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Abstract: Magnetic polymers are often used as loading materials for ionic liquids because of their
excellent magnetic separation properties. In this study, a novel imidazolium-based ionic liquid-
modified magnetic polymer was synthesized by suspension polymerization and grafting, denoted as
γ-Fe2O3@GMA@IM, and this magnetic polymer was used for the adsorption of the acid dye FCF. The
magnetic polymer was characterized by SEM, FTIR, XRD, VSM and TGA. These techniques were used
to reveal the overall physical properties of magnetic polymers, including the presence of morphology,
functional groups, crystalline properties, magnetism and thermal stability. Studies have shown that
γ-Fe2O3@GMA@IM can adsorb FCF in a wide pH range (2–10), with a maximum adsorption capacity
of 445 mg/g. The adsorption data were more in line with the pseudo-second-order kinetic model
and the Freundlich isotherm. In order to investigate its reusability, this study used 10% NaCl as the
desorption solution, and carried out five batches of adsorption–desorption cycles. After five cycles,
the adsorption effect was maintained at 98.3%, which showed a good recycling performance.

Keywords: magnetic polymer; ionic liquids; adsorption; reusability

1. Introduction

Ionic liquid is an ionic compound composed of organic cations and organic or inorganic
anions, caused by the asymmetry of the volume and structure of anions and cations, and
their delocalized positive charges reduce the interactions between anions and cations,
making packing crystallization difficult; ionic liquids have a low melting point and present
a liquid state at or near room temperature. Ionic liquids have unique physical and chemical
properties, such as non-volatile properties, high electrical conductivity, excellent solubility
and good stability; therefore, they are a popular topic in green chemistry research and have
been widely studied in catalysis [1], adsorption [2], extraction and separation [3,4], and
electrochemistry [5,6].

However, ionic liquids have some application issues, such as easy loss and difficult
separation, which greatly limits their use. In order to solve these problems, many re-
searchers have carried out research on loaded ionic liquids. A loaded ionic liquid refers
to a solid substance with an ionic liquid structure obtained by physically or chemically
loading the ionic liquid on organic or inorganic materials, such as polymers [7], magnetic
materials [8], and silica gel [9]. Among them, magnetic materials have attracted extensive
attention due to their excellent properties, such as large specific surface area, high surface
reactivity, high catalytic efficiency, strong adsorption performance, and magnetic response.

Mu et al. [8]. prepared novel magnetic ionic liquid-based nanocomposites
[NiFe2O4@BMSI]Br and [NiFe2O4@BMSI]HSO4 with 1-butylimidazole, (3-bromopropyl)-
trimethoxy silane and NiFe2O4 nanoparticles for use in catalytic vegetable oil exchange
to prepare biodiesel, which showed a good catalytic activity and regenerative utilization.
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Sara et al. [10]. determined lead in drinking water by FI-ICP-OES after the preconcen-
tration of ionic liquid-modified magnetic nanoparticles. Tang et al. [11]. synthesized
multifunctional magnetic chitosan-graphene oxide-ionic liquid ternary nanohybrids with
Fe3O4, chitosan and 1-octyl-3-vinylimidazolium bromide for the efficient adsorption of
alkaloids. Jiang et al. [12]. synthesized Fe3O4@SiO2@ILs with Fe3O4, tetraethyl silicate
and 1-butyl-3-methylimidazolium monosodium phosphate, which could rapidly extract
Hg2+ from natural water with the aid of ultrasound. Latifeh et al. [13] modified the SiO2-
coated magnetic core with 3-chloropropyltrimethoxysilane, and then modified it with
N-methylimidazole-hexafluorophosphate. The synthesized material was used to adsorb
paraquat in water, showing a good dispersion stability and adsorption performance.

Sunset yellow (FCF) is one of most common used dyes in varies of the industry. It is a
monoazide disulfonated hydroxyl dye extracted from petroleum and mainly used in food
production for juice, soft drinks, candy, jellies and salty snacks, giving it a yellow–orange
color [14]. Studies have shown that FCF may have the following adverse effects: allergies,
attention deficit, and hyperactivity [15]. Understanding how to remove FCF from water
is extremely necessary. The adsorption method is regarded as one of the most promising
and effective methods because of its simple operation, low cost and no other harmful
substances. Many adsorbent materials have been applied to the removal of FCF, such as
mesoporous molecular sieves, commercial activated carbon [16,17], chitosan, graphene [18],
or more complex nanocomposites, such as magnetic nanoparticles, modified halloysite
nanotubes/poly([2-(propylene) acyloxy)ethyl]trimethylammonium chloride) hybrid par-
ticles [19], magnetically functionalized graphene oxide, and cetyltrimethylammonium
bromide nanocomposites, etc. [20]. However, most of these studies show a low adsorption
capacity and unsatisfactory regeneration performance, which needs to be improved.

