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oval of Sb(III) and Cd(II) in water
by adsorption onto a MnFe2O4–biochar
nanocomposite†

Yu-Ying Wang,ab Hai-Yang Ji,ac Hao-Hao Lu,ab Yu-Xue Liu,ab Rui-Qin Yang,de

Li-Li Heab and Sheng-Mao Yang *abc

In this study, a jacobsite–biochar nanocomposite (MnFe2O4–BC) was fabricated and used to

simultaneously remove Sb(III) and Cd(II) from water via adsorption. The MnFe2O4–BC nanocomposite was

prepared via a co-precipitation method and analyzed using various techniques. The results confirm the

successful decoration of the biochar surface with MnFe2O4 nanoparticles. The maximum Sb(III) removal

efficiency was found to be higher from bi-solute solutions containing Cd(II) than from single-solute

systems, suggesting that the presence of Cd(II) enhances the removal of Sb(III). The Langmuir isotherm

model describes well Sb(III) and Cd(II) removal via adsorption onto the MnFe2O4–BC nanocomposite. The

maximum adsorption capacities are 237.53 and 181.49 mg g�1 for Sb(III) and Cd(II), respectively, in a bi-

solute system. Thus, the prepared MnFe2O4–BC nanocomposite is demonstrated to be a potential

adsorbent for simultaneously removing Sb(III) and Cd(II) ions from aqueous solutions.
1. Introduction

The introduction of antimony (Sb) and cadmium (Cd) into the
environment, mainly from anthropogenic activities like mining
and industrial work, has created global concern.1,2 Sb,
a hazardous substance, may lead to pneumoconiosis and have
carcinogenic effects on human health.1,3 The maximum
permissible Sb concentrations in drinking water are 5, 6 and 10
mg L�1, as established by China, the United States Environ-
mental Protection Agency and the European Union, respec-
tively.4 Moreover, there are two inorganic species (Sb(III) and
Sb(V)) of Sb in aquatic systems. Of these, Sb(III) is more toxic
than Sb(V) by a factor of ten.5 Cd is one of the most toxic heavy
metals, and has received signicant attention in recent years.6

Cd is ubiquitous, and over-exposure to Cd can cause bone and
kidney damage.7 According to guidelines from theWorld Health
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Organization, the maximum contaminant level (MCL) of Cd(II)
in drinking water should be limited to 3 mg L�1.2 Alarmingly, Sb
and Cd generally coexist in many sources, such as tailing heaps,
water, and sediments.5,8 For instance, combined Sb and Cd
pollution is frequently observed in Xikuangshan, because of the
concomitant presence of Cd in Sb-containing ores.8 Moreover,
Sb and Cd are the most abundant heavy metal contaminants
threatening some cities in the Guangxi province of China.9 The
coexistence of Sb and Cd might pose a higher risk to human
health and ecological safety than their individual presence. In
addition, the processes required for the simultaneous removal
of Sb and Cdmight also differ from those used for removal from
systems containing only Sb or Cd. Despite this, investigations
into the simultaneous removal of Sb(III) and Cd(II) are rare.

It is widely known that adsorption technologies are prom-
ising for the elimination of contaminants from aqueous solu-
tions. Biochar is an inexpensive carbon-rich material that might
widely be used in adsorbent systems, and is produced through
the pyrolysis of biomass under oxygen-free or oxygen-limited
conditions.10,11 Biochar has a large specic surface area and
porous structure, as well as abundant surface functional groups
and mineral components; thus, it is a potential adsorbent for
pollutants. Because most biochar presents a predominantly net
negatively charged surface,12,13 its ability to remove aqueous Sb,
which is in anionic form, may be relatively weak. Therefore,
several methods have been developed to modify biochar to
enhance its anion adsorption capabilities. Biochar modied
with iron oxide or manganese oxide has been reported to show
strong ability in removing Sb from aqueous solutions.4 For
instance, Xu et al. investigated the capabilities for and
This journal is © The Royal Society of Chemistry 2018
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mechanisms involved in the removal of Sb(III) using Fe–Mn
binary oxides, ferric hydroxide, and manganese dioxide.4 Bai
et al. investigated potential oxidation and adsorption pathways
for Sb(III and V) species in the presence of Mn(II) and Mn-
oxidizing bacteria, with or without Fe(II), and found that in
situ formed biogenic Mn oxide and Fe–Mn oxides could effec-
tively remove Sb.14 Qi and Pichler studied the sequential and
simultaneous adsorption of Sb(III) and Sb(V) on ferrihydrite, and
demonstrated that ferrihydrite is an effective adsorbent for
Sb(III) and Sb(V) in single and binary systems, with a higher
efficiency toward Sb(III) than Sb(V).15 However, despite the
evident potential interference of Sb(III) into the adsorption of
Cd(II) and the coexistence of Sb(III) and Cd(II) in water samples,
the adsorption behavior of this important binary system on Fe
and Mn modied biochar has not been reported to date.

