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Abstract
The development and utilization of magnetic nanoadsorption materials with large adsorption capacity and easy separation are the
research hotspot nowadays. In this study, nanosheet-assembled maghemite (γ-Fe2O3) magnetic microspheres were successfully
synthesized by an environmental friendly, quick, and simple method, for enhanced Sb(III) removal from aqueous solution.
Scanning electron microscopy (SEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), vibrating sample
magnetometer (VSM), and Brunauer-Emmett-Teller (BET) were used to characterize the material. The results showed that the
product contained flower-like γ-Fe2O3 microspheres composed of petal-shaped nanosheets interspersed with each other. The
specific surface area and pore volume were 69.23 m2/g and 0.15 cm3/g, respectively. The material has a strong magnetic
response, which allows rapid solid-liquid separation under the action of an external magnetic field. The effects of different
dosages, solution pH, and contact time on the adsorption effect were studied by batch adsorption experiments, and the reusability
of the materials was evaluated. Both Freundlich isothermal adsorption model and pseudo-second-order kinetic model were able
to describe the uptake of Sb(III). The maximum adsorption capacity of the material was 47.48 mg/g under optimal conditions.
The adsorption mechanism is mainly that Sb and lattice oxygen (OX

2−) form Fe-O-Sb coordination bonds, which is incorporated
into the crystal structure of γ-Fe2O3 as inner-sphere surface complexes. The synthetic material has the advantage of simple
preparation process, good adsorption capacity, operation over a wide range of pH, and easy physical separation from treatment
systems with good potential for future application to treat polluted wastewater.
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Introduction

Antimony is a silver-white metal, and its compounds are im-
portant raw materials for products such as flame retardants,
alloys, and emerging microelectronic technology (He et al.
2019; Zhou et al. 2018). In recent decades, the global demand
for and subsequent extraction of antimony from ores has
caused antimony to enter and pollute the water environment
(Li et al. 2018a; Ren et al. 2016; Telford et al. 2009). In
aqueous solution, antimony is predominantly in the form of
Sb(III) and Sb(V), with Sb(III) being ten times more biotoxic
than Sb(V). Antimony poisoning can cause severe damage to
the mucous membranes, heart, liver, lungs, and nervous sys-
tem, and it is a potential carcinogen (Ren et al. 2018; Ren et al.
2019). At present, the removal techniques of heavy metal
antimony mainly include adsorption (Guo et al. 2014), coag-
ulation precipitation (Guo et al. 2018), membrane separation
(Nishiyama et al. 2003), biological method (Zhang et al.
2016), etc. Among those methods, adsorption has attracted

Responsible Editor: Santiago V. Luis

* Bozhi Ren
BozhiRen@126.com

Wenlin Zhao
18020201021@mail.hnust.edu.cn

Andrew Hursthouse
andrew.hursthouse@uws.ac.uk

Zhenghua Wang
wzh@hnust.edu.cn

1 School of Civil Engineering, Hunan University of Science and
Technology, Xiangtan 411201, China

2 Hunan Provincial Key Laboratory of Shale Gas Resource
Exploitation, Xiangtan 411201, China

3 Computing Engineering & Physical Sciences, University of the West
of Scotland, Paisley PA1 2BE, UK

https://doi.org/10.1007/s11356-020-11727-7

/ Published online: 6 January 2021

Environmental Science and Pollution Research (2021) 28:19822–19837

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-020-11727-7&domain=pdf
mailto:BozhiRen@126.com


widespread attention as an efficient and economic method for
water treatment (Ungureanu et al. 2015).

In recent years, iron-based composite materials have been
widely used in lithium-ion batteries, catalysts, sensors, and
adsorption materials (Fiore et al. 2018; Sun et al. 2016).
Among them, magnetic iron oxides (Fe3O4, γ-Fe2O3) have
superparamagnetic property; when they are used as adsorbents
for water treatment, they can be quickly separated from water
treatment under the action of an external magnetic field (Patra
et al. 2019). At the same time, the development of nanotech-
nology has made nanomaterials widely used in environmental
restoration and treatment of water pollution (Gusain et al.
2020). In particular, three-dimensional (3D) microspheres
self-assembled nanostructure units have a large specific sur-
face area, using it for adsorption materials can provide a large
number of active adsorption sites (Khosravi and Azizian
2014). Therefore, the introduction of nanoscale to magnetic
iron oxide-based adsorption materials will greatly increase its
removal efficiency of pollutants and have the advantages of
easy separation and recycling. However, although there have
been many studies using iron oxide to remove potentially
toxic elements (Ma et al. 2018; Ramirez-Muñiz et al. 2012),
there are few reports on the use of maghemite to remove
Sb(III). In summary, the development of a magnetic 3D nano-
structured microspheres has potentially very important practi-
cal application in cleaning the water environment.

