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Abstract

Mercury (Hg) is a global pollutant that poses a serious threat to ecosystems and human
health. Biochar has shown great potential for mercury removal due to its porous structure
and abundant surface functional groups. However, redox-active moieties on biochar
can reduce adsorbed Hg?* to volatile Hg?, leading to secondary mercury dispersion. To
suppress this reduction, this study proposes a strategy of co-pyrolyzing coal gangue with
rice husk to prepare composite biochars (RHB/CG), leveraging the abundant metal oxides
in coal gangue to tailor the surface chemistry of biochar. The materials were characterized
by FTIR, Raman, and XRD; static adsorption, mercury speciation analysis, and kinetic
experiments were conducted. The results show that coal gangue incorporation significantly
enhances the Hg?* adsorption capacity of biochar, with the equilibrium adsorption capacity
calculated by the pseudo-second-order kinetic model, increasing from 20.6 mg/g for
pristine RHB to 38.7 mg/g for RHB/CG-1:1. More importantly, RHB/CG composites
effectively suppress the reduction of Hg?* to Hg’, and the amount of Hg? accumulated
in the system is 57.1% lower than that of pristine RHB. Mechanistic studies reveal that
coal-gangue-derived basic functional groups (e.g., C-O-C, 5i-O-M) inhibit reduction via
sequestering Hg?* through coordination and disruption of electron transfer pathways.
PHREEQC simulations (pe = 6.0) confirm the decreased tendency of Hg?* reduction to Hg?
with increasing pH, in good agreement with the experimental results showing reduced
Hg?* reduction. The corresponding results provide a green and sustainable solution for
mercury-contaminated water and soil remediation.
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and production was the largest single source of anthropogenic mercury (Hg) to the environ-
ment, contributing several times more Hg to the atmosphere (146 kt, 31% of total emissions)
than combined industrial and artisanal gold (Au) production (55.4 kt) or coal combustion
(26.4 kt) [2,11]. Mercury production, much of which was destined for use in small-scale Ag
and Au mining, contributed the second highest amount (91.7 kt) [12-14]. Such historical
releases have led to ongoing contamination. For instance, in the Cauca Department of
Colombia, a region known for its intensive artisanal and small-scale gold mining activities,
mercury concentrations in surface water have reached as high as 0.05 mg/L [15]. In the
Arequipa region of Peru, mercury and other metals have been detected in tailings and
wastewater from gold cyanidation facilities [16]. Beyond mining, the chlor-alkali industry,
which once widely used mercury cathode electrolysis to produce chlorine and caustic soda,
generated wastewater with total mercury levels ranging from 1.6 to 7.6 mg/L [17]. Once
released into the environment, Hg?* and Hg? become available to microorganisms. These
microorganisms can methylate them into methylmercury [18-20]. Methylmercury is highly
neurotoxic and readily undergoes biomagnification along food chains, posing significant
risks to both humans and wildlife [21,22]. Therefore, curbing the generation and improper
discharge of mercury pollution at the source and interrupting the migration pathways of
mercury are key strategies for tackling the global mercury issue.

To control mercury release at the source and block its migration, multiple materials
have been developed to reduce mercury risks through adsorption, such as biochar [23],
carbon nanotubes [24], kapok fiber [25], sulfur-enriched adsorbents [26], and palm oil fuel
ash [27]. However, these materials differ substantially in performance, each presenting
distinct advantages and limitations. Carbon nanotubes possess a high specific surface
area, a unique pore structure, and good stability, yet their practical use is limited by
high preparation costs, poor dispersibility in water, and difficult recovery [28]. Natural
biomass materials like kapok fiber are low-cost and widely available, but their pristine
adsorption capacity for Hg?* is rather low (39.9 mg/g), and reaching a much higher
capacity (235.7 mg/g) requires additional dopamine surface modification, which adds
complexity [25]. Palm oil fuel ash, an agricultural waste, is inexpensive; nevertheless, its
mercury adsorption performance is constrained by unfavorable surface properties and
pore structure, resulting in a relatively low adsorption capacity [27].

Biochar is a carbonaceous material produced by pyrolyzing biomass under oxygen-
limited atmospheres [29]. Owing to its large specific surface area, developed porous
structures, abundant oxygen-containing functional groups, low cost and good recyclability,
biochar has been widely used in soil remediation [30,31], wastewater treatment [32,33],
and soil amendment [34,35]. In mercury removal, the surface functional groups of biochar
can enhance its adsorption capacity. For instance, thiol groups exhibit a strong affinity
for mercury and can improve biochar’s cation exchange capacity, thereby facilitating
mercury immobilization [26,36]. However, the adsorbed Hg?* can be reduced to Hg® by
redox-active moieties in biochar, such as dissolved black carbon (DBC, i.e., the biochar
fraction passing through a 0.1-0.7 um filter), as well as aromatic moieties and quinone—
hydroquinone functional groups on particulate biochar [37,38]. This reduction process
drives the production of volatile Hg?, thereby causing the re-release and diffusion of
mercury. Therefore, more effective modification strategies need to be developed to reduce
the risk of mercury reduction and subsequent re-release from biochar.

