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Abstract: This study assessed the applicability of Fe-impregnated biochar derived from cattle manure
(Fe-CMB) as an adsorbent for removing Sb(V) from aqueous solutions and investigated the Sb(V)
adsorption mechanism. Fe-CMB was mainly composed of C, O, Cl, Fe, Ca, and P, and the adsorption
of Sb(V) onto Fe-CMB was identified using an energy dispersive spectrometer and Fourier transform
infrared spectroscopy. Sb(V) adsorption reached equilibrium within 6 h, and the Sb(V) adsorption
data as a function of time were well described by the pseudo-second-order model. The Langmuir
isotherm model fit the equilibrium data better than the Freundlich model. The maximum adsorption
capacity of Fe-CMB for Sb(V) obtained from the Langmuir model was 58.3 mg/g. Thermodynamic
analysis of Sb(V) adsorption by Fe-CMB indicated that the adsorption process was exothermic and
spontaneous. The Sb(V) removal percentage increased with the Fe-CMB dose, which achieved a
removal of 98.5% at 10.0 g/L Fe-CMB. Increasing the solution pH from 3 to 11 slightly reduced
Sb(V) adsorption by 6.5%. The inhibitory effect of anions on Sb(V) adsorption followed the order:
Cl− ≈ NO3

− < SO4
2− < HCO3

− < PO4
3−.

Keywords: antimony; biochar; cattle manure; removal; adsorption; Fe impregnation

1. Introduction

Antimony (Sb), a hazardous element that is toxic to human health, causes several
diseases such as respiratory irritation, pneumoconiosis, high blood cholesterol, low blood
sugar, and cancer [1,2]. Due to the high toxicity and hazardousness of Sb, the World
Health Organization (WHO) and some countries regulate its standard concentration in
drinking water: WHO, 20.0 µg/L [3]; the United States Environmental Protection Agency,
6.0 µg/L [4]; and European Union, 5.0 µg/L [5]. The Korean government does not pro-
vide guidelines to regulate Sb concentration in drinking water, but its concentration in
wastewater is controlled to below 0.02 mg/L. Sb is predominant in nature as Sb(OH)3
and Sb(OH)6

−, and Sb(III) and Sb(V) are usually present in reducing and oxidizing water
environments, respectively [6]. The stability and solubility of Sb(V) is higher than that of
Sb(III), which prevails in water bodies by mostly remaining in an oxidizing environment [7].
Therefore, more efforts are needed to develop efficient technologies to remove Sb(V) from
aqueous solutions.

Because of the toxicity of Sb, various studies including coagulation, membrane sepa-
ration, electrodeposition, bioremediation, and adsorption have been performed to remove
Sb from aqueous solutions [8]. Among them, adsorption has been considered sustainable
and efficient for Sb removal because of its high efficiency, cost-effectiveness, and simple
operation [9]. The efficiency and cost of the adsorption process depend highly on the
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selection of adsorbents, and various adsorbents have been explored in removing target
contaminants under different environmental conditions.

Because of its porous structure, large specific surface area, abundant functional groups
on the surface, and high stability, application of biochar in environmental remediation
has attracted the interest of many researchers [10]. A wide range of organic materials,
such as agricultural byproducts, sawdust, animal manure, and sludge, can be used as
raw materials to produce biochar [11]. Biochar has been extensively applied to adsorb
heavy metals such as Cd, Cu, Cr, and Zn [12]. Biochar has attracted the attention of many
researchers as an adsorbent alternative to activated carbon, which has been most widely
used but is costly [13]. The efficiency of heavy metal removal by biochar is influenced by the
physicochemical properties of biochar, biochar dosage, pH, water temperature, and initial
concentrations and types of heavy metals [14]. However, research on biochar-mediated Sb
removal has only been attempted recently [1,8–10,15,16].

Nascent biochar is relatively ineffective in removing anions and oxyanions such as
fluoride, phosphate, Se, As, and Cr; hence, modifying the biochar to enhance its anion
adsorption capacity has been explored. Fe impregnation has been an inexpensive and
highly effective method in enhancing the biochar adsorption capacity for As removal [17].
Since Sb and As belong to group 15 in the periodic table, Sb exhibits many similar chem-
ical characteristics and behaviors as As in natural water [8]. In addition, Fe oxides and
hydroxides have been reported to strongly bind to Sb(III) and Sb(V) [18].

