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Abstract: In this study, functionalized magnetic nanoparticles of poly (ionic liquid) 1-allyl-3-methylimidazolium chloride
were prepared through free radical copolymerization method and tested as a high efficient adsorbent for the removal of anionic
dyes in water samples. The physical and chemical structure of prepared magnetic nanoparticles (MNPs) were investigated
using Fourier transform infrared spectroscopy (FT-IR), X-ray powder diffraction (XRD), transmission electron microscopy
(TEM) and scanning electron microscopy (SEM). Next, synthesized magnetic nanoparticles were used in magnetic solid phase
extraction (MSPE) method to extract three anionic dyes (Alizarin Red S, Congo Red and Methyl Orange) in water samples.
Also, the effect of several parameters such as pH, temperature, contact time and amount of adsorbent was investigated and the
optimum values were determined. In addition, the adsorbent has a high ability to remove anionic dyes from water samples
containing different dyes. Limit of detection (LOD), limit of quantitation (LOQ), and correlation coefficient were determined
for methyl orange, Congo red and alizarin red S dyes under optimum conditions. The synthesized magnetic nanoparticles can
be collected by an external magnetic field and regenerated with an alkaline solution (NaOH) and reused. The obtained results
showed that the MNPs@PIL method was very efficient and successful in removing dye pollutants in water samples.

Keywords: Poly (Ionic Liquid), Magnetic Solid-Phase Extraction (MSPE), Fe;0,4, Nanoparticles, Alizarin Red S,
Congo Red, Methyl Orange

interact with other functional groups, Silica not only protects
the magnetic core but also prevents the direct contact of
additional agents with the magnetic cores [4]. Today, ionic
liquids have attracted wide attention because of their unique
properties and applications. Most ionic liquids are in their
liquid form at a temperature of less than 100°C, The
composition of ionic liquids consists of bulky and
asymmetric cations and low-volume anions [5]. Polymeric
ionic liquids are a novel class of poly electrics materials
derived by the polymerization of IL monomers [6]. PILs are
used as a coating on the absorbent surface for extraction and
preconcentration of different analytes [7-9]. The solid phase
extraction based on polymeric ionic liquids can be used
several times because polymeric ionic liquids enhance
stability and durability [10].

Dyes have different uses in different industries such as

1. Introduction

In recent years, solid phase extraction (SPE) has attracted
considerable attention in the field of sample preparation and
extraction [1]. The magnetic solid phase extraction (MSPE)
method is known as an advanced method of solid phase
extraction (SPE). In this method, the analytes are allowed to
interact with the magnetic adsorbent for several minutes, and
then the analytes are removed by an external magnetic field.
The magnetic adsorbent property makes the separation
process easier and reduces the extraction time [2]. However,
NPs are easily oxidized by changing environmental
conditions. Therefore, to prevent this phenomenon, NPs
surface modification should be done [3]. In this regard, the
hydrophobic silica nanoparticles have a strong ability to
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leather, plastic, food, etc. Azo dyes are widely used in textile
and dyeing industries. Azo dyes are composed of one or
more groups of organic aromatic compounds [11]. Most of
the azo dyes are carcinogenic, mutagenic, and toxic [12], and
the presence of these dyes in water creates serious problems
for humans, living organisms, and the environment. MO is a
water-soluble dye that is used in the dyeing and textile
industries [13]. CR is carcinogenic to humans due to the
presence of benzene rings [14]. ARS is a type of water-
soluble dye and is part of complex aromatic compounds that
are very durable and resistant to light and heat. This category
of dyes can be removed from water samples using different
methods and techniques such as surface adsorption,
flocculation, and oxidation, among all these methods, surface
absorption is the most used. Determining the low
concentration of dyes in water samples is a big problem, so it
is necessary to use a precise technique for dye separation and
preconcentration [15-18].

In this study, PIL was modified on the absorbent surface
through free radical polymerization. The new MNPs@PIL
nanoparticles have a high ability to separate and
preconcentrate the anionic dyes methyl orange, Congo red
and alizarin red S with different concentrations. Also, the
obtained MNPs@PIL nanocomposite was used 11
consecutive times to extract anionic dyes. Therefore, it has a
high ability to remove anionic dyes from water samples.