Despite extensive research on mercury adsorption, the vast majority of existing studies
have focused exclusively on maximizing adsorption capacity, while the reduction pathway
of adsorbed Hg(II) has been largely overlooked. Several studies have documented that
commonly used adsorbents inadvertently promote this unintended reduction. For instance,
5 mg C/L dissolved black carbon from biochar facilitated Hg(Il) photoreduction to Hg" un-
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der simulated sunlight, with a reduction ratio of 73 + 4% within 5.3 h [37]. C=C/C-C/C-H
moieties on particulate biochar and dissolved black carbon drove Hg(II) reduction with
0.06-2.16 L rng’lh’l of the reaction rate constant [38]. Zero-valent iron induced inevitable
Hg" escape, originating from a 34-72% reduction in adsorbed Hg(II) reduction [39]. To
date, few strategies have been reported that simultaneously achieve efficient Hg(II) adsorp-
tion while effectively inhibiting its post-adsorption reduction. Accordingly, a critical but
previously unrecognized limitation of existing remediation materials is that they passively
permit, or even actively promote, the unintended reduction of adsorbed Hg(II) to volatile
Hg?, creating a secondary pollution pathway that has not been systematically addressed.

To address the risk of mercury reduction and re-release during mercury adsorption
by biochar, this study proposes a strategy of preparing modified biochar through the
co-pyrolysis of coal gangue and rice husk, aiming to suppress Hg?* reduction at the
source. Unlike conventional methods such as wet chemical impregnation or post-synthesis
loading of metal oxides, which rely on physical adsorption or weak surface interactions,
co-pyrolysis enables in situ integration of metal elements from coal gangue with the car-
bonaceous framework of biomass [40] while simultaneously promoting the formation of a
well-developed mesoporous structure [41]. Coal gangue is selected as the modifier because
its abundant metal oxides can play dual regulatory roles during pyrolysis [42,43]. On one
hand, these metal oxides can act as catalysts to promote the thermochemical conversion
of lignocellulose in rice husk, thereby optimizing the pore structure of the biochar and
generating a developed mesoporous system. This provides efficient mass transfer chan-
nels for Hg?* and increases surface adsorption sites. On the other hand, the introduced
metal active sites, such as Si-O, Al-O, and Fe-O, exhibit strong coordination affinity toward
Hg?*. They are expected not only to enhance the adsorption capacity but also to effec-
tively inhibit the reduction of Hg?* driven by redox-active moieties of biochar. This study
investigates the influence of coal gangue on the physicochemical properties of modified
biochar. Both static and kinetic mercury adsorption experiments, as well as mercury specia-
tion analysis, are conducted. These experiments elucidate the mechanisms by which coal
gangue modification regulates mercury adsorption and reduction. Corresponding results
can provide a novel insight into the development of biochar-based materials for mercury
pollution remediation.

2. Materials and Methods
2.1. Materials

Rice husk was obtained from Nongzi Horticulture (Harbin, China). Coal gangue was
supplied by Chuanyi Mining Co., Ltd. (Taiyuan, China). Mercury(Il) chloride (analytical
grade), nitric acid (analytical grade), hydrochloric acid (analytical grade), potassium per-
manganate (analytical grade), and sodium hydroxide (analytical grade) were purchased
from Beijing Tongguang Fine Chemical Company (Beijing, China), Shanghai Macklin Bio-
chemical Technology Co., Ltd. (Shanghai, China), and Beijing Tongguang Fine Chemical
Company as specified. A vacuum tube furnace (model ZS5K1200, Xinnite Electric Furnace
Co., Ltd., Beijing, China) was used for biochar preparation. A pH meter (model FE28-
Standard, Mettler-Toledo, Greifensee, Switzerland) was employed for pH measurement.
A cold vapor atomic absorption mercury analyzer (model F732-V, Shanghai Huaguang
Instrument Co., Ltd., Beijing, China) was used for mercury concentration determination.
X-ray diffraction (XRD) patterns were recorded on a D/max-2550 diffractometer (Rigaku
Corporation, Tokyo, Japan). Fourier transform infrared (FTIR) spectra were obtained
using a Nicolet 6700 spectrometer (Thermo Nicolet Corporation, Madison, WI, USA). Ra-
man spectra were collected on a LabRAM HR Evolution Raman spectrometer (Horiba,
Paris, France).
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2.2. Biochar Preparation and Characterization

