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Antimony contamination in aquatic environment raises tremendous concerns for human health and ecosystem
safety, while there is a lack of methods for efficient and selective adsorption of antimony. In this study, an
adsorbent for trivalent antimony (Sb(III)) removal is obtained by cross-linking polyethyleneimine (PEI) onto
phosphoric acid-modified lignin-based porous biochar (PPLB). PPLB exhibits efficient adsorption of Sb(III) with a
maximum value of 371.7 mg/g, which is also highly selective as the Sb(III) removal capability by PPLB remains
unaffected under the common co-existing anions (CI’, NO3, POﬁ', and CO;Z{) and less affected with the co-existing
cations (Cd2+, Zn2+, Cu2+, and Pb2+). Such a performance is validated in three simulated Sb(III)-contaminated
water bodies (Zijiang River water, industrial wastewater, and mining area water). Understanding of the
adsorption mechanisms is further established via density functional theory calculations, revealing the dominant
adsorption site of Sb(III) on PPLB is -NH- groups. It’s finally concluded that the removal of Sb(III) by PPLB is
governed by complexation, with also the contribution from ligand exchange and hydrogen bonding. As a proof of
concept, the spent PPLB adsorbed with Sb(IIl) is valorized into an active material of sodium ion battery,

demonstrating a specific capacity of 192.4 mA h/g for 1000 cycles with a good long-term stability.

1. Introduction

Antimony (Sb) contamination in aquatic environment is increasingly
concerning due to the rapid expansion of industrial activities such as
mining and smelting processes, flame retardants, pharmaceutical pro-
duction and so on [1-3]. Sb exists primarily as Sb(III) and Sb(V), with Sb
(II1) known for its higher mobility and toxicity over Sb(V). The former
has been demonstrated to cause metabolic disorders and organ damage,
with a particular propensity to the nervous system, thus a considerable
threat to human health and ecosystem [4]. Currently, the concentration
of Sb in the mining wastewater of Xikuangshan in China was reported to
be 2 to 6384 pg/L [5], considerably higher than the standard upper limit
of 5 pg/L [6]. Besides, Antimony contamination of groundwater in
Norway reaches 50 mg/L [7]. During Sb mining process, Sb-containing
wastewater gradually becomes extremely acidic (pH<3) due to the
combination of acidic reagents and microorganisms, leading to
numerous environmental issues [8]. It is therefore imperative to develop
treatment methods for Sb-contaminated wastewater. Among various
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available methods, adsorption features great economic efficiency and
easy operation [9].

Currently, various adsorbents, especially carbon materials and their
composites, have been developed for the remediation of Sb(III)
contamination. For instance, Wang et al. described Fe-modified biochar
(FeBC) with a maximum adsorption of 64.0 mg/g for Sb(III). The iron-
active components (Fe304) and inherent C=0 bonds within the mate-
rial enhanced Sb(III) adsorption synergistically with the assistance of
peroxymonosulfate [10]. Hou and co-workers prepared cerium-doped
sulfur-carbon aerogel (Ce@SCA), achieving a maximum Sb(III) adsorp-
tion of 345.2 mg/g. The elimination of Sb(III) was mainly facilitated
through the redox and complexation effects of cerium [11]. However,
the utilization of transition metal materials to remove Sb suffers from
leaching of metal ions, and the subsequent decay of adsorbent stability
and even secondary pollution [12]. Metal-free carbon-based adsorbents
possess great chemical stability, good cost efficiency and environmental
friendliness, which are attracting extensive attention for Sb(III) removal
[13]. For example, Shen et al. proposed a chitosan modified

Received 4 September 2024; Received in revised form 27 September 2024; Accepted 27 September 2024

Available online 29 September 2024

1385-8947/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:xixi@bio.aau.dk
mailto:pengy7505@hunau.edu.cn
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2024.156262
https://doi.org/10.1016/j.cej.2024.156262
http://creativecommons.org/licenses/by/4.0/

W. Huang et al.

nicotinamide-modified eupatorium adenophorum biochar, exhibiting a
maximum Sb(III) adsorption of 170.15 mg/g, considerably higher than
that of unmodified biochar (9.97 mg/g). The introduced hydroxyl (-OH)
and carbonyl (C=0) groups on the adsorbent after molecular modifi-
cation synergistically facilitated the absorption of Sb(III) [14]. Thus,
surface modification of carbon-based adsorbents can modulate their
surface structure and provide specific functional groups for enhanced Sb
(I11) removal [15,16]. Given that Sb is a critical industrial metal, the
selective adsorption of antimony is another important criterion for
economic effectiveness. However, there is still a lack of investigation on
the selective Sb adsorption by carbon-based adsorbents. Lignin, a widely
available biomass with rich surface functional groups (-OH, C=O0, etc.),
could serve as a potential carrier for the remediation of heavy metal
[17-19]. As far as we know, lignin-based biochar has not yet been re-
ported for the selective adsorption of Sb(III).