In this study, a jacobsite–biochar nanocomposite (MnFe2O4–

BC) was synthesized and used to evaluate the co-adsorption
performance of Sb(III) and Cd(II). The effects of various experi-
mental conditions, such as solution pH, contact time, initial
concentration, and coexisting ions, on their adsorption were
investigated. A possible mechanism for Sb(III) and Cd(II)
adsorption on the MnFe2O4–BC nanocomposite is also
proposed. Thus, our results may contribute to the development
of decontamination technologies targeting Sb(III)/Cd(II) polluted
water, while deepening our understanding of the adsorption of
Sb(III) and Cd(II) on biochar materials.
2. Materials and methods
2.1 Materials

All chemical regents used in this study were of analytical
reagent (AR) grade. Stock solutions of 1000 mg L�1 Sb(III)
(KSbC4H4O7) and Cd(II) (Cd(NO3)2$4H2O) were prepared with
deionized water. The required concentrations for working
solutions were obtained through diluting the Sb(III) and Cd(II)
stock solutions.
2.2 Preparation of MnFe2O4–BC

The biochar used in this study was obtained from tea branches
through a typical slow pyrolysis process.16 Briey, a tea branch was
loaded into a programmable tube furnace and pyrolyzed under
anaerobic conditions at 500 �C at a heating rate of 25 �Cmin�1 for
90 min. Aer carbonization, the biochar was cooled naturally to
room temperature to obtain the pristine BC samples used in the
experiments. The MnFe2O4–BC nanocomposite was prepared via
a co-precipitation method. Briey, 8.34 g (0.3 M) of FeSO4$7H2O
was dissolved in 100 mL of deionized water, and 1 g of the
prepared BC was added to obtain suspension A. Then, 1.58 g (0.1
M) of KMnO4 was dissolved in 100 mL of deionized water under
vigorous stirring to obtain solution B. Finally, solution B was
added to suspension A under continuous stirring. During the
reaction, an appropriate amount of NaOH solution was added to
maintain the pH of the solution at about 10. The resulting slurry
was aged at room temperature for 3 h, then centrifuged and
washed with deionized water to remove excess salt. Aer that, the
product was vacuum dried overnight at 25 �C.
This journal is © The Royal Society of Chemistry 2018
2.3 Characterization

pH Values were measured using a pH meter (Mettler Toledo
FE28), supplied with a combined electrode. Field emission
electron microscopy (FESEM) images of BC and MnFe2O4–BC
were gained using a eld emission electronmicroscope (Hitachi
S-4800). Fourier transform infrared spectra (FT-IR) were recor-
ded using a Nicolet 380 spectrometer. An X-ray diffractometer
(Bruker D8 Advance) was used to collect X-ray diffraction (XRD)
patterns of the samples. The specic surface area was measured
using a Nova 2000e surface area analyzer (Quantachrome, USA).
A Thermo Scientic K-Alpha spectrometer was used to obtain
X-ray photoelectron spectra (XPS) of MnFe2O4–BC aer
adsorption.
2.4 Adsorption experiments

All adsorption experiments were carried out in triplicate at
298 K, and averaged values of the results are reported. The
inuence of the pH of the initial solution, adsorption kinetics,
adsorption isotherms, ionic strength, and competing ions on
Sb(III) and Cd(II) adsorption were analyzed. The inuence of
pH on the adsorption abilities of BC and MnFe2O4–BC was
examined over the pH range of 3–7. Acidic pH was mainly
selected because Cd(OH)2 has relatively low solubility in basic
media. HCl and/or KOH were used to adjust the pH of
solutions.

Kinetic experiments were carried out at room temperature.
Mixed solutions consisting of 50 mL of Sb(III) and Cd(II)
(50 mg L�1) were added to a 100 mL conical ask, and the pH of
the resulting solution was adjusted to an optimum pH value
using 0.1 mol L�1 HCl and/or KOH. Then, 50 mg of BC or
MnFe2O4–BC was added to the solutions. The conical asks
were shaken using a thermostatically controlled shaker (ZWYR-
2102C) at 120 rpm for different time intervals (10, 30, 60, 180,
300, 540, 720, and 1440 min).