In our previous study [19], cattle manure pyrolyzed in the presence of Fe produced
valuable energy fuels (gas and oil) and biochar, which effectively removed selenate. Animal
manure has been applied to cropland as an organic fertilizer for replenishing the N, P, Ca, and
K, but their excessive application has resulted in environmental and public health issues such
as water pollution and the occurrence of pathogen, odors, and bugs [20,21]. Therefore, more
efficient, inexpensive, and environmentally sustainable methods for treating them have
been explored, and thermal-chemical processes including anaerobic digestion, combustion,
gasification, and pyrolysis have been considered a promising technology to treat animals
manure and produce biomass energies [20]. Pyrolysis and gasification are the most widely
used thermo-chemical treatments for cattle manures; in pyrolysis, carbonaceous materials
are thermally decomposed into biochar, liquid biofuels, and gaseous fuel at relatively
low temperature (450–600 ◦C) without oxygen. Gasification produces syngas by adding
gasifying agents such as air, steam, and air-steam [22]. Pyrolysis results in a much higher
biochar yield (~50 wt.%) than gasification (~10 wt.%) [23].

In this study, Fe-impregnated biochar derived from cattle manure (Fe-CMB) was used
for the removal of Sb(V) from an aqueous solution. The physical and chemical properties
of the Fe-CMB before and after Sb(V) adsorption were analyzed, and the Sb(V) adsorption
by Fe-CMB was characterized under various experimental conditions including kinetics,
equilibrium, thermodynamics, adsorbent dosage, pH, and the presence of anions.

2. Materials and Methods
2.1. Preparation and Characterization of Fe-CMB

The procedure to synthesize Fe-CMB is described in our previous study [19]. Cattle
manure obtained from a local dairy farm was dried at 70 ◦C for 24 h before producing
biochar. Dried cattle manure (200 g) was soaked in 1 L of 6% FeCl3 solution for 30 min.
This mixture of cattle manure and FeCl3 was agitated for 2 h and dried at 70 ◦C for 24 h.
Cattle manure was pyrolyzed at 500 ◦C in a quartz tubular furnace (HTF-Q60, Hantech,
Korea) for 3.5 h. Anoxic conditions were produced by injecting N2 gas into the reactor at a
flow rate of 100 mL/min.

The physical and chemical properties of Fe-CMB before and after Sb(V) adsorp-
tion were analyzed using field emission scanning electron microscopy (FE-SEM), energy-
dispersive X-ray spectroscopy (EDS), and Fourier transform infrared (FT-IR) spectroscopy.
The surface morphologies of the Fe-CMB were investigated using FE-SEM (S-4700,
Hitachi, Tokyo, Japan) and its elemental composition was analyzed using an EDS (Genesis
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XM2, EDAX, Mahwah, NJ, USA) attached to the FE-SEM. The chemical functional groups
present on the surface of Fe-CMB were identified using an FT-IR spectrometer (Nicolet iS10,
Thermo Scientific, Waltham, MA, USA), wherein the sample to be analyzed was prepared
as a potassium bromide (KBr) pellet.

