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Abstract 14 

 The development and utilization of magnetic nano adsorption materials with large adsorption 15 

capacity and easy separation are the research hotspot nowadays. In this study, nanosheet-assembled 16 

maghemite (γ-Fe2O3) magnetic microspheres were successfully synthesized by an environmental friendly, 17 

quick and simple method, for enhanced Sb(Ⅲ) removal from aqueous solution. Scanning electron 18 

microscopy (SEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), vibrating sample 19 

magnetometer (VSM), and Brunauer-Emmett-Teller (BET) were used to characterize the material. The 20 

results showed that the product contained flower-like γ-Fe2O3 microspheres composed of petal-shaped 21 

nanosheets interspersed with each other. The specific surface area and pore volume were 69.23 m2/g and 22 

0.15 cm3/g, respectively. The material has a strong magnetic response, which allows rapid solid-liquid 23 

mailto:18020201021@mail.hnust.edu.cn
mailto:BozhiRen@126.com
mailto:andrew.hursthouse@uws.ac.uk
mailto:wzh@hnust.edu.cn
mailto:BozhiRen@126.com


separation under the action of an external magnetic field. The effects of different dosages, solution pH 24 

and contact time on the adsorption effect were studied by batch adsorption experiments, and the 25 

reusability of the materials was evaluated. Both Freundlich isothermal adsorption model and pseudo-26 

second order kinetic model were able to describe the uptake of Sb(Ⅲ). The maximum adsorption capacity 27 

of the material was 47.48 mg/g under optimal conditions. The adsorption mechanism is mainly that Sb 28 

and lattice oxygen (OX
2-) form Fe-O-Sb coordination bonds, which is incorporated into the crystal 29 

structure of γ-Fe2O3 as inner-sphere surface complexes. The synthetic material has the advantage of 30 

simple preparation process, good adsorption capacity, operation over a wide range of pH, and easy 31 

physical separation from treatment systems with good potential for future application to treat polluted 32 

waste water. 33 

Keywords Antimony Wastewater · Nanomaterials · Iron oxide · Magnetic microspheres · Adsorption 34 

performance 35 

Introduction 36 

Antimony is a silver-white metal, and its compounds are important raw materials for products such 37 

as flame retardants, alloys, and emerging microelectronic technology(He et al. 2019, Zhou et al. 2018). 38 

In recent decades, the global demand for and subsequent extraction of antimony from ores has caused 39 

antimony to enter and pollute the water environment (Li et al. 2018a, Ren et al. 2016, Telford et al. 2009). 40 

In aqueous solution antimony is predominantly in the form of Sb(Ⅲ) and Sb(Ⅴ) with, Sb(Ⅲ) being ten 41 

times more biotoxic than Sb(Ⅴ). Antimony poisoning can cause severe damage to the mucous membranes, 42 

heart, liver, lungs and nervous system, and it is a potential carcinogen (Ren et al. 2018, Ren et al. 2019). 43 

At present, the removal techniques of heavy metal antimony mainly include adsorption(Guo et al. 2014), 44 

coagulation precipitation(Guo et al. 2018), membrane separation(Nishiyama et al. 2003), biological 45 

method(Zhang et al. 2016), etc. Among those methods, adsorption has attracted widespread attention as 46 



an efficient and economic method for water treatment (Ungureanu et al. 2015). 47 

In recent years, iron-based composite materials have been widely used in lithium-ion batteries, 48 

catalysts, sensors, and adsorption materials(Fiore et al. 2018, Sun et al. 2016). Among them, magnetic 49 

iron oxides (Fe3O4, γ-Fe2O3) has superparamagnetic property, when they are used as adsorbents for water 50 

treatment, they can be quickly separated from water treatment under the action of an external magnetic 51 

field(Patra et al. 2019). At the same time, the development of nanotechnology has made nanomaterials 52 

widely used in environmental restoration and treatment of water pollution (Gusain et al. 2020). In 53 

particular, three-dimensional (3D) microspheres self-assembled nano-structure units have a large specific 54 

surface area, using it for adsorption materials can provide a large number of active adsorption 55 

sites(Khosravi and Azizian 2014). Therefore, the introduction of nanoscale to magnetic iron oxide-based 56 

adsorption materials will greatly increase its removal efficiency of pollutants and have the advantages of 57 

easy separation and recycling. However, although there have been many studies using iron oxide to 58 

remove potentially toxic elements (Ma et al. 2018, Ramirez-Muñiz et al. 2012), there are few reports on 59 

the use of maghemite to remove Sb(Ⅲ). In summary, the development of a magnetic 3D nanostructured 60 

microspheres has potentially very important practical application in cleaning the water environment. 61 

At present, the main methods for laboratory synthesis of iron oxide include hydrothermal or 62 

solvothermal technique(Tadic et al. 2019), co-precipitation method(Piraman et al. 2016), sol-gel 63 

process(Niu et al. 2018), and template-directed synthetic route(Wang and Lo 2009). But these methods 64 

have the disadvantage of harsh synthesis conditions, long time-consuming preparation, and relatively 65 

high cost. Recently, the preparation of 3D iron oxide with a specific morphology was described 66 

synthesized by calcining iron alkoxide precursors formed by an ethylene glycol (EG)-mediated self-67 

assembly process(Sun et al. 2016). Penki et al.(Penki et al. 2015) used ferric chloride hexahydrate (FeCl3 68 



• 6H2O) and urea as raw materials to obtain ferric alkoxide precursor by a reflux method at 195° C for 69 