Polyethyleneimine (PEI), a representative polymer with numerous
amino groups (-NH,, -NH-, and —N=), displays a pronounced selective
adsorption ability for heavy metals [20-22]. For example, Chen and co-
workers reported a PEI modified zero-valent iron composite using tannic
acid as the stabilizer, demonstrating a highly selective Cr(VI) adsorption
under the coexistence of Cu(Il), Ni(II), and Pb(II), with a maximum Cr
(VD) adsorption of 161.6 mg/g. The high adsorption ability and selec-
tivity of Cr(VI) were mainly ascribed to the efficient electrostatic
attraction between protonated amino groups from PEI and Cr(VI), and
the complexation of the amino group with Cr(VI) [23]. Besides, Li et al.
found that PEI modified chitosan/tailings composite exhibited selective
adsorption for Pb(I) and Cd(II) than other metals such as Zn(II), Mg(ID),
Mn(II) and Al(III), with the mechanisms of adsorption attributed to the
synergistic effects of -NHj, Si-O, and ~OH groups [24]. We thus propose
to introduce PEI molecules onto the lignin-based biochar to achieve the
selective adsorption of Sb(III) undergoing complexation between amino
groups and Sb(III). The comprehensive understanding on the underline
mechanisms is still missing.

This study therefore seeks to explore the potential application of PEI-
modified lignin-based porous biochar (PPLB) for the selective adsorp-
tion of Sb(IIl). Surface morphology and crystalline natures of the pre-
pared PPLB are characterized. The influence factors (initial solution pH,
dosage, and initial concentration of Sb(III)) on Sb(III) elimination, the
effect of coexisting ions, and the reusability of PPLB are then system-
atically studied. The selective adsorption ability of Sb(III) by PPLB is also
confirmed in real water bodies under the coexistence of different cat-
ions. The interaction between amino groups (-NHjy, -NH-, and —N=)
and Sb(III) is quantified by density functional theory (DFT) calculations.
Thus, the new insight into selective adsorption of Sb(III) by amino-
functionalized lignin-based porous biochar is established. Further, as a
proof of concept, the spent PPLB adsorbed with Sb(III) adsorbent is
valorized as an anode active material for sodium ion batteries (SIBs).

2. Chemicals and methods
2.1. Chemicals

Potassium antimony tartrate hemihydrate (KSbO4H407-1/2H50,
99.0 %), phosphoric acid (H3PO4, 85.1 %), hydrochloric acid (HCI,
36.0-38.0 %), sodium hydroxide (NaOH, 96.0 %), branched poly-
ethyleneimine (PEIL, molecular weight = 1800, 99.0 %), glutaraldehyde
(CsHgO3, 25 %), potassium hydroxide (KOH, 99.0 %), and lignin (de-
alkalized) were all supplied by Sinopharm Chemical Reagent Co., Ltd.
All chemicals were used as received without further purification.

2.2. Synthesis of adsorbents

Lignin samples were first impregnated in H3PO,4 solution (85.1 wt%)
at a mass ratio of 1:5, and dispersed in 60 mL ultrapure water. The
aqueous mixture was stirred at 85 °C for 2 h, then heated at 150 °C to
evaporate excess water, forming a homogenous slurry. The slurry in a
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porcelain boat was then heated in a microwave tube furnace at 500 °C
under Ar atmosphere for 2 h. After cooling, the sample was washed with
ultrapure water until neutral pH was obtained and then dried at 60 °C
for 12 h. The phosphoric acid-activated lignin-based porous biochar
(PLB) was yielded for subsequent use.

0.5 g PLB was added to a 30 mL PEI solution (15 % (w/v)) and stirred
at 30 °C with 300 rpm for 24 h. The mixed solution was then immedi-
ately transferred to a 100 mL 1 % (w/v) glutaraldehyde solution for
crosslinking, and stirred at 30 °C for 30 min. The resulting sample was
washed and dried at 60 °C for 12 h. Finally, the PEI-modified PLB (PPLB)
samples were obtained.

2.3. Characterization

The surface features and elemental composition of the synthesized
adsorbents were analyzed using a field emission scanning electron mi-
croscopy (FESEM, ZEISS Sigma 300, Germany) equipped with an energy
dispersive X-ray spectroscopy (EDS) detector. Fourier transform infrared
spectroscopy (FTIR, Bruker ALPHA, Germany) was employed to visu-
alize the functional groups on the materials. Brunauer-Emmett-Teller
(BET, JW-BK100, China) method was used to analyze the specific sur-
face area and porous structure. X-ray diffraction (XRD, SHIMADZU
6000, Japan) and X-ray photoelectron spectroscopy (XPS, Thermo Sci-
entific K-Alpha, USA) were utilized to examine the elemental composi-
tion, ratio, and chemical states in the materials. Finally, inductively
coupled plasma optical emission spectrometry (ICP-OES, Thermo Fisher
iCAP7200 HS, UK) was used to measure the concentration of Sb(III) in
the solution.