2. Experimental
2.1. Materials and Apparatus

Iron (IIT) chloride hexahydrate (FeCl;.6H,0) (99%), Iron
(IT) chloride tetrahydrate (FeCl,.4H,0) (98%), Ammonia
(NH;, 25%, W/W), methanol, ecthanol, Chloroform,
hydrochloric acid, Sodium hydroxide, Methyl orange (MO),
Alizarin red (AR), and Congo Red (CR), vinyltriethoxysilane
(VTES) and Tetra ethyl orthosilicate (TEOS) were purchased
from Merck, 2,2'-Azobisisobutyronitrile (AIBN) was
purchased from Acros and 1- Allyl-3-methylimidazolium
chloride (98%) was purchased from Atlas chemical (Tehran,
Iran).

The concentration of the samples were determined using a
Camspec model UV—vis spectrophotometer. The morphologies
of the MNPs@PIL were examined using scanning electron
microscopy (SEM) instrument, and Transmission electron
microscope (TEM) instrument. The Structure analysis of
absorbent was analyzed by X-ray diffractometer (XRD). To
identify the organic compounds, inorganic compounds, and
functional groups of the obtained product, a Bruker Tensor
Fourier transform infrared spectrometer (FT-IR) was used. The
pH measurements were carried out using a Metrohm pH meter
(220L Neo Met, Korea).

2.2. Synthesis of Fe;0,@Si0,@PIL

To prepare Fe;0, nanoparticles, FeCl;. 6H,0 (5.2g) and
FeCl,. 4H,0. (2.0g) were dissolved in 100 mL deionized

water. Then HCL 12mol/L and ammonia (25% (W/W)) were
added to the solution. The obtained sediment was separated
by a strong magnet. Preparation of Superparamagnetic
nanoparticles with a thin layer of silica (Fe;0,@Si0,) was
performed through sol-gel polymerization method.
Preparation of (Fe;0,@Si0, @VTES) was performed via the
reaction between Fe;0,@Si0, and vinyltriethoxysilane.

PIL was immobilized on the surface of magnetic
nanoparticles by free radical copolymerization of 1-allyl-3-
methylimidazolium chloride and ( Fe;0,@Si0, @VTES )
using AIBN as an initiator. The obtained (MNPs@PIL )
product was collected by an external magnetic field. Then
they were dried under vacuum at 45°C [10].

2.3. Magnetic Solid phase Extraction Method (MSPE)

80 mg of prepared magnetic nanoparticles PIL adsorbent
was weighted and transfered into a 25 ml beaker, then
immersed in 20 ml of 0.1M sodium hydroxide solution for 24
hours to activate the imidazolium groups on the adsorbent
surface. Then, in order to neutralize the adsorbent, it was
washed several times with deionized water. For each MSPE
procedure, 5 ml of the analyte with a certain concentration
was added to the adsorbent. The mixture was stirred by a
mechanical stirrer for 15 minutes, and finally, the adsorbent
was separated by an external magnet.

3. Results and Discussion
3.1. Characterization of MNPs@PIL

3.1.1. FT-IR Spectra

The FT-IR spectra of Fe;0, , Fe;0,@Si0, |,
Fe;0,@Si0,@VTES, and MNPs@PIL are shown in “Figure
17, In Fe;0, FT-IR spectra the absorbance band at 3414 cm™'
is related to the stretching vibration of the O-H. In the
Fe;0,@Si0, spectrum, the strong absorbance band at 1099
em’ can be ascribed to Si-O-Si stretching vibration.
Moreover, the absorbance band at 3062 cm ! and 2960 cm!
shows the presence of —CH,and —CHj3 groups respectively,
which corresponds to the spectrum of Fe;0,@SiO, @VTES.
In the spectrum of MNPs@PIL absorbance band at in 1551
em™ and 1463 cm™' indicates the existence of imidazolium
rings on the surface of MNPs.

3.1.2. XRD Patterns

The XRD patterns of the Fe;0, and MNPs@PIL are
shown in “Figure 2”7, XRD patterns exhibited strong
diffraction peaks at 30.1°, 35.9°, 37.1°, 43.2°, 54°, 57.3°, and
63° that have been appeared for both of them. The results
showed that the crystal structure of Fe;O,4 particles has not
changed after modification with ionic poly liquid.