30 min with the aid of surfactant tetrabutylammonium bromide (TBAB), then calcined it at high 70 

temperature to successfully synthesize α-Fe2O3. Zhong's team(Zhong et al. 2006) used the same chemical 71 

agent to successfully synthesize α-Fe2O3, γ-Fe2O3, and Fe2O3 with 3D nanostructures by controlling 72 

reflux and calcining conditions. In the absence of surfactants, Liu et al.(Liu et al. 2015) used ferrous 73 

chloride tetrahydrate(FeCl3 • 4H2O) and urea as raw materials by solvothermal treatment at 160 ℃ for 74 

12 h to synthesize superparamagnetic Fe3O4@(α-γ)-Fe2O3 watercress. Ma's group(Ma et al. 2013) 75 

dissolved ferric acetylacetonate (Fe(acac)3) in ethylene glycol solution, and continuously stirred in an oil 76 

bath at 160 ℃ for 3 h to successfully prepare the ferric alkoxide precursor, which was then converted 77 

into flower-like and yarn-like α-Fe2O3 spherical clusters by calcination at high temperature. 78 

In this study, a facile method was used to synthesize γ-Fe2O3 magnetic microspheres formed by self-79 

assembly of nanosheets structures for enhanced Sb(Ⅲ) removal from aqueous solutions. First, the iron 80 

alkoxide precursor was synthesized under microwave-assisted conditions, using non-toxic and 81 

inexpensive source of iron (iron chloride, FeCl3 • 6H2O), urea and ethylene glycol as raw materials. The 82 

reason for adding urea is that the OH- produced by its hydrolysis can neutralize the large amount of HCl 83 

produced during the reaction(Zhong et al. 2006), making the reaction proceed in a forward direction. 84 

Then, the iron alkoxide precursor was calcined in an air atmosphere at a certain temperature to synthesize 85 

nanosheet-assembled γ-Fe2O3 magnetic microspheres. The material was characterized using SEM, XRD, 86 

XPS and VSM. The adsorption performance of the product was studied by conducting batch adsorption 87 

experiments to study the effects of dose, pH, contact time, adsorption thermodynamics and adsorption 88 

kinetics, to assess the practical application potential of this adsorbent. 89 



Materials and Methods 90 

Materials 91 

All chemicals used in this study were of analytical grade and were not further purified before use. 92 

All solutions were prepared with deionized water. Ferric trichloride (FeCl3 • 6H2O), urea [CO (NH2) 2], 93 

Ethylene glycol [(CH2OH)2], potassium antimony tartrate (C8H4K2O12Sb2) were purchased from 94 

Sinopharm Chemical Reagent Co., Ltd. (China, Shanghai). Absolute ethanol (C2H5OH), hydrochloric 95 

acid (HCl) and sodium hydroxide (NaOH) were purchased from XiLong Science Co., Ltd. (Shantou, 96 

China). 97 

Preparation of nanosheet-assembled maghemite magnetic microspheres 98 

First, 2 mol (0.5406 g) of FeCl3 • 6H2O and 6 mol (0.3603 g) of urea were added in a 99 

polytetrafluoroethylene reaction tank containing 35 mL of ethylene glycol solution under magnetic 100 

stirring. After stirring for 30 minutes, a homogeneous transparent red solution was obtained, the solution 101 

was subsequently transferred to a microwave-hydrothermal synthesis system (MDS-6, Sineo, China) at 102 

60 % power for 20 minutes, a pale green precipitate was formed. The precipitate was collected and 103 

repeatedly washed with alcohol and deionized water, centrifuged, and then dried overnight in a vacuum 104 

oven at 60 ℃, the product obtained was the iron alkoxide precursor. Finally, the dried precursor was 105 

moved into a program-controlled temperature furnace (KSL-1100X, Dehui, China) and calcined at 300 ℃ 106 

for 1 h. After cooling to room temperature, a red-brown powder was obtained, which was the target 107 

product. The schematic diagram of the synthesis process is shown in Fig. 1. 108 

Characterizations 109 

The surface morphology of the fresh product and after adsorption reaction were studied using field 110 

emission scanning electron microscope (SEM, Hitachi S4800, Japan) which also equipped with an 111 



energy dispersive spectroscope. An X-ray diffractometer (Rigaku smartlab-9, Japan) was used to collect 112 

the X-ray diffraction (XRD) pattern of the product. X-ray photoelectron spectroscopy (XPS) of the 113 

product before and after adsorption experiments was collected by an X-ray photoelectron spectrometer 114 

(Thermo Fisher Scientific EscaLab 250Xi, USA) for qualitative analysis of its elemental composition. 115 

The magnetic response of the product was assessed by a vibration sample magnetometer (VSM, 116 

Microsecse EZ9, USA). The isothermal adsorption-desorption curve for nitrogen was obtained by a 117 

porous physical adsorber (Quantachrome Autosorb EVO, USA). The Brunauer-Emmett-Teller (BET) 118 

and the Barrett-Joyner-Halenda (BJH) methods were used to determine the specific surface area and pore 119 

size distribution. 120 

Batch adsorption experiment 121 

A batch adsorption experiment was performed to determine the optimal conditions for the removal 122 

of Sb(Ⅲ) from the aqueous solution and to evaluate the adsorption performance of nanosheet-assembled 123 

γ-Fe2O3 magnetic microspheres. A stock solution (200mg/L) of Sb(III) was prepared from antimony 124 

potassium tartrate dissolved in deionized water and stored in dark. In subsequent experiments, Sb(Ⅲ) 125 

solution with different concentrations were prepared by diluting the stock solution in a certain proportion. 126 