In this study, the silane coupling agents, TEOS and DMDES, were used to coat γ-Fe2O3
twice to improve its corrosion resistance in acidic water. Magnetic polymer γ-Fe2O3@GMA
was obtained by suspension polymerization with glycidyl methacrylate (GMA) as monomer
and divinylbenzene (DVB) as crosslinking agent. Finally, γ-Fe2O3@GMA@IM was obtained
by loading imidazolium ionic liquid on the magnetic polymer via the grafting method.
The anionic dye FCF is adsorbed and removed by the magnetic polymer. The physic-
ochemical properties of the polymer and the effect of the initial pH on the adsorption
performance were investigated. The adsorption behavior and mechanism were investi-
gated by adsorption kinetics and adsorption isotherms, and by examining its reproducible
adsorption–desorption process over multiple cycles capital to determine its reproducibility.

2. Materials and Method
2.1. Materials and Characteristics

In terms of materials, γ-Fe2O3 magnetic powder, tetraethyl silicate (TEOS, 98%), di-
vinylbenzene (DVB, 66.3%), isopropyl tris(dioctylphosphoryloxy) titanate (98%), gelatin
(photographic grade), and ammonia water were purchased from Shanghai Aladdin Bio-
chemical Technology Co., Ltd. (Shanghai, China); glycidyl methacrylate (GMA, 99%),
cyclohexanol (99%), polyvinyl alcohol (type 1788), and 1-methylimidazole hydrochloride
(97%) were purchased from Beijing Huawei Ruike Chemical Co., Ltd. (Beijing, China);
benzoyl peroxide (BPO, 99%) and sunset yellow (FCF, 87%) were provided by Shanghai
McLean Biotechnology Co., Ltd. (Shanghai, China); dimethyldiethoxysilane (DMDES, 98%)
was purchased from Shanghai Merrill Chemical Technology Co., Ltd. (Shanghai, China);
and sodium chloride was obtained from Nanjing Haitai Scientific Equipment Co., Ltd.
(Nanjing, China).

The functional groups of the obtained magnetic polymers were characterized by
Fourier transform infrared spectroscopy (FTIR) (Thermo Fisher, Waltham, MA, USA).
The size and morphology of the polymers were determined by scanning electron mi-
croscopy (SEM) (HITACHI, Tokyo, Japan). The crystalline and amorphous properties of
the polymers were determined using X-ray diffraction techniques (XRD) (Shimazu, Ky-
oto, Japan). Physicochemical properties, such as specific surface area and pore size, were
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measured by Brunner−Emmet−Teller (BET) (Quantachrome, Boynton Beach, FL, USA).
The magnetic properties of magnetic polymers were determined by a vibrating sample
magnetometer (VSM) (Lake Shore, Columbus, OH, USA). Thermogravimetric analyzer
(TGA) (Thermo Fisher, Waltham, MA, USA) was used to determine the thermal stability
and melting/decomposition temperature of the polymers from room temperature to 600 ◦C
under N2 atmosphere. The charge properties of polymers at different pH were determined
by Zeta potential (MALVERN, Birmingham, UK).

2.2. Preparation of Magnetic Polymers

The preparation route of the ionic liquid-modified magnetic polymer γ-Fe2O3@GMA@IM
is shown in Figure 1. There are 3 steps in this process, including sol–gel modification,
suspension polymerization and the grafting reaction of magnetic powder.
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2.2.1. Surface Modification of γ-Fe2O3

Next, 40.0 g γ-Fe2O3 was added to a conical flask containing 150 mL ethanol following
these steps: add 1 mL of ammonia water, stir at 40 ◦C for 10 min, add 2 mL of TEOS, stir
for 30 min, add 2 mL of TEOS and 2 mL of DMDES, and stir for 2 h. After filtration, the
solution was washed with ethanol many times and vacuum-dried at 60 ◦C for 12 h to obtain
about 40.527 g of modified γ-Fe2O3.

2.2.2. Preparation of γ-Fe2O3@GMA

In a 250 mL flask, 20 g GMA and 4 g DVB were added and stirred evenly. Then,
0.4 g BPO, 0.5 g isopropyl tris (dioctyl phosphate acyloxy) titanate, 8 g γ-Fe2O3, and 20 g
cyclohexanol were added and stirred at 40 ◦C for 30 min. Lastly, 120 mL of the water
phase (1 g gelatin, 14 g sodium chloride, 0.1 g polyvinyl alcohol) was added and heated to
80 ◦C. After 8 h, the solution was washed with hot water and dried to obtain about 25.179 g
γ-Fe2O3@GMA.

