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ABSTRACT

In this study, discarded mushroom-stick, which is widely available, was selected as a precursor to prepare MnO,-modified
biochar (MBC) for Sb(III) removal. Several characterisation methods (SEM, BET, XPS, FT-IR, and XRD) were used to
explore the mechanisms of antimony adsorption onto MBC. The results showed that MBC is a mesoporous material with a
fluffy structure and a higher specific surface area (23.56 and 32.09 m?-g~!) than PBC600 (13.62 m>g~ ), exhibiting superior
and stable adsorption capacities for Sb(IIT) (50.30 mg-g~! for 1/30MBC600 and 64-12 mg-g~! for 1/20MBC600) across a
wide pH range (pH 4-8). X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared (FT-IR) spectroscopy
analyses indicated that the main oxides and functional groups involved in the adsorption were manganese oxides and hydroxyl
groups. Forty-four per cent of the adsorbed Sb(III) was oxidised to Sb(V) by manganese oxides or hydroxyl groups both on
the surface of biochar and in solution. According to adsorption kinetics and isotherms, the adsorption process of Sb(III) is
chemisorption, which includes monolayer and multilayer heterogeneous chemisorption processes. To sum up, MBC is an
excellent adsorbent for the capture of Sb(III) from contaminated water with strong potential for future application.
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Introduction ion [Sb(OH);] and antimony hydroxide [Sb(OH)s] prevail
in natural water and differ from other heavy metals which
exist as cations (Herath et al. 2017). These emerging con-

taminants have adverse outcomes on human health and

Large-scale mining activities and smelting industries using
antimony (Sb)-containing products have triggered extremely

serious antimony pollution (He et al. 2012). Antimony mainly
exists in the aquatic environment in two oxidation states
(Sb(III) and Sb(V)), with Sb(II) being more mobile and 10
more times toxic than Sb(V) (Guo et al. 2021). Antimonite
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ecosystems (Luo et al. 2021). Excessive antimony exposure
is extremely harmful to human beings, causing gene muta-
tion and dysregulation of the immune and nervous systems
due to the high toxicity of Sb (Li et al. 2021; Nishad and
Bhaskarapillai, 2021). Currently, many researchers are devel-
oping more efficient methods to prevent Sb from entering the
environment or to sequester Sb from contaminated water (Qi
et al. 2021). However, the complex speciation of Sb makes it
difficult to identify effective antimony removal technologies
(Zhang et al. 2021b). Recently, various techniques have been
proposed for Sb removal including chemical precipitation,
flocculation/coagulation, membrane separation, and adsorp-
tion. Among them, multiple carbon-based material adsorbents
(activated carbon, carbon nanotube, biochar, and so on) have
been applied to adsorb Sb from aqueous solution (Hu et al.
2020). In particular, biochar was deemed as the most prom-
ising adsorbent attracting extensive attention because of its
economic viability, efficacy, and environmental sustainability
(Thomas et al. 2020).
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Biochar is the porous carbon-rich material of biomass
produced by high-temperature pyrolysis in limited oxygen.
Biochar has a porous and loose structure which results in a
large specific surface area, and abundant functional groups
(carboxyl, hydroxyl, carbonyl, etc.) (Pan et al. 2021). Biochar
has been widely used in various fields, including soil modifi-
cation, water pollution control, battery development, cataly-
sis, and air purification (Huang et al. 2021). Biochar has also
been adopted as efficient adsorbents for the removal of heavy
metals from water, such as Cd, Pb, Cu, As, Sb, and Cr (Calu-
garu et al. 2019; Herath et al. 2021; Jin et al. 2021; Kamran
and Park, 2020; Lian et al. 2020; Song et al. 2019; Zou et al.
2021). Currently, studies on the adsorption of Sb by biochar
are still in relatively early stages, and the adsorption capacity
of pristine biochar is usually poor. The mechanisms of the
adsorption of Sb onto biochar remain unclear (Cui et al. 2017,
Wei et al. 2020; Zhu et al. 2021). Given the many advantages
of biochar, we proposed that there is an urgent need to design
a novel modified biochar that is able to efficiently remove Sb
from aqueous solution, and that this is a topic deserving con-
siderable investment (Vithanage et al. 2015; Zhu et al. 2021).