Tests were undertaken using 100 mL of Sb(Ⅲ) solution in a 250 mL conical flask, the effect of pH on 127 

the sorption capacity of the γ-Fe2O3 magnetic microspheres was investigated in a pH range from 1.0 to 128 

11.0, in addition, the effect of adsorbent dose and contact time on the adsorption efficiency were also 129 

carried out by the same procedure. The initial pH of the solution is adjusted by HCl and NaOH solutions 130 

(0.1M) and recorded with a pH meter (PB10, Sartorius, Germany) before the addition of sorbent. Then, 131 

a portion of adsorbent (50~300 mg) was added and transferred to an oscillating incubator (150 rpm) for 132 

reaction under different temperature conditions (25~45℃). After reaction the adsorbent was separated 133 



from the solution using a magnet, a 10 mL portion of the supernatant was take out and filtered using a 134 

0.45 μm pore size membrane filter, and the concentration of Sb(Ⅲ) remaining in the solution after 135 

adsorption was determined by an atomic absorption spectrometer (AA-7050, ewai, China). The removal 136 

rate R(%) of Sb(Ⅲ) and the adsorption capacity (qt, qe (mg/g)) at any time t of the adsorption reaction 137 

and the equilibrium of the adsorption in the adsorption experiments of each group were calculated with 138 

the equations below: 139 

𝑅(%) =
𝐶0−𝐶𝑒

𝐶0
× 100                             （1） 140 

𝑞𝑡 =
(𝐶0−𝐶𝑡)⋅𝑉

𝑚
                                （2） 141 

𝑞𝑒 =
(𝐶0−𝐶𝑒)⋅𝑉

𝑚
                                （3） 142 

Where C0, Ce, and Ct represents the concentration (mg/L) of Sb(III) in the solution at the initial, 143 

equilibrium and any time, respectively; V is the volume (L) of Sb(III) solution and m is the weight of dry 144 

adsorbent (g). All experimental data used were averaged over three repetitions experiments. 145 

The pseudo-first order kinetic (Eq. 4) and pseudo-second order kinetic (Eq. 5) models were used to 146 

analyze the adsorption process. The specific mathematical equations are as follows: 147 

𝑙𝑛(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 − 𝑘1𝑡                            (4) 148 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

𝑡

𝑞𝑒
                                 (5) 149 

Where k1 and k2 are the adsorption rate constants of the pseudo-first order kinetic and the pseudo-150 

second order kinetic, respectively. 151 

Langmuir (Eq. 6) and Freundlich (Eq. 7) isotherm adsorption models were used to fit the 152 

experimental data. the specific formulas are as follows: 153 

𝑞𝑐 =
𝑄0𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
                                （6） 154 

𝑞𝑐 = 𝐾𝐹𝐶𝑒
1 𝑛⁄                               （7） 155 

Where qc is the equilibrium adsorption capacity value (mg/g); Ce is the equilibrium concentration 156 



(mg/L); Q0 is the saturated adsorption capacity (mg/g); KL is the adsorption coefficient, and its value is 157 

related to the temperature and the nature of the adsorbent and the adsorbent; KF and 1/n are parameters 158 

related to adsorption capacity and adsorption strength in the Freundlich model. 159 

The Gibbs free energy change (∆G0), standard enthalpy change (∆H0) and entropy change (∆S0) 160 

were calculated by the following equations: 161 

                                  𝐾𝑇 =
𝑞𝑒

𝐶𝑒
                                 （8） 162 

                               ln𝐾𝑇 =
∆𝑆0

𝑅
−

∆𝐻0

𝑅𝑇
                             （9） 163 

                              ∆𝐺0 = ∆𝐻0 − 𝑇∆𝑆0                          （10） 164 

Where KT (L/g) is the adsorption equilibrium constant, R (8.314 kJ/mol) is the universal gas constant 165 

and T is the absolute temperature in Kelvin. 166 

Results and discussion 167 

Characterization of the synthetic material 168 

SEM-EDS analysis 169 

Fig. 2(a~e) shows scanning electron microscope images of the product, and Fig. 2(f) is a scanning 170 

electron microscope image after the product adsorbs Sb(III). As shown in Fig. 2(c) and (d), the product 171 

is a flower-like 3D microspheres with a particle size of about 4 μm, which is composed of overlapping 172 

and interspersing petal-shaped nanosheets about 30 nm thick. A large number of pores exist on the surface, 173 

which enhances contact between the target pollutant and the material, and can provide a large number of 174 

adsorption sites. Comparing Fig. 2(e) and (f), it can be seen that after the adsorption reaction occurs, a 175 

large amount of amorphous granules are attached to the surface of the material. It is speculated that this 176 

is due to the drying process after adsorption, causing the Sb(Ⅲ) adsorbed on the surface of the material 177 

to be oxidized, and thus adheres to the product surface as an amorphous solid granule. Additionally, 178 

EDS results confirmed that the product mainly contains O and Fe two elements; while the occurrence of 179 



Sb element after adsorption, confirmed that Sb(Ⅲ) was adsorbed onto the surface of the product. 180 

XRD and XPS analysis 181 

Fig. 3 shows the X-ray diffraction pattern of the product synthesized by two-step method. It can be 182 

seen from the figure that the positions and relative intensities of all diffraction peaks of the product are 183 

matched with γ-Fe2O3 (JCPDS#39-1346) and Fe3O4 (JCPDS#88-0315). However, since both have very 184 

similar lattice structure parameters, XRD cannot completely distinguish the two, so it is necessary to 185 

continue to use other characterization methods for testing and analysis(Qi et al. 2017). The high-186 

resolution curve-fitted XPS spectrum of Fe2p is shown in Fig. 4. The peaks at the binding energy of 187 