The mineral composition and proportion of coal gangue (CG) regulate the inorganic
framework, catalytic behavior, and elemental doping of the composite biochar, while
the biomass components, high-silicon nature, and amount of rice husk (RH) provide the
organic carbon precursor and a porous silicon template. The mass ratio of CG to RH directly
determines the organic/inorganic phase ratio and the intensity of their interactions. A
pyrolysis temperature of 600 °C, holding time of 2 h, and N flow rate of 5 mL/min were
used for biochar preparation. Through complex interactions, composite biochars with
unique structure and properties were obtained. Optimized preparation aims to balance
and maximize these interactions by adjusting the CG/RH ratio.

The biochars were prepared via oxygen-limited high-temperature pyrolysis. Rice
husk was first dried, crushed, and then sieved through a 100-mesh sieve to obtain a
uniform particle size. The sieved rice husk was then mixed with coal gangue at four
different rice-husk-to-coal-gangue (RH:CG) mass ratios: pure RH (no CG), 10:1, 5:1, and
1:1, corresponding to 50 g RH + 5 g CG, 50 g RH + 10 g CG, and 30 g RH + 30 g CG,
respectively. Each mixture was placed in a tube furnace and heated at 600 °C for 2 h under
a Ny flow of 5 mL/min, a temperature previously shown to optimize biochar adsorption
performance [44]. After pyrolysis, the resulting biochars were allowed to cool to room
temperature under a N, atmosphere and then were sieved through a 100-mesh sieve
for subsequent adsorption experiments and characterization. The prepared samples are
denoted as RHB (pure rice husk biochar) and RHB/CG-10:1, RHB/CG-5:1, and RHB/CG-
1:1 according to the CG:RH mass ratio.

The crystal structure and phase composition of the four adsorbents were determined
by X-ray diffraction (XRD) using a D/max-2550 diffractometer (Rigaku, Tokyo, Japan).
Spectra were recorded over a scanning range of 5-85° at a scanning speed of 5°/min.
Fourier transform infrared (FTIR) spectra were obtained on a Nicolet 6700 spectrometer
(Thermo Nicolet Corporation, Madison, WI, USA) in transmission mode over a wavenum-
ber range of 4000400 cm ! with a resolution of 4 cm~! to identify surface functional
groups. Raman spectra were collected on a LabRAM HR Evolution Raman spectrometer
(Horiba, Paris, France) using a 785 nm laser excitation wavelength and 50 mW laser power
over a wavenumber range of 50-2000 cm ! to evaluate the molecular structure and carbon
defect degree of the biochars.

2.3. Hg?* Adsorption Capacity

A HgCl, stock solution (100 mg Hg(Il) /L) was prepared by dissolving 1.3536 g of
HgCl, solid in acidified deionized water containing 5% HNO3 and 5% HCI (unless other-
wise stated, this acidified water was used for all subsequent dilutions). The stock solution
was properly labeled and stored for later adsorption experiments. The working standard
solution (1 mg/L Hg(Il)) was obtained by diluting the stock solution 100-fold with the
same acidified water.

Before the systematic adsorption tests, a preliminary adsorption experiment was con-
ducted to evaluate the performance of the prepared materials. First, the Hg(II) solution was
diluted to 1 mg/L and its pH was adjusted to approximately 4.0 & 0.2. Then, 2 mg of each
prepared biochar (or adsorbent) sample was weighed into a 50 mL stoppered conical flask,
The flasks were placed in a thermostatic shaker and shaken for 2 h under default conditions
(25 °C, 180 r/min). After shaking, an aliquot of the suspension was withdrawn using a
syringe, filtered through a 0.22 um membrane filter, and appropriately diluted, and the
residual Hg?* concentration was determined by cold vapor atomic absorption spectrometry.
The equilibrium adsorption capacity (Q., mg/g) was calculated using Equation (1):
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(Co—Ce)VL

Qe = W (1)
where Cy (mg/L) and C. (mg/L) are the initial and equilibrium Hg(II) concentrations,
respectively. V| is the volume of the HgCl, solution used. W is the mass of the adsor-
bent. All dilutions of mercury solutions were performed gravimetrically to minimize
experimental errors.