2.4. Batch experiments

Sb(III) stock solution (1000 mg/L) was prepared by dissolving
KSbO4H407-1/2H50 in ultrapure water, and all test solutions were
diluted from this stock. Typical batch tests were performed in conical
flasks with 200 mL Sb(III) solution (50 mg/L), with an adsorbent dosage
of 0.25 g/L. The initial solution pH (pHy) was adjusted using 0.1 mol/L
HCI or NaOH. The flasks were put in a thermostatic shaker at 25 °C and
220 r/min. Aliquots of reactive solution were taken at various time
points (5, 10, 15, 30, 45, 60, and 120 min) and filtered by a 0.45 pm
filter membrane. The equilibrium concentration of Sb was measured
using ICP-OES. All data were collected via three duplicates. More details
regarding the batch experiments, the point of zero charge (pHp;c),
analysis of adsorption model, and the regeneration of the PPLB are
provided in Text S1, S2, S3, and S4, respectively.

2.5. Practical applicability of PPLB

To evaluate the practicality of PPLB in wastewater treatment, three
types of water (Zijiang River water, industrial wastewater, and mining
area water) were used as simulated wastewater by adding a specific
concentration of KSbO4H407-1/2H50. 50 mg of PPLB was added to 200
mL of wastewater and shaken for 2 h. All experiments were conducted at
room temperature to analyze the actual Sb(III) removal behaviors using
ICP-OES.

2.6. Computational methods

Density functional theory (DFT) calculations were conducted using
the VASP code [25,26]. For the geometry optimization of isolated
molecules, plane-wave DFT calculations were employed using projector
augmented wave (PAW) pseudopotentials and the generalized gradient
approximation (GGA) of Perdew-Burke-Ernzerhof (PBE). Electron-ion
interactions were described using a plane wave basis with an energy
cutoff of 400 eV and a I'-only k-point. Atomic relaxations continued until
the residual forces were less than 0.01 eV/A, and the energy during self-
consistent field (SCF) cycles converged to 107° eV. A vacuum layer of 10
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A was introduced in the X, y, and z directions, sufficient to prevent in-
teractions through the boundary. The optimized geometries were used
for single point calculation to determine the total energy.

2.7. Electrochemical measurements

The spent PPLB samples adsorbed with Sb(III) were recycled and
converted to Sb/C composites by annealing at 500 °C under Ar atmo-
sphere for 2 h. A slurry was prepared by dissolving a mixture of Sb/C
composite (80 wt%), super P (10 wt%) and polyvinylidene fluoride
(PVDF, 10 wt%) in N-methyl-2-pyrrolidone (NMP). The resulting slurry
was uniformly coated onto a copper foil to prepare the working elec-
trode. The counter electrode was sodium metal. The electrolyte
employed was 1.0 M NaClO4 dissolved in a mixed solvent (100: 5 vol%)
comprising propylene carbonate (PC) and fluoroethylene carbonate
(FEC). The assembled CR2032 half-coin cells were measured by galva-
nostatic charge-discharge (GCD) in a voltage window of 0.01-3.0 V
controlled by a Neware testing system (Shenzhen Neware Electronic
Co.), in an argon-filled glovebox at room temperature.

3. Results and discussion
3.1. Surface morphology and crystalline natures

The morphology and elemental composition of PLB and PPLB are
examined using scanning electron microscopy (SEM). As shown in
Fig. 1a, PLB displays a rough surface with a uniform distribution of
pores. After PEI modification (Fig. 1b), PPLB shows no obvious change
on the porous structure in comparison to that of PLB, implying that the
introduction of PEI molecules retains the initial structure of PLB. As seen
from the EDS mapping images of PPLB (Fig. 1c-f), elemental C, O, P, and
N are homogeneously distributed on the sample, with a nitrogen content
reaching 11.39 wt% (Fig. S1), verifying the successful grafting of PEI
onto the skeleton of PPLB.