Sb(III) and Cd(II) adsorption isotherms were obtained for
Sb(III) and Cd(II) mixed solutions (50 mL) in 100 mL conical
asks via batch tests. The initial concentration of the mixture
was varied from 25 to 500 mg L�1. 50 mg of BC or MnFe2O4–BC
was added to the conical ask aer the pH of the solution was
adjusted to an optimum pH value. The pH of the solution was
adjusted by adding 0.1 mol L�1 HCl and/or KOH. Then, the
conical asks were shaken using a thermostatically controlled
shaker at 120 rpm at room temperature for 24 h.

The inuence of ionic strength on the removal of Sb(III) and
Cd(II) was also investigated by adjusting the ionic strength of
solution to 0, 0.001, 0.005, 0.01, 0.05, 0.1 and 0.5 M, using KCl.

The effects of ve common coexisting cations, K+, Ca2+,
Mg2+, PO4

3�, and NO3
�, were also investigated by adding 0.01 M

KCl, CaCl2, MgCl2$6H2O, NH4H2PO4, and KNO3 to mixed
solutions containing 50 mg L�1 Sb(III) and Cd(II) in separate
conical asks. Aer the adsorption experiments, all samples
were ltered, and then the ltrates were analyzed using induc-
tively coupled plasma-atomic emission spectroscopy (ICP-AES,
Prodigy). The removal efficiencies (U, %) and equilibrium
adsorption amounts of Sb(III) and Cd(II) (qe, mg g�1) were
calculated using the following equations:
RSC Adv., 2018, 8, 3264–3273 | 3265
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U% ¼ ðC0 � CeÞ100%
C0

(1)

qe ¼ ðC0 � CeÞV
W

(2)

where C0 is the initial concentration of Sb(III) or Cd(II) (mg L�1),
Ce is the equilibrium concentration of Sb(III) or Cd(II) (mg L�1),
W is the weight of the biochar (mg), and V is the volume of the
solution (mL).
2.5 Adsorbent reuse

To test the reusability of MnFe2O4–BC, ve consecutive cycles
were performed in triplicate. Each adsorption process was
carried out as batch experiments for 24 h, and then MnFe2O4–

BC was separated using centrifugation. Prior to the next cycle,
the collected adsorbent was washed repeatedly to remove
residual solution.
3. Results and discussion
3.1 Characterization of the MnFe2O4–BC nanocomposite

Fig. 1a depicts XRD patterns of BC and MnFe2O4–BC. The broad
peak located at about 24� in the XRD pattern of BC represents
a typical amorphous carbon diffraction pattern.17 In addition,
the XRD pattern of BC has a peak at 29.5�, which is attributed to
CaMg(CO3)2/dolomite.18 For MnFe2O4–BC, new diffraction
peaks are observed at 29.76�, 35.05�, 42.59�, 56.26�, and 61.68�,
corresponding to d values of 3.00 Å, 2.56 Å, 2.13 Å, 1.64 Å and
1.50 Å, respectively, which are indexed to MnFe2O4, with JCPDS
card no. 742403. This result suggests that MnFe2O4 nano-
particles have been loaded on the surface of the biochar. The
corresponding FT-IR spectra of BC and MnFe2O4–BC are
exhibited in Fig. 1b. The band in the range of 3000–3445 cm�1

may be due to the stretching vibrations of the O–H groups of
water.19,20 The peaks at about 1424 cm�1 for BC and at
1454 cm�1 for MnFe2O4–BC in the FT-IR spectra were assigned
to –CH2– groups, while the peak at about 1604 cm�1 represents
the aromatic C]C and C]O stretching vibrations.21 These
organic functional groups may be attributed to the lignin
structure of tea branches. Compared to the FT-IR spectrum of
BC, new peaks at approximately 578 cm�1 and 420 cm�1 appear
in the FT-IR spectrum of MnFe2O4–BC. These two peaks can be
identied as the infrared absorption peaks of MnFe2O4.22

Bujoreanu et al. showed that the IR peaks between 600 and
400 cm�1 for MnFe2O4 mainly depend on the vibrations of the
octahedral group.23 Therefore, the results from the FT-IR spec-
trum are consistent with the XRD results presented in Fig. 1a,
and further conrm the successful loading of MnFe2O4 nano-
particles on BC.