2.4. Hg** Adsorption Kinetics

A HgCl, solution with an initial concentration of 1 mg/L was prepared by diluting the
mercury stock solution, and its pH was adjusted to 4.0 &£ 0.2. Then, 2 mg of each adsorbent
was added to a beaker containing 100 mL of the 1 mg/L Hg?* solution. The mixture was
stirred at room temperature (25 °C) at 180 r/min for 120 min. At specific time intervals (0,
15, 30, 45, 60, 90, and 120 min), an aliquot of the suspension was withdrawn using a syringe,
filtered through a 0.22 um membrane filter, and appropriately diluted, and the residual
Hg?* concentration was determined by cold vapor atomic absorption spectrometry. The
amount of Hg2+ adsorbed per unit mass of adsorbent at a specific time, Q.(t) (mg/g), was
calculated using Equation (1). The kinetic data were fitted by the pseudo-first-order and
pseudo-second-order kinetic models. The non-linear expressions of the two models are
given as follows:

Pseudo-first-order model:

dq

E = kl (qe - qt) (2)
Pseudo-second-order model:

dq 2

E = kZ(qe - qt) (3)

where ge (mg/g) and gt (mg/g) are the adsorption capacities of the adsorbent at equilibrium
and at time £. k; (min~') and k; (g-mg~!-min—!) are the rate constants of the pseudo-first-
order and pseudo-second-order models, respectively.

2.5. pH Effect on Hg** Adsorption

The influence of solution pH on Hg?* adsorption was investigated for the four biochar
materials, including RHB, RHB/CG-10:1, RHB/CG-5:1, and RHB/CG-1:1. A series of
100 mL aliquots of HgCl, solution (initial Hg?* concentration 1 mg/L) were placed in
stoppered conical flasks, and the pH of each aliquot was adjusted to a value in the range of
2.0-12.0 using NaOH or HCl solution. Then, 2 mg of each adsorbent was added to the flasks.
The mixtures were stirred at room temperature (25 °C) at 180 r/min for 2 h. After stirring,
approximately 1 mL of the suspension was withdrawn with a syringe, filtered through a
0.22 pm membrane filter, and appropriately diluted, and the residual Hg?" concentration
was determined by cold vapor atomic absorption spectrometry. The adsorption capacity of
each material at each pH was calculated using Equation (1), and the optimal pH for Hg?*
removal was identified by comparing the capacities across the pH range.

2.6. Hg?* Reduction Assessment

After the above adsorption experiments, the reducing ability of RHB and RHB/CG-1:1
toward Hg?* was evaluated. The experimental setup is illustrated in a previous study [38].
An amount of 100 mg of adsorbent was added to a three-necked flask containing 100 mL of
1 mg/L Hg?* solution. The flask was purged with N; and sealed, then stirred at 180 r/min
in a constant-temperature water bath (25 °C) for 120 min. Downstream, an oxidation bottle
containing KMnOj solution was connected to trap the reduced Hg?, followed by a diluted
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HNO; solution for tail gas collection. At selected time intervals (0, 15, 30, 45, 60, 90, and
120 min), approximately 1 mL of solution was withdrawn from both the three-necked flask
and the oxidation bottle using a syringe, and filtered through a 0.22 um membrane filter.
After appropriate dilution, the Hg?* concentration in the three-necked flask and the Hg”
concentration (as oxidized Hg?* in the oxidation bottle) were determined by cold vapor
atomic absorption spectrometry, allowing the simultaneous monitoring of Hg?* depletion
and Hg? generation over time.

2.7. PHREEQC Geochemical Modeling

All geochemical simulations were performed using PHREEQC (version 3.7.3, devel-
oped by the U.S. Geological Survey). Because the default databases (e.g., phreeqc.dat,
wateq4f.dat) do not contain thermodynamic data for mercury, the minteq.v4.dat database
was selected. This database, originally derived from the USEPA’s MINTEQAZ2 code, in-
cludes comprehensive stability constants for Hg(II) and its chloride complexes.

Aqueous solutions were prepared with 1 mg/L Hg?* and 0.35 mg/L C1~. The effect of
pH on mercury speciation was examined over a pH range of 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0,
10.0, 11.0, and 12.0. All simulations were conducted at 25 °C. The redox potential was fixed
at pe = 6.0. The PHREEQC input file was constructed using keyword data blocks. The main
blocks included DATABASE, which specifies the path to the minteq.v4.dat file; SOLUTION,
which defines individual solutions for each pH value using the parameters of temperature
(25 °C), pH (x.0), pe (6.0), concentrations in mg/L (Hg: 1.0, Cl: 0.35), and water mass (1 kg);
and SELECTED_OUTPUT, which requests the output of pH, total concentrations of Hg
and Cl, and molalities of all relevant Hg species. A total of 11 SOLUTION blocks (pH 2.0 to
12.0) were included, and each solution was equilibrated separately. After each simulation,
the output file provided molal concentrations (mol/kgw) of individual mercury species.
The mole percentage of each species was calculated by dividing its molality by the total
mercury molality.