The crystalline structures of PLB and PPLB are characterized using
XRD (Fig. 2a). PLB sees a broad diffraction peak at 20 = 25.3° related to
the (002) crystalline plane, and the peak located at 20 = 43.1°
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representing the (100) crystalline plane, indicating an amorphous car-
bon structure. In comparison to that of PLB, the (002) peak diffraction
angle of PPLB is slightly negatively shifted, likely due to the insertion of
PEL, causing an increase in interlayer spacing of carbon [27]. Mean-
while, FTIR spectra (Fig. 2b) sharply exhibit the signals of surface
functional groups of PLB and PPLB within 4000-400 cm™'. The broad
peak at 3445 cm ™! is primarily assigned to overlapping vibrations of
—OH, -NHj, and -NH- groups, indicative of the presence of adsorbed
H30 and amino groups on the PPLB surface [28]. The bending vibration
peak at 1445 cm ™! is assigned to the -NH- signal of PEI molecules, which
is not seen from that of PLB, confirming the successful modification of
the PPLB surface with PEI [29]. The stretching vibration peak at 1640
em ™! corresponding to C=0, while the peaks at 1154 and 1032 cm™!
attributed to P=O stretching and P-O vibrations, respectively, are found
from both samples, verifying the successful introduction of phosphorus-
containing groups on the material surface after HsPO4 activation [30].
Notably, an enhanced vibration peak intensity at 1385 cm™! corre-
sponding to the stretching vibrations of C-N/C-P is seen on PPLB. After
PEI modification, the attenuation of P=0/P-O peaks and the amplifi-
cation of C-N/C-P vibrations indicate that PEI molecules bind to
phosphorus-containing groups.

The N, adsorption-desorption isotherms and pore-size distributions
of PLB (Fig. 2¢) and PPLB (Fig. 2d) are analyzed. According to Inter-
national Union of Pure and Applied Chemistry (IUPAC), the adsorp-
tion—desorption isotherms of both samples exhibit type IV with H3
hysteresis loops, indicating PLB and PPLB possess the features of mes-
oporous structure [31]. The pore-size distribution plots (insets of Fig. 2¢
and 2d) reveal that both samples exhibit multi-scale pores with a hier-
archical structure comprising micropores and mesopores. The average
pore size of PLB is 6.7 nm, which increases to 9.0 nm after PEI modifi-
cation for PPLB. The pore volume is reduced from 1.3 to 0.7 cm®/g. In
contrast to PLB, PPLB shows a significant decrease in peak intensity
within the microporous (1-2 nm) and mesoporous (2-5 nm) regions, as
partial pores are blocked by PEI modification. BET data analysis
(Table S1) shows that the specific surface area of PLB (764.6 m?/ g)is 2.8
times greater than that of PPLB (272.1 m%/g). This pore blockage phe-
nomenon is consistent with a previous study [32], indicating the

Fig.1. SEM images of PLB (a) and PPLB (b). (c-f) EDS mapping results of elemental carbon (c), oxygen (d), phosphorus (e), and nitrogen (f) of PPLB.
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Fig.2. XRD patterns (a) and FTIR spectra (b) of PLB and PPLB. N, adsorption-desorption isotherms of PLB (c) and PPLB (d). The insets of (c-d) are the corresponding

pore-size distribution.

successful grafting of PEI onto PLB and the formation of a unique hier-
archical porous structure.

The surface elemental compositions of PLB and PPLB are further
analyzed using XPS. In the overall XPS spectra of PLB and PPLB (Fig. 3a),
C, O, and P elements are observed, with no N element detected in PLB.
However, a distinct N 1 s peak appears at 400 eV in PPLB, indicating a
significant increase in N content from the amino groups in PEI (Fig. 3b).
The N 1 s featuring peak is divided into three peaks at 401.8, 400.2, and
399.6 eV, corresponding to —N=, -NH-, and -NHpy, respectively [33]. In
the C 1 s spectrum of PLB (Fig. 3c), four peaks with binding energy at
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284.8, 285.5, 286.6, and 289.3 eV are assigned to C-C, C-N/C-P, C-O,
and C=0, separately. With PEI modification, the intensities of the C-N
and C-O groups increase, correlating with the grafting method of PEI, in
consistent to the above FTIR results (Fig. 2b). In addition, the P 2p
spectrum of PLB (Fig. 3d) is divided into three peaks at 132.1, 133.4, and
134.3 eV, which are assigned to C-P=0O, C-P-O, and C-O-P, [34]
respectively. Additionally, the intensity of the C-P=0 peak increases
while the C-O-P peak decreases, attributed to the reaction of
phosphorus-containing groups with primary and secondary amines of
PEI molecules to form phosphoramides or other complex P-N-O groups
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Fig.3. XPS survey spectra (a). N1 s (b) and C 1 s (c) and P 2p (d) spectra of PLB and PPLB.
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[35].
3.2. Antimony removal study