At present, the main methods for laboratory synthesis of
iron oxide include hydrothermal or solvothermal technique
(Tadic et al. 2019), co-precipitation method (Piraman et al.
2016), sol-gel process (Niu et al. 2018), and template-
directed synthetic route (Wang and Lo 2009). But these
methods have the disadvantage of harsh synthesis conditions,
long time-consuming preparation, and relatively high cost.
Recently, the preparation of 3D iron oxide with a specific
morphology was described synthesized by calcining iron alk-
oxide precursors formed by an ethylene glycol (EG)-mediated
self-assembly process (Sun et al. 2016). Penki et al. (Penki
et al. 2015) used ferric chloride hexahydrate (FeCl3 · 6H2O)
and urea as raw materials to obtain ferric alkoxide precursor
by a reflux method at 195 °C for 30 min with the aid of
surfactant tetrabutylammonium bromide (TBAB), then cal-
cined it at high temperature to successfully synthesize α-
Fe2O3. Zhong’s team (Zhong et al. 2006) used the same chem-
ical agent to successfully synthesize α-Fe2O3, γ-Fe2O3, and
Fe2O3 with 3D nanostructures by controlling reflux and cal-
cining conditions. In the absence of surfactants, Liu et al. (Liu
et al. 2015) used ferrous chloride tetrahydrate(FeCl3 · 4H2O)
and urea as raw materials by solvothermal treatment at 160 °C
for 12 h to synthesize superparamagnetic Fe3O4@(α-γ)-
Fe2O3 watercress. Ma’s group (Ma et al. 2013) dissolved fer-
ric acetylacetonate (Fe(acac)3) in ethylene glycol solution, and
continuously stirred in an oil bath at 160 °C for 3 h to suc-
cessfully prepare the ferric alkoxide precursor, whichwas then

converted into flower-like and yarn-like α-Fe2O3 spherical
clusters by calcination at high temperature.

In this study, a facile method was used to synthesize γ-
Fe2O3 magnetic microspheres formed by self-assembly of
nanosheet structures for enhanced Sb(III) removal from aque-
ous solutions. First, the iron alkoxide precursor was synthe-
sized under microwave-assisted conditions, using non-toxic
and inexpensive source of iron (iron chloride, FeCl3 ·
6H2O), urea, and ethylene glycol as raw materials. The reason
for adding urea is that the OH- produced by its hydrolysis can
neutralize the large amount of HCl produced during the reac-
tion (Zhong et al. 2006), making the reaction proceed in a
forward direction. Then, the iron alkoxide precursor was cal-
cined in an air atmosphere at a certain temperature to synthe-
size nanosheet-assembled γ-Fe2O3 magnetic microspheres.
The material was characterized using SEM, XRD, XPS, and
VSM. The adsorption performance of the product was studied
by conducting batch adsorption experiments to study the ef-
fects of dose, pH, contact time, adsorption thermodynamics,
and adsorption kinetics, to assess the practical application po-
tential of this adsorbent.

Materials and methods

Materials

All chemicals used in this study were of analytical grade and
were not further purified before use. All solutions were pre-
pared with deionized water. Ferric trichloride (FeCl3 · 6H2O),
urea [CO(NH2)2], ethylene glycol [(CH2OH)2], and potassium
antimony tartrate (C8H4K2O12Sb2) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (China, Shanghai).
Absolute ethanol (C2H5OH), hydrochloric acid (HCl), and
sodium hydroxide (NaOH) were purchased from XiLong
Science Co., Ltd. (Shantou, China).

Preparation of nanosheet-assembled maghemite
magnetic microspheres

First, 2 mol (0.5406 g) of FeCl3 · 6H2O and 6 mol (0.3603 g)
of urea were added in a polytetrafluoroethylene reaction tank
containing 35 mL of ethylene glycol solution under magnetic
stirring. After stirring for 30 min, a homogeneous transparent
red solution was obtained, the solution was subsequently
transferred to a microwave-hydrothermal synthesis system
(MDS-6, Sineo, China) at 60% power for 20 min, and a pale
green precipitate was formed. The precipitate was collected
and repeatedly washed with alcohol and deionized water, cen-
trifuged, and then dried overnight in a vacuum oven at 60 °C,
the product obtained was the iron alkoxide precursor. Finally,
the dried precursor was moved into a program-controlled tem-
perature furnace (KSL-1100X, Dehui, China) and calcined at
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300 °C for 1 h. After cooling to room temperature, a red-
brown powder was obtained, which was the target product.
The schematic diagram of the synthesis process is shown in
Fig. 1.

Characterizations

The surface morphology of the fresh product and after adsorp-
tion reaction were studied using field emission scanning elec-
tron microscope (SEM, Hitachi S4800, Japan) which also
equipped with an energy-dispersive spectroscope. An X-ray
diffractometer (Rigaku smartlab-9, Japan) was used to collect
the X-ray diffraction (XRD) pattern of the product. X-ray
photoelectron spectroscopy (XPS) of the product before and
after adsorption experiments was collected by an X-ray pho-
toelectron spectrometer (Thermo Fisher Scientific EscaLab
250Xi, USA) for qualitative analysis of its elemental compo-
sition. The magnetic response of the product was assessed by
a vibration sample magnetometer (VSM, Microsecse EZ9,
USA). The isothermal adsorption-desorption curve for nitro-
gen was obtained by a porous physical adsorber
(Quantachrome Autosorb EVO, USA). The Brunauer-
Emmett-Teller (BET) and the Barrett-Joyner-Halenda (BJH)
methods were used to determine the specific surface area and
pore size distribution.