Discarded mushroom-stick is the spent substrate that
remains after the production of mushrooms (Li et al. 2020).
As hyphae grow, they can penetrate the cytoderm of plant
cells and decompose lignin, cellulose, and hemicellulose
to obtain nutrients, leading to the formation of the loose
structure of biomass (Chen et al. 2020). This is conducive
to improving the surface area and activation efficiency of
biochar. Therefore, discarded mushroom-stick is an excellent
raw material for biochar production, as it not only repur-
poses waste material but also has obvious environmental and
economic benefits, with China producing 80 million tons
of discarded mushroom-stick each year (Cheng et al. 2019;
Kumar et al. 2021). Discarded mushroom-stick is generally
disposed of or burned, which not only leads to possible soil
or air pollution but also misses an opportunity to recover
resources (Castanho et al. 2021). Despite the immense chal-
lenges associated with recycling and reusing this discarded
mushroom-stick material, significant improvements have
been made in this field (Hou et al. 2021; Khan et al. 2021).

Manganese dioxide (MnO,) has gained particular atten-
tion and has been implemented for environmental improve-
ment over recent decades. MnO, has several important
properties, including environmental compatibility, strong
oxidising ability, adsorptive ability, acid resistance, and low
cost (Yang et al. 2021). Such advantages make it a promising
functional nanomaterial, which not only acts as an adsor-
bent material for the removal of heavy metals but also a
catalyst to degrade persistent organic pollutants (He et al.
2021; Zhang et al. 2020a). Currently, many studies indicate
that MnO, has a strong affinity to Sb and As such that it can
steadily adsorb Sb and As to achieve a better removal effect
(Ge et al. 2016; Li et al. 2018; Liu et al. 2020). However, a

series of drawbacks limit its practical application: it presents
as a fine powder, easily agglomerates, and is difficult to sepa-
rate (Wang et al. 2015). Hence, there is an urgent need to
develop MnO, composite materials that have more extensive
application prospects. Specifically, the aforementioned dis-
advantages can be overcome by dispersing MnO, particles
into porous materials such as biochar (Tian et al. 2021). Bio-
char loaded with MnO, has improved stability and enhanced
adsorption capacity, while also achieving a much greater
separation effect and adaptability (Cuong et al. 2021). Thus,
MnO,-modified biochar (MBC) is of great promise.

In this study, we fabricated three pristine biochar sam-
ples at different pyrolysis temperatures (PBC400, PBC500,
and PBC600) and three MnO,-modified biochar samples
(1/20MBC, 1/30MBC, and 1/5S0MBC) using a chemical co-
precipitation method. Two kinds of biochar samples were
applied to adsorb Sb(III) in aqueous solution. The effects of
pyrolysis temperature, initial Sb(III) concentration, and ini-
tial pH on Sb(III) adsorption onto the biochar samples were
evaluated in batch adsorption experiments. The mechanisms
of Sb(III) adsorption onto MBC were determined by Fourier
transform infrared spectroscopy (FT-IR), X-ray photoelec-
tron spectroscopy (XPS), and X-ray diffractometry (XRD).

Materials and methods
Chemicals and reagents

All reagents and chemicals were of analytical grade or
better. Discarded mushroom-stick was supplied by a farm
located in Huaxi District, Guiyang City, Guizhou Province.
Ultrapure water (18.2 MQ-cm™") was used for all the experi-
ments. Potassium antimony tartrate (CgH;K,0,5Sb,) was
purchased from Tianjin Kemiou Chemical Reagent Co., Ltd.
Manganese sulphate monohydrate and potassium perman-
ganate came from Chengdu Jinshan Chemical Reagent Co.,
Ltd and Chongqging Chuanjiang Chemical Reagent Factory,
respectively. A standard Sb solution of 1.0 g-L ™! was used
for the preparation of all standard calibration curves.

Preparation of PBC and MBC composites

The fabrication procedures for the pristine biochar (PBC) and
MnO,-modified biochar (MBC) composites were performed
according to Fig. S1. Discarded mushroom-stick was washed
with tap water several times to remove the residue, and then
dried at 80 °C for 24 h. The dried discarded mushroom-stick
was ground into fine powder. Then, the sample was transferred
into a muffle furnace and pyrolysed at different pyrolysis tem-
peratures (400 °C, 500 °C, and 600 °C) with a heating rate of
10 °C-min~" for a period of 4 h. After the furnace temperature
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returned to room temperature, the pyrolysed sample was col-
lected and ground into fine powder again to pass through 100-
mesh sieves. The 100-mesh sample was washed with ultrapure
water several times until the pH value reached 7. The resultant
biochar was dried at 80 °C for 24 h to obtain the composite
and then stored in a small valve bag for further experimental
use. The fabricated biochar samples were labelled as PBC400,
PBC500, and PBC600 based on the temperature applied.