711.36eV and 724.46eV are consistent with the binding energy of Fe 2p1/2 and Fe 2p3/2 orbits of γ-188 

Fe2O3, respectively(Torkashvand and Sarlak 2019). At the same time, the appearance of the satellite peak 189 

at 720eV further confirmed that the product synthesized was γ-Fe2O3(Yamashita and Hayes 2008). 190 

Fig. 5 shows The XPS survey spectra of full scan of γ-Fe2O3 magnetic microspheres after Sb(Ⅲ) 191 

adsorption (Fig. 5a), high-resolution O 1s spectrum before adsorption (Fig. 5b), high-resolution O 1s+Sb 192 

3d spectrum after adsorption (Fig. 5c), and high-resolution of Fe 2p spectrum before and after adsorption 193 

(Fig. 5d), respectively. The appearance of the characteristic peak of Sb 3d binding energy in the full scan 194 

spectrum shows that γ-Fe2O3 interacts with Sb(Ⅲ), thereby effectively transferring Sb(Ⅲ) from solution 195 

to γ-Fe2O3 magnetic microspheres. The binding energy peaks of 529.86eV and 539.71eV in Fig. 5c 196 

correspond to the positions of the standard binding energy peaks of Sb 3d5/2 and Sb 3d3/2, respectively. 197 

Studies have shown that the valence states of these two peaks corresponding to Sb include Sb(Ⅴ) And 198 

Sb(III)(Li et al. 2018b). The O 1s core level region of γ-Fe2O3 is composed of the lattice oxygen (OX
2-) 199 

and surface hydroxyl groups(-OH)(Flak et al. 2018). In Figure 5b, the separation of the O1s peak 200 

composed of Fe-O-Fe (529.58 eV) and Fe-OH (531.43 eV), respectively(Li et al. 2017). Comparing with 201 



Fig. 5b and Fig. 5c, the binding energy peak position and area of the lattice oxygen (OX
2-) have changed 202 

after adsorption, indicating that γ-Fe2O3 and Sb(Ⅲ) underwent chemical reaction. The peak of OX
2- at 203 

529.58 eV blue shifted to 530.27, indicating that O atom donated the lone pair electrons to the vacant 204 

orbitals of Sb(Ⅲ) to form coordination bond (surface complexation)(Bulin et al. 2020).In Fig. 5d, 205 

comparing the high-resolution spectra of Fe 2p before and after adsorption, it can be seen that the binding 206 

energy peaks at the orbits of Fe 2p1/2 and Fe 2p3/2 after adsorption are respectively moved from 711.36 207 

eV and 724.46 eV to 711.15 eV and 724.25 eV before adsorption. Both of them shifted to the lower field, 208 

indicating that Fe gained electrons. On the one hand, in combination the occurrence of Sb(Ⅴ) in Fig. 5c, 209 

it is speculated that it may be due to the redox reaction between γ-Fe2O3 and Sb(Ⅲ), which caused partial 210 

electrons on Sb(Ⅲ) to be transferred to Fe(Ⅲ)(Qi et al. 2016); on the other hand, combining the research 211 

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. 212 

2008), speculated the adsorption mechanism of the nanosheet-assembled γ-Fe2O3 magnetic microspheres 213 

is that Sb and the lattice oxygen (OX
2-) form Fe-O-Sb coordination bonds through sharing electron pairs, 214 

which is incorporated into the crystal structure of γ-Fe2O3 as inner-sphere surface complexes. 215 

VSM analysis 216 

In order to test the magnetic properties of the synthesized γ-Fe2O3 magnetic microspheres, the 217 

magnetization hysteresis loop was characterized at room temperature (Fig. 6). As shown in Fig. 6, it can 218 

be seen from the figure that the magnetization curve of γ-Fe2O3 magnetic microspheres presents a 219 

symmetrical S-type, and its magnetization increases with the increase of the applied magnetic field 220 

strength, and the saturation magnetization is 52.91 emu/g, indicating that it has strong magnetic response 221 

properties. When the applied magnetic field is 0, the residual magnetization and coercivity of γ-Fe2O3 222 

magnetic microspheres are also 0, which belongs to the soft magnetic category, indicating that it has 223 



superparamagnetism(Ge et al. 2007). Materials with superparamagnetism can quickly disperse in the 224 

liquid environment without applying an external magnetic field, and there will be no agglomeration due 225 

to the magnetic interaction between the materials, which facilitates the adsorption of γ-Fe2O3 magnetic 226 

microspheres to avoid complex pre-processing procedures. Fig. 6 illustrates that under the action of an 227 

external magnetic field, the synthesized nanomaterials can be quickly separated from the aqueous 228 

solution, which is beneficial to the separation and recovery and reuse of the materials(Wang et al. 2015). 229 

BET analysis 230 

Isothermal nitrogen adsorption-desorption tests were performed on the synthesized product and the 231 

specific surface area and porosity characteristics were analyzed. The results are shown in Fig. 7 (inset is 232 

the BJH pore size distribution of synthesized γ-Fe2O3 microspheres). According to the classification of 233 

IUPAC, the nitrogen adsorption-desorption isotherm of γ-Fe2O3 microspheres is a type Ⅲ isotherm, the 234 

adsorbate will clustered around the most favorable sites on the surface of the adsorbent(Thommes et al. 235 