3. Results and Discussion
3.1. Coal Gangue Altering Carbon Composition

The incorporation of coal gangue predominantly regulated the surface chemical func-
tionality of the biochar, particularly the distribution of oxygen-containing moieties and
mineral-associated structural units, whereas its effect on the carbonaceous backbone was
comparatively limited. FTIR spectra (Figure 1a) provide direct evidence for the evolution
of surface functional groups after coal gangue incorporation. All biochar samples exhibited
a broad band centered at approximately 3430 cm !, which is characteristic of the stretching
vibration of hydroxyl groups (-OH), suggesting the presence of surface hydroxyl function-
alities and physically adsorbed water [45]. The adsorption band near 1435 cm~! can be
attributed to the symmetric stretching of carboxylate groups (-COO™), reflecting the possi-
ble presence of carboxylate-related structures on the surface [46]. Notably, the absorption
bands near 1017 cm~! and 879 cm ! can be attributed to C-O related vibrations, indicating
the presence of oxygenated organic structural units such as phenolic hydroxyl, alcoholic
hydroxyl, and ether groups [47]. In addition, the absorption band in the low-wavenumber
region, particularly near 695 cm~! and 470 cm ™!, is associated with Si-O-Si/Si-O-Al and
Al/Fe-O vibrations [48], indicating the incorporation of aluminosilicate mineral structures
derived from coal gangue into the composite samples.
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Figure 1. (a) FTIR spectra and (b) Raman spectra of rice husk biochar (RHB) and rice husk
biochar/coal gangue composite adsorbents with different mass ratios (RHB/CG-10:1, RHB/CG-5:1,
and RHB/CG-1:1). Dashed lines indicate the peak positions observed in the spectra.

Compared with pristine RHB, the composite biochars exhibited pronounced changes
in both the intensity and profile of the above characteristic bands, indicating that the
addition of coal gangue significantly altered the surface functional group composition and
chemical environment. Specifically, with increasing coal gangue content, the absorption
feature near 470 cm~! associated with Al/Si-O gradually intensified, suggesting that
aluminosilicate mineral components from coal gangue were effectively retained and loaded
onto the biochar surface. Meanwhile, coal gangue significantly influenced the evolution of
surface-oxygen-containing functionalities during co-pyrolysis. For instance, the increase
trends observed at 1017 cm~! and 879 cm~! and the decrease at 1435 cm~! demonstrated
that the incorporation of coal gangue also modified the content and distribution of C-O-
and -COO™ -containing functional groups. These variations suggest that coal gangue not
only introduced inorganic mineral phases into the biochar matrix but also participated in
the transformation and redistribution of oxygenated organic moieties through interactions
between gangue-derived mineral components and biomass pyrolysis intermediates.

In contrast, the Raman spectra suggest that coal gangue had a comparatively minor
effect on the carbon structure of the biochar. All samples exhibited the typical D band and
G band at approximately 1340 cm ™! and 1590 cm ™! (Figure 1b), respectively, corresponding
to defect-rich disordered carbon and sp?-hybridized graphitic carbon [49,50]. This indicates
that the carbon phase of all samples remained dominated by aromatic structures with a
substantial degree of disorder, which is characteristic of pyrolytic biochar. Notably, the
positions and overall spectral profiles of the D and G bands showed no obvious changes
after coal gangue incorporation, indicating that the fundamental aromatic carbon skeleton
remained largely preserved during composite formation. This interpretation is further
supported by the Raman fitting results. As shown in Table 1, upon the addition of coal
gangue, the gradual increase in Ip/Ig from 3.03 to 3.42 indicates that the proportion of
defect sites or disordered carbon domains increased slightly with increasing gangue con-
tent, suggesting that coal gangue exerted a certain perturbation on the local ordering and
rearrangement of carbon micro-crystallites during pyrolysis. However, the magnitude of
this variation remained limited, and no significant band shift or drastic spectral broadening
was observed. This demonstrates that coal gangue did not fundamentally alter the car-
bonization pathway of the biochar, nor did it markedly promote graphitization or induce
severe disruption of the carbon framework. Rather, its influence on the carbon phase
was mainly manifested as a slight increase in structural defects rather than an essential
reconstruction of the carbon skeleton.
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Table 1. Raman-derived Ip /I ratios of different biochars.