2.2. Batch Adsorption Experiments

The adsorption characteristics of Sb(V) onto Fe-CMB were investigated by performing
kinetic, equilibrium, and thermodynamic experiments under batch conditions and fitting
mathematical models to obtain experimental data. The performance of Fe-CMB for Sb(V)
removal was also quantified under different environmental conditions by varying the
Fe-CMB dose, solution pH, and adding various anions. KSb(OH)6 (Sigma-Aldrich, Saint
Louis, MO, USA) was dissolved in deionized water to prepare a stock solution of 200 mg/L,
and the Sb(V) solution required for batch experiments was diluted from the stock. All
batch experiments were performed using the following conditions, unless otherwise stated;
Fe-CMB (0.1 g) was added into 30 mL of 50 mg-Sb/L solution in a 50 mL falcon tube
and agitated using a shaking incubator (SJ-808SF, Sejong Scientific Co., Buchon, Korea),
which was maintained at a constant speed of 100 rpm and a temperature of 25 ◦C. Kinetic
experiments were performed by varying the reaction time from 0.25 h to 24 h, and equi-
librium experiments were conducted under different initial concentrations in the range of
5–170 mg/L. Thermodynamic experiments were performed at different reaction temper-
atures set at 15, 25, and 35 ◦C for 24 h reaction. The Fe-CMB removal efficiency and the
amount of Sb(V) adsorbed onto unit mass of Fe-CMB were quantified by varying the
Fe-CMB dose amount from 3.33 g/L to 16.67 g/L. The adsorbent dose was increased
until there was no increase in the removal percentage. Sb(V) adsorption by Fe-CMB was
evaluated under different initial pH values of 3–11. The pH of the solution was adjusted
using 1 M NaOH and 1 M HCl, and the pH was measured using a pH meter (Seven-multi
S40, Mettler Toledo, Switzerland). The effect of anions on Sb adsorption was investigated
using 50 mg/L of Sb solution, which was treated with 1 and 10 mM NaCl, Na2SO4, NaNO3,
NaHCO3, and Na2HPO4.

2.3. Adsorption Modeling

The kinetic data were analyzed using pseudo-first-order (Equation (1)), pseudo-
second-order (Equation (2)), and pseudo-nth-order (Equation (3)) models, and the equations
are as follows [24]:

qt = qe

(
1 − e−k1t

)
(1)

qt =
k2q2

e t
1 + k2qet

(2)

qt = qe

1 − 1[
1 + (n − 1)qn−1

e knt
]1/(n−1)

 (3)

where qt is the adsorbed amount of Sb(V) onto Fe-CMB at time t (mg/L), qe is the adsorbed
amount of Sb(V) onto Fe-CMB at equilibrium, k1 is the rate constant of pseudo-first-order
model (1/h), k2 is the rate constant of pseudo-second-order model (g/mg/h), kn is the
rate constant of pseudo-nth-order model (gn−1/mgn−1/h), and n is the reaction order of
pseudo-nth-order model.

Langmuir (Equation (4)), Freundlich (Equation (5)), and Temkin (Equation (6)) models
were employed to analyze the equilibrium data, and the equations are as follows [25]:

qe =
QmKLCe

1 + KLCe
(4)

qe = KFCe
1
n (5)
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qe =
RT
BT

ln(KTCe) (6)

where Ce is the Sb(V) concentration in the aqueous solution at equilibrium (mg/L), KL is the
Langmuir constant related to the binding energy (L/mg), Qm is the monolayer saturation
capacity at a given condition, which indicates the maximum Sb(V) adsorption capacity
of Fe-CMB (mg/g), KF is the distribution coefficient ((mg/g)·(L/mg)1/n), and n is the
Freundlich constant. KT is the Temkin constant (L/g), BT is related to the heat of sorption
(kJ/mol), and R is the gas constant (8.314 J/mol·K).

The values of KL, Qm, KF, n, KT, and BT were determined by fitting the experimental
data to the Langmuir, Freundlich, and D-R models. All model parameters were obtained
by non-linear regression with the highest determination coefficient (R2) and lowest sum of
squared error (SSE) using Microsoft Excel 2016.

The thermodynamic properties of Sb(V) adsorption by Fe-CMB were calculated using
the following equation:

∆G0 = ∆H0 − T∆S0 (7)

∆G0 = −RT ln Ke (8)

ln Ke =
∆S0

R
− ∆H0

RT
(9)

Ke =
αqe

Ce
(10)

where ∆G0 is the change in Gibbs free energy (kJ/mol), ∆S0 is the change in entropy
(J/mol/K), ∆H0 is the change in enthalpy (kJ/mol), R is the gas constant (J/mol/K), Ke
is the equilibrium constant (-), T is the absolute temperature (K), and α is the amount of
adsorbent (g/L).