2015). The pore size distribution showed that there was a distribution peak of maghemite microspheres 236 

at 2 nm and 10 nm respectively. According to the Brunauer-Emmett-Teller (BET) and Barrett-Joiner-237 

Halenda (BJH) method, the specific surface area and pore volume of synthesized γ-Fe2O3 magnetic 238 

microspheres are 69.23 m2/g and 0.15 cm3/g. It can provide and expose more adsorption sites(Li et al. 239 

2019), making it have excellent adsorption performance of heavy metals. 240 

Adsorption studies by batch experiments 241 

Effect of dosage of adsorbent on Sb(Ⅲ) removal 242 

The dose of the adsorbent is an important index for controlling costs in practical applications. In 243 

order to further optimize the use of the adsorbent, γ-Fe2O3 magnetic microspheres with dry weights of 244 

50, 100, 150, 200, 250, and 300 mg were used in the experiments, added to a 100 mL aqueous solution 245 



with an initial concentration of 10 mg/L of Sb(III), control the pH of the solution to 7.0, the reaction 246 

temperature to 298.15 K, the speed of the constant temperature incubator shaker to 150 rpm, and the 247 

contact time t=240 min, to explore the effect of the amount of adsorbent on the adsorption performance 248 

of Sb(III) in aqueous solution (Fig. 8). 249 

It can be seen from the figure that with the increase of the adsorbent dose, the removal efficiency 250 

gradually increased. When the dose was 200 mg (2g/L), the removal efficiency of Sb(III) reached 98.3%. 251 

At low doses, there were fewer adsorption sites, and there was a positive correlation between the 252 

adsorption sites and adsorption efficiency of the adsorption materials(Hao et al. 2010), which results in 253 

a low removal efficiency of Sb(III) by γ-Fe2O3 magnetic microspheres. With the increase of the dose, on 254 

the one hand, the adsorption sites in the solution increased rapidly, and γ-Fe2O3 magnetic microspheres 255 

could coordinate with more Sb(III) ions to form complexes, thus reducing the content of Sb(III) ions in 256 

the solution; on the other hand, the probability that the adsorbed substance and the adsorbent collide with 257 

each other will increase accordingly, so the removal efficiency will increase rapidly. In consideration of 258 

economic benefits, 200 mg was selected as the optimal dose in subsequent experiments. 259 

Effect of pH 260 

The pH value of the aqueous solution is one of the important factors affecting the adsorption process, 261 

and it has a significant effect on the form and type of metal ions and the physicochemical properties of 262 

the adsorbent(Ma et al. 2016). γ-Fe2O3 magnetic microspheres with a dry weight of 200 mg were added 263 

to 6 groups aqueous solutions with an initial concentration of 10 mg/L of Sb(III) in the pH range of 264 

1.0~11.0. Controlling the reaction temperature to 298.15 K and the contact time t=240 min, study on the 265 

adsorption properties of γ-Fe2O3 magnetic microspheres (Fig. 9). 266 

As shown in Fig. 9, in the pH range 3.0 to 9.0, the removal efficiency of Sb(III) by γ-Fe2O3 magnetic 267 



microspheres hardly changes; when the pH was around 1.0 and 11.0, the Sb(III) The removal efficiency 268 

was slightly reduced, but the removal efficiencies were all above 90.3±0.8%, indicating that the γ-Fe2O3 269 

magnetic microspheres had a wide range of adaptation to pH. The effect of pH value on the removal of 270 

Sb(III) by γ-Fe2O3 magnetic microspheres is not only related to the species of Sb(III) at different pH(Zhao 271 

et al. 2014), but also the charge characteristics on the surface of γ-Fe2O3 magnetic microspheres(Üçer et 272 

al. 2006). The pHzpc (the point of zero charge) of γ-Fe2O3 is 6.3(Abdullah et al. 2019). When the pH of 273 

the solution is lower than 6.3, the surface of the γ-Fe2O3 magnetic microspheres is positively charged. 274 

Conversely, the surface is negatively charged when the pH of the solution is higher than 6.3. At the same 275 

time, when the pH of the solution is 2~10, the main form of Sb(III) in the solution is the neutral complex 276 

Sb(OH)3, and under strong acidic and basic conditions, their main forms are SbO+ and SbO2-, respectively 277 

(Watkins et al. 2006, Sarı et al. 2010). Therefore, when pH<3.0, the positively charged SbO+ gradually 278 

increased with the decrease of pH, and the same positively charged γ-Fe2O3 magnetic microspheres could 279 

not fully contact with each other due to electrostatic repulsion, so they could not fully perform the 280 

coordination function to remove Sb(III); correspondingly, when pH>9.0, γ-Fe2O3 magnetic microspheres 281 

showed negative electrical properties, and the anion SbO2- in the system increased correspondingly with 282 

the increase of pH, resulting in the removal efficiency of Sb(III) decreased. Considering that when pH 283 

7.0, the removal efficiency of γ-Fe2O3 magnetic microspheres on Sb(Ⅲ) is up to 97.8±1.5%, pH of 7.0 284 

was selected for the subsequent experiments. 285 

Influence of contact time 286 

Contact time is another major factor affecting the removal of target pollutants by the adsorbent. The 287 

experimental data in this part can provide important information for the study of adsorption kinetics. 288 