3.2.1. Influence factors of antimony elimination

A range of batch experiments have been conducted to study the key
factors, including initial solution pH (pHp), dosage, and initial Sb(III)
concentration ([Sb(III)]y), that govern the removal performance of Sb
(ID) by the synthetic adsorbents. First, the removal efficiency of Sb(III)
by PPLB achieves 85.6 % at pHj of 3 after 120 min, in contrast to only
about 10 % by PLB (Fig. S2) under the same condition. This suggests that
the modification of PEI molecules onto PPLB significantly enhances the
adsorption of Sb(III), which is investigated in detail later. As shown in
Fig. 4a, the adsorption efficiency and capacity of Sb(IlI) by PPLB in-
crease from pHy of 2 to 3, while decrease sharply from pH of 3 to 8, thus
displaying a maximum equilibrium absorption capacity of Sb(III) by
PPLB of 180.8 mg/g at pHy of 3. This pH-sensitive behavior is further
analyzed according to the Pourbaix diagram of Sb (Fig. 4b). Sb(III) is
mainly present as Sb(OH)3 molecules in the pH window of 2-8. Mean-
while, the amino groups of PEI on PPLB will be protonated with the
formation of species e.g., -NH3, -NH3-. Combined with the pH,, value
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(7.1) of PPLB (Fig. S3), when the pHy < 7.1, the surface of PPLB is
positively charged [36]. Therefore, with the increase of pHy from 3 to 8,
the decay of Sb(III) removal is mainly due to the decrease in protonation
degree of amino groups. Besides, within the pHy region of 2-3, there is a
slight increase in Sb(III) adsorption efficiency. This observation may be
the result of the extra H' ions in strongly acidic condition (pHp = 2)
interact with —OH surface groups on PPLB, influencing the effect of
hydrogen bonding and ligand exchange between ~OH groups of PPLB
and Sb(OH)s, thus leading to the slight decrease of Sb(III) adsorption at
pHo of 2 [11]. Further, the mechanism of good adsorption capability of
Sb(III) by PPLB is supposed not limited to electrostatic adsorption, but
also due to the complexation between protonated amino groups of PEI
and Sb(OH)3 molecules, which will be discussed later. Overall, pHy 3 is
adopted in subsequent investigation.

Fig. 4c illustrates the effect of dosage on the removal performance
and adsorption of Sb(IIl) at [Sb(III)]o of 50 mg/L and pHy of 3. As the
dosage increases from 0.05 to 0.15 g/L, both the removal efficiency and
adsorption capacity of Sb(III) rise as more adsorption sites are available
on PPLB. When the dosage further increases beyond 0.25 g/L, the
excessive adsorption sites lead to competitive adsorption, and the pH
value of the solution is increased with the increasing dosages of PPLB
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Fig.4. (a) pH effect of the Sb(III) removal by PPLB. (b) Pourbaix diagram of Sb at 25°C. (c) The dosage effect of the Sb(III) elimination by PPLB. (d) The isotherms of
Sb(III) elimination onto PPLB fitted with the Langmuir and Freundlich model. (e) Sb(III) elimination kinetics of PPLB, simulated by pseudo-first/second order and
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adsorbents (blue symbol) towards Sb(III) (where applicable): [Sb(II)], = 75 mg/L, pHo = 3 £ 0.1, and dose of 0.25 g/L. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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due to the protonation of amino groups, resulting in a decrease in Sb(III)
adsorption capacity. At a dosage of 0.15 g/L, the equilibrium removal
amount of Sb(III) reaches a maximum of 246.6 mg/g. Additionally, at a
dosage of 0.25 g/L, the equilibrium removal amount is 180.8 mg/g, with
a maximum removal efficiency of 85.6 %. Considering both adsorption
capacity and removal efficiency, a dosage of 0.25 g/L is selected for later
study. Fig. S4 demonstrates the effect of the [Sb(III)]o ranging from 50 to
200 mg/L on the removal of Sb(IIl) by PPLB. At [Sb(III)]o of 50 mg/L,
the removal efficiency of Sb(IIl) is determined to be 85.6 %, with an
adsorption capacity of 180.8 mg/g. While the removal efficiency and
capacity at a higher [Sb(III)] of 75 mg/L increase, which are 85.3 % and
259.5 mg/g, respectively. Further increase of [Sb(III)]o to 200 mg/L
witnesses an increased equilibrium removal capacity of 361.2 mg/g, but
a decreased removal efficiency of 44 %. Considering both of the above
batch experiment results and potential practical applications, the
optimal conditions of PPLB adsorbent for further studies are selected to
be pHy = 3, dosage of 0.25 g/L, and [Sb(II[)] of 75 mg/L.