3. Results and Discussion
3.1. Physical and Chemical Characteristics of Fe-CMB

Figure 1 shows the surface morphologies of Fe-CMB obtained from FE-SEM, revealing
a rough and porous surface with round lumps. Interestingly, the porous structure of Fe-
CMB was maintained despite Sb(V) adsorption. Furthermore, Fe-CMB is mainly composed
of C, O, Cl, Fe, and Ca (Table 1). After the adsorption experiments, the Cl and Ca contents of
Fe-CMB reduced significantly, indicating their loss during adsorption. The Fe on the surface
of Fe-CMB did not decrease and detach despite the adsorption experiments, indicating that
Fe was firmly bound to the biochar surface.
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Figure 1. Surface morphologies of Fe-CMB (a) before and (b) after Sb(V) adsorption. Analyzed using
a field emission scanning electron microscope.
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Table 1. Elemental composition (weight %) of Fe-CMB obtained from energy dispersive spectrometer.

Fe-CMB C O Cl Fe Ca P Mg K S Si

Before ad-
sorption 28.0 ± 1.4 15.8 ± 2.1 18.0 ± 4.4 14.6 ± 0.8 10.2 ± 1.5 6.2 ± 1.8 2.2 ± 0.2 2.1 ± 0.1 1.9 ± 1.5 1.3 ± 0.4

After ad-
sorption 30.4 ± 1.3 19.7 ± 3.1 1.8 ± 0.4 31.9 ± 3.6 0.0 ± 0.0 8.4 ± 4.2 0.4 ± 0.0 0.3 ± 0.0 4.2 ± 3.9 0.3 ± 0.0

Fe-CMB and Sb(V)-adsorbed Fe-CMB displayed several distinctive peaks, as shown
in Figure 2. The broad band at 3229 cm−1 corresponds to the O-H bending vibration [10].
The peaks observed at 2920–2930 and 2860–2865 cm−1 correspond to the methylene C-
H asymmetric/symmetric stretch, while the peak at 1454 cm−1 also corresponds to the
methylene C-H bend [26]. The peaks at approximately 1135 and 1020–1028 cm−1 represent
the skeletal C-C vibrations [26]. The peaks near 600 cm−1 are attributed to O-H out-of-plane
bending [26]. The peaks observed between 650 and 1275 cm−1 are ascribed to ≡Fe-O [27].
The changes in the peaks after Sb(V) adsorption differ from those in previous studies, where
Sb(V) was removed using metal oxides. McComb et al. [28] reported that the intensity
of the peaks at approximately 1100 and 3200 cm−1 increased while Sb(V) was adsorbed
onto iron oxide by inner-sphere complex with the contribution of hydroxyl groups from
adsorbed antimonate. Although the results of this study were dissimilar to those of a
previous study [28], peak improvement at 1020 cm−1 evidently indicated the adsorption of
Sb(V). The peak at 1020 cm−1 is generated by the δ(OH) of hexahydroxyantimonate salt,
which may probably be enhanced by the adsorption of Sb(V) [27]. This suggests that Sb(V)
is adsorbed onto Fe-CMB via electrostatic attraction or ion exchange.

1 
 

 
Figure 2. Fourier transform infrared spectroscopy spectra of Fe-CMB (a) before and (b) after
Sb(V) adsorption.

3.2. Kinetic Adsorption Experiments

Sb(V) adsorption as a function of reaction time with model fit is presented in Figure 3,
and the model parameters obtained by kinetic models using experimental data are given in
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Table 2. Sb(V) adsorption increased sharply within 1 h and continued to gradually increase
until 6 h. A high adsorption rate was observed at the beginning of the reaction because of
the availability of favorable adsorption sites, which then decreased near the equilibrium
time owing to the saturation of favorable adsorption sites [29].

The pseudo-second-order model had a higher R2 and lower SSE than that of the
pseudo-first-order model. The qe obtained from the pseudo-second-order model is closer to
the experimentally obtained qe, 13.1 mg/g. These results indicate that the pseudo-second-
order model describes the kinetic adsorption of Fe-CMB-mediated Sb(V) better than the
pseudo-first-order model. The order of kinetic reactions, identified from n values of the
pseudo-nth-order model, were approximately 2, which is consistent with the suitability
of the pseudo-second-order model. A better description of the experimental data by the
pseudo-second-order model than the pseudo-first-order model indicates that the rate of
Sb(V) adsorption by Fe-CMB is mainly controlled by chemical adsorption [30].