The morphologies of BC and MnFe2O4–BC were character-
ized using FESEM, and representative images are shown in
Fig. 1c and d. As shown in Fig. 1c, BC derived from tea branches
is composed of irregular sheets, with some small granules
attached to the sheet surface. The corresponding energy-
dispersive X-ray (EDX) spectroscopic analysis (inset of Fig. 1c)
suggests that the BC sample contains carbon, oxygen, and
3266 | RSC Adv., 2018, 8, 3264–3273
a small quantity of potassium. Moreover, FESEM/EDX analyses
of MnFe2O4–BC suggest that MnFe2O4 particles are present on
the biochar surface (Fig. 1d). The SEM image clearly shows that
many small aggregates/particles are present on the surface of
MnFe2O4–BC (Fig. 1d). The EDX analysis of MnFe2O4–BC indi-
cates that these nanoparticles contain carbon, oxygen, iron, and
manganese, as well as small amounts of sodium, chlorine,
potassium, and calcium (Fig. 1d, inset). Carbon, sodium,
chlorine, potassium, and calcium originate from biochar,
whereas oxygen, iron, and manganese originate from MnFe2O4.
Thus, the results of XRD, FT-IR, and FESEM characterization
clearly demonstrate that MnFe2O4 particles are successfully
loaded onto the surface of the pristine biochar.

N2 adsorption–desorption isotherms from BC andMnFe2O4–

BC are shown in Fig. 1e. The isotherms are characteristic type IV
isotherms with a H3 hysteresis loop. The Brunauer–Emmett–
Teller (BET) surface areas of BC and MnFe2O4–BC were found to
be 2.35 and 30.38 m2 g�1, respectively. The signicant increase
in BET surface area aer modication is expected to enhance
the heavy metal adsorption process. In addition, the pore size
distributions and total volumes of BC and MnFe2O4–BC are also
determined. The pore size distributions of BC and MnFe2O4–BC
are shown in Fig. 1f. The peak is centered at 30.4 nm for BC, and
3.4 nm for MnFe2O4–BC. The pore diameter and total pore
volume of BC are approximately 19.80 nm and 0.00675 cm3 g�1,
respectively, whereas they are 4.15 nm and 0.033 cm3 g�1 for
MnFe2O4–BC. These results demonstrate that the prepared BC
and MnFe2O4–BC nanocomposite are mesoporous materials.

3.2 Effects of solution pH

The surface charge of BC and MnFe2O4–BC, the degree of
ionization, and the species ions, Sb(III) and Cd(II), can be
affected by the pH of solution. Therefore, the effects of solution
pH on the adsorption of Sb(III) and Cd(II) ions onto BC and
MnFe2O4–BC were examined. Considering metal hydrolysis and
precipitation, the experiments were carried out at pH values
between 3 and 7. Obviously, the adsorption of Sb(III) and Cd(II)
by BC was found to be sensitive to variations in solution pH,
which generally improved with an increase in pH from 3.0 to 7.0
(Fig. 2a). This could be because biochar contains surface func-
tional groups such as –COOH and –OH (Fig. 1b). The dissocia-
tion of these organic functional groups increases upon
increasing the pH of the solution, and these functional groups
may interact with Sb(III) and Cd(II) to form surface complexes.
However, the inuence of pH on the removal of Sb(III) by
MnFe2O4–BC was minimal, whereas the adsorption of Cd(II) by
MnFe2O4–BC increased with pH. This suggests that the mech-
anism of Sb(III) adsorption onto MnFe2O4–BC is different from
that using BC. Based on the uptake by BC and MnFe2O4–BC, pH
7.0 was chosen as the optimal pH value for Sb(III) and Cd(II)
adsorption in subsequent experiments.

3.3 Adsorption kinetics of a bi-solute (Sb + Cd)

To study the kinetics of adsorption of Sb(III) and Cd(II) on BC
and MnFe2O4–BC, the adsorption processes were investigated
with respect to contact time. The experimental data were tted
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) XRD patterns and (b) FT-IR spectra of BC and MnFe2O4–BC; (c) FESEM image of BC (inset: EDX spectrum of BC); (d) FESEM image of
MnFe2O4–BC (inset: EDX spectrum of MnFe2O4–BC); (e) nitrogen adsorption–desorption isotherms of BC and MnFe2O4–BC; and (f) pore size
distributions of BC and MnFe2O4–BC.
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using pseudo-rst-order and pseudo-second-order kinetic
models,24 which can be expressed as follows:

logðqe � qtÞ ¼ log qe � tk1

2:303
(3)

t

qt
¼ 1

k2qe2
þ t

qe
(4)

where qe and qt (mg g�1) represent the amount of target ions
adsorbed at equilibrium and at time t, respectively. k1 (min�1)
and k2 (g mg�1 min�1) are the adsorption rate constants of the
This journal is © The Royal Society of Chemistry 2018
pseudo-rst-order and pseudo-second-order kinetic models,
respectively.