The isotherms for Sb(III) removal by PPLB are fitted using the
Langmuir and Freundlich models (Fig. 4d). Given the coefficient of
determination (R?) fitted from the Langmuir (R? = 0.983)/Freundlich
(R? = 0.983) model simulations (Table S2) [37], the isotherm for Sb(III)
removal by PPLB aligns more closely to the Langmuir model. It suggests
that the removal mechanism of Sb(III) by PPLB is more likely to be
monolayer adsorption on a uniform surface. The corresponding kinetic
curves for Sb(III) removal by PPLB are fitted with pseudo-first-order,
pseudo-second-order, and Elovich models (Fig. 4e). The R? for the
pseudo-second-order model is 0.999, greater than 0.995 for the pseudo-
first-order model and 0.986 for the Elovich model, respectively
(Table S3). Therefore, the kinetic curve for Sb removal by PPLB is
consistent to the pseudo-second-order model, indicating that the pri-
mary mechanism is chemisorption. We also use the intra-particle
diffusion model to understand the diffusion nature during the adsorp-
tion process. The fitted curve does not pass through the origin point
(Fig. S5), suggesting that intra-particle diffusion is not the only rate-
limiting step and that the adsorption process is controlled by multiple
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steps [38]. The adsorption process can be grouped into three linear re-
gions. The ki, 1 (20.90) value fitted for the first stage is higher than those
of kint2 (3.14) and kin,3 (0.013) (Table S3), indicating the highest
adsorption rate, likely due to the diffusion of Sb(III) to the boundary
layer on the external surface. In the second region, the intra-particle
diffusion becomes the rate-limiting step, as Sb ions gradually occupy
the adsorption sites. The third region represents the equilibrium process.
Furthermore, compared to other adsorbents for Sb(II) removal
(Table S6, and Fig. 4f), the PPLB prepared in this study exhibits a su-
perior Sb(III) removal capability, with a maximum Sb(III) removal ca-
pacity of 371.7 mg/g.

3.2.2. Effect of coexisting ion and reusability

Antimony ions in natural and industrial wastewater often coexist
with various anions such as Cl;, NO3, CO3", PO, and SO%. They also
compete with antimony ions for adsorption sites on the adsorbent,
affecting the removal efficiency [39]. Fig. 5a shows the effect of the
coexisting anion on the adsorption of Sb(III) by PPLB. The removal ef-
ficiencies of Sb(III) are 86.8 %, 86.4 %, 86.1 %, 87.6 %, and 52.1 %, in
different coexisting anions such as Cl, NOg, CO%‘, PO?{, and SO?{,
respectively. Besides, as shown in Fig. S6, when [PO?{] are 75, 150, 300
and 600 mg/L, the removal rates of Sb(IIl) are 82.1 %, 83.8 %, 78.1 %
and 75.5 %, respectively. Therefore, the removal efficiency of Sb(III) by
PPLB is not greatly affected by the coexistence of PO3". Except of SOF,
other common anions do not significantly influence the adsorption of Sb
(II1). SO‘Z{ strongly competes with Sb(IIl) for the active sites of PPLB
adsorbent due to its high affinity to amino groups [27].

Antimony is a potential electrode material for SIBs [40]. Selectively
enriching antimony from wastewater is the first step to convert spent
antimony-enriched adsorbents into sodium storage materials [41]. The
selective adsorption performance of Sb(III) with the commonly coex-
isting metal ions by PPLB is thus investigated [42]. Fig. 5b shows when
the concentration ratio of Cd%", Zn®*, Cu®*, and Pb?* to Sb(IID) is 1:1,
the adsorption efficiency of antimony reaches 84.9 %, while the
adsorption ratios of Cd?*, Zn?", Cu®", and Pb?" are only 1.4 %, 1.3 %,
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Fig.5. (a) Effects of different competitive anions (Cl', NO3, CO3%, PO3, and SO%) on the Sb(III) removal by PPLB. (b) Selective adsorption performance of Sb(III) with
the coexistence of Cd>", Zn?*, Cu®*, and Pb?", respectively. (c) Reusability of Sb(IlI) removal by PPLB. (d) Comparison of Sb(III) removal performance by PPLB in
different water samples (initial concentration of 75 mg/L). [Sb(III)]o = 75 mg/L, pHop: 3 &+ 0.1, dose: 0.25 g/L, contact time: 2 h.
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4.1 %, and 3.3 %, respectively. When the concentration ratio of coex-
isting ions to Sb(III) is up to 2:1, the results are similar. These results
reveal PPLB can selectively enriches antimony without adsorbing these
cations. The prepared PPLB adsorbent is expected to meet the potential
applicability for selective adsorption of Sb(III) ions from wastewater
[43]. To evaluate the reusability of PPLB for Sb(III) removal, Fig. 5c
shows the first three consecutive adsorption-regeneration cycles. In the
first cycle, PPLB achieves an Sb(III) removal rate of 85.34 %. The spent
PPLB is then treated with NaOH for desorption and regenerated by
washing with ultrapure water. PPLB maintains an Sb(III) removal effi-
ciency of 78.6 % after three cycles, demonstrating a high stability and
reusability. Such a slight decrease is frequently observed in previous
reports [4,11]. It’s likely due to the decreased number of active sites in
PPLB through the washing by NaOH solution, and also the irreversible
Sb(III) adsorption occupying the active sites.