2.2.3. Preparation of γ-Fe2O3@GMA@IM

Subsequently, 5 g γ-Fe2O3@GMA was added to 100 mL of 10% 1-methylimidazole
hydrochloride solution, stirred at pH 8–10 at 70 ◦C for 10 h, washed with clean water,
extracted with methanol and acetone for Soxhlet for 12 h, soaked in 15% sodium chlo-
ride solution for 2 h, washed with distilled water until there was no chlorine ion in the
effluent, and the powders were placed under vacuum at 50 ◦C to obtain about 6.931 g
γ-Fe2O3@GMA@IM.
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2.3. Batch Adsorption Studies

In this study, UV-Vis spectrophotometry was used to measure the concentration of
FCF solution, and the measurement wavelength of FCF was 482 nm. Meanwhile, in order to
ensure the accuracy and reproducibility of the experiment, all adsorption experiments were
repeated three times to calculate the average value under the guarantee of the adsorption
data error of ±3%.

2.3.1. Contrast Experiment

In order to investigate the effect of intermediate products on FCF adsorption, 0.100 g
modified γ-Fe2O3, γ-Fe2O3@GMA, and γ-Fe2O3@GMA @IM were added to a conical flask
containing 100 mL FCF solution with a concentration of 100 mg/L, respectively. The conical
flask was shaken at 25 ◦C for 24 h at 150 rpm, and the equilibrium adsorption quantity Qe
(mg/g) was calculated according to Formula (1):

Qe = V·(C0 − Ce)/W (1)

where V (L) is the solution volume, W (g) is the mass of the adsorbent, and C0 (mg/g)
and Ce (mg/g) are the initial dye concentration and the equilibrium concentration of
adsorption, respectively.

2.3.2. Effect of pH

Then, 100 mL of FCF solution with concentrations of 200 and 300 mg/L was added
to the erlenmeyer flask, followed by 0.100 g γ-Fe2O3@GMA@IM. The pH was adjusted to
2–10 with HCl and NaOH. The conical flask was shaken at 25 ◦C for 24 h to calculate the
equilibrium adsorption quantity Qe (mg/g) according to Formula (1).

2.3.3. Adsorption Kinetics

For kinetic studies, 300 mL of FCF at a concentration of 200 mg/L and 0.300 g of
γ-Fe2O3@GMA@IM were placed in a conical flask and stirred in a shaker flask at 25 ◦C,
150 rpm. At the designed time interval, 1 mL of solution was taken and the residual
dye concentration was measured with a UV-Vis spectrophotometer (MAPADA, Shanghai,
China). The experiment was repeated three times. The adsorption amount Qt (mg/g) was
calculated according to Formula (1).

2.3.4. Adsorption Isotherm

A measure of 0.100 g of γ-Fe2O3@GMA@IM was poured into FCF solutions at different
concentrations and shaken at 150 rpm for 24 h at 25 ◦C, 35 ◦C, and 45 ◦C, respectively.
According to the equilibrium concentration of the solution, the adsorption isotherm data
at the temperature could be obtained. When the adsorption was in equilibrium, the
equilibrium adsorption amount was calculated by Formula (1).

2.3.5. Regeneration Experiment

Next, 50 mL of FCF solution with a concentration of 200 mg/L was added to the
conical flask, then 0.050 g γ-Fe2O3@GMA@IM was added. The flask was shaken at 25 ◦C
for 24 h, separated by a magnet, and ultraviolet-visible spectrophotometry was used to
measure the concentration of the solution after the reaction. Then, 10% NaCl was added and
shaken at 298 K for 24 h to complete desorption. Five cycles of the adsorption–desorption
process were completed to evaluate the reusability of magnetic polymers. The regeneration
efficiency was calculated by Formula (2):

RE = Qi/Q0·100% (2)

where Qi and Q0 (mg/g) are the adsorption capacities of the regenerated adsorbent and
the original adsorbent, respectively.
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3. Results and Discussion
3.1. Description

The physicochemical properties of the ionic liquid-modified magnetic polymers are
shown in Table 1. It can be seen that the substance has a large specific surface area, which
can effectively increase the contact area between the dye and the polymer, improving the
absorption effect of the dye.

Table 1. Physicochemical parameters of γ-Fe2O3@GMA@IM.