Batch adsorption experiment

A batch adsorption experiment was performed to determine the
optimal conditions for the removal of Sb(III) from the aqueous
solution and to evaluate the adsorption performance of
nanosheet-assembled γ-Fe2O3 magnetic microspheres. A stock
solution (200 mg/L) of Sb(III) was prepared from antimony
potassium tartrate dissolved in deionized water and stored in
dark. In subsequent experiments, Sb(III) solution with different
concentrations was prepared by diluting the stock solution in a
certain proportion. Tests were undertaken using 100 mL of
Sb(III) solution in a 250 mL conical flask; the effect of pH on
the sorption capacity of the γ-Fe2O3 magnetic microspheres
was investigated in a pH range from 1.0 to 11.0; in addition,

the effect of adsorbent dose and contact time on the adsorption
efficiency were also carried out by the same procedure. The
initial pH of the solution is adjusted by HCl and NaOH solu-
tions (0.1 M) and recorded with a pH meter (PB10, Sartorius,
Germany) before the addition of sorbent. Then, a portion of
adsorbent (50~300 mg) was added and transferred to an oscil-
lating incubator (150 rpm) for reaction under different temper-
ature conditions (25~45 °C). After reaction, the adsorbent was
separated from the solution using a magnet, a 10 mL portion of
the supernatant was taken out and filtered using a 0.45-μm pore
size membrane filter, and the concentration of Sb(III) remaining
in the solution after adsorption was determined by an atomic
absorption spectrometer (AA-7050, ewai, China). The removal
rate R(%) of Sb(III) and the adsorption capacity (qt, qe (mg/g))
at any time t of the adsorption reaction and the equilibrium of
the adsorption in the adsorption experiments of each group
were calculated with the equations below:

R %ð Þ ¼ C0−Ce

C0
� 100 ð1Þ

qt ¼
C0−Ctð Þ � V

m
ð2Þ

qe ¼
C0−Ceð Þ � V

m
ð3Þ

Where C0, Ce, and Ct represent the concentration (mg/L) of
Sb(III) in the solution at the initial, equilibrium, and any time,
respectively; V is the volume (L) of Sb(III) solution and m is
the weight of dry adsorbent (g). All experimental data used
were averaged over three repetition experiments.

The pseudo-first-order kinetic (Eq. 4) and pseudo-second-
order kinetic (Eq. 5) models were used to analyze the adsorption
process. The specific mathematical equations are as follows:

ln qe−qtð Þ ¼ lnqe−k1t ð4Þ
t
qt

¼ 1

k2qe2
þ t

qe
ð5Þ

Where k1 and k2 are the adsorption rate constants of the
pseudo-first-order kinetic and the pseudo-second-order kinet-
ic, respectively.

Fig. 1 The schematic diagram of synthesis process
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Langmuir (Eq. 6) and Freundlich (Eq. 7) isotherm adsorp-
tion models were used to fit the experimental data. The spe-
cific formulas are as follows:

qc ¼
Q0KLCe

1þ KLCe
ð6Þ

qc ¼ K FCe
1=n ð7Þ

Where qc is the equilibrium adsorption capacity value (mg/
g); Ce is the equilibrium concentration (mg/L); Q0 is the sat-
urated adsorption capacity (mg/g); KL is the adsorption coef-
ficient, and its value is related to the temperature and the
nature of the adsorbent and the adsorbent; KF and 1/n are
parameters related to adsorption capacity and adsorption
strength in the Freundlich model.

The Gibbs free energy change (ΔG0), standard enthalpy
change (ΔH0), and entropy change (ΔS0) were calculated by
the following equations:

KT ¼ qe
Ce

ð8Þ

lnKT ¼ ΔS0

R
−
ΔH0

RT
ð9Þ

ΔG0 ¼ ΔH0−TΔS0 ð10Þ

Where KT (L/g) is the adsorption equilibrium constant, R
(8.314 kJ/mol) is the universal gas constant, and T is the ab-
solute temperature in Kelvin.

Results and discussion

Characterization of the synthetic material

SEM-EDS analysis

Figure 2 a~e shows scanning electron microscope images of
the product, and Fig. 2f is a scanning electron microscope
image after the product adsorbs Sb(III). As shown in Fig. 2c
and d, the product is a flower-like 3D microspheres with a
particle size of about 4 μm, which is composed of overlapping
and interspersing petal-shaped nanosheets about 30 nm thick.
A large number of pores exist on the surface, which enhances
contact between the target pollutant and the material, and can
provide a large number of adsorption sites. Comparing Fig. 2e
and f, it can be seen that after the adsorption reaction occurs, a
large amount of amorphous granules are attached to the sur-
face of the material. It is speculated that this is due to the
drying process after adsorption, causing the Sb(III) adsorbed
on the surface of the material to be oxidized, and thus adheres
to the product surface as an amorphous solid granule.
Additionally, EDS results confirmed that the product mainly
contains O and Fe two elements, while the occurrence of Sb

element after adsorption confirmed that Sb(III) was adsorbed
onto the surface of the product.