Table 2. Model parameters and model suitability for kinetic adsorption data obtained from pseudo-first-order, pseudo-
second-order, and pseudo-nth-order models.

Model Parameter R2 SSE

Pseudo-first-order
qe (mg/g) k1 (1/min) 0.896 2.494

12.7 5.512

Pseudo-second-order
qe (mg/g) k2 (g/mg/min) 0.977 0.562

13.1 0.919

Pseudo-nth-order
qe (mg/g) kn ((mg/g)1−n/h) n 0.978 0.527

13.3 0.592 2.245
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3.3. Equilibrium Adsorption Experiments

The Sb(V) concentrations in the aqueous and solid phases at equilibrium are plotted
in Figure 4, and the parameters of the equilibrium adsorption models are provided in
Table 3. The adsorption amount increased with increasing initial concentrations, and Sb(V)
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adsorbed onto Fe-CMB reached a plateau at an initial concentration of 150 mg/L. The
driving force for Sb(V) adsorption was minimal at low initial concentrations owing to small
Sb(V) concentration gradient between the aqueous and solid phases [29].

A higher R2 and lower SSE values of the Langmuir model than those of the Fre-
undlich model indicate that Sb(V) is adsorbed by Fe-CMB through monolayer adsorption
rather than multilayer adsorption. The Temkin model, derived using molecular statis-
tical theory [25], fit the least with R2 = 0.877. The heat of Sb(V) adsorption calculated
from the Temkin model was 0.217 kJ/mol. The 1/n value of the Freundlich model was
0.575, which is slightly higher than 0.5, indicating that the intensity of Sb(V) adsorption
is slightly weak [31]. The maximum adsorption capacity of Fe-CMB obtained from the
Langmuir model was 58.3 mg/g, which was higher than that of the other adsorbents such
as Ce-doped magnetic biochar: 25.0 mg/g [9]; α-Fe2O3: 11.0 mg/g [32]; manganese iron
oxide: 10.0 mg/g [33]; goethite nanopowder: 7.5 mg/g [34], as reported in literatures. This
result indicates that Fe-CMB can be used as a promising adsorbent for Sb(V) removal from
aqueous solutions.
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Table 3. Model parameters and model suitability for equilibrium adsorption data obtained from
Freundlich, Langmuir, and Temkin models.

Model Parameter R2 SSE

Freundlich
KF (L/g) 1/n (-) 0.960 83.8

4.910 0.575

Langmuir Qm (mg/g) KL (L/mg) 0.982 39.1
58.3 0.051

Temkin
BT (kJ/mol) KT (L/g) 0.877 260.3

0.217 0.423

3.4. Thermodynamic Adsorption Experiments

The Van’t Hoff plot obtained from Sb(V) adsorption experiments at 15, 25, and 35 ◦C
are presented in Figure 5, and the enthalpy (∆H0), entropy (∆S0), and Gibbs free energy
(∆G0) obtained from the thermodynamic analysis are presented in Table 4. The Sb(V)
adsorption by Fe-CMB decreased with increasing reaction temperature, which is consistent
with the negative value of ∆H0. The negative value of ∆H0 indicates that Sb(V) adsorption
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onto Fe-CMB is exothermic. The free energy (∆G0) values under all conditions in this study
were negative, which suggests that the Sb(V) adsorption process was spontaneous.
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Table 4. Enthalpy, entropy, and Gibb’s free energy for the adsorption of Sb(V) by Fe-CMB.

