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ABSTBACT: The widespread pr(_)ducts using contfuneq antimony and correspon:';hng activities of B ]
Sb mining have led to elevated antimony concentrations in water. In order to effectively remove the | 2>
excessive antimony in water, zirconium-modified peanut shell biochar (BC) was prepared. The 5 3
effects of different environmental factors on antimony(V) adsorption and the recycling capacity,
and practical application of the material were also studied, and its removal mechanism was revealed.
The maximum adsorption capacity of antimony(V) by zirconium-modified BC reached 72.34 mg:-
g”'. When coexisting ions were present, adsorptive inhibition of antimony(V) adsorption by
zirconium-modified BC ranged from 0.74% to 21.68% apart from dihydrogen phosphate and
arsenic(V), indicating selectivity of adsorption. Adsorptive isotherms analyses showed that the
adsorption of antimony(V) by ZrBC was consistent with multilayer adsorption, and kinetic studies
indicated that adsorptive procedures were predominantly chemisorptive. Zirconium-modified BC
showed 100% removal rate after 4 reuse cycles and adsorption—desorption cycles, and the
desorption amount was 6.16 mg-g~'. The zirconium-modified BC adsorbed 6.97 mg-g™" of
antimony when treating real wastewater, which has potential for practical applications. Characterizations showed that the
antimony(V) adsorptive mechanism in water mainly includes ligand exchange, complexation, electrostatic interaction, and hydrogen
bonding. In summary, zirconium-modified BC can efficiently and stably remove Sb from the aqueous environment and can be a
potentially viable option for antimony-containing wastewater treatment.
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1. INTRODUCTION Of these, adsorptive approaches are one of the most
widespread applications because of the numerous character-
istics, such as large adsorption capacity, high cost-effectiveness,
less secondary pollution to the environment, and flexible
operation.'” Zirconium exhibits high coordination ability and
strong ionic affinity, particularly toward oxygen-containing
functional groups. It is thermally stable, nontoxic, and remains
stable across a wide pH range in aqueous solutions."” Based on
these advantages, zirconium-based materials show significant
potential in antimony adsorption. Research found that the
zirconium metal-synthesized MOFs had maximum adsorption
capacities of 136.97 mg-g™" and 287.88 mg-g~" for Sb(III) and
Sb(V), respectively, and could reduce 100 ug-L™' of Sb to
about 2 ,ug'L_1 within 10 min.'* However, zirconium is
difficult to immobilize, separate, and recycle, limiting its
practical application."> To overcome these drawbacks, some
studies have considered loading zirconium on porous
materials.'® Biochar (BC) is an inexpensive and environ-

Because of rapid industrialization and urbanization, antimony
(Sb) concentration in our environment is increasing. Chronic
intake of antimony-tainted food can cause a range of health
problems, such as reproductive damage, developmental
disorders, immune dysfunction, and neurological toxicity,
which can cause serious threats to human well-being.' As a
result, Sb is classified as priority pollutants by U.S. Environ-
mental Protection Agency (USEPA) and Council of the
European Union (EU).” Global Sb reserves exceed 1.8 million
tons, with over 80% of output centered around Southwest
China (such as Dushan and Dashan mines).’ Massive Sb mine
misuse and industrial development have led to the
anthropogenic emission of significant quantities of Sb ions
into their surroundings. Antimony concentrations in some
polluted waters were high, from 100 to 7000 mg-L_l,4 far
exceeds Chinese emission limit (GB30770-2014, 0.3 mg-L™").
Both antimony(IlI) and antimony(V) are the main Sb types
found all over aqueous surroundings but Sb(V) has better

solubility and migration rate.” Thus, studies on the effective Received:  February 18, 2025
Sb(V) removal in water are essential for protecting the water Revised:  June 19, 2025
environment. Accepted: June 24, 2025

. . . 6
Based on current studies, membrane separation techniques,
. .7, 8 .
flocculation/coagulation,” ion exchange, aldsorptlon,9 and
. 10 11
electrochemical treatments = have been used to remove Sb.
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Figure 1. SEM images of BC and ZrBC. (a,c) BC. (b,d) ZrBC. Magnification of (a,b): 4 KX, magnification of (c,d): 60 KX.