The kinetic curves are shown in Fig. 2c and d. For BC, the
adsorption of Sb(III) is rapid in the rst 3 h, and then becomes
slower and reaches equilibrium aer 12 h (Fig. 2c). In contrast,
the adsorption of Cd(II) is slow and reaches equilibrium aer
12 h (Fig. 2c). Moreover, the removal of Sb(III) and Cd(II) through
adsorption onto pristine BC is poor. Fig. 2d shows that the
removal of both Sb(III) and Cd(II) using MnFe2O4–BC is rapid in
the rst 1 h and then becomes slow. Adsorption equilibrium is
RSC Adv., 2018, 8, 3264–3273 | 3267
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Fig. 2 The effects of pH on the removal of Sb(III) and Cd(II) from a binary system using (a) BC and (b) MnFe2O4–BC at room temperature for 24 h;
the removal of Sb(III) and Cd(II) from a binary system at pH 7.0 using (c) BC and (d) MnFe2O4–BC at room temperature, after different contact
times; and the effects of initial concentration on the removal of Sb(III) and Cd(II) from a binary system at pH 7.0 using (e) BC and (f) MnFe2O4–BC.
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gradually achieved within 5 h for both Sb(III) and Cd(II). This is
because there are abundant available sites on the biochar
surface during the initial rapid adsorption stage. As adsorption
proceeds, Sb(III) and Cd(II) accumulate on the surface of the
biochar, resulting in a decrease in the adsorption rate. More-
over, the removal of Sb(III) and Cd(II) using MnFe2O4–BC is
nearly complete, and is much higher than that facilitated by
pristine BC. The pseudo-rst-order and pseudo-second-order
kinetic models were used to t the experimental data (Fig. 3).
The corresponding parameters and correlation coefficients are
listed in Table 1. It is clear that the correlation coefficient (R2) of
the pseudo-second-order model is closer to 1 and is higher than
that of the pseudo-rst-order model. Moreover, the theoretical
3268 | RSC Adv., 2018, 8, 3264–3273
qe,cal values for both Sb(III) and Cd(II), calculated from the
pseudo-second-order model, are closer to the experimental
values (qe,exp). Therefore, the adsorption behavior of Sb(III) and
Cd(II) in binary solution is well described using pseudo-second-
order kinetics, which suggests that the adsorption mechanism
involves chemisorption.25
3.4 Bi-solute (Sb + Cd) adsorption isotherms

The results of experiments employing various initial concen-
trations of Sb(III) and Cd(II) ions at the optimized pH of 7 with
a contact time of 24 h are shown in Fig. 2e and f, respectively.
The adsorption capacities for both Sb(III) and Cd(II) increased
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (a and c) Pseudo-first order and (b and d) pseudo-second order kinetics sorption data for the adsorption of Sb(III) and Cd(II) in a binary
system using BC (a and b) and MnFe2O4–BC (c and d).
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signicantly with an increase in the initial concentration of
Sb(III) and Cd(II) from 100 to 500 mg L�1. The experimental data
were tted with Langmuir and Freundlich isotherm models.26,27

The linear forms of the Langmuir and Freundlich isotherms are
given by eqn (5) and (6), respectively:

Ce

qe
¼ 1

qmaxKL

þ Ce

qmax

(5)

ln qe ¼ ln KF þ 1

n
ln Ce (6)

where Ce (mg L�1) is the equilibrium concentration of Sb(III) or
Cd(II), and qe (mg g�1) represents the amount of adsorbed Sb(III)
Table 1 Pseudo-first-order and pseudo-second-order kinetic paramete
system

Sample Ion

Experimental
parameters Pseudo-rst order

pH qe,exp (mg g�1) k1 (min�1) qe,ca

BC Sb(III) 7 24.60 0.0034 8.5
BC Cd(II) 7 21.60 0.0041 20.8
MnFe2O4–BC Sb(III) 7 62.80 0.0035 3.5
MnFe2O4–BC Cd(II) 7 48.80 0.0044 3.8

This journal is © The Royal Society of Chemistry 2018
or Cd(II) per unit mass of biochar. qmax (mg g�1) indicates the
adsorption capacity, whereas KL (L mg�1) is the Langmuir
affinity constant. For the Freundlich isotherm, KF signies the
adsorption affinity, while n is an indicator related to the
heterogeneity of the adsorbent surface.