When the reaction temperature is 298.15 K, the removal efficiency of Sb(III) by the nanosheet-assembled 289 



maghemite magnetic microspheres in a contact time of 12 h is shown in Fig. 10. In this part, the absorbent 290 

with a dry weight of 200 mg was added to Sb(III) solution with an initial concentration of 10 mg/L at a 291 

pH value of 7.0, and a series of adsorption experiments were performed on a rotary shaker (150 rpm). 292 

The remaining Sb(III) concentration in the solution was measured at regular intervals. 293 

As shown in Fig. 10, in the initial stage of adsorption with a contact time of 0-60 minutes, the 294 

removal efficiency of Sb(III) by γ-Fe2O3 magnetic microspheres increased rapidly, and the removal 295 

efficiency reached 81.9±0.4% when the contact time was 15 minutes; as the reaction continued, the 296 

adsorption efficiency gradually slowed down; when t=240 min, the adsorption reaction reached 297 

equilibrium, at which time the removal efficiency reached 99.9±0.3%, and almost all Sb(III) in the 298 

solution was adsorbed by γ-Fe2O3 magnetic microspheres. The adsorption of Sb(III) on maghemite 299 

magnetic microspheres may involve two steps. First, Sb(III) migrates from solution to the surface of the 300 

adsorbent for contact (external diffusion)(Singh et al. 1993), and second, Sb(III) is fully bind to the active 301 

sites on the surface of the adsorbent by electrostatic attraction(Chowdhury et al. 2012). The rapid 302 

adsorption of Sb(Ⅲ) by the nanosheet-assembled maghemite magnetic microspheres at the beginning of 303 

the reaction is attributed to the sufficient unoccupied adsorption sites(Ahmadi et al. 2017). As the 304 

adsorption sites are gradually occupied, the repulsive force between the solid and liquid phases gradually 305 

increases(Zhang et al. 2018), and the adsorption rate of the adsorbent for Sb(III) gradually decreases and 306 

then reaches the adsorption equilibrium. In summary, t=240 min was selected as the best contact time. 307 

Adsorption kinetics 308 

The study on the kinetics of Sb(Ⅲ) adsorption solution by nanosheet-assembled maghemite 309 

magnetic microspheres is conducive to further analysis of its adsorption mechanism.  310 

Fig. 11 shows the kinetic fitting results of Sb(Ⅲ) adsorption by γ-Fe2O3 magnetic microspheres. As 311 



can be seen from the figure, the correlation coefficients of pseudo-first order kinetic and the pseudo-312 

second order kinetic were 0.6782 and 0.9459, respectively, and the adsorption capacities were 4.9857 313 

and 5.1111, respectively. Compared with the pseudo-first order kinetic model, the pseudo-second order 314 

kinetic model can more accurately describe the adsorption of Sb(Ⅲ) by maghemite magnetic 315 

microspheres, indicating that the adsorption process is mainly chemical adsorption, and the concentration 316 

of reactants is the main factor limiting reaction. 317 

Adsorption isotherms 318 

The adsorption isotherm reflects the change of the adsorption capacity with the equilibrium 319 

concentration under a certain temperature condition, which is of great significance for studying the 320 

interaction between the adsorbent and the adsorbent and determining the adsorption performance of the 321 

adsorbent. Langmuir model assumes that adsorption is uniform, and the effect of the adsorbent on the 322 

adsorbate is monolayer surface adsorption(Saleh et al. 2017). Freundlich is an empirical equation, which 323 

is mainly used to describe multiple adsorptions(Chen et al. 2015). 324 

The solution was controlled to pH=7.0, and nanosheet-assembled maghemite magnetic 325 

microspheres with a dry weight of 200 mg were added to 100 mL of different concentrations 326 

(10~200mg/L) of Sb(Ⅲ)-containing aqueous solutions at 298.15 K, 308.15 K, 318.15 K on a rotary 327 

shaker (150 rpm) for 240 min, magnetic separation for 2 min after the completion of the adsorption 328 

reaction, and then the supernatant was filtered through a 0.45 μm filter membrane and the remaining 329 

Sb(Ⅲ) concentration in the solution was detected. The data were fitted by Langmuir model (Fig. 12a) 330 

and Freundlich model (Fig. 12b), and the specific parameters of the equation Q0, KL, KF, R2, 1/n are listed 331 

in Table 1. 332 

Table 1 The isotherm parameters of Sb(Ⅲ) adsorbed by γ-Fe2O3 magnetic microspheres. 333 



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 

From the fitting results in Fig. 12 and the non-linear isotherm constants and correlation coefficients 334 

in Table 1, It can be seen that under the conditions of 298.18 K, 308.18 K and 318.18 K, the adsorption 335 

of Sb(Ⅲ) from aqueous solution on nanosheet-assembled maghemite magnetic microspheres was 336 

obviously better described by Freundlich isotherm adsorption model (R2 = 0.9686, 0.9509, and 0.9391) 337 

than by the Langmuir model(R2 = 0.9516, 0.9099, and 0.8806)(Mirbagheri and Sabbaghi 2018). which 338 

indicated that the adsorption of Sb(Ⅲ) on the surface of nanosheet-assembled maghemite magnetic 339 

microspheres followed the multilayer adsorption, and the adsorption process is dominated by chemical 340 

adsorption(Xiao et al. 2018). Besides, the values of RL in Langmuir model and 1/n in Freundlich models 341 

are between 0 and 1, which indicates that the adsorption of Sb(Ⅲ) onto nanosheet-assembled maghemite 342 

magnetic microspheres was favorable(Acar and Malkoc 2004, Zhang et al. 2018), the γ-Fe2O3 343 