mentally friendly porous adsorbent that can be used to load
functional materials.'” However, as a negatively charged
surface, the primitive BC has poor adsorptive ability to anionic
substances.”® The adsorptive ability of BC to Sb in water can
be significantly improved by appropriate modified treatment.
In view of this, the research on the modification of BC has
attracted much attention. BC can be modified in various ways,
and the commonly used approaches are chemical modification,
including acid modification, alkali modification, metal/metal
oxide loading modification, and organic compound modifica-
tion."””’ By loading metal/metal oxides, pore properties and
oxygenated groups could be strengthened to promote cationic
7—n bonds, surface complexation, ion exchange, and electro-
static attraction of heavy metals with the BC. Introduction of
iron-based materials, such as iron salts, iron (hydro)oxides,
natural iron ores, is a simple and effective way to modify BC
with metals.”’ The maximum adsorption capacity of Sb(III) by
nano zerovalent iron-modified rice straw BC was 98.25 mg:
g~'.>> However, iron ions may be released into processed
wastewater, particularly under lower pH, and this may affect
aquatic environment.”” To address the issue of metal stability,
researchers have begun to focus on more environmentally
stable zirconium-based modified materials. Zirconium is stable
in water and its modified materials have less zirconium
leaching during adsorption.”* It showed that zirconium-
modified BC can work in removin§ some anionic pollution
in water, like arsenic,”® sulfate ions,"® fluoride,”® and Cr(VI).?’
Actual Sb pollution level in aquatic waters is usually low, for
example, in the surface water of Weishan mine area, Banpo
antimony mine area, and the rivers near Xunyang Hg—Sb mine
in China, Sb concentrations were 1.20—1.72 mg-L™", 1.37 mg-
L7, and 1.58 mgL™', respectively. Despite some studies
reporting excellent Sb removal efficiencies, effectively reducing
Sb concentrations to less than 0.3 mg-L™" at a reasonable cost
remains a significant challenge.

In the research, peanut shell BC was produced and modified
with zirconium oxychloride to obtain modified biochar
(zrBC), with 1 mg-L™" Sb(V) selected as the experiment
concentration. Isothermal, kinetic, thermodynamic, environ-
mental impact factors, and practical application potentialcyclic

were carried out. The materials were also characterized and
analyzed. The primary goals were to investigate the
effectiveness of removing low Sb(V) concentrations by
modified BC in various adsorption setups, as well as to
understand the possible adsorption processes and mechanisms.

2. RESULTS AND DISCUSSION

2.1. Characterization of Adsorbents. 2.1.1. SEM—EDS
Analysis. Scanning electron microscopy (SEM) scans for BC
and ZrBC surface morphology are presented at Figure la—d.
Figure lab shows the morphology of BC and ZrBC at a
magnification of 4 KX, and the morphology of BC and ZrBC at
a magnification of 60 KX is shown in Figure lc,d, respectively.
As seen in Figure la, BC has porosity structures with coarse
surfaces, favoring the provision of more active sites and at the
same time providing space for zirconium loading. Comparing
Figure 1b,d shows that the ZrBC surface was agglomerated
with very fine particles, which may be zirconium oxide/
hydroxide loaded. In addition, in the energy-dispersive X-ray
spectroscopy (EDS) spectra (Figure Slab), it was observed
that no Zr was found on the surface of BC, and Zr was seen on
the surface of ZrBC with 15.43% (Table 1) atomic content,
suggesting that Zr was loading successively on BC.

Table 1. Surface Atom Composition of BC and ZrBC

surface atom composition (m %)

materials C (0] Zr
BC 92.67 7.33 0
ZrBC 76.93 7.64 15.43

2.1.2. BET Analysis. Adsorption—desorption curves for BC
and ZrBC are given in Figures Slc,d, and Table S3 provides
specific parameters. According to International Union of Pure
and Applied Chemistry (IUPAC) classification, both BC and
ZrBC were H4 hysteresis loop type IV curves, suggesting that
adsorbents were mesoporous in structure. The hysteresis curve
in BC was unclosed, possibly as a result of diffusive or
chemotrap formed during the adsorptive process.”® Compared
with BC, the specific surface area and total pore volume of
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Figure 2. XRD, FT-IR, and XPS spectra for BC and ZrBC. (a) XRD. (b) FT-IR. (c), (d) XPS, O 1s spectra.

ZrBC increased by 96.62 m’g™' and 0.055 cm®g7’,
respectively, and the average pore size decreased by 4.37 nm.
This indicated that it had a richer pore structure, providing
additional adsorptive sites to Sb(V), in agreement with
findings of SEM analyses.

2.1.3. XRD and FT-IR Analyses. BC and ZrBC crystal
patterns were determined by X-ray diffraction (XRD) (Figure
2a). Broad diffraction peaks in Figure 2a confirm that BC and
ZrBC are mainly present in the amorphous phase.'” In
addition, diffraction peaks at 28.27° and 50.83° were found in
the XRD spectrograms of ZrBC, corresponding to ZrO,
crystalline faces.”” The analyses showed BC succeeded in
achieving the loading of Zr.