The ts to the Langmuir and Freundlich models are shown
in Fig. 4, and the isotherm parameters are listed in Table 2. For
the adsorption of Sb(III) using BC, the Freundlich model
provides a better t for the experimental data than the Lang-
muir model (Fig. 5a), whereas the adsorption isotherms from
Cd(II) are better tted using the Langmuir model (Fig. 5b). This
suggests that Sb(III) adsorption on pristine biochar is a multi-
layer adsorption process, whereas Cd(II) follows a monolayer
rs for Sb(III) and Cd(II) adsorbed using BC and MnFe2O4–BC in a binary

Pseudo-second order

l (mg g�1) R2 k2 (g mg�1 min�1) qe,cal (mg g�1) R2

9 0.636 0.0010 25.11 0.999
5 0.885 2 � 10�6 21.52 0.934
5 0.551 0.0040 62.93 0.999
9 0.743 0.024 48.99 0.999
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Fig. 4 (a and c) Langmuir and (b and d) Freundlich isotherms for the adsorption of Sb(III) and Cd(II) onto BC (a and b) andMnFe2O4–BC (c and d) in
a binary system.
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adsorption process. Moreover, the maximum adsorption
capacities calculated from the Langmuir model for BC in the bi-
solute system are 199.60 and 145.13 mg g�1 for Sb(III) and Cd(II)
ions, respectively. Nevertheless, a different scenario is observed
for MnFe2O4–BC. As shown in Fig. 4c and d and Table 2, the
Langmuir isotherms correlate better than the Freundlich ones
with the experimental data for both Sb(III) and Cd(II). This
implies that Sb(III) and Cd(II) likely form monolayers on
MnFe2O4–BC. In addition, the calculated maximum adsorption
capacity, qmax, values from the Langmuir model are 237.53 mg
g�1 for Sb(III) and 181.49 mg g�1 for Cd(II), which are higher
than the values obtained for BC. The maximum adsorption
capacities for Sb(III) and Cd(II) are compared with those reported
in the literature (Table 3). The adsorption capacity of MnFe2O4–

BC is also higher than that of pyrochar derived from swine
Table 2 Langmuir and Freundlich parameters for Sb(III) and Cd(II) adsorb

Sample Ion

Langmuir constants

KL (L mg�1) qmax (mg g�1)

BC Sb(III) 0.00789 199.60
BC Cd(II) 0.0109 145.13
MnFe2O4–BC Sb(III) 0.0316 237.53
MnFe2O4–BC Cd(II) 0.00605 181.49

3270 | RSC Adv., 2018, 8, 3264–3273
manure,28 a mercapto-functionalized hybrid sorbent,29 hematite
modied magnetic nanoparticles,30 graphene,31 biochar derived
from Sida Hermaphrodita,32 titanate nanotubes,33 chitosan
crosslinked with epichlorohydrin–triphosphate,34 and manga-
nese dioxide.35 Therefore, the MnFe2O4–BC composite prepared
in this study is a possible efficient adsorbent for the removal of
Sb(III) and Cd(II).

For comparison, the inuence of ionic concentration on the
removal of either Sb(III) or Cd(II) was investigated for single
solute solutions. However, only 11.4% of Sb(III) was absorbed by
BC when the initial Sb(III) concentration was 25 mg L�1. This is
because the surface of pristine biochar (BC) has a predomi-
nantly net negative charge (as shown in Fig. 1b), and therefore
the removal of Sb(III) was limited. The Sb(III) adsorption
isotherms for BC are not shown. The effect of the initial Sb(III) or
ed using BC and MnFe2O4–BC in a binary system

Freundlich constants

R2 KF (mg g�1) (L mg�1)1/n n R2

0.912 4.803 1.66 0.973
0.990 4.038 1.66 0.947
0.969 17.89 2.04 0.673
0.960 49.34 4.62 0.900

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) The effects of KCl concentration on the adsorption of Sb(III)
and Cd(II) in binary system removal using MnFe2O4–BC; (b) the effect
of competing ions on Sb(III) and Cd(II) adsorption onto MnFe2O4–BC in
a binary system; and (c) the uptake percentages of Sb(III) and Cd(II) in
a mixed solution using MnFe2O4–BC over five consecutive adsorp-
tion–desorption cycles.
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Cd(II) concentration on Sb(III) or Cd(II) removal was investigated
over the range of 25–500 mg L�1. As shown in Fig. S1a and b,†
the adsorption efficiency qe increased with the initial ionic
concentration for both BC and MnFe2O4–BC, with the latter
This journal is © The Royal Society of Chemistry 2018
displaying relatively higher adsorption capacity for each ion.
The corresponding adsorption isotherms and isotherm
parameters for BC and MnFe2O4–BC are shown in Fig. S2 and
Table S1,† respectively. For both BC and MnFe2O4–BC, the
regression coefficients for the Langmuir adsorption isotherms
were higher than those for the Freundlich adsorption
isotherms. From the Langmuir adsorption isotherms, the
calculated value of the adsorption capacity of BC for Cd(II) is
99.40 mg g�1, whereas the adsorption capacities of MnFe2O4–