Parameters γ-Fe2O3@GMA@IM

Matrix structure Acrylic
Water content (%) 55–60%

Diameter (µm) 50
Average pore size (nm) 3.421

BET specific surface area (m2/g) 14.703
Total pore volume (cm3/g) 0.042

The surface morphology of γ-Fe2O3@GMA@IM is shown in Figure 2. Due to the
existence of the inorganic magnetic powder γ-Fe2O3, the surface of the magnetic polymer
is relatively rough, with many irregular protrusions and some concave holes on the surface
of the polymer, corresponding to its larger specific surface area.
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The FTIR of γ-Fe2O3@GMA and γ-Fe2O3@GMA@IM are shown in Figure 3. The
stretching vibration peak of Fe-Ois 578 cm−1. The −CH=CH2 characteristic absorption
peak at 1630 cm−1 of the synthesized monomer GMA disappeared after the preparation of
the magnetic polymer, proving the successful progress of the polymerization reaction [21].
The absorption peak at 903 cm−1 originated from the epoxy group of the polymer, which
disappeared after the grafting reaction. For γ-Fe2O3@GMA@IM, its absorption peaks at
940 cm−1 and 1169 cm−1 are C-N stretching vibrations of imidazole groups and C=N
stretching vibrations at 1570 cm−1 [22]. In addition, γ-Fe2O3@GMA@IM forms a strong
−OH characteristic absorption peak at 3400 cm−1, which also confirms that the epoxy
groups of the polymer γ-Fe2O3@GMA are opened during the grafting process, and -OH is
formed [23].
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According to the XRD patterns of γ-Fe2O3@GMA@IM and γ-Fe2O3 shown in Figure 4,
the magnetic polymer has a broad peak in the range of 10◦–25◦ at 2θ, which is the charac-
teristic peak of the amorphous material, which should be the polymer group generated. In
contrast to standard PDF cards (39-1346), absorption peaks corresponding to (220), (311),
(400), (422), (551) and (440) crystal faces at 2θ = 30.36◦, 35.72◦, 43.40◦, 53.84◦, 57.48◦, 63.02◦,
further confirming that the crystal form of γ-Fe2O3 did not change with the reaction.
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The hysteresis loops of γ-Fe2O3 and γ-Fe2O3@GMA@IM are shown in Figure 5. The
specific saturation magnetization of γ-Fe2O3 is 63.725 emu/g, and the specific saturation
magnetization of γ-Fe2O3@GMA@IM is 10.211 emu/g. This is due to the reduction in the
specific saturation magnetization of the magnetic polymer caused by the organic matter
wrapped around the γ-Fe2O3. On the other hand, because the magnetic polymers have a
relatively high remanence and coercivity, and thus a permanent magnetism, they can attract
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each other, agglomerate and rapidly settle in the absence of an external magnetic field, and
the separation effect is good. Figure 6 shows the thermal stability of γ-Fe2O3@GMA@IM.
The weight loss of the substance below 100 ◦C is mainly due to the volatilization of the
water vapor of the polymer; the thermal stability is good at 100–200 ◦C, indicating that the
functional group of the substance is relatively stable. The main weight loss region of the
ionic liquid-modified magnetic polymer is 250–450 ◦C, at which temperature, the polymer
undergoes decarboxylation and carbonization reactions. The final magnetic polymer
decomposes into inorganic residues.
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Figure 6. Thermogravimetric curve of γ-Fe2O3@GMA@IM.

3.2. Comparative Experimental Analysis

Figure 7 shows the maximum adsorption capacity of modified γ-Fe2O3, γ-Fe2O3@GMA
and γ-Fe2O3@GMA@IM for FCF at an initial concentration of 100 mg/L. It can be seen
that the adsorption capacity of modified γ-Fe2O3 and γ-Fe2O3@GMA on FCF is very small
and can be ignored. At the same time, it is shown that the direct adsorption of FCF by
modified γ-Fe2O3 and γ-Fe2O3@GMA can be ignored. Therefore, the main adsorption
effect of γ-Fe2O3@GMA@IM on FCF comes from the grafted imidazole group.
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Figure 7. The adsorption capacity of different materials for FCF.

3.3. The Influence of pH

It is known that the initial pH of the solution can affect the removal rate by adjusting
the zeta potential of the adsorbent and the ionization degree of the dye solution [24].
Therefore, it is of great significance to study the effect of pH on the adsorption of anionic
dyes. In this study, 0.050 g γ-Fe2O3@GMA @IM was added into 50 mL ultra-pure water
using Zetasizer Nano ZS90 Nanoparticle Size and Zeta Potential Analyzer (MALVERN,
UK). The pH of the suspension was adjusted to 2–10 using HCl solution and NaOH solution,
respectively. The zeta potential of the sample was measured. Figure 8a shows the zeta
potential of the ionic liquid-modified magnetic polymer at pH 2–10. Additionally, at pH 5,
its zeta potential is the highest, reaching 30.4 mV, which may be caused by imidazoline-like
basic groups, such as amino and imino. Of course, we need to consider the specific data
and discuss it. It can be seen from the figure that the polymer is positively charged in
the pH range of 2–10. Figure 8b shows different pH values. Dye removal at two initial
concentrations. It can be seen that the removal efficiency of FCF dye hardly changes at pH
2–10. The results show that the polymer can adsorb FCF dye in a wide range of pH. Further
combining the data in Figures 7 and 8a, it is shown that magnetic polymer adsorbs FCF
mainly through electrostatic interaction between protic N on imidazole group and FCF.
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3.4. Adsorption Kinetics