Biochar AD AG ID/IG
RHB 53,754.95 17,684.47 3.03
RHB/CG-10:1 53,293.24 16,488.60 3.23
RHB/CG-5:1 53,357.03 15,608.48 3.41
RHB/CG-1:1 60,030.44 17,517.67 3.42

3.2. Formation of Metal Oxides on Biochar

The incorporation of coal gangue altered the mineral phase composition of the
biochar (Figure 2) and thereby promoted the in situ formation of metal oxide-related
phases during co-pyrolysis. As shown in Figure 2a—d, all biochar samples showed
broad diffraction humps centered at around 22° and 25°, indicating that the biochars
were predominantly composed of amorphous carbon and amorphous S5iO; [48,49]. In
pristine RHB, characteristic peaks assigned to Na,CO3-H,O were observed at around
36° and 45° (PDF#37-0451), suggesting that the mineral fraction of the original biochar
mainly consisted of silica and sodium-containing salts. After the addition of coal gangue,
however, new crystalline phases emerged, revealing significant mineral transformation
within the composite system. Specifically, in RHB/CG-10:1, the appearance of NaSiOs
at around 36° (PDF#00-001-1047) and CaFeOs at approximately 33° and 39° (PDF#01-
078-6572) indicates that coal gangue promoted the interaction of silica with alkali and
metal species, resulting in the conversion of part of the original SiO, into new silicate
and metal oxide-related phases (Figure 3a). With further increasing gangue content,
the characteristic peaks of CayFepO33 detected at around 28° and 33° in RHB/CG-5:1
suggest that these metal-containing phases underwent further reaction to form more
complex oxide structures [51]. In RHB/CG-1:1, the emergence of KNa3(AlSiO3) at
approximately 21° and 30° (PDF#84-149) further confirms that a higher gangue ratio
intensified the reconstruction of silica-related structures and facilitated the generation of
more complex metal-containing mineral phases. Overall, these results demonstrate that
coal gangue did not simply act as an inert additive but actively participated in the mineral
evolution of the biochar by transforming Si-containing structures and introducing metal
ions that favored the formation of Si-O-M linkages and metal oxide-related compounds.
Such structural evolution is expected to increase the number of adsorption active sites,
enhance surface heterogeneity, and ultimately contribute to the improved adsorption
performance of the composite biochars.

3.3. Coal Gangue Promoting Hg?~ Adsorption

Hg?* adsorption on RHB and RHB/CG composite biochars exhibited a typical fast-
to-slow kinetic behavior before reaching equilibrium. As shown in Figures 3b and 4a—d,
the adsorption capacity of all samples increased rapidly during the initial 20-30 min,
and then the growth rate gradually slowed until adsorption equilibrium was nearly
reached within 60-120 min. This trend suggests that a large number of active sites were
available at the beginning of the adsorption process, enabling rapid Hg?" uptake, while
the subsequent decrease in adsorption rate was mainly caused by the gradual occupation
of these sites.
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Figure 2. XRD patterns of RHB (a), RHB/CG-10:1 (b), RHB/CG-5:1 (c) and RHB/CG-1:1 (d).
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Figure 3. (a) XRD pattern of coal gangue in the present study. (b) Adsorption kinetics of Hg?* on
coal gangue. In panel (b), the symbols represent experimental data, and the red dashed-dotted
line represents the fit for the pseudo-second-order model. The inset shows the linear plot of the
pseudo-first-order model. Error bars represent the standard deviation of three replicates.
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Figure 4. Adsorption kinetics of ng+ on (a) RHB, (b) RHB/CG-10:1, (¢) RHB/CG-5:1, and
(d) RHB/CG-1:1.

The pseudo-second-order model provided a better description of the Hg?* adsorption
kinetics than the pseudo-first-order model, which indicates that chemisorption is the overall
rate-controlling step [52]. According to Table 2, although both models showed relatively
high fitting coefficients, the pseudo-second-order model consistently exhibited higher R
values (0.991-0.997) than the pseudo-first-order model (0.975-0.991) for all adsorbents.
Meanwhile, the equilibrium adsorption capacities at 1 mg/g of the initial Hg?* calculated
from the pseudo-second-order model were 21.3, 20.6, 26.8, 30.8, and 38.7 mg/g for CG,
RHB, RHB/CG-10:1, RHB/CG-5:1, and RHB/CG-1:1, respectively, which were slightly
higher than those estimated by the pseudo-first-order model and more consistent with
the experimental adsorption behavior. These results imply that chemisorption may play
a dominant role in the Hg?* adsorption process. For chemisorption-dominated materi-
als, solution pH is a critical factor affecting Hg?* removal (Figure 5b). Combined with
the PHREEQC simulation results (Figure 6a,b, 1 mg/L total Hg, 0.355 mg/L Cl7), in
the weakly acidic to neutral range (pH 4-10), the neutral Hg(OH), and HgCIOH species
predominates. Being uncharged, it avoids competition with H*, while the deprotonated
surface functional groups (e.g., -OH, -COOH) on biochar exhibit the strongest electro-
static attraction and coordination toward Hg?*, leading to maximum adsorption capacity
and removal efficiency. At very low pH (<3), HgCl" and HgCl, are the main species.
However, abundant H* ions compete for active sites and protonate functional groups,
severely inhibiting chemisorption—resulting in decreased removal. At high pH (>8), Hg?*
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tends to form hydroxide precipitates (Hg(OH);), and while total mercury removal may
appear high due to precipitation, the genuine contribution of chemisorption decreases,