3.2.3. Application of PPLB on selective adsorption of antimony in different
water sources

To evaluate the selective adsorption of antimony by PPLB in different
water sources, three water samples are selected, including Zijiang River
water [44], industrial wastewater, and mining area water. Detailed
compositional analysis of common metal ions (Cd**, Zn%*, Cu*, Pb2*,
Mn%", etc.) in the samples is shown in Table S4. No significant antimony
contamination is detected in the three samples. As shown in Fig. 5d, the
removal rate of Sb(III) ([Sb(III)]o = 75 mg/L) in pH-adjusted Zijiang
River water is approximately 84.5 %, and 82.6 % in pH-adjusted mine
area water, indicating a good adsorption performance. The removal
efficiency of Sb(III) by PPLB in industrial wastewater shows a declined
adsorption performance of 72.7 %, likely due to the competition with
other highly concentrated metal cations. Moreover, the PPLB adsorbent
demonstrates a selective adsorption of antimony while excluding other
metal cations. Besides, [Sb(III)]p of 10 mg/L with pHy = 3 £+ 0.1 is
chosen to represent the typical real-world water conditions. The removal
efficiencies of Sb(III) (Fig. S7a) reach more than 80 % with the addition
of 0.05 and 0.15 g/L of the absorbent, much higher than those at [Sb
(IID]o of 75 mg/L (Fig. 4c). The residual Sb(III) in the solution may be
assigned to the adsorption—desorption equilibrium on PPLB. Further
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increase the dosage, the removal efficiency decreases significantly, as
also greater changes of the pH of the solution. The increased amount of
adsorbent elevates the pH of the solution due to the protonation of the
amine group (Fig. S7b), but lowering the removal efficiency of Sb(III).

3.3. Removal mechanisms

To further analyze the mechanisms of antimony removal by PPLB, a
range of material characterization techniques have been employed. FTIR
spectra of PPLB before and after Sb(III) treatment are first analyzed
(Fig. 6a). The intensity of the overlapping vibration peak at 3445 cm™!
for —-OH, -NHj, and -NH- significantly decreases, indicating that -NH,
and -NH- groups from PEI molecules in the composite are the primary
adsorption sites for Sb(III). New vibration peaks formed at 740 and 580
cm ™! are due to the stretching vibration characteristic peaks of O-Sb
[45]. XPS spectra of PPLB (Fig. 6b-d) further reveal changes in surface
elemental composition. In Fig. 6b, it is observed that the content of -NH,
decreases from 50.6 % to 38.9 % after Sb(III) treatment, while the
content of —N=increases from 22.7 % to 38.9 %. This suggests that
primary amino groups may react to form ternary amines, or both pri-
mary and secondary amino groups act as adsorption sites for Sb(III). In
the C 1 s spectrum (Fig. 6¢), the content of C=0 decreases from 17.3 % to
12.3 %, with a peak shift, suggesting that -COOH groups on the carbon
surface also play a role in Sb(III) adsorption. The O 1 s + Sb 3d spectrum
(Fig. 6d) shows the presence of Sb 3d peaks, confirming the adsorption
of Sb on the biochar surface. Sb 3d can be divided into Sb 3ds5, and Sb
3d3/2, corresponding to binding energies of 531.5 and 540.5 eV from Sb
(III), respectively [46]. Additionally, the XRD patterns of PPLB before
and after Sb(III) treatment (Fig. S8) show no significant changes, indi-
cating that the crystallinity of PPLB remains stable during the removal
process. In addition, SEM observation at the carbon layer surface reveals
no obvious signs of morphology change (Fig. S9a-b). SEM-EDS results
(Fig. S9c-f) suggest that the elements of C, Sb, N, O, and P are uniformly
distributed on the PPLB-Sb(III) sample.

To further gain the insight of the mechanisms of Sb(III) removal by
PPLB, computational simulation is used to study the bonding interaction
between amino groups of PEI molecules (-NHy, -NH- and —N=) and Sb
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Fig.6. FTIR spectra (a) and XPS spectra (b-d) of PPLB before and after treatment with Sb(III). ([Sb (III)] = 75 mg/L, pHo: 3 & 0.1, dose: 0.25 g/L, contact time: 2 h).
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(III). Sb(OH)3 represents the predominant form of Sb(III) at pH=3
(Fig. 4b), and thus it is thus the primary study object here. Fig. 7 illus-
trates the DFT modeling results between the binding of a PEI molecular
monomer and Sb(OH)s. Three possible adsorption pathways are pro-
posed to compare the energies of complex molecule with the consider-
ation of steric hindrance: (i) a -NH; group in the PEI molecule binds
with Sb(OH)3. (ii) a -NH- group in the PEI molecule binds with Sb(OH)s.
(iii) a —N= group in the PEI molecule binds with Sb(OH)s.