XRD and XPS analysis

Figure 3 shows the X-ray diffraction pattern of the product
synthesized by two-stepmethod. It can be seen from the figure
that the positions and relative intensities of all diffraction
peaks of the product are matched with γ-Fe2O3 (JCPDS#39-
1346) and Fe3O4 (JCPDS#88-0315). However, since both
have very similar lattice structure parameters, XRD cannot
completely distinguish the two, so it is necessary to continue
to use other characterization methods for testing and analysis
(Qi et al. 2017). The high-resolution curve-fitted XPS spec-
trum of Fe2p is shown in Fig. 4. The peaks at the binding
energy of 711.36 eV and 724.46 eV are consistent with the
binding energy of Fe 2p1/2 and Fe 2p3/2 orbits of γ-Fe2O3,
respectively (Torkashvand and Sarlak 2019). At the same
time, the appearance of the satellite peak at 720 eV further
confirmed that the product synthesized was γ-Fe2O3

(Yamashita and Hayes 2008).
Figure 5 shows the XPS survey spectra of full scan of γ-

Fe2O3 magnetic microspheres after Sb(III) adsorption (Fig.
5a), high-resolution O 1s spectrum before adsorption (Fig.
5b), high-resolution O 1s + Sb 3d spectrum after adsorp-
tion (Fig. 5c), and high-resolution of Fe 2p spectrum be-
fore and after adsorption (Fig. 5d), respectively. The ap-
pearance of the characteristic peak of Sb 3d binding energy
in the full scan spectrum shows that γ-Fe2O3 interacts with
Sb(III), thereby effectively transferring Sb(III) from solu-
tion to γ-Fe2O3 magnetic microspheres. The binding ener-
gy peaks of 529.86 eV and 539.71 eV in Fig. 5c corre-
spond to the positions of the standard binding energy peaks
of Sb 3d5/2 and Sb 3d3/2, respectively. Studies have
shown that the valence states of these two peaks corre-
sponding to Sb include Sb(V) and Sb(III) (Li et al.
2018b). The O 1s core level region of γ-Fe2O3 is com-
posed of the lattice oxygen (OX

2−) and surface hydroxyl
groups (−OH) (Flak et al. 2018). In Fig. 5b, the separation
of the O1s peak composed of Fe-O-Fe (529.58 eV) and Fe-
OH (531.43 eV), respectively (Li et al. 2017). Comparing
with Fig. 5b and c, the binding energy peak position and
area of the lattice oxygen (OX

2−) have changed after ad-
sorption, indicating that γ-Fe2O3 and Sb(III) underwent
chemical reaction. The peak of OX

2− at 529.58 eV blue
shifted to 530.27, indicating that O atom donated the lone
pair electrons to the vacant orbitals of Sb(III) to form co-
ordination bond (surface complexation) (Bulin et al. 2020).
In Fig. 5d, comparing the high-resolution spectra of Fe 2p
before and after adsorption, it can be seen that the binding
energy peaks at the orbits of Fe 2p1/2 and Fe 2p3/2 after
adsorption are respectively moved from 711.36 eV and
724.46 eV to 711.15 eV and 724.25 eV before adsorption.
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Both of them shifted to the lower field, indicating that Fe
gained electrons. On the one hand, in combining the oc-
currence of Sb(V) in Fig. 5c, it is speculated that it may be
due to the redox reaction between γ-Fe2O3 and Sb(III),
which caused partial electrons on Sb(III) to be transferred
to Fe(III) (Qi et al. 2016); on the other hand, combining the
research of Jordan N et al. (Jordan et al. 2014), Morin G
et al. (Morin et al. 2008), and Kirsch R et al. (Kirsch et al.
2008), speculated the adsorption mechanism of the
nanosheet-assembled γ-Fe2O3 magnetic microspheres is
that Sb and the lattice oxygen (OX

2−) form Fe-O-Sb coor-
dination bonds through sharing electron pairs, which is
incorporated into the crystal structure of γ-Fe2O3 as
inner-sphere surface complexes.

VSM analysis

In order to test the magnetic properties of the synthesized γ-
Fe2O3 magnetic microspheres, the magnetization hysteresis
loop was characterized at room temperature (Fig. 6). As shown
in Fig. 6, it can be seen from the figure that the magnetization
curve of γ-Fe2O3 magnetic microspheres presents a symmetri-
cal S-type, and its magnetization increases with the increase of
the applied magnetic field strength, and the saturation magne-
tization is 52.91 emu/g, indicating that it has strong magnetic
response properties. When the applied magnetic field is 0, the
residual magnetization and coercivity of γ-Fe2O3 magnetic mi-
crospheres are also 0, which belongs to the soft magnetic cate-
gory, indicating that it has superparamagnetism (Ge et al. 2007;

Fig. 2 SEMmapping micrographs of the product (a~e), after the product adsorbed Sb(III) (f), and EDS results of product before and after adsorption (g, h)
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Xie et al. 2017). Materials with superparamagnetism can quick-
ly disperse in the liquid environment without applying an
external magnetic field, and there will be no agglomeration
due to the magnetic interaction between the materials,
which facilitates the adsorption of γ-Fe2O3 magnetic mi-
crospheres to avoid complex pre-processing procedures.
Figure 6 illustrates that under the action of an external
magnetic field, the synthesized nanomaterials can be
quickly separated from the aqueous solution, which is

beneficial to the separation and recovery and reuse of the
materials (Wang et al. 2015).