microspheres prepared in this study shows a high affinity for Sb(Ⅲ). 344 

In addition, the theoretical saturation adsorption capacity Q0 of nanosheet-assembled γ-Fe2O3 345 

magnetic microspheres for Sb(Ⅲ) were 47.48, 44.27, and 35.95 mg/g at three temperature conditions. It 346 

can be concluded that the increase in temperature is not conducive to the progress of the adsorption 347 

reaction, the main reason is that the increase in temperature causes the adsorption equilibrium to move 348 

to the left. Therefore, it is speculated that the adsorption reaction is an exothermic reaction, and 349 

according to the graph, it can be seen that as the temperature gradually increases, the rate at which its 350 

adsorption performance decreases gradually increases. 351 



The actual maximum adsorption capacity of nanosheet-assembled γ-Fe2O3 magnetic microspheres 352 

under optimal experimental conditions was 47.78 mg/g, which has a larger adsorption capacity than the 353 

previously reported Sb(Ⅲ)-absorbing materials, as shown in Table 2. At the same time, considering the 354 

advantages of facile preparation and easy physical separation from treatment system, it has great potential 355 

for future to treat polluted waste water. 356 

Table 2 Comparison of the sorption capacity of various sorbents toward Sb(III). 357 

Adsorbents Capacity 

(mg/g) 

pH Temperature 

(℃) 

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 

Thermodynamics analysis 358 

In order to further illustrate the spontaneous characteristics of the adsorption reaction and the energy 359 

change in the solid-liquid system. The Gibbs free energy change (∆G0), standard enthalpy change (∆H0) 360 

and entropy change (∆S0) were calculated. The Van’t Hoff’s plots and thermodynamic parameters are 361 

given in Fig. 13 and Table 3, respectively.  362 

Table 3 Thermodynamic parameters for Sb(Ⅲ) adsorbed on γ-Fe2O3 363 

Temperature (K) ∆G0 (kJ/mol) ∆H0 (kJ/mol) ∆S0 [J/(mol·K)] 

298.15 -1.715 

-30.77 -0.0965 

308.15 -0.746 



318.15 -0.235 

The negative values of ∆G0 indicated that the adsorption of Sb(Ⅲ) on nanosheet-assembled γ-Fe2O3 364 

magnetic microspheres is a spontaneous process, and the absolute value of ∆G0 gradually decreases with 365 

the increase of temperature, indicating that the increase of temperature is not conducive to the adsorption 366 

reaction(Ruan et al. 2020). Besides, the negative values of ∆H also indicated that the adsorption process 367 

is an exothermic reaction(Georgieva et al. 2020), which was in good agreement with the variation trend 368 

of the theoretical saturation adsorption capacity at different temperatures obtained by the Langmuir 369 

model. ∆S0<0 means that the randomness of the solid-liquid system decreases during the adsorption 370 

process. In addition, studies have shown that when the absolute value of ∆H0 is in the range of 0 ~ 20 371 

kJ/mol, the adsorption process is physical adsorption, and when the value is in the range of 40 ~ 80 372 

kJ/mol, it is chemical adsorption(Zhang et al. 2019). In this study, the absolute value of ∆H0 is 30.77 373 

kJ/mol, indicating that the adsorption process involves multiple binding mechanisms, including both 374 

physical adsorption and chemical adsorption. 375 

Effect of coexisting ions 376 

There are many cations and anions in actual wastewater, which may affect the adsorption 377 

performance of adsorbents. Therefore, the effects of three competitive cations (Na+, Ca2+, Mg2+) and 378 

three competitive anions (Cl-, CO3
2-, PO4

3-) on Sb(Ⅲ) removal by γ-Fe2O3 magnetic microspheres were 379 

studied at 1 mM and 10 mM concentrations. The dose of the adsorbent was controlled to 200 mg, the 380 

initial concentration of Sb(Ⅲ) was 10 mg/L, the pH of the solution was 6 and the temperature was 298.15 381 

K. The experimental results are shown in Fig. 14. 382 

Obviously, the competitive cations of Na+, Ca2+, Mg2+ and the anion Cl- have little effect on the 383 

Sb(III) removal performance of γ-Fe2O3 magnetic microspheres at two different concentrations, which 384 



is similar to previous studies(Hao et al. 2019, Zhu et al. 2019). However, under the influence of two 385 

competitive anions, CO3
2- and PO4

3-, the removal efficiency of Sb(Ⅲ) decreased slightly. When the 386 

concentration of CO3
2- and PO4

3- was 10 mM, the removal efficiency of Sb(Ⅲ) by γ-Fe2O3 magnetic 387 

microspheres decreased from 99.9±2.3% to 93.7±2.2% and 90.4±1.1%, respectively. Some studies have 388 

shown that CO3
2- and PO4

3- could form inner-sphere complex with ferric (hydr) oxides(Shan et al. 2014, 389 

Zhang et al. 2009), which may compete with Sb(Ⅲ) for adsorption sites, resulting in a decrease in the 390 

removal efficiency of Sb(Ⅲ). In general, under the influence of these six coexisting ions, γ-Fe2O3 391 

magnetic microspheres could still maintain high removal efficiencies (above 90%) for Sb(Ⅲ) in the 392 

solution. Therefore, it can be concluded that the nanosheet-assembled γ-Fe2O3 magnetic microspheres 393 

have good anti-interference ability for coexisting ions in water, and it could be as a promising adsorbent 394 

to treat antimony-containing wastewaters. 395 

Reusability test 396 

The study on the desorption and regeneration performance of the adsorbent is an important condition 397 

for its application to the actual antimony-containing industrial wastewater. In this study, the NaOH 398 

solution was used as the eluent. The experimental process is briefly described as follows: 200 mg of 399 

nanosheet-assembled γ-Fe2O3 magnetic microspheres were added to 100 mL of Sb(Ⅲ) solution at a 400 

concentration of 10.0 mg/L for adsorption experiments. After each reaction was completed, the adsorbent 401 

was eluted with NaOH solution (1.0M) for 20 minutes, and then washed several times with deionized 402 

water for the next regeneration experiment. Five regeneration experiments were performed in sequence. 403 