Fourier transform infrared spectrometry (FT-IR) results are
shown in Figure 2b. Absorptive peaks near 3422 and 580 cm™
were attributed to stretching and bending vibrations of the
hydroxyl group (—OH).”° Band near 3011 cm™ was
consistent with aliphatic hydrocarbons (—CH,—).”" Absorp-
tive peak near 1592 cm™' stood for C=C and C=0.’>"
Bands on 1045 and 872 cm ™' represented bending vibration of
C—0"* and stretching vibration for —CH—,” respectively.
This was since this biomass was enriched with function groups,
which were retained when it was charred. After modification,
the other absorption peaks of ZrBC were found at 1349 and
493 cm™, respectively, resulting from the stretching vibrations
of Zr—OH and Zr—O,36’37 which suggested successful loading
of Zr. These results confirmed that zirconium-modification
enhanced function group abundance on BC.

2.1.4. XPS Analysis. X-ray photoelectron spectroscopy
(XPS) results for BC and ZrBC were analyzed. The O Is
spectra are shown in Figure 2c,d and the full spectra in Figure
S2. The C 1s, O 1s, and Zr 3d peaks for materials were
distinctly marked following correction for reference binding

energy for C 1s (284.80 eV). We evaluated O 1s spectra
(Figure 2¢,d). Table S7 provides specific elements of BC and
ZrBC. O 1s spectral analyses showed that BC surface
contained two main functional groups, C—O (62.89%) and
C=0 (37.11%), whereas ZrBC surface contained three main
components, C—0O (55.41%), C=0 (32.36%), and Zr—OH
(12.23%). In the full spectra of ZrBC, peaks corresponding to
Zr 3d (Figure S2) can be identified, further verifying the
success of Zr introduction at the BC surface.

2.2. Influences on Sb(V) Adsorption. 2.2.1. Impact of
BC and ZrBC Dosage on Adsorption. Figure S3a illustrates
influence of BC and ZrBC dosage for Sb(V) adsorptive
capacity. The adsorption capacity (q.) and removal rate of
Sb(V) by both adsorbents were affected by the dosage.
Adsorption capacity was negatively correlated with the dosage
due to unsaturated adsorptive sites in adsorptive processes,
which reduced unit adsorption capacity; the removal rate was
in positive correlation to dosage because the increase of the
dosage provided more adsorption sites.” It is clear from this
figure that ZrBC adsorptive effect was significantly more
favorable than BC. Adsorption capacity was intersected with
removal rate when a dosage was 0.125 g-L™" for BC and 0.080
g'L™! for ZrBC. Ensuring that the two materials were directly
compared in same conditions, 0.125 g~L_1 (i.e., adsorbent mass
of 0.010 g) was chosen for subsequent experiments. In this
case, the adsorption capacity and removal rate of Sb(V) by
ZrBC were 7.62 mg-g~' and 99.07%, respectively. Accordingly,
the optimum adsorbent dosage was identified as 0.125 g-L™'
and subsequent research was carried out under this condition.

2.2.2. Impact of Contact Time and Initial Sb(V)
Concentration. Contact time is one of the important factors,
and the result of its influence on Sb(V) adsorption is shown in
Figure S3b. As shown in figure, adsorption capacities of BC
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Figure 3. Impact from coexisting ions on Sb(V) adsorption by adsorbents. (a) Impact of coexisting anions. (b) Impact of coexisting metal ions.

and ZrBC rose rapidly within 30 min, reaching 3.33 and 7.96
mg-g~!, respectively. This occurred because adsorbent
provided abundant adsorptive sites during the initial reaction
phase. After that, adsorption capacity was slowly increasing as
time went by, finally reaching adsorption equilibrium within
360—720 min.

The relationship between initial Sb(V) concentration and
adsorption capacity is presented in Figure S3c. As evidenced by
this figure, the adsorption of ZrBC was always higher than BC.
Sb(V) adsorption by BC and ZrBC increased promptly as
preliminary concentration was raised from 0.2 to 3 mg-L™".
Adsorption capacity raised slowly after preliminary concen-
tration exceeded 3 mg-L™". This resulted from increasing initial
concentration, which would increase chances for effective
contact with adsorbent, allowing for increased adsorption
capacity.”” Additionally, the high concentration of Sb ions
reduced the mass transfer resistance between the liquid and
solid phases, which may be another factor contributing to the
increase in adsorption capacity.40

2.2.3. Impact by Initial pH on Adsorption. Results for pH
on adsorption by BC and ZrBC are shown in Figure S3e.
Overall, Sb(V) adsorption of BC was low. Adsorptive result by
ZrBC was better under acidic conditions, with the most
significant results in the pH 2.0—4.0 range. As pH increased,
the adsorptive effect tended to decrease. The greatest
adsorptive effect was achieved with pH 3.0, with the adsorption
capacity of ZtrBC on Sb(V) of 8.57 mg-g™', and remaining
concentration in the solution was less than 0.3 mg-L™", so pH
remained at 3.0 for later experiments. The zeta potential is
shown in Figure S3f. In the acidic environment, ZrBC surfaces
were positively charged, especially when pH was less than 4.5,
but negatively charged as pH increased.