3.1.3. Scanning Electron Microscope (SEM)

The morphology of MNPs@PIL was investigated by
SEM. SEM image in “Figure 37, reveals that the size of the
particles is between 18-36 nm.
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Figure 1. FT-IR spectra of Fe;0, (a), Fe;0,@Si0,(b), Fe;0,@Si0,@VTES(c), and MNPs@PIL(d).
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Figure 2. XRD patterns of Fe;0,(a) and MNPs@PIL (b).
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Figure 3. SEM image of MNPs@PIL.

3.2. Adsorption Process
3.1.4. Transmission Electron Microscopy (TEM)

In “Figure 4”, The morphology of the MNPs@PIL was  3.2.1. The Effect of pH Value
examined using transmission electron microscopy (TEM).
The obtained result confirmed the nanometer size of 100
MNPs@PIL and also showed that the poly (ionic liquid) was 90 A . . = ARS

placed as a thin layer on the absorbent surface.  — - e CR
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Figure 5. Effect of pH on the recovery of Alizarin Red S, Congo red and
Methyl orange.

“Figure 57, shows the effect of sample pH on extraction
efficiency. The results showed that when the other conditions
Figure 4. TEM image of MNPs@PIL. were constant, the pH value strongly affected the extraction
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efficiency of MNPs because it can determine the surface
charge of the adsorbent [19]. The pH range was evaluated
from 2 to 9 for Methyl orange, Congo red, and Alizarin red S
dyes. The extraction efficiencies for Congo red and alizarin red
S dyes improved with the increase of pH (2-7) values and
reached the maximum at pH value 7 (98%). Moreover, methyl
orange dye has been optimized at pH=2 with 97% recovery.
With the increase of sample pH values, a strong electrostatic
attraction has been created between the OH™ groups and the
adsorbent active groups. But at pH 8-9, due to the creation of
electrostatic repulsion between the analyte molecules and the
adsorbent surface, the extraction efficiency has decreased to
55.97, 24 and 26.41%, respectively.

3.2.2. The Effect of Extraction Time

The effect of extraction time on the extraction performance
for anionic dyes was investigated. The extraction time varied
from 5 to 17 min. As shown in “Figure 6”, Results indicated
that the extraction performance increased from 5 to 15 min,
the adsorption percentage of the dyes also increased, and
after that, the adsorption efficiency remained almost constant
at 17 min. Therefore, 15 min is considered the maximum
adsorption time for all three dyes.
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Figure 6. Effect of time on the recovery of Alizarin Red S, Congo red and
Methyl orange.

3.2.3. Effect of the Amount of the Sorbent

In order to determine the optimum amount of adsorbent
required for quantitative sorption of Methyl orange, Congo
red, and Alizarin red S dyes, different quantities of
MNPs@PIL were used in this step in the range of 40 to 100
mg. As shown in “Figure 77, the highest extraction efficiency
was obtained in the values of 80 mg adsorbent, 97, 97.8, and
98.82%, respectively. Consequently, the optimum amount of
the adsorbent was 80 mg.

3.2.4. Effect of Temperature on Sample Adsorption
Temperature is one of the important factors that affects the

adsorption process. In this study, the effect of temperature

was investigated in the range of 5 to 30°C for the adsorption

of Methyl orange, Congo red, and Alizarin red S dyes. The
obtained results are shown in “Figure 8”, and the highest
extraction efficiency was calculated at 10°C for CR and 15°C
for ARS and MO. As the temperature increases, the
interaction between the dye molecules and the active sites of
the adsorbent decreases. Therefore, the extraction efficiency
will decrease.

100 H - 2 A A
-~
90 » =
80 - o 2 "
n
70 A )
°\° 60 - - -
el
@ 54 = ARS
8 e CR
& 40 A MO
30 A
20
10 H
o T T T T T T T
40 50 60 70 80 90 100
Amount of the sorbent (mg)

Figure 7. Effect of the Amount of the sorbent on the recovery of Alizarin Red
S, Congo red and Methyl orange.
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Figure 8. Effects of temperature on the recovery of Alizarin Red S, Congo
red and Methyl orange.