The results are shown in Fig. 15. 404 

The figure shows that after five adsorption-desorption experiments, the removal efficiency of Sb(Ⅲ) 405 

in the solution by the nanosheet-assembled γ-Fe2O3 magnetic microspheres decreased by about 24.4%, 406 



but the removal efficiency of Sb(Ⅲ) remains above 75.0%. It shows that the synthesized nanosheet-407 

assembled maghemite magnetic microspheres have excellent adsorption and removal performance of 408 

Sb(Ⅲ), and good desorption and regeneration effects. It is an adsorption material with practical 409 

application potential and high recyclability. 410 

Mechanism for enhanced Sb(Ⅲ) removal 411 

According to the above results, the adsorption of Sb(Ⅲ) by synthesized nanosheet-assembled γ-412 

Fe2O3 magnetic microspheres is mainly chemical adsorption, accompanied by physical adsorption. In 413 

fact, the adsorption of Sb(Ⅲ) is an extremely complicated process, and it is speculated that it may include 414 

multiple adsorption mechanisms such as redox, complexation, and physical adsorption. The proposed 415 

enhanced removal mechanism of Sb(Ⅲ) by nanosheet-assembled γ-Fe2O3 magnetic microspheres is 416 

shown in Scheme 1. 417 

 Specifically, (1) combining with the high-resolution Fe 2p and Sb 3d spectrum in XPS analysis, it 418 

can be known that Fe gains electrons, and it is speculated that γ-Fe2O3 and Sb (Ⅲ) have undergone a 419 

redox reaction, so that part of Sb(Ⅲ) is oxidized to Sb(Ⅴ); (2) physical adsorption, such as pore effect 420 

and electrostatic effect, although weak, may also include both in the adsorption process; (3) Sb and the 421 

lattice oxygen (OX
2-) form Fe-O-Sb coordination bonds through sharing electron pairs, which is 422 

incorporated into the crystal structure of γ-Fe2O3 as inner-sphere surface complexes, and the chemical 423 

adsorption process may dominate the enhance removal of Sb(Ⅲ) by γ-Fe2O3 magnetic microspheres. 424 

Conclusion 425 

The iron alkoxide precursor was obtained through an ethylene glycol (EG)- mediated self-assembly 426 

process, and then it was calcined in air at high temperature to successfully synthesize γ-Fe2O3 magnetic 427 

microspheres with high specific surface area. This method is fast, simple, and low cost. Batch adsorption 428 



experiments found that nanosheet-assembled γ-Fe2O3 magnetic microspheres have excellent adsorption 429 

effect on Sb(Ⅲ), and have a wide range of adaptation to pH value. In the range of pH 1~11, the removal 430 

efficiencies are all above 90.3±0.8%. When pH=7 and temperature is 298.15 K, the maximum adsorption 431 

capacity of the material is 47.48 mg/g. After the adsorption reaction is completed, the adsorption material 432 

can quickly achieve solid-liquid separation under the action of an external magnetic field, which greatly 433 

reduces the operating cost of practical applications. After five adsorption-desorption experiments, the 434 

adsorbent still has effective removal of Sb(Ⅲ) demonstrating that the nanosheet-assembled γ-Fe2O3 435 

magnetic microspheres is an excellent material for antimony removal. 436 
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Table 1 The isotherm parameters of Sb(Ⅲ) adsorbed by γ-Fe2O3 magnetic microspheres 657 

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 

 658 

 659 

Table 2 Comparison of the sorption capacity of various sorbents toward Sb(III) 660 

Adsorbents Capacity 

(mg/g) 

pH Temperature 

(℃) 

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 

 661 

 662 

Table 3 Thermodynamic parameters for Sb(Ⅲ) adsorbed on γ-Fe2O3 663 

Temperature (K) ∆G0 (kJ/mol) ∆H0 (kJ/mol) ∆S0 [J/(mol·K)] 

298.15 -1.715 

-30.77 -0.0965 308.15 -0.746 

318.15 -0.235 
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Fig. 1 The schematic diagram of synthesis process 

  

  

  



 

 

Fig. 2 SEM mapping micrographs of the product (a~e), after the product adsorbed Sb(Ⅲ) (f), and EDS 

results of product before and after adsorption (g, h) 

 

 

Fig. 3 XRD patterns of the product 



 

Fig. 4 XPS Fe2p of the product 

 



 

 



 

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, (c) 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) 



 

Fig. 7 Nitrogen adsorption/desorption isotherm and the BJH pore diameter distribution (inset) of 

the synthesized γ-Fe2O3 microspheres 

 

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



 

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 

 



 

 

Fig. 11 The pseudo-first order kinetic (a) and pseudo-second order kinetic (b) model and 

parameters for Sb(Ⅲ) by γ-Fe2O3 magnetic microspheres 

 



 

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



 

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) 

 

Scheme 1. Speculated enhanced removal mechanisms of Sb(Ⅲ) by nanosheet-assembled γ-Fe2O3 

magnetic microspheres 

 