Sb(OH)4 was major form for Sb(V) at pH < 3.0; and when
solution pH was 3.0—10.0, it was mainly present as
[Sb(OH)s]~ (Figure S3d). Also, when pH 3.0—4.0, a large
amount of H' increases the positive charge at adsorbent
surfaces, resulting in high adsorption capacity of Sb(V). As pH
increased, OH™ in solution grew, and [Sb(OH)4]™ had weaker
adsorption affinity than OH™, not conducive to adsorption.*'
The adsorption capacity increased when pH = 8.0 was
probably because the surface charge, although negative,
increased at this time. As liquid mixture pH was less than

zero-point charge of ZrBC (pH,,. = 4.50), the adsorbent

surface protonated, increasing electrostatic attraction with
[Sb(OH),]~, which favored the adsorptive process. At higher
pH, the deprotonation was enhanced, and electrostatic
repulsion increased, and this can result in a reduced adsorptive
effect.”” This was approximately the same as the measurements
of material zeta potential (Figure S3f). It was hypothesized that
there were other mechanisms by which ZrBC adsorbed Sb(V)
because adsorption capacities were still large when pH values
were 2.0 and 5.0.

Above findings indicated adsorptive performance of ZrBC
for Sb(V) was optimal when pH = 3.0.

2.2.4. Impact on Sb(V) Adsorption by Interfering lons.
More universal anions (CO;>7, SO,*~, CI7, H,PO,”) were
added to the solution to mimic the Sb(V) removal in practical
water, which is possible to provide theoretical references for
treating antimony-containing wastewater. Figure 3a shows
what several anions do. For BC and ZrBC, the effect of adding
CO;* and CI” to the Sb(V) was marginal. The adsorption
capacity of ZrBC was always greater as compared to BC. This
was because CI™ and CO,;*~ primarily complexed into outer
spheres with the BC.,” hence having less effect on Sb(V)
adsorption. The same observation was reached from Cumbal
and SenGupta.” Influence of SO,*~ and H,PO,” on Sb(V)
adsorption was negative, both BC and ZrBC. SO,>” had
relatively little influence compared to H,PO,”, which was
reduced by 34.39% and 18.09% for BC and ZrBC, respectively.
The decrease in Sb(V) adsorption results from the relatively
high affinity for SO,”” to adsorptive sites of the ZrBC
surface.*> When H,PO,” was added, Sb(V) adsorption was
reduced by 50.42% and 60.72% for BC and ZrBC, respectively.
Both phosphate and antimony are located in group 15 (VA
group) of Periodic Table of Elements, thus having similar
chemical structures.”® Therefore, the presence of H,PO,~
would severely hinder Sb(V) adsorption by BC and ZrBC.

Similar metal ions were added to the solution, which was
essential to examine ZrBC adsorption selectivity on Sb(V).
Arsenic(V), chromium(VI), molybdenum(VI) and selenium-
(VI) were selected for the research, and the effects are shown
in Figure 3b. From the figure, it was clear that As(V) and
Mo(VI) inhibited Sb(V) adsorption. Cr(VI) and Se(VI)
showed little inhibition, and ZrBC reduced the adsorption
capacity of Sb(V) by 1.13% and 3.02%, respectively. The
addition of As(V) had the most obvious inhibitory effect,