3.2.5. Kinetic Model

To study the kinetics of dye adsorption onto MNPs@PIL,
the kinetic investigations were performed for Mo, CR, and
ARS dyes. The experimental data of the pseudo-first-order
and pseudo-second-order adsorption kinetic models for the
adsorption process of dyes by MNPs@PIL adsorbent was
investigated.

The linear equation of the pseudo first order kinetic model
is expressed as follows:

Ln(ge — q¢) = Inge — Kt (1
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The pseudo-second-order kinetic equation is expressed as
follows [20]:

t/qe = 1/K,q5 +1/qet )

“In equation 1 and 2”, q, (mg/g~1), and q, (mg/g~?1)
mean the amount of dyes adsorbed on MNPs@PIL at
equilibrium time, and t (min) is time, K; and k, are rate

constants of pseudo-first order and pseudo-second order
kinetic model. Constant parameters and correlation
coefficients (R?) of these two models for dye adsorption by
MNPs@PIL adsorbent are shown in “Table 1”. According to
these results, pseudo-second-order kinetic model fits better
the exprerimental data. so it can be concluded that the
adsorption process follows the pseudo-second-order model.

Table 1. The kinetic parameters for the removal of MO, CR and ARS.

Pseudo-first-order

Pseudo-second-order

Dye K, q.(mg/g™) R? K, q.(mg/g™) R?
MO 1.3096 0.1948 0.943 0.7514 0.02271 0.9622
CR 0.98708 0.221 0.9279 0.7936 0.02843 0.9463
ARS 1.2795 02317 0.9371 0.6634 0.01940 0.96

3.2.6. Adsorption Isotherm
In order to find the adsorption mechanism of Mo, CR and
ARS on the surface of MNPs@PIL adsorbent, Langmuir and
Freundlich isotherm models were investigated. The
Langmuir isotherm model is based on monolayer adsorption.
The equation of the Langmuir isotherm model can be
written as follows [21]:

Ce/qe = l/qm KL + Ce/qm (3)

The Freundlich isotherm experimental model is based on
multilayer adsorption on the absorbent surface. The linear form

of Freundlich model equation is expressed as follows [22]:

Ln(qe) = Ln(Ky) + 1/ Ln(C,) (4)

“In equation 3 and 47, q, is the equilibrium adsorption
capacity ( mg.g™ '), Qmax i the maximum adsorption
capacity ( mg.g~! ), K, is the Langmuir adsorption
equilibrium constant ( L.mg~1), Ky is the equilibrium
adsorption coefficient (L.mg~'), and 1/n is an empirical
constant. The results obtained from adsorption isotherms
(Table 2) demonstrated monolayer adsorption of MO, CR,
and ARS onto MNPs@PIL.

Table 2. Fitted Langmuir and Freundlich isotherm parameters for adsorption of MO, CR and ARS onto MNPs@PIL.

Dve Langmuir isotherm Freundlich isotherm
Y q.(mg/g) K,(L/mg) R’ Ky(mg/g) Un R?
MO 22.22 0.47 0.9875 0.333 0.7165 0.9006
CR 47.61 0.12 0.984 0.156 0.8553 0.9755
ARS 17.8 0.81 0.9894 0.290 1.3371 0.9651
. and 3.3, respectively.
3.3. Desorption Process
3.3.1. The Effect of Desorption Time 100 ] |
Desorption time was studied by varying the time from 5 to 90 + o 4
30 min. The results are shown in “Figure 9”, it was found 80 A
that as the time increased to 25 minutes, desorption ] o =
efficiency for Mo, CR, and ARS dyes reaches 95.67, 96.10, o | —=—ARS
and 96% respectively and after that, there was no change in C’Z, 60 & : ﬁg
the extraction efficiency. g s04 °
g ]
X
3.3.2. Effect of Initial Dye Concentration and Loading ¢ 0 ]
Capacity 30 ’
To determine the maximum volume of the sample solution 0] ™
and calculating preconcentration factor different volumes of 1
sample solutions from 20 to 50 mL containing fixed amounts 107
of 6.4, 7.7 and 8.35 micrograms methyl orange, Congo red 0 r T - T T T
. . . : ) 5 10 15 20 25 30
and alizarin red S, respectively using sodium hydroxide i )
Time (min)

solvent (0.2 M) and ethanol (0.5 - 0.7 M) were investigated.
The results are shown in “Figure 10”, as can be seen, the
recovery efficiency has decreased with the increase of the
sample volume. The amount of washing solvent for all 3 dyes
was 20 and 25 ml, and the preconcentration factor for methyl
orange, Congo Red and Alizarin Red S was calculated as 4, 5

Figure 9. Effect of time on the recovery of the Alizarin Red S, Congo red and
Methyl orange.