In order to investigate the variation in the adsorption amount of the ionic liquid-
modified magnetic polymer on FCF with time during the adsorption process, the kinetic
behavior of the polymer on FCF was investigated, and the results are shown in Figure 9.
It can be seen that the initial adsorption rate of the polymer to FCF is fast, the adsorption
amount increases rapidly, and then the adsorption gradually slows down, and finally
reaches an equilibrium state. This process is related to the gradual saturation of the
adsorption sites of the polymer. In order to further illustrate the adsorption kinetics of γ-
Fe2O3@GMA@IM on FCF, the pseudo-first-order kinetics and pseudo-second-order kinetic
models were used to fit the adsorption kinetic data. The equations are as follows:

Pseudo-first order kinetic equation: Qt = Qe(1 − exp−k
1

t) (3)

Pseudo-second-order kinetic equation: Qt = (k2tQe
2)/(1 + k2tQe) (4)
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Figure 9. The adsorption kinetics of FCF on γ-Fe2O3@GMA@IM.

In the formulae, Qe (mg/g) is the equilibrium adsorption capacity, Qt is the adsorption
capacity at time, and k1 and k2 are pseudo-first-order and pseudo-second-order rate
constants, respectively.

The adsorption kinetic simulation parameters are shown in Table 2. It can be seen
from the data in the table that the adsorption behavior of the polymer to FCF is more in line
with the pseudo-second-order kinetic equation (R2 > 0.99). The results indicate that the FCF
molecule from the solution to magnetic polymer surface is controlled by a chemisorption
step. Consistent with the previous corollary, “magnetic polymer adsorbs FCF mainly
through electrostatic interaction between protic N on imidazole group and FCF”. The
adsorption of magnetic polymer to FCF almost reached the maximum adsorption effect
within 120 min. The equilibrium adsorption capacity fitted by the model is essentially
consistent with the experimental results.

Table 2. Adsorption kinetics simulation parameters.

Adsorbate
Pseudo-First-Order Model Pseudo-Second-Order Model

k1 qe R1
2 k2 qe R2

2

FCF 0.1966 190.8 0.988 0.00215 196.7 0.996
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3.5. Adsorption Isotherm

In order to investigate the distribution of FCF between the aqueous solution and ionic
liquid-modified magnetic polymer at a specific temperature during the adsorption process,
the effect of the adsorption isotherms of a magnetic polymer on FCF at three temperatures
was studied in this paper. The results are shown in Figure 10. The adsorption isotherm data
in this study were fitted by the Langmuir and Freundlich isotherm models. The Langmuir
model assumes that the surface of the adsorbent is uniform, the adsorption performance is
the same everywhere, and the adsorption process is monolayer adsorption. After a certain
adsorption site is occupied, no further adsorption will occur on this site. The Freundlich
model is an empirical formula used to describe the adsorption on heterogeneous surfaces.
The Langmuir and Freundlich model formulas are:

Langmuir isotherm: Qe = QmKLCe/(1 + KLCe) (5)

Freundlich isotherm: Qe = KFCe
1/n (6)
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Figure 10. Langmuir adsorption isotherm (a) and Freundlich adsorption isotherm (b) of γ-
Fe2O3@GMA@IM.

In the formula, Qe (mg/g) and Ce are the equilibrium adsorption capacity and equilib-
rium concentration of the adsorbent in the equilibrium state, respectively. Qm (mg/g) is the
maximum theoretical adsorption capacity. KL and KF are equilibrium constants related to
adsorption capacity in Langmuir and Freundlich models, respectively, and the constants are
related to adsorption performance; n characterizes the binding strength of the Freundlich
model adsorbent–adsorbate interaction.

It can be seen from the correlation coefficients in the Table 3 that the adsorption
isotherms of magnetic polymers to FCF are more in line with the Freundlich equation,
indicating that the adsorption of γ-Fe2O3@GMA@IM to FCF exhibits a multi-layer adsorp-
tion [25]; therefore, the adsorption process may have different adsorption effects, such as
hydrophobic, π–π interactions and cation–π interactions, etc. From the simulated param-
eters, the n value of γ-Fe2O3@GMA@IM for FCF adsorption is greater than 1, which is a
favorable adsorption, and the n value increases with the increase in temperature, which is
consistent with the change trend of KL and KF [26,27]. However, the maximum adsorption
amount does not change much with the increase in temperature, which may be because
chemisorption is less affected by temperature.
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Table 3. Adsorption isotherm parameters at different temperatures.