https://doi.org/10.1021/acsomega.5c01523
ACS Omega XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c01523/suppl_file/ao5c01523_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c01523/suppl_file/ao5c01523_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c01523/suppl_file/ao5c01523_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c01523/suppl_file/ao5c01523_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c01523/suppl_file/ao5c01523_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01523?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01523?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01523?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01523?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c01523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
) BC o BC I / BC
60 - a ZBC 60 - b Z1BC 60 - , ZrBC
=~ Langmuir model Langmuir model (/ _ Langmuir model
= = = Freundlich model = = =Freundlich model o~ = = = Freundlich model
_ ++++ Temkin model ++ ++ Temkin model _ / -+ Temkin model
T=.‘ 40 - -'55 40 b -'a'L 40 F »,,/
L oL =3 2
U » E E 4
& oo A = ] /
20 / 20 | 20
&
i/
# e
0F ? " - oF "¢ 0F
0 2 4 8 . X l : 5 :) ; ; ” :‘i
C(mg.L™") 0 (}(mé.l.") é 8 Cmg.L™")
Figure 4. Adsorption isotherms for BC and ZrBC. (a) 25 °C. (b) 35 °C. (c) 45 °C.
Table 2. Isothermal Adsorption Fitting Parameters of Sb(V)
Langmuir model Freundlich model Temkin model
adsorption material G (mgg™) Ky (Lg™) R’ Kp (L-g™) 1/n Ry A (Lg™) Ky Ry
25 °C BC 9.69 0.31 0.89 1.74 0.71 0.81 7.21 1608.81 0.99
25 °C ZrBC 33.75 2.46 0.71 19.69 0.23 0.90 27.37 388.94 0.97
35 °C BC 23.56 0.11 0.96 2.21 0.83 0.95 4.07 1273.98 0.79
35 °CZrBC 46.25 1.15 0.98 19.57 0.63 0.99 54.80 545.99 0.72
45 °C BC 34.62 0.14 0.97 4.53 0.76 0.97 4.60 734.40 0.92
4S5 °C ZrBC 72.34 1.23 0.94 35.56 0.61 0.90 21.13 214.25 0.95
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Figure 5. Adsorptive kinetics by BC and ZrBC. (a) PFO kinetic model. (b) PSO kinetic model.

decreasing Sb(V) adsorption 59.57% and $4.47% by BC and
ZrBC, respectively. This resulted from that As(V) and Sb(V)
had extremely similar chemical structures and easily competed
with Sb(V) for the same adsorption site. Mo(VI) addition
decreased Sb(V) adsorption capacity of ZrBC by 21.68%. It
was ascribed to that Mo(VI) would form inner-sphere
complexes with the adsorbent,”” thus inhibiting the adsorption.
Overall, ZrBC had some selective adsorption of Sb(V).

2.3. Isotherm Modeling. Used for assessing the
adsorption capacity and interaction mechanisms of adsorbents,
adsorption isotherms are important indicators for research on
materials adsorption characterization. Data for Sb(V) was
modeled by fitting Langmuir, Freundlich, and Temkin models.
Figure 4 illustrates Langmuir, Freundlich, and Temkin models
at three type temperatures (25, 35, and 4S5 °C), with relevant
parameters listed in Table 2. Compared correlation coefficients
R* at three temperatures indicated that BC fitted Langmuir
modeling better, demonstrating adsorptive process was
predominantly monolayer, and ZrBC had t highest fitting
with Freundlich modeling, showing it was mainly a multilayer
adsorption.**

According to Langmuir model, maximum adsorption
capacity (g,,) by BC and ZrBC were at 45 °C, which were
34.62 and 72.34 mg-g~', respectively, and q,, of ZrBC was
significantly higher than BC. R’ values indicated that the
adsorption properties were unfavorable (R’ > 1), linear (R’ =
1), favorable (0 < R’ < 1), or irreversible (R’ = 0).* According
to Table 2 and eq S2, R’ for both BC and ZrBC were less than
1 in three temperatures, suggesting good adsorptive processes.
1/n of Freundlich model indicated the exchange strength or
surface nonuniformity. When 0 < 1/n < 1, adsorptive processes
was effective. The 1/n values were 0.23—0.63 L-g_1 for ZrBC
on Sb(V) and 0.71-0.83 L-g™' for BC at three different
temperatures. 1/n were all lower than 1 indicating that
adsorption occurred easily.”® Temkin model was utilized to
elucidate whether adsorption process involved electrostatic
interactions.”’ Temkin model was well fitted as can be seen in
Figure 4, suggesting electrostatic binding was one of the
mechanism for BC and ZrBC adsorption, which was consistent
with the analyses in pH effects.

2.4. Thermodynamic Analyzes of Sb(V) Adsorption
by ZrBC. Ambient temperature is major element influencing
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Figure 6. Reusability and reproducibility of BC and ZrBC. (a) Reusability. (b) Adsorption—desorption.

adsorptive procedures. Thus, the use of temperature as an
analytical parameter in thermodynamic experiments is of
paramount importance. The analysis findings are presented on
Figure S4 with related data in Table S4. AG of each adsorbent
at various temperatures was negative, showing that adsorptive
process was feasible and spontaneous.”” The Langmuir model
showed that q,,, of ZrBC was 33.75, 46.25, and 72.34 mg~g_1 at
25, 35, and 45 °C, respectively, which increased clearly as
temperature rose (Table 2). Therefore, high temperature
favored Sb(V) adsorption of ZrBC. The positive AH (39.98 kJ-
mol™") of ZrBC indicated that it was an endothermic process
and it preferred the adsorption with rising temperature,
explaining q,,, of ZrBC growth as temperature rose. Therefore,
Sb(V) adsorption of ZrBC was a spontaneous endothermic
process.