and the negatively charged Hg(OH)3 ™ species experiences electrostatic repulsion from the
deprotonated surface.

Table 2. Fitting parameters of the pseudo-first-order and pseudo-second-order kinetic models for
pollutant adsorption onto RHB and RHB/CG composite biochars, including the correlation coefficient
(R?) and equilibrium adsorption capacity (mg/g) at 1 mg/L of initial Hg2+ concentration.

Adsorbent Pseudo-First-Order Pseudo-Second-Order
Kinetic Model Kinetic Model
Equilibrium Equilibrium
R? Adsorption Capacity R? Adsorption Capacity
at 1 mg/L at1 mg/L
CG 0.995 18.6 0.995 21.3
RHB 0.975 19.7 0.991 20.6
RHB/CG-10:1 0.991 25.7 0.997 26.8
RHB/CG-5:1 0.986 30.4 0.994 30.8
RHB/CG-1:1 0.986 36.7 0.997 38.7
(a) (b)IOO"u I =
- T
40 4 I A
= i ] Biochar : 80% I
F 1 S
= 304
E I g 60%-
= 204 T b .
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Figure 5. (a) Comparison of Hg?* adsorption capacities of RHB and RHB/CG composite biochars.
(b) Effect of solution pH on Hg2+ removal by RHB, RHB/CG-10:1, RHB/CG-5:1, and RHB/CG-1:1.

The incorporation of coal gangue significantly enhanced the Hg?* adsorption capacity
of the biochar composites. The adsorption capacities followed the order of RHB < RHB/CG-
10:1 < RHB/CG-5:1 < RHB/CG-1:1, indicating that higher coal gangue addition resulted
in better adsorption performance (Figure 5a). Meanwhile, under the same experimental
conditions, the equilibrium adsorption capacity at 1 mg/g of initial Hg?* for raw coal
gangue was only 21.3 mg/g, demonstrating its limited adsorption capacity (Table 2).
Specifically, the maximum adsorption capacity increased from 20.6 mg/g for pristine RHB
to 38.7 mg/g for RHB/CG-1:1 based on the pseudo-second-order model. This improvement
is likely related to the formation of additional metal oxide-related phases and Si-O-M
structures during co-pyrolysis, which not only provide more chemisorption sites but
may also alter the pH response of the material. Compared with pristine RHB, RHB/CG
composites are expected to have a broader effective pH range from 4 to 12 and can partially
alleviate H* competition under acidic conditions due to the presence of local alkaline sites
or Lewis acid sites. Therefore, in practical Hg?*-contaminated water treatment, RHB/CG
composites are expected to exhibit better adaptability and stability over a wider pH range.
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Figure 6. The pH-dependent speciation of mercury was simulated using PHREEQC for an aqueous
system containing 1 mg/L total Hg and 0.355 mg/L C1~. (a) Distribution of dissolved Hg species as
concentrations (mol/L) across pH 2-12. (b) Log-transformed concentrations of individual Hg species

as a function of pH. The results indicate a clear transition in dominant Hg species with increasing

pH, from reduced elemental mercury and chloride/hydroxyl complexes under acidic to near-neutral

conditions to hydroxylated species, particularly Hg(OH),, under alkaline conditions.

3.4. Coal Gangue Suppressing Hg?* Reduction

The distribution of mercury species in a HgCl, solution as a function of pH was simu-

lated using PHREEQC 3.7 under an assumed pe of 6.0, a moderately oxidizing condition,

not representing the actual unknown redox state of the reaction solution. The simulation
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results indicate that under this hypothetical condition, some reductants would thermody-
namically favor the reduction of Hg?* to Hg® in the neutral to acidic pH range (Figure 6a,b).
However, in the control experiments without biochar, the actual generation of Hg? was
negligible, suggesting that the thermodynamically predicted speciation is only realized in
the presence of electron donors. Upon the introduction of biochar, both pristine RHB and
the RHB/CG composite produced measurable amounts of Hg’ (ranging from 0.12 to 0.28
mg/L) (Figure 7a,b), confirming that biochar surfaces can act as electron donors to drive
the reduction of Hg?*.