BET analysis

Isothermal nitrogen adsorption-desorption tests were per-
formed on the synthesized product and the specific surface
area and porosity characteristics were analyzed. The results

Fig. 2 (continued)

Fig. 3 XRD patterns of the product Fig. 4 XPS Fe2p of the product
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are shown in Fig. 7 (inset is the BJH pore size distribution of
synthesized γ-Fe2O3 microspheres). According to the classi-
fication of IUPAC, the nitrogen adsorption-desorption iso-
therm of γ-Fe2O3 microspheres is a type III isotherm; the
adsorbate will be clustered around the most favorable sites

on the surface of the adsorbent (Thommes et al. 2015). The
pore size distribution showed that there was a distribution
peak of maghemite microspheres at 2 nm and 10 nm, respec-
tively. According to the Brunauer-Emmett-Teller (BET) and
Barrett-Joyner-Halenda (BJH) method, the specific surface

Fig. 5 a XPS survey spectra of full scan of γ-Fe2O3 after Sb(III) adsorption. b High-resolution O 1s before adsorption. c High-resolution O 1s + Sb 3d
after adsorption. d High-resolution Fe 2p before and after adsorption

Fig. 6 Magnetic hysteresis loops
of synthesized γ-Fe2O3

microspheres (inset pictures were
the images of the microspheres
dispersed in the solution and after
magnet applied)
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area and pore volume of synthesized γ-Fe2O3 magnetic mi-
crospheres are 69.23 m2/g and 0.15 cm3/g. It can provide and
expose more adsorption sites (Li et al. 2019), making it have
excellent adsorption performance of heavy metals.

Adsorption studies by batch experiments

Effect of dosage of adsorbent on Sb(III) removal

The dose of the adsorbent is an important index for controlling
costs in practical applications. In order to further optimize the
use of the adsorbent,γ-Fe2O3magnetic microspheres with dry
weights of 50, 100, 150, 200, 250, and 300 mg were used in
the experiments, added to a 100-mL aqueous solution with an
initial concentration of 10 mg/L of Sb(III), control the pH of
the solution to 7.0, the reaction temperature to 298.15 K, the
speed of the constant temperature incubator shaker to 150
rpm, and the contact time t = 240 min, to explore the effect
of the amount of adsorbent on the adsorption performance of
Sb(III) in aqueous solution (Fig. 8).

It can be seen from the figure that with the increase of the
adsorbent dose, the removal efficiency gradually increased.
When the dose was 200 mg (2 g/L), the removal efficiency
of Sb(III) reached 98.3%. At low doses, there were fewer
adsorption sites, and there was a positive correlation between
the adsorption sites and adsorption efficiency of the adsorp-
tion materials (Hao et al. 2010), which results in a low remov-
al efficiency of Sb(III) by γ-Fe2O3 magnetic microspheres.
With the increase of the dose, on the one hand, the adsorption
sites in the solution increased rapidly, and γ-Fe2O3 magnetic
microspheres could coordinate with more Sb(III) ions to form
complexes, thus reducing the content of Sb(III) ions in the
solution; on the other hand, the probability that the adsorbed
substance and the adsorbent collide with each other will

increase accordingly, so the removal efficiency will increase
rapidly. In consideration of economic benefits, 200 mg was
selected as the optimal dose in subsequent experiments.

Effect of pH

The pH value of the aqueous solution is one of the important
factors affecting the adsorption process, and it has a significant
effect on the form and type of metal ions and the physico-
chemical properties of the adsorbent (Ma et al. 2016). γ-
Fe2O3 magnetic microspheres with a dry weight of 200 mg
were added to 6 groups aqueous solutions with an initial con-
centration of 10 mg/L of Sb(III) in the pH range of 1.0~11.0.
Controlling the reaction temperature to 298.15 K and the con-
tact time t = 240 min, study on the adsorption properties of γ-
Fe2O3 magnetic microspheres (Fig. 9).

As shown in Fig. 9, in the pH range 3.0 to 9.0, the removal
efficiency of Sb(III) by γ-Fe2O3 magnetic microspheres hard-
ly changes; when the pH was around 1.0 and 11.0, the Sb(III)
removal efficiency was slightly reduced, but the removal effi-
ciencies were all above 90.3 ± 0.8%, indicating that the γ-
Fe2O3 magnetic microspheres had a wide range of adaptation
to pH. The effect of pH value on the removal of Sb(III) by γ-
Fe2O3 magnetic microspheres is not only related to the species
of Sb(III) at different pH (Zhao et al. 2014), but also the charge
characteristics on the surface of γ-Fe2O3 magnetic micro-
spheres (Üçer et al. 2006). The pHzpc (the point of zero
charge) of γ-Fe2O3 is 6.3 (Abdullah et al. 2019). When the
pH of the solution is lower than 6.3, the surface of the γ-Fe2O3

magnetic microspheres is positively charged. Conversely, the
surface is negatively charged when the pH of the solution is
higher than 6.3. At the same time, when the pH of the solution
is 2~10, the main form of Sb(III) in the solution is the neutral
complex Sb(OH)3, and under strong acidic and basic condi-
tions, their main forms are SbO+ and SbO2−, respectively

Fig. 7 Nitrogen adsorption/desorption isotherm and the BJH pore diam-
eter distribution (inset) of the synthesized γ-Fe2O3 microspheres

Fig. 8 The effect of dose on the Sb(III) adsorption onto γ-Fe2O3

magnetic microspheres
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(Watkins et al. 2006; Sarı et al. 2010). Therefore, when pH <
3.0, the positively charged SbO+ gradually increased with the
decrease of pH, and the same positively charged γ-Fe2O3

magnetic microspheres could not fully contact with each other
due to electrostatic repulsion, so they could not fully perform
the coordination function to remove Sb(III); correspondingly,
when pH > 9.0, γ-Fe2O3 magnetic microspheres showed neg-
ative electrical properties, and the anion SbO2− in the system
increased correspondingly with the increase of pH, resulting
in the removal efficiency of Sb(III) decreased. Considering
that when pH 7.0, the removal efficiency of γ-Fe2O3 magnetic
microspheres on Sb(III) is up to 97.8 ± 1.5%, pH of 7.0 was
selected for the subsequent experiments.