MBC was prepared according to a chemical co-precipitation
method that has been previously published (Shen et al. 2020).
0.2332 g of MnSO,-H,0 and 4.00 g of PBC600 were mixed
in 200 mL of deionised water with slow stirring. Then, the
mixed suspension underwent ultrasound for 1 h to ensure close
contact of MnSO, and PBC600. Twenty millilitres of dissolved
KMnO, (0.1453 g) was then gradually added to the suspension
under slow stirring. The stoichiometric mole ratio of KMnO,:
MnSO,-H,O was 2: 3, and the prepared mass ratios of MnO,
to BC were 1:20. The synthesis of MBC was based on the
comproportionation reaction which took place in the solution
phase as described in Eq. (1) (Gao et al. 2018):

2MnO; + 3Mn** + 2H,0 — 5MnO, | +4H* (1

This reaction was carried out in open-air conditions for
24 h. The product was washed using ultrapure water sev-
eral times and then separated, followed by drying at 80 °C
for 12 h to obtain biochar powders. The fabricated biochar
samples were named 1/20MBC600. The same procedures
were performed to prepare 1/30MBC600 and 1/50MBC600.

Material characterisations

Field emission scanning electron microscopy was used to
examine the surface morphologies and structural properties
(FESEM, ZEISS Sigma500). The physicochemical proper-
ties of different biochar samples and their relationships with
surface area, porosity, and pore volume were determined by a
Brunauer—Emmett-Teller system (BET, ASAP2020). A Fourier
transform infrared spectroscopy (FT-IR, Nicolet IS5) instru-
ment was used to detect the functional groups on the material
surface. X-ray photoelectron spectroscopy (XPS, Thermo SCI-
ENTIFIC ESCALAB 250Xi) was used to analyse the surface
composition. X-ray diffractometry (XRD, Ultima IV) was used
to characterise the phase structures of the samples.

Batch sorption experiments
The 1000 mg-L~! stock solution was prepared by dissolving

1000 mg potassium antimony tartrate (CgH;(K,0,5Sb,) in
1 L ultrapure water and 100 mg-L~! working solutions were

@ Springer

prepared by dilution with ultrapure water. 100 mg-L~! work-
ing solutions were used for all the experiments except for the
determination of the effect of initial Sb(III) concentration.
The pH of the reaction solution was adjusted with 0.1 M HCl
or KOH before adding biochar to initiate all the experiments.
Experiments to determine the influence of pyrolysis temper-
ature (PBC400, PBC500, and PBC600) and MnO,:BC mass
ratio (1/20MBC600, 1/30MBC600, and 1/50MBC600) on
Sb(III) adsorption were carried out in a 150 mL Erlenmeyer
flask with a solution volume of 100 mL and a sample mass
of 0.1 g. The effects of the initial pH and initial Sb(III) con-
centration on Sb(II) adsorption onto the biochar in aqueous
solution were investigated under the same conditions. The
batch adsorption tests were carried out using a thermostatic
oscillator at 150 rpm with a constant temperature of 25 °C.

At given time intervals (0-24 h), 1 ml of sample was
collected and filtered (Millipore 0.45 pm) immediately.
The obtained sample was mixed with 9 ml of 0.5 M HCI
for preservation at 4 °C in the dark, awaiting detection of
Sb(IIT) and Sb(T). Sb(II) and Sb(T) were determined using
hydride generation-atomic fluorescence spectrometry (HG-
AFS9700, Haiguang, Beijing). The Sb(V) concentration was
acquired by deducting the concentration of Sb(III) from that
of Sb(T) (Costa Ferreira et al. 2019; Wang et al. 2020).

The removal efficiency of Sb (R) was calculated using Eq. (2):
R=%,AC=(CO—C) 2)

0

and the adsorption capacity ¢ (mg-g~") of Sb was calcu-

lated using Eq. (3):

A
q:%V,AC:(CO—C) 3)

where C; and C are the initial and final Sb concentrations
(mg-L_l) in the sample solution, respectively, V is the solu-
tion volume (L), and m is the mass of the adsorbent used (g).

Adsorption kinetics and isotherm

It is crucial to gain a greater understanding of the pro-
cess by which Sb(III) adsorbs onto the MBC; hence, two
different adsorption kinetics models were applied to fit
the data (Jin et al. 2021). The experimental conditions
involved an initial pH of 4.0, an adsorbent dosage of
1 g:'L7!, and a constant temperature of 25 °C. Samples
were taken at specified time intervals (0-24 h) and ana-
lysed. The pseudo-first-order model is given in Eq. (4)
(Song et al. 2019):

4, =q.(1—e™") “)
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The pseudo-second-order model is shown in Eq. (5)
(Song et al. 2019):

qikzt

—_e° 5
1 + gkt )

q;

where ¢ (min) is the retention time, g, and ¢, (mg-g™h
represent the amount of Sb adsorbed onto the adsorbent
at equilibrium and a certain time, respectively. K, (min™")
and K, (g/mg-min~") are the rate constants of the pseudo-
first-order and pseudo-second-order models, respectively.