(a) 10 (b)1.0

0.9 0.9

] ] RHB/CG-1:1

- 0.8 RHB - 0.8
E 0.7 4 & 0.71
oD Hg* o0
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Figure 7. Time-dependent concentration changes of mercury species (Hg>* and Hg') in the presence
of (a) RHB and (b) RHB/CG-1:1.

Notably, the pristine RHB system accumulated significantly more Hg’ than the
RHB/CG system, whereas RHB/CG exhibited a faster removal rate of Hg?". This contrast
indicates that although the reduction reaction is thermodynamically favorable, the surface
chemical properties of the material can effectively modulate the kinetic pathway and extent
of the reaction. The RHB/CG composite is rich in basic functional groups, including C-O-C
and Si-O-M mineral structures, which may inhibit Hg?* reduction through the following
mechanisms: (i) preferentially sequestering Hg?* via coordination, reducing its residence
time on reduction sites, and (ii) interfering with the electron transfer pathways from the
biochar surface to Hg?*. Notably, during co-pyrolysis, the metal elements (e.g., Fe, Al)
from coal gangue are incorporated into the carbon matrix via stable M—O-C covalent bonds
rather than existing as discrete, surface-exposed oxide particles. This structural integration
passivates the otherwise electron-donating capacity of the biochar matrix and limits any
independent redox activity of mineral phases. Consequently, RHB/CG not only shows
faster adsorption kinetics and higher adsorption capacity but also effectively suppresses
the formation of volatile Hg®, which is of great significance for controlling the dispersion of
Hg in practical environmental remediation.

4. Conclusions and Perspectives

In this study, coal gangue and rice husk were co-pyrolyzed to prepare composite
biochars (RHB/CG) for aqueous Hg24r removal. FTIR and XRD results revealed that coal
gangue incorporation promoted the evolution of oxygen-containing functional groups
(C-0O, -COO™) and generated metal oxide phases such as Fe-O, Al-O, and Si-O-M on the
biochar surface, while Raman spectra indicated that the carbon skeleton remained largely
intact. Adsorption kinetics followed the pseudo-second-order model (R? = 0.991-0.997), con-
firming chemisorption as the dominant mechanism. The equilibrium adsorption capacity
of RHB/CG-1:1 (38.7 mg/g) was substantially higher than that of pristine RHB (20.6 mg/g),
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and the capacity increased with the increasing coal gangue ratio. pH-dependent experi-
ments combined with PHREEQC simulations (pe = 6.0, pH 2-12) demonstrated that optimal
adsorption occurred in the weakly acidic to neutral range (pH 4-7) where neutral Hg(OH),
prevails, and the composite exhibited better adaptability over a broader pH range.

More importantly, RHB/CG composites effectively suppressed the reduction of Hg?*
to volatile Hg. In time-dependent kinetic experiments, the Hg® concentration in the
RHB/CG system (<0.12 mg/L) was significantly lower than that in the pristine RHB system
(up to 0.28 mg/L), while the Hg?* removal rate was faster. Mechanistically, the basic
functional groups (C-O-C, Si-O-M) on RHB/CG inhibited reduction by raising the lo-
cal pH, preferentially sequestering Hg?* via coordination, and interfering with electron
transfer pathways from reductive sites (e.g., quinone-hydroquinone moieties) in biochar.
Consequently, RHB/CG offers the dual advantages of high adsorption efficiency and sup-
pressed mercury volatilization, reducing the risk of secondary Hg? release and dispersion.
It represents a low-cost, easy-to-prepare, and environmentally friendly material option for
treating mercury-contaminated wastewater and remediating polluted sites.

However, several limitations of this study should be acknowledged. Adsorption
isotherms were not conducted, so the true maximum adsorption capacity remains un-
known. The reported values are equilibrium uptakes at a single initial concentration. No
validation experiments using real-water matrices (e.g., river water, groundwater, or indus-
trial wastewater) were performed, and thus the influence of coexisting ions and natural
organic matter on performance has not been assessed. The kinetic data lack high-resolution
sampling during the initial 0-10 min period, which prevented reliable quantitative intra-
particle diffusion (IPD) analysis. Additionally, BET surface area and XRF bulk composition
analyses were not carried out, limiting a complete structure—property correlation. Long-
term stability, reusability, and cost analysis were also not evaluated. Future work will
address these gaps through isotherm experiments, real-water validation, higher-resolution
kinetics, and additional characterization.
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