Adsorbate T (◦C)
Langmuir Model Freundlich Model

KL Qmax R2 n KF R2

FCF
25 ◦C 0.661 369.9 0.809 6.27 162.45 0.971
35 ◦C 1.146 376.4 0.830 6.76 178.23 0.960
45 ◦C 3.257 378.6 0.783 7.52 197.20 0.934

3.6. Repeatability

The reusability of the adsorbent is one of the most important parameters for evaluating
the quality of the adsorbent, and it is also a key indicator to determine whether it can be
practically applied. In order to investigate the reusability of γ-Fe2O3@GMA@IM, 10% NaCl
solution was used to regenerate the adsorption equilibrium polymer, and five batches of
adsorption–regeneration experiments were continuously carried out.

Figure 11 shows the experimental results of the adsorption–regeneration cycle stability
of γ-Fe2O3@GMA@IM on FCF dyes. It was found that the maximum adsorption effect of
the magnetic polymer on FCF was still 98.3% after repeated the experiment was repeated
five times, indicating that the magnetic polymer had an excellent recycling performance for
the adsorption of FCF.
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4. Conclusions

In this study, the magnetic polymer γ-Fe2O3@GMA@IM was prepared by suspension
polymerization and grafting. The magnetic polymer was used as an adsorbent to remove
the anionic dye FCF from an aqueous solution. The properties of magnetic polymers
were determined based on different characterization techniques. The adsorption effect
of the polymer on FCF had no clear change between pH 2–10. By comparing with other
data, it was shown that the magnetic polymer mainly adsorbed FCF through electrostatic
interaction between protic N on imidazole group and FCF. By studying the adsorption
kinetics, it was observed that the adsorption of FCF by the polymer could reach equilibrium
within 120 min, which was more in line with the pseudo-second-order kinetic model.
Compared with the Langmuir isotherm, the adsorption data were more in line with the
Freundlich isotherm model, indicating that the adsorption of FCF by the polymer had
some other effects besides ion exchange. By using 10% NaCl to desorb and regenerate the
adsorbed polymer, after five adsorption-desorption processes, the adsorption effect could
still reach 98.3%, showing a good regeneration performance. The polymer had a maximum
adsorption capacity of 445 mg/g for FCF and was a good adsorbent.



Materials 2022, 15, 2628 12 of 13

Author Contributions: Conceptualization, M.C. and Y.L.; formal analysis, investigation, Y.L. and
Y.S.; resources, M.C.; data curation, Y.S., Y.C. and F.Z.; writing—original draft preparation, Y.L.;
writing—review and editing, Y.L. and Y.S.; funding acquisition, M.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (grant
number 21976094, 22176100).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Raw data is available upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bhongale, P.V.; Joshi, S.S.; Mali, N.A. Selective monoalkylation of hydroquinone in the presence of SO3H-functionalized ionic

liquids as catalysts. Chem. Pap. 2020, 74, 4461–4471. [CrossRef]
2. Almeida, H.F.D.; Neves, M.C.; Trindade, T.; Marrucho, I.M.; Freire, M.G. Supported ionic liquids as efficient materials to re-move

non-steroidal anti-inflammatory drugs from aqueous media. Chem. Eng. J. 2020, 381, 122616. [CrossRef]
3. Tan, J.S.; Lee, S.Y.; Chew, K.W.; Lam, M.K.; Lim, J.W.; Ho, S.-H.; Show, P.L. A review on microalgae cultivation and harvesting,

and their biomass extraction processing using ionic liquids. Bioengineered 2020, 11, 116–129. [CrossRef] [PubMed]
4. Zuo, L.; Ao, X.; Guo, Y. Study on the synthesis of dual-chain ionic liquids and their application in the extraction of flavonoids. J.

Chromatogr. A 2020, 1628, 461446. [CrossRef] [PubMed]
5. Maniam, K.; Paul, S. Progress in Electrodeposition of Zinc and Zinc Nickel Alloys Using Ionic Liquids. Appl. Sci. 2020, 10, 5321.