Isotherm studies were conducted to investigate the adsorp-
tion characteristics of each biochar under similar conditions
as the adsorption kinetics experiments, using constant tem-
peratures of 25 °C and 35 °C, and various initial Sb(IIT) con-
centrations (Liu et al. 2021a). The Langmuir model is derived
from the hypothesis of monolayer adsorption between gas
and solid phases. The Freundlich equation is a semi-empirical
equation that can be used for surface adsorption and mul-
tilayer adsorption under various non-ideal conditions. The
equations of the Langmuir and Freundlich models are pro-
vided as Eq. (6) and Eq. (7) (Song et al. 2019):

_ g,bC,
1= 1TybC, ©)
q, = KpC, @)

where C, is the concentration of Sb (mg-L™!) at equi-
librium, g, is the adsorption capacity (mg-g~!) and g,, is
the maximum adsorption amount corresponding to mon-
olayer adsorption (mg-g~!), b (L-mg~!) and K. are the
equilibrium constants, and »n is the constant that repre-
sents adsorption strength.

Results and discussion

Characteristics of PBC and MBC

The major physicochemical properties of PBC600 and
MBC600 are presented in Table 1. As the amount of MnO,
increased, the elemental Mn content and BET surface area of
the biochar also increased. Figure 1a shows the SEM-elemen-
tal mapping image of 1/20MBC600 and the morphological

characteristics of 1/30MBC600 and PBC600 are provided in
Fig. S2. The surface morphologies of the three samples were
very rough and particles were small. For MBC, there was an
obvious manganese element peak detected by XPS (Fig. 1b)
(Wang et al. 2015). All the above analyses suggested that
MBC was successfully synthesised after the chemical co-pre-
cipitation of KMnO, and MnSO,. N, adsorption—desorption
isotherms of the PBC600, 1/30MBC600, and 1/20MBC600
samples are shown in Fig. 1c, and obvious hysteresis loops
were observed between the adsorption and desorption curves
at nearly P/P,>0.45 for all the samples, indicating the pres-
ence of mesopores (Cuong et al. 2021). Figure 1d presents pore
size distribution plots of these three samples mentioned above.
The dominating distribution was in the range of 2—100 nm for
all the samples, further suggesting that they were mesoporous
materials (Yao et al. 2020). Generally, mesopores play a criti-
cal role in diffusion, which is important for improving the effi-
ciency of Sb removal(Hou et al. 2021).

Batch sorption experiments

Effect of different pyrolysis temperatures of biochar
samples on Sb(lll) adsorption

The pyrolysis temperature has a vital impact on the heavy
metal adsorption behaviour of the biochar as it greatly affects
its physicochemical properties (Hu et al. 2020). Therefore,
it is of great importance to explore the influence of different
pyrolysis temperatures on Sb(III) adsorption. As mentioned
in Sect. 2.4, PBC400, PBC500, and PBC600 were applied
to carry out adsorption experiments. As shown in Fig. 2a,
among the three biochar samples, PBC600 performed best in
terms of Sb(IIT) removal, with adsorption capacity reaching
3.86 mg-g~!, followed by PBC500 (1.99 mg-g~') and PBC400
(1.80 mg-g~!). Generally, the BET specific surface area and
total pore volume of biochar increased significantly as the
pyrolysis temperature was increased, both of which led to a
higher capacity to remove heavy metal ions (Leng et al. 2021);
this is consistent with Table 1. Other studies have confirmed
that increased surface precipitation and ion exchange proper-
ties promote the adsorption of heavy metals such as Cu and
Cr(VI) by high-temperature biochar (Jin et al. 2021; Song
et al. 2019). However, previous studies also demonstrated
that a lower pyrolysis temperature can contribute to more

Table 1 . Major physicochemical Sample SBET(mz.g_l) Average pore Vm(cm3.g‘1) Surface atom composition(m%)
properties of PBC600, diameter(um)
1/30MBC600, and C N (0] S Mn
1/20MBC600
PBC600 13.62 20.05 0.067 57.07 378 3671 244 -
1/30MBC600  23.56 13.11 0.076 80.75 572 10.80 1.73 1.01
1/20MBC600  32.09 13.30 0.075 6224 290 2562 179 745
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Fig.1 FESEM image and elemental mapping of (a) 1/20MBC600, XPS patterns of the 1/20MBC600 and 1/20MBC600-Sb(b), (¢) Nitrogen
adsorption/desorption isotherms and (d) BJH pore size distributions of PBC600, 1/30MBC600, and 1/20MBC600

abundant functional groups in the biochar, which is benefi-
cial for Sb(III) adsorption (Cui et al. 2017). Therefore, both
the physical and chemical properties of biochar influence the
heavy metal ion adsorption performance. Herein, PBC 600
was selected to implement further MnO, modification work.