Influence of contact time

Contact time is another major factor affecting the removal of
target pollutants by the adsorbent. The experimental data in
this part can provide important information for the study of
adsorption kinetics. When the reaction temperature is 298.15
K, the removal efficiency of Sb(III) by the nanosheet-
assembled maghemite magnetic microspheres in a contact
time of 12 h is shown in Fig. 10. In this part, the absorbent
with a dry weight of 200 mg was added to Sb(III) solution
with an initial concentration of 10 mg/L at a pH value of 7.0,
and a series of adsorption experiments were performed on a
rotary shaker (150 rpm). The remaining Sb(III) concentration
in the solution was measured at regular intervals.

As shown in Fig. 10, in the initial stage of adsorption with a
contact time of 0–60 min, the removal efficiency of Sb(III) by
γ-Fe2O3 magnetic microspheres increased rapidly, and the re-
moval efficiency reached 81.9 ± 0.4% when the contact time
was 15min; as the reaction continued, the adsorption efficiency
gradually slowed down; when t = 240 min, the adsorption

reaction reached equilibrium, at which time the removal effi-
ciency reached 99.9 ± 0.3%, and almost all Sb(III) in the solu-
tion was adsorbed by γ-Fe2O3 magnetic microspheres. The
adsorption of Sb(III) on maghemite magnetic microspheres
may involve two steps. First, Sb(III) migrates from solution to
the surface of the adsorbent for contact (external diffusion)
(Singh et al. 1993), and second, Sb(III) is fully bind to the active
sites on the surface of the adsorbent by electrostatic attraction
(Chowdhury et al. 2012). The rapid adsorption of Sb(III) by the
nanosheet-assembled maghemite magnetic microspheres at the
beginning of the reaction is attributed to the sufficient unoccu-
pied adsorption sites (Ahmadi et al. 2017). As the adsorption
sites are gradually occupied, the repulsive force between the
solid and liquid phases gradually increases (Zhang et al.
2018), and the adsorption rate of the adsorbent for Sb(III) grad-
ually decreases and then reaches the adsorption equilibrium. In
summary, t = 240 min was selected as the best contact time.

Adsorption kinetics

The study on the kinetics of Sb(III) adsorption solution by
nanosheet-assembled maghemite magnetic microspheres is
conducive to further analysis of its adsorption mechanism.

Figure 11 shows the kinetic fitting results of Sb(III) adsorp-
tion by γ-Fe2O3 magnetic microspheres. As can be seen from
the figure, the correlation coefficients of pseudo-first-order
kinetic and the pseudo-second-order kinetic were 0.6782 and
0.9459, respectively, and the adsorption capacities were
4.9857 and 5.1111 mg/g, respectively. Compared with the
pseudo-first-order kinetic model, the pseudo-second-order ki-
netic model can more accurately describe the adsorption of
Sb(III) by maghemite magnetic microspheres, indicating that
the adsorption process is mainly chemical adsorption, and the
concentration of reactants is the main factor limiting reaction.

Fig. 9 The effect of pH on the Sb(III) adsorption by γ-Fe2O3 magnetic
microspheres

Fig. 10 The effect of contact time on the Sb(III) adsorption by γ-Fe2O3

magnetic microspheres
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Adsorption isotherms

The adsorption isotherm reflects the change of the adsorption
capacity with the equilibrium concentration under a certain
temperature condition, which is of great significance for
studying the interaction between the adsorbent and the adsor-
bent and determining the adsorption performance of the ad-
sorbent. Langmuir model assumes that adsorption is uniform,
and the effect of the adsorbent on the adsorbate is monolayer
surface adsorption (Saleh et al. 2017). Freundlich is an empir-
ical equation, which is mainly used to describe multiple ad-
sorptions (Chen et al. 2015).

The solution was controlled to pH = 7.0, and nanosheet-
assembled maghemite magnetic microspheres with a dry
weight of 200 mg were added to 100 mL of different concen-
trations (10~200 mg/L) of Sb(III)-containing aqueous solu-
tions at 298.15 K, 308.15 K, and 318.15 K on a rotary shaker
(150 rpm) for 240 min, magnetic separation for 2 min after the
completion of the adsorption reaction, and then the superna-
tant was filtered through a 0.45-μm filter membrane and the

remaining Sb(III) concentration in the solution was detected.
The data were fitted by Langmuir model (Fig. 12a) and
Freundlich model (Fig. 12b), and the specific parameters of
the equation Q0, KL, KF, R

2, and 1/n are listed in Table 1.
From the fitting results in Fig. 12 and the non-linear isotherm

constants and correlation coefficients in Table 1, it can be seen
that under the conditions of 298.18 K, 308.18 K, and 318.18 K,
the adsorption of Sb(III) from aqueous solution on nanosheet-
assembled maghemite magnetic microspheres was obviously
better described by Freundlich isotherm adsorption model (R2

= 0.9686, 0.9509, and 0.9391) than by the Langmuir model (R2

= 0.9516, 0.9099, and 0.8806) (Mirbagheri and Sabbaghi
2018), which indicated that the adsorption of Sb(III) on the
surface of nanosheet-assembled maghemite magnetic micro-
spheres followed the multilayer adsorption, and the adsorption
process is dominated by chemical adsorption (Xiao et al. 2018).
Besides, the values of RL in Langmuir model and 1/n in
Freundlich models are between 0 and 1, which indicates that
the adsorption of Sb(III) onto nanosheet-assembled maghemite
magnetic microspheres was favorable (Acar and Malkoc 2004;
Zhang et al. 2018); the γ-Fe2O3 microspheres prepared in this
study show a high affinity for Sb(III).