BC for Sb(III) and Cd(II) are 159.48 and 122.10 mg g�1, respec-
tively. Therefore, the removal of Sb(III) and Cd(II) using both BC
and MnFe2O4–BC obeys the Langmuir adsorption isotherm,
indicating a monolayer adsorption process. In addition, the
maximum Sb(III) adsorption capacity (qmax) of the system in the
absence of Cd(II) is lower than that observed in the presence of
Cd(II), for both BC and MnFe2O4–BC. This result indicates that
Cd(II) promotes the removal of Sb(III) using both BC and
MnFe2O4–BC. Meanwhile, the presence of Sb(III) also promotes
the removal of Cd(II). Therefore, MnFe2O4–BC is highly prom-
ising for the simultaneous removal of Sb(III) and Cd(II), espe-
cially in a bi-solute system.

3.5 Effects of ionic strength

The inuence of ionic strength on the removal of Sb(III) and
Cd(II) using MnFe2O4–BC was evaluated, and the results are
shown in Fig. 5a. KCl was selected to adjust the ionic strength of
the solution to 0, 0.001, 0.005, 0.01, 0.05, 0.1, and 0.5 mol L�1.
Apparently, the ionic strength did not have an obvious effect on
the removal of Sb(III) and Cd(II) using MnFe2O4–BC. Only when
the KCl concentration reached 0.5 mol L�1 did the removal of
Sb(III) and Cd(II) using MnFe2O4–BC slightly decrease. This is
because K+ and Cl� create steric hindrance for Sb(III) and Cd(II),
and act as competitors for the surface adsorption sites on
MnFe2O4–BC, leading to a reduction in the adsorption capacity.
Therefore, the above results indicate that the fabricated
MnFe2O4–BC could effectively remove Sb(III) and Cd(II) from
water even at ionic strengths of 100 mM.

3.6 Effects of competing ions

Five common ions (K+, Ca2+, Mg2+, NO3
�, and PO4

3�) were
chosen to investigate the effects of competing ions on Sb(III) and
Cd(II) adsorption using MnFe2O4–BC. As shown in Fig. 5b, none
of these ve ions have a remarkable effect on the uptake of
Sb(III) and Cd(II) under the experimental conditions. Speci-
cally, the presence of K+, Mg2+, and NO3

� did not have any
noticeable inuence on the removal of Sb(III) and Cd(II). In fact,
Ca2+ could promote the adsorption of Sb(III), while the uptake of
Cd(II) was found to decrease in the presence of Ca2+ (Fig. 5b). In
addition, PO4

3� slightly reduced the uptake of both Sb(III) and
Cd(II) under the experimental conditions. These results conrm
that Sb(III) and Cd(II) could be effectively removed using
MnFe2O4–BC, despite the presence of competing ions.

3.7 Reusability studies

Reusability is a desirable trait for an effective absorbent. In our
experiments, 0.1 mol L�1 HCl was chosen as the desorbent. To
RSC Adv., 2018, 8, 3264–3273 | 3271
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Table 3 A comparison of the adsorption capacities of MnFe2O4–BC for Sb(III) and Cd(II) with those of other reported adsorbents

Adsorbents
Concentration
range (mg L�1) pH

Adsorption capacity
(mg g�1)

Ref.Sb(III) Cd(II)