Effect of different MBCs on Sb(lll) adsorption

As presented in Fig. 2b, MBC samples with larger amounts
of MnO, had high sorption capacities. The sorption capaci-
ties of 1/50MBC600, 1/30MBC600, and 1/20MBC600 were
13.48 mg-g~!, 22.68 mg-g~! and 34.56 mg-g~!, respectively. It
is noteworthy that the sorption capacity of all MnO,-modified
biochar samples (1/50MBC600, 1/30MBC600, and
1/20MBC600) exceeded that of PBC600 as expected. The
improved Sb(III) removal by MBC600 was ascribed to the
higher porosity (i.e. specific surface area and mesoporosity,

@ Springer

Table 1) and the presence of MnO, (Cuong et al. 2021). More
specifically, the removal capacity of Sb(III) by 1/20MBC600
was 9.6 times higher than that of PBC600. The increase
in MnO,-coated material increased the number of adsorp-
tion sites of the biochar sample, thus increasing the contact
between the biochar and Sb and allowing Sb in aqueous solu-
tion to more easily adsorb onto MBC600 (Jia et al. 2020). The
corresponding concentrations of Sb(III) and Sb(V) over time
were measured and are presented in Fig. S3a b.

Effect of initial Sb(lll) concentration

The effects of the initial Sb(III) concentration (C:
50~200 mg-L~") on adsorption were evaluated while main-
taining an initial pH of 4 and adsorbent dosage of 0.5 g-L~!
at 25 °C. The Sb(III) removal efficiencies for two types of
biochar are shown in Fig. 2c, and the sorption capacity of
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Fig.2 Effect of (a) different pyrolysis temperature biochar samples
and (b) different MnO,-modified biochar (MBC) on Sb(IlI) adsorp-
tion. (c) Effects of different initial concentrations on the adsorption

biochar increased as the C,, increased. Furthermore, for both
types of biochar samples, the Sb(III) removal efficiencies
decreased with increasing initial Sb(III) concentrations,
whereas the adsorption capacities increased rapidly (Jin
et al. 2021). Specifically, the maximum adsorption capac-
ity of 1/20MBC600 reached 64.12 mg-g~! when C, was
200 mg-L~!. The availability of sufficient adsorption sites
allowed the material to effectively remove Sb at lower con-
centrations, but when C, was higher than 100 mg-L_l, the
previously unoccupied binding sites in the biochar slowly
became saturated or even exhausted, causing the adsorption
capacity curve to taper off until the system reached equi-
librium. Taking both the removal efficiency and adsorption
capacity into consideration, the most suitable initial Sb(III)
concentration was 100 mg-L ™! for all biochar samples.
1/20MBC600 was the most promising sample and showed
the greatest adsorption capacity. The maximum adsorption
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of Sb(II) by MBC and (d) different initial pH on the adsorption of
Sb(III) by MBC and PBC600

capacity of 1/20MBC was compared with several studies
published previously. Among various kinds of adsorbents,
our modified method has the advantages of requiring less
raw material, low cost, moderate conditions (temperature,
neutral pH value), and simplicity of operation. Thus, our
MBC is more feasible for large-scale implementation com-
pared with other materials. Given the ideal costs, sources,
convenience, and benefits, we found that 1/20MBC600 had
the best practical performance (Table 2).

Effect of initial pH

pH is one of the key factors that affect heavy metal adsorption
onto biochar. Herein, the influence of solution pH on Sb(II)
adsorption by PBC600, 1/30MBC600, and 1/20MBC600 were
determined in a pH range of 2 to 8. The results are described
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in Fig. 2d. In general, pH had little effect on the adsorption
of Sb(III) onto PBC600 and MBC600, and the capacities of
these three biochar samples were relatively stable under pH
conditions ranging from 4 to 8. This is consistent with studies
by Cui et al., 2017) and Vithanage et al., 2015). For PBC600,
the result we obtained is consistent with the work of Cui et al.
(2017), with the capacity being the highest when the pH value
was 2 and stable at pH values from 4 to 8. For 1/30MBC600
and 1/20MBC600, capacities were markedly diminished at a
pH of 2, which is similar to the findings of Wan et al., 2020).
The speciation of Sb(III) is dominated by Sb(OH); at pH val-
ues ranging from 2 to 12 and Sb(OH), when pH>12. We
speculated that this is why the capacity remained stable. As
Sb(III) may be oxidised into Sb(V), Sb(III) and Sb(V) were
measured and are presented in Fig. S3c d . The concentra-
tion of Sb(IIT) was lower and the concentration of Sb(V) was
higher for both 1/730MBC600 and 1/20MBC600 at a pH of
2. This may be due to dissolved Mn** and Mn** oxidising
Sb(III) to Sb(V) in the strongly acidic solution (Herath et al.
2017). The oxidation of Sb(IIl) by Mn** and Mn** both in
solution and on biochar surfaces after sorption could result in
desorption, as the resultant Sb(V) has a much lower affinity to
biochar compared to Sb(III) (Jia et al. 2020; Vithanage et al.
2015). Furthermore, the decrease in the quantity of Mn in
biochar would also result in a decline in the number of active
sites. Hence, MBC600 possesses a very strong capacity to
oxidise Sb(III) in solution and is thus beneficial for reducing
the toxicity of trivalent antimony.