2.5. Adsorptive Kinetics of Adsorbent. Adsorptive
kinetics can comprehensively understand the effect of
adsorbent materials toward Sb(V) adsorptive process and is
crucial for assessing adsorption behavior on materials. The
pseudo-first-order (PFO) kinetic model and pseudo-second-
order (PSO) kinetic model were utilized for matching the data.
Figure Sa,b presents Sb(V) fitted curves, and Table SS presents
obtained parameters.

Two kinetic models were fitted with k values of 0.72 and
0.23 for BC and 1.25 and 0.29 for ZrBC, k values of ZrBC were
all higher than BC, indicating that ZrBC had a faster
adsorption speed for Sb(V).* This indicated that Zr
modification added to the reactive sites fraction at adsorbent
surface or possibly enhanced hole structure, leading to
enhanced adsorption of Sb(V). This is consistent with the
results of BET analysis. Their fitted g, were all near the actual
measurements. Both BC and ZrBC were more compatible with
the proposed PSO (R* were 0.80 and 0.96), suggesting their
Sb(V) adsorption were mainly chemisorption. Liu et al.
reached analogous results.*”

2.6. Reusability and Reproducibility of BC and ZrBC.
Reusability and reproducibility of adsorbents are two
important factors in determining their use. Figure 6 presents
results on reusability and adsorption—desorption process of
BC and ZrBC for Sb(V) adsorption. Overall adsorptive
efficiency by BC was low as seen in the figure, with a slight
increase in the removal rate after four repetitions. ZrBC
adsorption capacity was almost unaffected as the repetition
number increased. Sb(V) adsorption by ZrBC had potential
for reusability.

NaOH was used as the desorbent. The experimental
determinations indicated BC adsorptive capacity on Sb(V)
tended to decrease with the rise of adsorption—desorption

cycle times, whereas ZrBC adsorptive capacity was almost
unaffected. Meanwhile, during the desorption process,
concentration of Sb(V) desorbed gradually rose. Post four
cycles, removal rate of BC decreased from 46.39% to 43.82%,
and the desorption amount was 1.75 mg-g~"; the removing rate
of ZrBC could still be 100%, and the desorption amount was
6.16 mg-g~". The desorption of Sb can be attributed to NaOH
leading to the excessive OH™ in the solution, and Sb was
desorbed by combining with this portion of OH™. The
decrease in the adsorption of Sb may result from losing active
sites on material surface and impregnated particles.”’ In
summary, in terms of recycling, ZrBC performed better than
BC and has the potential to reduce Sb in water.

Therefore, adsorptive ability of ZrBC was better than that of
BC. Sb(V) could be successfully desorbed from ZrBC that
showed reusable potential even after multiple application
cycles, increasing its value for Sb(V) treatment applications in
water.

2.7. Application of ZrBC in Real Wastewaters. Figure 7
demonstrates effects of ZrBC dosage for Sb removing in actual
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Figure 7. Effect of ZrBC dosage on actual wastewater.

antimony mine wastewater (Sb concentration was 1.37 mg-
L™.). As ZrBC dosage increased, Sb concentration of
wastewater tended to decrease significantly. ZrBC g, for real
water was lower than that of simulated wastewater. When
ZrBC dosage as 0.125 g-L 7/, q. was 6.97 mg-g~". It was due the
complication with background compositions in practical
wastewater and existence of numerous substances (such as
and SO,*”) (Table S6) which probably compete against Sb.
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Figure 8. FT-IR and XPS spectra of ZrBC before and after Sb(V) adsorption. (a) FT-IR. (b) XPS, full spectra. (c), (d) XPS, O 1s spectra. (e), (f)

XPS, Zr 3d spectra.

When ZrBC increasing further toward 0.3125 g~L_1, the
residual Sb concentration in water was 0.19 mg-L_l, below 0.3
mg-L_1 emission limit (GB 30770-2014). In summary, ZrBC
had potential for practical applications.

2.8. Mechanism of ZrBC Adsorption of Sb(V) in
Water. Adsorptive experiments show ZrBC has better
adsorption effect on Sb(V) compared with BC. To further
investigate the removal mechanism, ZrBC before and after
Sb(V) adsorption were characterized using BET, FT-IR, and
XPS.