In addition, the theoretical saturation adsorption capacity
Q0 of nanosheet-assembled γ-Fe2O3 magnetic microspheres
for Sb(III) was 47.48, 44.27, and 35.95 mg/g at three temper-
ature conditions. It can be concluded that the increase in tem-
perature is not conducive to the progress of the adsorption
reaction; the main reason is that the increase in temperature
causes the adsorption equilibrium to move to the left.
Therefore, it is speculated that the adsorption reaction is an
exothermic reaction, and according to the graph, it can be seen
that as the temperature gradually increases, the rate at which
its adsorption performance decreases gradually increases.

The actual maximum adsorption capacity of nanosheet-
assembled γ-Fe2O3 magnetic microspheres under optimal ex-
perimental conditions was 47.78 mg/g, which has a larger
adsorption capacity than the previously reported Sb(III)-ab-
sorbing materials, as shown in Table 2. At the same time,
considering the advantages of facile preparation and easy
physical separation from treatment system, it has great poten-
tial for future to treat polluted wastewater.

Fig. 11 The pseudo-first order kinetic (a) and pseudo-second order ki-
netic (b) model and parameters for Sb(III) by γ-Fe2O3 magnetic
microspheres

Table 1 The isotherm parameters of Sb(III) adsorbed by γ-Fe2O3

magnetic microspheres

T (K) Langmuir isotherm Freundlich isotherm

Q0 (mg/g) KL R2 KF 1/n R2

298.18 47.48 0.0865 0.9516 9.5169 0.3416 0.9686

308.18 44.27 0.0549 0.9099 7.6426 0.3505 0.9509

318.18 35.95 0.0525 0.8806 6.4417 0.3375 0.9391
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Thermodynamic analysis

In order to further illustrate the spontaneous characteristics of
the adsorption reaction and the energy change in the solid-
liquid system, the Gibbs free energy change (ΔG0), standard
enthalpy change (ΔH0), and entropy change (ΔS0) were

calculated. The Van’t Hoff’s plots and thermodynamic param-
eters are given in Fig. 13 and Table 3, respectively.

The negative values of ΔG0 indicated that the adsorption of
Sb(III) on nanosheet-assembled γ-Fe2O3 magnetic micro-
spheres is a spontaneous process, and the absolute value of
ΔG0 gradually decreases with the increase of temperature,
indicating that the increase of temperature is not conducive
to the adsorption reaction (Ruan et al. 2020). Besides, the
negative values of ΔH also indicated that the adsorption pro-
cess is an exothermic reaction (Georgieva et al. 2020), which
was in good agreement with the variation trend of the theoret-
ical saturation adsorption capacity at different temperatures
obtained by the Langmuir model. ΔS0 < 0 means that the
randomness of the solid-liquid system decreases during the
adsorption process. In addition, studies have shown that when
the absolute value of ΔH0 is in the range of 0~20 kJ/mol, the
adsorption process is physical adsorption, and when the value
is in the range of 40~80 kJ/mol, it is chemical adsorption
(Zhang et al. 2019). In this study, the absolute value of ΔH0

is 30.77 kJ/mol, indicating that the adsorption process in-
volves multiple binding mechanisms, including both physical
adsorption and chemical adsorption.

Effect of coexisting ions

There are many cations and anions in actual wastewater,
which may affect the adsorption performance of adsorbents.
Therefore, the effects of three competitive cations (Na+, Ca2+,
Mg2+) and three competitive anions (Cl−, CO3

2−, PO4
3−) on

Sb(III) removal by γ-Fe2O3 magnetic microspheres were
studied at 1 mM and 10 mM concentrations. The dose of the
adsorbent was controlled to 200 mg, the initial concentration
of Sb(III) was 10 mg/L, the pH of the solution was 6, and the
temperature was 298.15 K. The experimental results are
shown in Fig. 14.

Obviously, the competitive cations of Na+, Ca2+, and Mg2+

and the anion Cl− have little effect on the Sb(III) removal
performance of γ-Fe2O3 magnetic microspheres at two

Fig. 12 Langmuir (a) and Freundlich (b) isotherms of for Sb(III) by γ-
Fe2O3 magnetic microspheres

Table 2 Comparison of the
sorption capacity of various
sorbents toward Sb(III)

Adsorbents Capacity
(mg/g)

pH Temperature (°C) Equilibrium time Ref

MNP@hematite 36.7 7.0 25 120 min Shan et al. (2014)

α-Fe2O3 23.23 4.0 20 24 h Guo et al. (2014)

γ-FeOOH 33.08 4.0 20 24 h Guo et al. (2014)

PVA-Fe0 6.99 7.0 25 48 h Zhao et al. (2014)

Graphene 10.919 11.0 30 240 min Leng et al. (2012)

Iron-coated cork
granulates

5.8 6.0 20 24 h Pintor et al. (2020)

γ-Fe2O3 magnetic
microspheres

47.48 7.0 25 240 min This work
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different concentrations, which is similar to previous studies
(Hao et al. 2019; Zhu et al. 2019). However, under the influ-
ence of two competitive anions, CO3