Sb(lll) oxidation

Figure 2b and Fig. S3 are examples that demonstrate several
pieces of information. For 1/30MBC600 and 1/20MBC600,
it is at a pH of 2 that the concentration on Sb(III) declined

drastically and Sb(V) rapidly peaked and then stabilised.
In the early stage, Sb(III) was oxidised to Sb(V) and then
adsorbed into MBC600. As time went on, adsorption
reached saturation and MBC600 refused to adsorb Sb(V),
contributing to higher Sb(V) concentration in the solution.
Overall, pH had little effect on the adsorption of Sb(III) in
the range of 4 to 8. The Sb(III) oxidation can be the result
of: (1) the redox reaction between Mn** or Mn** dissolved
in solution and Sb(III) in the solution, (2) Sb(III) being oxi-
dised to Sb(V) by oxygen, and (3) the oxidation of adsorbed
Sb(III) on the biochar surface to Sb(V) by MnO,.

Adsorption kinetics and isotherm

The mechanism governing adsorption processes and solute dis-
tribution at the solid-liquid interface can be elucidated by dif-
ferent adsorption kinetic models. Herein, the adsorption kinetic
data relating to Sb(III) adsorption by PBC600, 1/30MBC600,
and 1/20MBC600 were fitted using pseudo-first-order and
pseudo-second-order equations. The kinetic curves and rel-
evant kinetic parameters of these three biochar samples are
presented in Fig. 3a and Table 3, respectively. The effects of
contact time on Sb(III) adsorption are displayed in Fig. 3, which
indicates that the adsorption of Sb(III) on the three types of
biochar samples occurred in two stages (Jin et al. 2021). First,
at time 0-240 min, the Sb(III) adsorption process was rapid
and close to the adsorption equilibrium, and then the adsorp-
tion capacity gradually reached a plateau. The initial rapid
increase in adsorption can be attributed to the large number of
active sites on the biochar surfaces and the sufficient amount
of Sb(III). As the adsorption process went on, fewer active
sites remained and adsorption capacity reached a peak. The
adsorption kinetics parameters of these three biochar samples
are illustrated in Table 3. The pseudo-second-order fit had a

Table 2 Adsorption capacities

of Sb(IlI) in aqueous solution
on various adsorbents

Adsorbent Sb (I1I) (mg.g™1) Reference

Mn-coated biochar 0.94 (Jia et al. 2020)
Canna indica derived biochar 16.10 (Cui et al. 2017)
Stover-derived biochar 4.63 (Vithanage et al. 2015)
Mercapto functionalised 108.80 (Fan et al. 2016)
silica-supported organic—inorganic hybrid sorbent

MnFe,0,—biochar 237.53 (Wang et al. 2018)
Magnesium oxide 140.10 (Xu et al. 2020)
MO-L-Biochar 248.0 (Wan et al. 2020)
CTAB/MnFe,0,/MnO, 321.03 (Yao et al. 2020)
Fe-loaded biochar 48.78 (Calugaru et al. 2019)

rGO-Fe/Ni composite

biochar-supported magnetic UiO-66-2COOH

Nano-zero-valent iron sludge-based biochar

1/20MBC600

2.48 (Lin et al. 2021)

56.49 (Zhu et al. 2021)
160.40 (Wei et al. 2020)
64.12 this study
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higher R? (>0.9) value than the pseudo-first-order model not
only for PBC600 but also for 1/30MBC600 and 1/20MBC600,
and the predicted maximum adsorption capacity for Sb(Il) was
close to that observed in experimental data. As is well known,
the pseudo-second-order equation matches chemical adsorp-
tion, indicating that this adsorption is a complicated process
mainly affected by the chemical interactions between Sb and
MBC600, such as complexation and other reactions, as well as
the physical adsorption of Sb at the active sites of the biochar
(Jia et al. 2020). Therefore, the results obtained suggested that
the adsorption of Sb(III) on the three types of biochar samples
studied was governed predominantly by chemical rather than
physical processes (Liu et al. 2021b).