3.3.3. Analytical Performance
The limit of detection (LOD), the limit of quantification
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(LOQ) and the correlation coefficient for methyl orange,
Congo red, and alizarin red S dyes were investigated under
the optimized conditions. The detection limit (LOD) was
determined as 0.039, 0.096, and 0.043 (mg.L™1) for methyl
orange, Congo red, and alizarin red S, respectively. The
correlation coefficient (R?) was determined to be 0.99 for all

3 dyes. The limit of quantification (LOQ) was 0.39, 0.96, and
0.43 (mg.L™1) for Methyl orange, Congo red, and Alizarin
red S, respectively. Comparison of this method with other
methods is presented in Table 3. The current method has a
high performance compared to other methods.

Table 3. Comparison of analytical performance of this method with other methods for determining dyes MO, CR and ARS.

Adsorbent Method Dye qn (mg/g) References
Chitosan-Silica Nanocomposite UV-Vis MO 7.0 [23]
Carbon Nanomaterials uv RAS 20 [24]
Activating natural bentonite UV-Vis CR 7.0 [25]
Fe;0,@Si0,@PIL MSPE-FL CR 5.24 [26]
MO 18.08
Fe;0,@Si0,@PIL UV-Vis CR 47.61 This work
ARS 22.22
Samples Dye Recovery %
100 " " MO 81
00 4 e 3 River Water (Gilan) CR 88.74
" ARS 90.61
80 = ARS MO 9438
* CR Well Water (Gilan) CR 96.26
70 \ 4-MO ARS 93.19
2 6] a MO 80.61
> A Lake Water (Gilan) CR 83.54
2 50 — . ARS 86.21
é 40 - ° gz;;;l)g effluent (Buin gdf({) gigz
5. S ARS 99.77
20 + K
4. Conclusion
10 4
0 ' . . . ‘ ’ . In this research, the synthesis, properties and use of
20 25 30 35 40 45 50 magnetic nanoparticles coated with polymer ionic liquid as
Sample volume (mL) new and efficient adsorbent for the separation and extraction

Figure 10. Effect of sample volume on the recovery of the Alizarin Red S,
Congo red and Methyl orange.

3.3.4. Analysis of Real Water Samples

The proposed method was for measuring dyes in real water
samples. tap water, river, lake, well water, and Dyeing effluent
were examined. Before the test, all of the real samples were
first filtered to remove impurities and after adjusting the pH of
each sample, different amounts of dye were added to the water
samples and filtered again by 0.45 micrometer membranes.
Certain amounts of dyes were added to each real sample and
all of the obtained optimum conditions were considered.
Eluting solutions were evaluated using a UV-Vis spectrometer.
Acceptable recoveries were obtained in the range from 80.61
to 104%. The results are shown in “Table 4”.

Table 4. The recovery percentage of each analyte from real samples by
adding a fixed amount of analyte to the sample.

Samples Dye Recovery %
MO 104
Tap Water CR 97.18
ARS 96.19
MO 92.73
River Water (Qazvin) CR 90.99
ARS 94.73

of MO, CR and ARS anionic dyes in water samples were
presented. Kinetic and isotherm studies demonstrated that
pseudo-second-order kinetic and Langmuir isotherm models
are followed. The obtained results and the comparision of
this method with other methods of removing these dyes
showed this method has enough efficiency. Also the
proposed method has a good separation speed, the reason for
that is the simplicity of the method, as well as the presence
and polymerization of imidazolium groups on the surface of
magnetic nanoparticles with high surface area which
provides more active adsorption sites, so increases adsorption
efficiency. The high extraction efficiency and low cost of this
method are superior to other methods.
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