage, 5% (v/v) bacterial
inoculation), the system achieved 99.81% Cr(VI) removal
within 18 h. The superior remediation performance arises
from three synergistic pathways: interfacial enrichment of
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Cr(VI) on the MNR surface, Cr(VI) reduction via a bacteria-
driven microbe-iron cyclic coupling mechanism, and
enhanced microbial metabolic activity supported by the
MNR framework. In addition, MNR maintains a weakly
alkaline  microenvironment favorable for bacterial
metabolism, and converts highly mobile and toxic Cr(VI)
into stable chromium hydroxide species with reduced
aqueous bioavailability and long-term solid-phase
immobilization potential. This work realizes the
valorization of two types of waste streams. As a laboratory
proof-of-concept study conducted with synthetic
groundwater, further pilot-scale testing with real
contaminated groundwater is required. Overall, the
proposed synergistic system provides a promising strategy
for the remediation of Cr(VI)-contaminated groundwater.
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