As for the three adsorption pathways, the bond lengths of Sb-N in
-NH,-Sb(III) and -NH-Sb(III) complexes are 2.275 and 2.276 10\,
respectively, while the —N= group does not exhibit binding potential
with Sb(IIl). Thus, -NH; and -NH- groups can interact with Sb(OH)s,
forming stable complexes, with computational molecular energies of
—56.75 and —71.63 eV (Table S5), respectively. The more negative of
the energy of the computational complex molecule leads to the easier of
the formation the corresponding adsorption sites with Sb(III). Therefore,
this adsorption pathway from the complexation between -NH- groups
and Sb(OH)s is the most possible for Sb(III) removal. This result is likely
explained by the formation of a water molecule (Fig. 7) when one hy-
droxyl (-OH) of Sb(OH)3 combines with an hydrogen atom from another
—OH during the complexation process of -NH- with Sb(III), leading to
the generation of Sb-O with a bond length of 1.82 A, which is lower than
bond lengths of Sb-OH (1.94 and 1.96 A) in —NH,-Sb(IIl) complex.
Overall, -NH; and -NH- are effective functional groups capable of strong
complexation with Sb(III).

The removal mechanisms of Sb(III) by PPLB, including complexa-
tion, ligand exchange, and hydrogen bonding, are finally illustrated in
Fig. 8. Complexation is dominant for Sb(III) removal. The highly pro-
tonated amino groups (-NHj, -NH-) of PEI molecules on PPLB have a
strong affinity to the hydroxyl groups of Sb(OH)3 under acidic condition.
The DFT simulation reveals a strong binding effect between N and Sb,
indicating that amino groups (-NHs, -NH-) can interact with Sb(OH)3
under acidic condition to remove Sb(III) effectively. Meanwhile, func-
tional groups including ~-OH and —~COOH present on the surface of PPLB
can also participate in the removal of Sb(III) through hydrogen bonding
and ligand exchange.

3.4. Treatment cost and potential reutilization as an electrode material

The cost of the entire synthetic process of adsorbent, including
electricity, raw materials and chemicals, is evaluated. The total cost of
PPLB is 2.027 USD g’1 (Fig. S10). Further, the cost of the modifier is
compared with other previously reported adsorbents, which is compet-
itive (Table S7). Meanwhile, The spent PPLB-Sb(III) adsorbent is recy-
cled and converted to Sb/C composite for the secondary use. XRD
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analysis indicates the presence of a notable crystalline phase of anti-
mony in the Sb/C composite (Fig. S11a). Fig. S11b-d show the cycling
performance and rate capability of Sb/C composite as an electrode
material or sodium ion batteries. Sb/C composite maintains a specific
capacity of 297.8 mA h/g over 100 cycles at a current density of 100
mA/g. Further, it delivers a specific capacity of 192.4 mA h/g over 1000
cycles at a relatively high current density of 500 mA/g, showing a su-
perior long-term stability. Regarding rate performance, Sb/C composite
retains specific capacities of 331, 283, 235, 202, and 162 mA h/g at
operational current densities of 100, 200, 500, 1000, and 2000 mA/g,
respectively. When the current density is reset to 100 mA/g, the capacity
of Sb/C recovers to 310 mA h/g, demonstrating that Sb/C composite has
a good rate performance. These preliminary results hold a promise that
the spent PPLB adsorbed with Sb(III) can be reutilized as a highly-valued
electrode material.

4. Conclusion

This study explores the enhancement effect of amino groups on the
removal of Sb(III). PEI molecules with numerous amino groups (-NHo,
—NH-, and —N=) are grafted onto phosphoric acid-modified lignin-based
porous biochar, providing plenty of adsorption sites for Sb(III) removal.
PPLB exhibits a maximum Sb(III) removal capacity of 371.7 mg/g,
comparable to the state-of-the-art metal-based adsorbents for Sb(III)
removal (Fig. 4f). PPLB demonstrates a good Sb(III) removal perfor-
mance with the coexistence of common anions (Cl, NO3, PO?{, and
CO%‘) and exhibits an efficient selective adsorption ability of Sb(III)
among four cations (Cd?*, Zn?*, Cu?*, and Pb%") in water. Interestingly,
the -NH; and -NH- groups have strong affinities to Sb(III) by
complexation based on the DFT results, with the -NH- group forming a
more stable bond with Sb(III). Thus, the removal mechanism of Sb(III)
by PPLB are dominated by complexation, with also the contribution
from ligand exchange and hydrogen bonding. Further, the Sb(IID)-
treated adsorbent is converted into a sodium-ion battery anode mate-
rial, which maintains a specific capacity of 191.4 mA h/g over 1000
cycles with a superior long-term stability. This proof-of-concept work
provides a route for the upgrade of spent Sb-containing adsorbents as
electrode materials. Future work will focus on (i) evaluation of the
remediation of real Sb-contaminated soil by PPLB and (ii) gaining a
deeper understanding on the conversion from spent adsorbents into
more efficient battery materials.
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