2− and PO4
3−, the remov-

al efficiency of Sb(III) decreased slightly. When the concen-
tration of CO3

2− and PO4
3− was 10 mM, the removal efficien-

cy of Sb(III) by γ-Fe2O3 magnetic microspheres decreased
from 99.9 ± 2.3% to 93.7 ± 2.2% and 90.4 ± 1.1%, respec-
tively. Some studies have shown that CO3

2− and PO4
3− could

form inner-sphere complex with ferric (hydr) oxides (Shan
et al. 2014; Zhang et al. 2009), which may compete with
Sb(III) for adsorption sites, resulting in a decrease in the re-
moval efficiency of Sb(III). In general, under the influence of
these six coexisting ions, γ-Fe2O3 magnetic microspheres
could still maintain high removal efficiencies (above 90%)
for Sb(III) in the solution. Therefore, it can be concluded that
the nanosheet-assembled γ-Fe2O3 magnetic microspheres
have good anti-interference ability for coexisting ions in wa-
ter, and it could be as a promising adsorbent to treat antimony-
containing wastewaters.

Reusability test

The study on the desorption and regeneration performance of
the adsorbent is an important condition for its application to
the actual antimony-containing industrial wastewater. In this
study, the NaOH solution was used as the eluent. The

experimental process is briefly described as follows: 200 mg
of nanosheet-assembled γ-Fe2O3 magnetic microspheres was
added to 100 mL of Sb(III) solution at a concentration of 10.0
mg/L for adsorption experiments. After each reaction was
completed, the adsorbent was eluted with NaOH solution
(1.0 M) for 20 min, and then washed several times with de-
ionized water for the next regeneration experiment. Five re-
generation experiments were performed in sequence. The re-
sults are shown in Fig. 15.

The figure shows that after five adsorption-desorption ex-
periments, the removal efficiency of Sb(III) in the solution by
the nanosheet-assembled γ-Fe2O3 magnetic microspheres de-
creased by about 24.4%, but the removal efficiency of Sb(III)
remains above 75.0%. It shows that the synthesized
nanosheet-assembled maghemite magnetic microspheres have
excellent adsorption and removal performance of Sb(III), and

Table 3 Thermodynamic parameters for Sb(III) adsorbed on γ-Fe2O3

Temperature (K) ΔG0 (kJ/mol) ΔH0 (kJ/mol) ΔS0 [J/(mol·K)]

298.15 − 1.715 − 30.77 − 0.0965
308.15 − 0.746

318.15 − 0.235

Fig. 13 The Van’t Hoff plots for the adsorption of Sb(III) on γ-Fe2O3

magnetic microspheres

Fig. 14 The effect of coexisting ions on the adsorption of Sb(III) on γ-
Fe2O3 magnetic microspheres

Fig. 15 The reusability of γ-Fe2O3 magnetic microspheres for the
adsorption of Sb(III)
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good desorption and regeneration effects. It is an adsorption
material with practical application potential and high
recyclability.

Mechanism for enhanced Sb(III) removal

According to the above results, the adsorption of Sb(III) by
synthesized nanosheet-assembled γ-Fe2O3 magnetic micro-
spheres is mainly chemical adsorption, accompanied by phys-
ical adsorption. In fact, the adsorption of Sb(III) is an extreme-
ly complicated process, and it is speculated that it may include
multiple adsorptionmechanisms such as redox, complexation,
and physical adsorption. The proposed enhanced removal
mechanism of Sb(III) by nanosheet-assembled γ-Fe2O3 mag-
netic microspheres is shown in Scheme 1.

Specifically, (1) combining with the high-resolution Fe 2p
and Sb 3d spectrum in XPS analysis, it can be known that Fe
gains electrons, and it is speculated that γ-Fe2O3 and Sb (III)
have undergone a redox reaction, so that part of Sb(III) is
oxidized to Sb(V); (2) physical adsorption, such as pore effect
and electrostatic effect, although weak, may also include both
in the adsorption process; (3) Sb and the lattice oxygen (OX

2−)
form Fe-O-Sb coordination bonds through sharing electron
pairs, which is incorporated into the crystal structure of γ-
Fe2O3 as inner-sphere surface complexes, and the chemical
adsorption process may dominate the enhance removal of
Sb(III) by γ-Fe2O3 magnetic microspheres.

Conclusion

The iron alkoxide precursor was obtained through an ethylene
glycol (EG)-mediated self-assembly process, and then it was

calcined in air at high temperature to successfully synthesize
γ-Fe2O3magneticmicrospheres with high specific surface area.
This method is fast, simple, and low cost. Batch adsorption
experiments found that nanosheet-assembled γ-Fe2O3 magnet-
ic microspheres have excellent adsorption effect on Sb(III), and
have a wide range of adaptation to pH value. In the range of pH
1~11, the removal efficiencies are all above 90.3 ± 0.8%.When
pH = 7 and temperature is 298.15 K, the maximum adsorption
capacity of the material is 47.48 mg/g. After the adsorption
reaction is completed, the adsorption material can quickly
achieve solid-liquid separation under the action of an external
magnetic field, which greatly reduces the operating cost of
practical applications. After five adsorption-desorption experi-
ments, the adsorbent still has effective removal of Sb(III) dem-
onstrating that the nanosheet-assembled γ-Fe2O3 magnetic mi-
crospheres are an excellent material for antimony removal.
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