Surface properties before and after adsorption were
investigated by BET analysis. Related parameters are listed in
Table S3. After Sb(V) adsorption, the specific surface area and
total pore volume of BC and ZrBC decreased 46.66 m*-g™" and
0.028 cm®-g™!, respectively, showing the function of pore filling
for Sb(V) adsorption.™

FT-IR spectroscopy can analyze surface functional groups of
ZrBC, as well as variations subsequent to Sb(V) adsorption.
The FT-IR before and after adsorption of Sb(V) is shown in
Figure 8a. ZrBC adsorption for Sb(V) resulted in a drop on —

OH peak. This was because hydroxyl group could serve as a
hydrogen donor and formed hydrogen bonds with the oxygen
atoms on Sb(V).>* Sb(V) adsorption by ZrBC showed a
shifted at Zr—OH peak, due to ligand exchange of Zr—OH
with Sb. Absorption peak at 493 cm™" was reduced after Sb(V)
adsorption, by forming inner-sphere Zr—O—Sb complexes
through empty d-orbitals of Zr.

Sb 3d existence proved satisfactory Sb adsorption by ZrBC
(Figure 8b,d). The O 1s spectra of BC before and after Sb(V)
adsorption are given in Figure 8c,d. After adsorption, Sb 3ds/,-
O and Sb 3d;/,-O peaks appeared, indicating successful Sb
adsorption on ZrBC. Sb 3d;;,-O and Sb 3d;/,-O were at
531.69 and 540.74 eV, respectively, representing Sb(V).>®
Table S7 shows that after Sb(V) adsorption, the C=O content
decreased from 32.36% to 24.59%, and C—O reduced from
5541% to 33.67%. This may be due to their complex
formation with Sb(V). Zr 3d spectra of ZrBC were all
characterized by two peaks (Figure 8e,f), belonging to the Zr
3dS and Zr 3d3 electronic orbitals."> Adsorption of Sb(V) by
ZrBC increased the binding energy of the Zr 3d peak by about
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0. Twenty-three and 0.25 eV, respectively, which was due to
the binding between Sb and Zr. Zirconium faced a large
electron abstraction when bonded to it and tended to lose
electron density, resulting increased bonding energies of Zr
3dS and Zr 3d3.°° In addition, Zr—OH may undergo ligand
exchange with Sb.”’

According to aforementioned results, Figure 9 describes the
adsorptive mechanism diagram of ZrBC on Sb(V) in water,
including pore filling, ligand exchange, complexation, hydrogen
bonding, and electrostatic interactions.
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Figure 9. Diagram of the mechanism of Sb(V) adsorption by ZrBC.

3. CONCLUSIONS

3.1. Shortcomings and Future Prospects. Research
found ZrBC efficiently removes trace Sb(V) and shows strong
environmental adaptability. Despite these promising findings,
certain limitations remain. To advance the practical application
of ZrBC, future research should focus on the following two
aspects: (1) accounting for the complex environmental
conditions of natural waters and further enhancing adsorptive
property, and (2) evaluating ZrBC adsorptive ability under
dynamic flow conditions to better simulate real-world
scenarios.

3.2. Conclusions. In this study, peanut shells, an
agricultural waste, were modified to obtain a novel
zirconium-modified BC (ZrBC) for the treatment of Sb(V)
wastewater. The results showed that ZrBC could effectively
remove low concentrations of Sb(V) from water and achieved
resourceful use of peanut shell solid waste. ZrBC had ability to
adsorb Sb(V) from water with the g,, of 72.34 mg-g™' at pH
3.0, contact time of 720 min, and dosage of 0.125 g-L_l. For
most of the coexisting ions (Cr(VI), Se(VI), Mo(VI), CO5*",
SO,*7, CI7), the ZrBC adsorption was not strongly affected by
them, and the inhibition effect ranged from 0.74% to 21.68%.
Isothermal (Freundlich model, R* = 0.90—0.99) analyses
indicated that Sb(V) adsorption on ZrBC was a multilayer, and
kinetic (PSO kinetic model, R* = 0.96) revealed that the
adsorption process was mainly chemisorption. Thermody-
namic research indicated that the adsorption process was heat-
absorbing and spontaneous. After four repetitions and
adsorption—desorption, the Sb(V) removal rate was stable at
100%, and g, of ZrBC for Sb in actual wastewater was 6.97 mg:
g ! at 0.125 g-L™" dosage. These experimental results showed

that the ZrBC had some practical application value. Pore
filling, ligand exchange, complexation, hydrogen bonding, and
electrostatic interactions dominate the immobilization of
Sb(V) in the aqueous environment. In conclusion, ZrBC
significantly enhanced the adsorption capacity and it is an
effective adsorption material, which can provide theoretical
information and practical basis for the field of Sb adsorption.

4. MATERIALS AND METHODS

4.1. Materials and Instruments. Peanut shells were
produced in Nanyang, Henan Province. Tables S1 and S2 list
the chemistries and instrumentation information needed to
accomplish experiments.