Pyrochar from swine manure 0.1–100/0.3–150 6 13.09 81.32 28
Mercapto-functionalized hybrid sorbent 100–800 5 108.8 — 29
Hematite modied magnetic nanoparticles 1–20 4.1 36.7 — 30
Graphene 1–10 11 8.506 — 31
Biochar derived from Sida hermaphrodita 5–500 6 — 35.71 32
Titanate nanotubes 25–300 57 — 65.97 33
Chitosan crosslinked with epichlorohydrin–triphosphate 100–400 5.6 — 83.75 34
Manganese dioxide 0.05–0.7 — — 176 35
Metal–organic frameworks (MOFs) 10–250 — 225 37
MnFe2O4–BC 25–500 7 237.53 181.49 This work
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study the reusability of MnFe2O4–BC, adsorption–desorption
cycles were repeated ve times with the same MnFe2O4–BC
sample. As shown in Fig. 5c, the removal percentages of both
Sb(III) and Cd(II) decreased gradually. For the rst three cycles,
the removal percentage of Sb(III) changed very little. From the
third to the fourth cycle, however, there was a decrease of about
20% in the amount of adsorbed Sb(III). Moreover, the removal of
Sb(III) ions still reached 60% aer the h cycle. However, in the
case of Cd(II), the situation was different. From the rst to the
second cycle, the removal percentage of Cd(II) dropped sharply
to 53%, and then it declined gradually from the second to the
h cycle. In the h cycle, the removal percentage of Cd(II)
ions was found to be �40%. Thus, the reusability is not satis-
factory with regards to Cd(II). This might be because Sb(III) and
Cd(II) in solution compete for the adsorption sites on the
surface of the MnFe2O4–biochar nanocomposite. Further, the
adsorption capacity of the MnFe2O4–biochar nanocomposite for
Sb(III) is better than for Cd(II). Therefore, the reusability is not
good for Cd(II) compared to Sb(III).
3.8 Adsorption mechanism

The surface states of MnFe2O4–BC aer the adsorption of Sb(III)
and Cd(II) were studied using FT-IR and XPS to ascertain the
mechanism of Sb(III)/Cd(II) adsorption on MnFe2O4–BC. FT-IR
Fig. 6 (a) FT-IR spectrum and (b) XPS spectrum of MnFe2O4–BC after S

3272 | RSC Adv., 2018, 8, 3264–3273
and full-range XPS spectra of MnFe2O4–BC aer adsorption
are shown in Fig. 6a and b, respectively. Compared to the IR
spectrum of the original MnFe2O4–BC sample (Fig. 1b), a less
intense band at �3400 cm�1 is observed in the spectrum of
MnFe2O4–BC aer the adsorption of Sb(III) and Cd(II). This may
be attributed to the deprotonation of hydroxyl groups associ-
ated with Fe on theMnFe2O4–BC surface upon the adsorption of
Sb(III) and Cd(II). The vibration peaks at 1604 cm�1 and
1454 cm�1, which are ascribed to the vibrations of C]C/C]O
and –CH2–, shied to 1590 cm�1 and 1430 cm�1 aer Sb(III) and
Cd(II) adsorption, suggesting that Sb(III) and Cd(II) may interact
with the C]C/C]O and –CH2– groups in the MnFe2O4–BC
samples. Moreover, the chemical composition of MnFe2O4–BC
aer Sb(III) and Cd(II) co-adsorption was studied by XPS. Peaks
corresponding to O 1s, Cd 3d, N 1s and Sb 3d are clearly iden-
tied in the survey scan spectrum (Fig. 6b). The presence of
Sb(III) and Cd(II) in the resultant product further veries the co-
adsorption of Sb(III) and Cd(II) onto MnFe2O4–BC. In addition,
the binding energies (BE) of Sb 3d3/2 in Sb2O3, Sb2O4, and
Sb2O5 have been reported to be 539.6, 539.8, and 540.2 eV,
respectively.4,36 Our XPS spectra of Sb(III)-adsorbed MnFe2O4–BC
showed an indicative Sb(III) binding energy for Sb 3d3/2 at
540.2 eV, indicating the presence of Sb(V) on the MnFe2O4–BC
surface aer adsorption. This indeed demonstrates that Sb(III) is
chemically adsorbed on the MnFe2O4–BC surface. The
b(III) and Cd(II) co-adsorption.

This journal is © The Royal Society of Chemistry 2018
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oxidation mechanism may very well explain the higher Sb(III)
adsorption on MnFe2O4–BC than on pristine BC.

4. Conclusions

In this study, a jacobsite–biochar nanocomposite (MnFe2O4–

BC) was successfully fabricated and its adsorption performance
for the removal of Sb(III) and Cd(II) was evaluated. The
MnFe2O4–BC samples exhibited excellent adsorption capabil-
ities and could simultaneously remove Sb(III) and Cd(II) from
water. The ionic strength of the solution and coexisting ions did
not have an obvious inuence on the removal of Sb(III) and Cd(II)
using MnFe2O4–BC, under the examined conditions. Moreover,
MnFe2O4–BC could be used repeatedly. Therefore, the
MnFe2O4–BC fabricated in our study is a promising adsorbent
for the simultaneous removal of Sb(III) and Cd(II) from water.
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