Temp.
(◦C) ln Ke 1/T (1/K) ∆H0 (kJ/mol) ∆S0 (J/K·mol) ∆G0 (kJ/mol) R2

15 3.099984 0.003470 −7.35
25 2.71791 0.003354 −19.86 −43.42 −6.91 0.9514
35 2.56438 0.003245 −6.48

3.5. Effect of Adsorbent Dosage

The amount of Sb(V) adsorbed amounts per unit mass of adsorbents and the removal
percentage under different amounts of Fe-CMB are presented in Figure 6. With an increase
in the Fe-CMB dose from 3.3 g/L to 16.7 g/L, the amount of Sb(V) adsorbed per unit mass
of Fe-CMB decreased from 13.8 mg/g to 3.0 g/L, because the adsorption sites present
on the adsorbent surface were not fully occupied by adsorbate [19]. However, at higher
Fe-CMB doses, the removal percentage of Sb(V) increased because the increase of adsorbent
dosage provided more available sites for Sb(V) adsorption, thereby leaving less residual
concentration of Sb(V) in the aqueous phase [35]. Approximately 98.5% of Sb(V) could be
removed by Fe-CMB at a dose of 10.0 g/L.

3.6. Effect of Solution pH

The Sb(V) adsorption by Fe-CMB as a function of the solution pH (3–11) is presented
in Figure 7. The increase in solution pH reduced the Sb(V) adsorption from 14.2 mg/g
to 13.3 mg/g. The solution pH profoundly affects adsorption by influencing the surface
charge of the adsorbent and the metal species [9]. Sb(V) mainly exists as Sb(OH)6

− in the
solution with pH 2–10 [10], and Sb(V) favors a positively charged surface. The surface
of the adsorbent becomes more negatively charged with increasing solution pH, causing
repulsion between Sb(OH)6

− and more negatively charged surfaces [9,10]. Furthermore,
competing with OH− at higher solution pH also inhibits the Sb(V) adsorption. The Sb(V)
adsorption is generally higher under acidic conditions and relatively insensitive to solution
pH. Although the solution pH increased from 3 to 11, the Sb(V) adsorption decreased by
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only 6.5%. Fe-CMB maintained its performance at a high pH, indicating that Fe-CMB can
be applied to alkaline wastewater.
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3.7. Effect of the Presence of Anions

Several anions such as chloride (Cl−), sulfate (SO4
2−), nitrate (NO3

−), bicarbonate
(HCO3

−), and phosphate (PO4
3−) often exist in natural water and wastewater, and they

can negatively influence Sb(V) adsorption [9]. The influence of these anions on Sb(V)
adsorption was investigated at two different molar concentrations, 1 and 10 mM, as shown
in Figure 8. The reason for setting the anion concentration to 1 mM and 10 mM was to
simulate natural water and wastewater, respectively [36]. The presence of Cl− and NO3

−

negligibly inhibited Sb(V) adsorption because compared to Sb(V), these ions bind less
strongly to the adsorbents [9]. However, HCO3

− and PO4
3− exhibited negative effects on

Sb(V) adsorption, with reductions of 41.6% and 90.6% in the presence of 10 mM HCO3
−

and PO4
3−, respectively. The reduction of Sb(V) adsorption onto iron-based materials by

competing anions, especially PO4
3−, has also been reported in other studies [2,37]. This

phenomenon can be explained by the high affinity of PO4
3− to iron via the formation of

inner-sphere complexes [38].
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4. Conclusions

Fe-CMB produced from the pyrolysis of cattle manure for generating biochar was
used as an adsorbent to remove Sb(V) from aqueous solution. The adsorption kinetics
and model analysis indicated that the rate of Sb(V) adsorbed was mainly controlled by
chemical adsorption. The Langmuir model fit the data better than the Freundlich model, in-
dicating that Sb(V) was adsorbed onto Fe-CMB via a monolayer. The maximum adsorption
capacity of Fe-CMB for Sb(V) was 58.3 mg/g, which is higher than that of the other adsor-
bents reported in the literature. In this study, the adsorption of Sb(V) onto Fe-CMB was
exothermic and spontaneous. Increase in initial solution pH decreased Sb(V) adsorption
because of the less positive surface charge of adsorbents and competition with hydroxyl
ions. However, the decrease in Sb(V) adsorption with increasing pH was unremarkable
because of the low final pH observed, even for high initial pH conditions. The presence of
PO4

3− significantly inhibited Sb(V) adsorption due to the strong affinity of PO4
3− towards

Fe present on the surface of Fe-CMB. Hence, Fe-CMB can effectively remove Sb(V) even
under alkaline conditions, and it can also be a potential adsorbent for other oxyanions in
aqueous solutions.
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