[CrossRef]
6. Molodkina, E.B.; Ehrenburg, M.R.; Broekmann, P.; Rudnev, A.V. Electrodeposition of chromium on single-crystal electrodes from

solutions of Cr(II) and Cr(III) salts in ionic liquids. J. Electroanal. Chem. 2020, 860, 113892. [CrossRef]
7. Liu, Y.; Hu, Y.; Zhou, J.; Zhu, Z.; Zhang, Z.; Li, Y.; Wang, L.; Zhang, J. Polystyrene-supported novel imidazolium ionic liquids:

Highly efficient catalyst for the fixation of carbon dioxide under atmospheric pressure. Fuel 2021, 305, 121495. [CrossRef]
8. Naushad, M.; Ahamad, T.; Khan, M.R. Fabrication of magnetic nanoparticles supported ionic liquid catalyst for trans-esterification

of vegetable oil to produce biodiesel. J. Mol. Liq. 2021, 330, 115648. [CrossRef]
9. Lei, Y.; Yang, G.; Huang, Q.; Dou, J.; Dai, L.; Deng, F.; Liu, M.; Li, X.; Zhang, X.; Wei, Y. Facile synthesis of ionic liquid modified

silica nanoparticles for fast removal of anionic organic dyes with extremely high adsorption capacity. J. Mol. Liq. 2022, 347, 117966.
[CrossRef]

10. Hosseinzadegan, S.; Nischkauer, W.; Bica-Schröder, K.; Limbeck, A. FI-ICP-OES determination of Pb in drinking water after
pre-concentration using magnetic nanoparticles coated with ionic liquid. Microchem. J. 2019, 146, 339–344. [CrossRef]

11. Tang, T.; Cao, S.; Xi, C.; Chen, Z. Multifunctional magnetic chitosan-graphene oxide-ionic liquid ternary nanohybrid: An efficient
adsorbent of alkaloids. Carbohydr. Polym. 2021, 255, 117338. [CrossRef] [PubMed]

12. Jiang, L.; Li, Y.; Yang, X.-A.; Jin, C.-Z.; Zhang, W.-B. Ultrasound-assisted dispersive solid phase extraction for promoting
enrichment of ng L−1 level Hg2+ on ionic liquid coated magnetic materials. Anal. Chim. Acta 2021, 1181, 338906. [CrossRef]
[PubMed]

13. Latifeh, F.; Yamini, Y.; Seidi, S. Ionic liquid-modified silica-coated magnetic nanoparticles: Promising adsorbents for ultra-fast
extraction of paraquat from aqueous solution. Environ. Sci. Pollut. Res. 2016, 23, 4411–4421. [CrossRef] [PubMed]

14. Aliabadi, R.S.; Mahmoodi, N.O. Synthesis and characterization of polypyrrole, polyaniline nanoparticles and their nanocomposite
for removal of azo dyes; sunset yellow and Congo red. J. Clean. Prod. 2018, 179, 235–245. [CrossRef]

15. Amchova, P.; Kotolova, H.; Ruda-Kucerova, J. Health safety issues of synthetic food colorants. Regul. Toxicol. Pharmacol. 2015, 73,
914–922. [CrossRef]

16. Roosta, M.; Ghaedi, M.; Sahraei, R.; Purkait, M. Ultrasonic assisted removal of sunset yellow from aqueous solution by zinc
hydroxide nanoparticle loaded activated carbon: Optimized experimental design. Mater. Sci. Eng. C 2015, 52, 82–89. [CrossRef]

17. Xu, F.; Qi, X.-Y.; Kong, Q.; Shu, L.; Miao, M.-S.; Xu, S.; Du, Y.-D.; Wang, Q.; Liu, Q.; Ma, S.-S. Adsorption of sunset yellow by luffa
sponge, modified luffa and activated carbon from luffa sponge. Desalin. Water Treat. 2017, 96, 86–96. [CrossRef]

18. Coros, M.; Socaci, C.; Pruneanu, S.; Pogacean, F.; Rosu, M.-C.; Turza, A.; Magerusan, L. Thermally reduced graphene oxide as
green and easily available adsorbent for Sunset yellow decontamination. Environ. Res. 2020, 182, 109047. [CrossRef]

19. Foroughirad, S.; Haddadi-Asl, V.; Khosravi, A.; Salami-Kalajahi, M. Synthesis of magnetic nanoparticles-decorated halloysite
nanotubes/poly([2-(acryloyloxy)ethyl]trimethylammonium chloride) hybrid nanoparticles for removal of Sunset Yellow from
water. J. Polym. Res. 2020, 27, 320. [CrossRef]