4.2, Prepare for BC. 4.2.1. Preparation of Original BC.
Peanut shells were removed from impurities, desiccated at 90
°C over 12 h, then powdered. The powder was placed in a tube
furnace and then heated to 550 °C at a heating rate of 7 °C-
min~"! in a stable N, environment (2 h) to obtain peanut shell
BC. The solid product was moved, washed to remove the ash,
desiccated at 80 °C, milled, and sifted with a 100 mesh filter.
The resulting BC was marked as BC.

4.2.2. Prepare for Zirconium-Modified BC. The coprecipi-
tation method was used to synthesize zirconium-modified BC.
BC was added to 1% ZrOCl,-8H,0 solution (the mass ratio of
BC and ZrOClL,-8H,0 was kept at 1:1) and mixed well by
magnetic stirring. pH was adjusted as high as 10 using 10%
NaOH and stirred continuously for 1 h. The supernatant was
then filtered through a glass loophole. The precipitate was
cleaned and dried at 80 °C. Zirconium-modified biochar
(ZrBC) was obtained, dried, and stored away from light for
later use.

4.3. Adsorption Experiments of Sb(V) by BC and
ZrBC. Adsorptive performance of BC and ZrBC for Sb(V) was
analyzed by batch adsorption tests under different environ-
mental factors, i.e., dose, contact time, initial Sb(V)
concentration, solution pH, and interfering ions. Different
doses (0.0625, 0.1, 0.125, 0.25, 0.625, 1, and 1.25 gL™),
contact times (1, S, 10, 15, 30, 60, 120, 240, 360, 540, 720,
900, 1,080, 1,260, and 1440 min), initial Sb(V) concentration
(02,04,06,08,1,2,3,4,5,6,7,8,9,and 10 mg:L™"), and
pH (2.0, 3.0, 40, 50, 6.0, 7.0, 8.0, 9.0, and 10.0) were
investigated. In order to assess adsorptive property of ZrBC for
Sb(V) in a complex ionic environment, several ions were
selected as the interfering ions, including the anions CO,*",
H,PO,”, SO,*7, and CI, with the concentration set at 1
mmol-L™}; and the metal ions similar to Sb, arsenic(V),
chromium(VI), molybdenum(VI) and selenium(VI), with the
concentration set to 0.1 mmol-L™". In isotherm tests, Sb(V) at
concentrations of 0.2—10 mg-L ™" was shaken for 720 min in 25
°C. Similarly, experiments were conducted at 35 and 45 °C for
thermodynamic analyses. In kinetic experiments, samples were
collected at different times (1—1440 min) from Sb(V)
solutions. In the repeatability experiments, four adsorption
reactions were repeated with the adsorbent. In the cyclic
regeneration test, four adsorption—desorption runs were
performed with a 1% NaOH solution as the desorbent. Actual
antimony-containing wastewater from the mine was taken to
study the effectiveness of ZrBC in the real environment.

All samples were filtered through 0.45 ym membranes, and
Sb(V) concentrations were determined by hydride generation
dual-channel atomic fluorescence spectrometry (HG-AFS). 1
mL of the supernatant filtrate after the reaction was taken in a
10 mL centrifuge tube, 1 mL of 50% HCI and 1 mL of 5%
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thiourea—ascorbic acid solution were added. The volume was
fixed to 10 mL and then determined the antimony
concentration in the solution after a full reaction for 30 min
in a thermostat at 30 °C. All adsorption experiments were
performed in triplicate, and data were expressed as mean =+
standard deviation (n = 3).

4.4. Characterization of Materials. Materials were
characterized by SEM and EDS, including both pre and post
modification and adsorption. The pore volume, specific surface
area, and pore size of the BC were calculated via a BET
analyzer. The differences in surface functional groups of BC
and ZrBC before and after adsorption of Sb(V) were
investigated by FT-IR. XRD was used to probe adsorbent
crystal structure, and the valence changes of the relevant
elements on the surface of the adsorbents were determined by
XPS for adsorbents. The zeta potentials of material surfaces
under different pH values were determined by the zeta-
potential analyzer.

4.5. Data Processing. The formula for adsorption is given
in eq S1. Langmuir, Freundlich, and Temkin models were
utilized for fitting isothermal adsorptive data. Appropriate
equations are eqs S2—S4. In the adsorption thermodynamic
experiments, an equation of Van't-Hoft was utilized for the
calculation of thermodynamic parameters. The calculation
equation is shown in eq SS. The data on the adsorption
kinetics experiments were simulated using PFO and PSO
kinetic models, and eqs S6 and S7 are the corresponding
equations.
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