Adsorption isotherms represent the equilibrium relationship
between the solution concentration and the adsorption capacity
at a constant temperature (Jiang et al. 2017). Langmuir and Fre-
undlich models at two different temperatures (25 °C and 35 °C)
were applied to determine the impact of temperature on Sb(III)
removal onto MBC. The Langmuir model assumes monolayer
adsorption between solid and gas phases, while the Freundlich
equation is a semi-empirical equation that is related to multi-
layer adsorption (Zhu et al. 2021). The regression parameters
are presented in Tab. 4. Both the Langmuir (Ri=0.76—0.99)

and Freundlich models (R§:0.85—0.99) showed convincing
isotherms at two temperatures, suggesting that Sb(IIl) adsorp-
tion onto the MBC600 is a heterogeneous chemisorption pro-
cess comprising a monolayer and multilayer adsorption (Jia
et al. 2020). The Ri value of the Langmuir equation is related
to the affinity between adsorbate and adsorbent. The larger
the Ri value, the higher the affinity of the adsorbate and the
adsorbent. The high value of Ri observed for Sb(IIl) indicates
that Sb(III) has a high affinity for adsorption onto MBC600.
At two different temperatures, the n values of 1/30MBC600
and 1/20MBC600 for Sb(III) ranged 0.53-0.56 and 0.37-0.55,
respectively, suggesting that the adsorption process was likely
a chemical process (Zhu et al. 2021). The result obtained from
adsorption isotherms is in accordance with the adsorption kinet-
ics data.

Adsorption mechanisms
FT-IR spectrum analysis

Biochar contains abundant functional groups, which can pro-
vide reaction or interaction sites on the material surface for

w
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Fig. 3 Adsorption kinetics of Sb(III) onto the PBC600 and MBCs (a) and adsorption isotherms of Sb(III) (b and c)

Table 3 Parameters of the

; R Adsorbent The pseudo-first-order model The pseudo-second-order model
two kinds of kinetic model for
PBC600, 1/30MBC600, and q./mg.g~! K, R? qo/mg.g”! K, R?
1/20MBC600
PBC600 4.70 0.01 0.83 5.10 0.004 0.90
1/20MBC600 26.59 0.03 0.83 28.84 0.001 0.92
1/30MBC600 23.55 0.15 0.90 24.76 0.008 0.93
T?b 4 Paramete? s Of the two Adsorbent Langmuir Freundlich
kinds of adsorption isotherms
for PBC600, 1/30MBC600, and q,/mg.g”! b R? n Kg R2
1/20MBC600
35C 1/20MBC600 80.61 0.06 0.94 0.55 7.83 0.88
1/30MBC600 70.28 0.03 0.99 0.56 5.31 0.99
25C 1/20MBC600 55.98 0.11 0.99 0.37 10.08 0.98
1/30MBC600 47.99 0.04 0.76 0.53 4.86 0.85
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the transformation and sorption of metal ions. FT-IR spec-
troscopy was used to probe the surface functional groups of
different biochar materials and the results for PBC600 and
1/20MBC600 before and after adsorption are provided in
Fig. 4a. The peaks at 3440 cm™!, 2924 cm™!, 1441 cm™!,
and 879 cm™! were detected on all the samples, which cor-
responded to —OH, C-H, CO?, and CO?, respectively. This
suggests that these functional groups exist on all four types
of materials (Jin et al. 2021). Interestingly, there was a new
peak at 575 cm™! that appeared on PBC600 after modifica-
tion with Mn; this was caused by Mn—O bonds and weak-
ened after Sb adsorption, providing further evidence that
Mn-O bonds on the 1/20MBC600 took part in the interac-
tion between Sb and biochar (Cuong et al. 2021). Further-
more, there were also differences in the strong characteristic
peaks at 1441 cm™! and 879 cm™! relating to the stretching
and bending motions of CO%‘. These peaks had the great-
est intensity in the PBC600 spectrum and were also more
intense before adsorption than after (PBC600 > PBC600-
Sb, 1/20MBC600 > 1/20MBC600-Sb) (Zhang et al. 2021a).
This phenomenon was probably caused by the dissolution
of CO;™.