20. Yakout, A.A.; Mahmoud, M.E. Fabrication of magnetite-functionalized-graphene oxide and hexadecyltrimethyl ammonium
bromide nanocomposite for efficient nanosorption of sunset yellow. Mater. Sci. Eng. C 2018, 92, 287–296. [CrossRef]

http://doi.org/10.1007/s11696-020-01230-1
http://doi.org/10.1016/j.cej.2019.122616
http://doi.org/10.1080/21655979.2020.1711626
http://www.ncbi.nlm.nih.gov/pubmed/31909681
http://doi.org/10.1016/j.chroma.2020.461446
http://www.ncbi.nlm.nih.gov/pubmed/32822985
http://doi.org/10.3390/app10155321
http://doi.org/10.1016/j.jelechem.2020.113892
http://doi.org/10.1016/j.fuel.2021.121495
http://doi.org/10.1016/j.molliq.2021.115648
http://doi.org/10.1016/j.molliq.2021.117966
http://doi.org/10.1016/j.microc.2019.01.029
http://doi.org/10.1016/j.carbpol.2020.117338
http://www.ncbi.nlm.nih.gov/pubmed/33436181
http://doi.org/10.1016/j.aca.2021.338906
http://www.ncbi.nlm.nih.gov/pubmed/34556225
http://doi.org/10.1007/s11356-015-5664-3
http://www.ncbi.nlm.nih.gov/pubmed/26503009
http://doi.org/10.1016/j.jclepro.2018.01.035
http://doi.org/10.1016/j.yrtph.2015.09.026
http://doi.org/10.1016/j.msec.2015.03.036
http://doi.org/10.5004/dwt.2017.20925
http://doi.org/10.1016/j.envres.2019.109047
http://doi.org/10.1007/s10965-020-02293-0
http://doi.org/10.1016/j.msec.2018.06.060


Materials 2022, 15, 2628 13 of 13

21. Wang, W.; Ma, Y.; Li, A.; Zhou, Q.; Zhou, W.; Jin, J. Two novel multi-functional magnetic adsorbents for effective removal of
hydrophilic and hydrophobic nitroaromatic compounds. J. Hazard. Mater. 2015, 294, 158–167. [CrossRef] [PubMed]

22. Li, N.; Zhou, L.; Jin, X.; Owens, G.; Chen, Z. Simultaneous removal of tetracycline and oxytetracycline antibiotics from wastewater
using a ZIF-8 metal organic-framework. J. Hazard. Mater. 2019, 366, 563–572. [CrossRef] [PubMed]

23. Wu, J.; Li, Q.; Li, W.; Li, Y.; Wang, G.; Li, A.; Li, H. Efficient removal of acid dyes using permanent magnetic resin and its
preliminary investigation for advanced treatment of dyeing effluents. J. Clean. Prod. 2020, 251, 119694. [CrossRef]

24. Wang, L.; Meng, F.; Pei, M.; Guo, W.; Liu, G.; Du, S. Synthesis of a Cationic Polymer-Bentonite Composite Utilizing a Simple and
Green Process for the Adsorption of Acid Orange 7 from Aqueous Solution. J. Macromol. Sci. Part B 2019, 58, 794–809. [CrossRef]

25. Li, Q.; Wu, J.; Hua, M.; Zhang, G.; Li, W.; Shuang, C.; Li, A. Preparation of Permanent Magnetic Resin Crosslinking by Diallyl
Itaconate and Its Adsorptive and Anti-fouling Behaviors for Humic Acid Removal. Sci. Rep. 2017, 7, 17103. [CrossRef]

26. Ma, Y.; Zhou, Q.; Li, A.; Shuang, C.; Shi, Q.; Zhang, M. Preparation of a novel magnetic microporous adsorbent and its ad-sorption
behavior of p-nitrophenol and chlorotetracycline. J. Hazard. Mater. 2014, 266, 84–93. [CrossRef]

27. Shuang, C.; Li, P.; Li, A.; Zhou, Q.; Zhang, M.; Zhou, Y. Quaternized magnetic microspheres for the efficient removal of re-active
dyes. Water Res. 2012, 46, 4417–4426. [CrossRef]

http://doi.org/10.1016/j.jhazmat.2015.04.005
http://www.ncbi.nlm.nih.gov/pubmed/25867588
http://doi.org/10.1016/j.jhazmat.2018.12.047
http://www.ncbi.nlm.nih.gov/pubmed/30572296
http://doi.org/10.1016/j.jclepro.2019.119694
http://doi.org/10.1080/00222348.2019.1644788
http://doi.org/10.1038/s41598-017-17360-8
http://doi.org/10.1016/j.jhazmat.2013.12.015
http://doi.org/10.1016/j.watres.2012.05.052

	Introduction 
	Materials and Method 
	Materials and Characteristics 
	Preparation of Magnetic Polymers 
	Surface Modification of -Fe2O3 
	Preparation of -Fe2O3@GMA 
	Preparation of -Fe2O3@GMA@IM 

	Batch Adsorption Studies 
	Contrast Experiment 
	Effect of pH 
	Adsorption Kinetics 
	Adsorption Isotherm 
	Regeneration Experiment 


	Results and Discussion 
	Description 
	Comparative Experimental Analysis 
	The Influence of pH 
	Adsorption Kinetics 
	Adsorption Isotherm 
	Repeatability 

	Conclusions 
	References