XRD analysis

The characteristics of the crystal structures and phase com-
positions of PBC600 and 1/20MBC600 before and after
Sb(III) adsorption were investigated by XRD analysis. As
shown in Fig. 4b, there were no obvious manganese dioxide
peaks present, which implied poorly crystalline forms of
manganese oxides. The main crystal of PBC600 and 1/20
MBC600 was CaCOj, further validating their poor crystal-
linity both before and after Sb(III) adsorption (Shen et al.
2020). After Sb(III) adsorption, the diffraction peak inten-
sities of the CaCO; crystal in PBC600 and 1/20 MBC600
decreased, likely due to the dissolution of CaCO; (Zhang

Fig.4 a FT-IR and b XRD OH CH

et al. 2020b). However, the Sb crystal could not be detected
in XRD patterns. This phenomenon may be attributed to the
low crystal content of Sb adsorbed on the surface of bio-
char. Generally, it is difficult to detect crystals that comprise
less than 5% of the total, and the higher strength of CaCO,
crystals involved in PBC600 and 1/20 MBC600 would con-
ceal the diffraction peaks of other crystals, thus influencing
Sb detection. Similar biochar samples containing abundant
CaCO; were studied by Lian et al., 2020) and Zhang et al.
(2021a). The result obtained from XRD is in accordance
with the FT-IR results.

XPS spectra analysis

High-resolution XPS spectra of Sb3d3/2 and Mn2p3/2 for
1/20MBC600 before and after Sb(III) adsorption are pre-
sented in Fig. 5. As evident from Fig. 5a and c, while Sb
was not detected on 1/20MBC600 before adsorption, it was
detected after adsorption, affirming that Sb was adsorbed
on Mn-modified biochar (Jia et al. 2020). The adsorbed Sb
on 1/20MBC600 included 55.98% in the Sb(III) state (at
539.9 eV) and 44.02% in the Sb(V) state (at 540.5 eV). This
suggests that some of the Sb(III) was oxidised to Sb(V) in
the process of adsorption and that Sb(V) was combined with
1/20MBC600 by inner-sphere complexation (Wan et al.
2020). High-resolution spectra of Mn2p3/2 for 1/20MBC600
before and after adsorption are presented in Fig. 5b and
d. Both before and after adsorption, satellite peaks in the
Mn2p3/2 spectra were detected. The binding energies of
Mn2p3/2 at around 641.5 eV, 642.7 eV, and 643.9 eV were
assigned to Mn(II), Mn(III), and Mn(IV), respectively. The
respective peak area ratios of Mn(II), Mn(III), and Mn(IV)
were 12.10%, 45.94%, and 41.96% before adsorption. How-
ever, after adsorption, these changed to 41.12%, 35.56%,
and 25.32%, respectively. After Sb(III) adsorption, the pro-
portion of Mn(IV) and Mn(III) on 1/20MBC600 surface

-OH CO%¥ COZ Mn-0O

patterns of PBC600 and
1/20MBC600 before and after
Sb(III) adsorption
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Fig.5 Sb3d3/2 spectra for
1/20MBC600 before (a)

and after (c) Sb(III) adsorp-
tion, Mn2p3/2 spectra for
1/20MBC600 before (b) and
after (d) Sb(III) adsorption

diminished significantly. On the contrary, the proportion of
Mn(II) increased to 41.12%. Therefore, a reasonable infer-
ence was proposed: Mn(IV) and Mn(IIT) on MBC were

Fig.6 Schematic diagram of
Sb(I1I) adsorption onto the
MBC

a 1/20MBC600 b
1/20MBC600
C 1/20MBC600-Sb d 1/20MBC600-Sb
Sh(Ill) 55.98%
Sb(V) 44.02%

538

539

540 541 542
Binding energy(eV)

e

543 636

~

638 640 642 644 646 648 650
Binding energy(eV)

converted to Mn(II) by a redox reaction between Mn(IV),
Mn(III), and Sb(III) (Wan et al. 2020). Interestingly, the Mn
peak area decreased by 46.66% after adsorption of Sb(III)

@ Springer



49332

Environmental Science and Pollution Research (2022) 29:49322-49334

by 1/20MBC600, indicating that approximately half of the
Mn was dissolved into solution in the process of adsorp-
tion, which is consistent with the work of Jia et al.(2020).
The XPS analysis confirmed that MnO, was involved in the
reaction of Sb(III) with MBC600 (Fig. 6).

Conclusions

In this paper, a low-cost and high-efficiency MnO,-modified
biochar was synthesised, showing superior adsorption capac-
ity for Sb(IIT) compared to other biochar samples reported in
the literature. After modification with MnO,, the capacity of
biochar derived from discarded mushroom-stick showed obvi-
ous improvements, not only in maintaining stable and superior
adsorption performance in a pH range of 4 to 8 but also in having
a stronger ability to oxidise Sb(III). Therefore, this material has a
strong potential to counter Sb(II) toxicity. The adsorption mech-
anisms of Sb onto MBC600 involved physical adsorption and
chemical complexation reactions which form monodentate mon-
onuclear and edge-sharing complexes. These results suggest that
MBC600 is an excellent adsorbent that can potentially be used for
antimony removal in water bodies. Thus, MnO,-modified biochar
derived from discarded mushroom-stick is an excellent adsorbent
with great promise for future application.
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