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Adsorptive Removal of Reactive Orange 122
from Aqueous Solutions by lonic Liquid Coated
FesO4 Magnetic Nanoparticles as an Efficient Adsorbent
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ABSTRACT: In the present investigation, a novel adsorbent, ionic liquid modified magnetic
nanoparticles (IL-Fe304), was successfully synthesized and characterized by FT-IR spectroscopy,
ThermoGravimetric Analysis (TGA), XRD analysis, Scanning Electron Microscopy (SEM) and
theory of Brunauer, Emmett, and Teller (BET) for removal of Reactive Orange 122 (RO-122) from
aqueous solutions. The effects of various experimental parameters such as pH, contact time,
nanoparticle dosage and ionic liquid amount were studied and optimized. Experimental results
indicated that the IL-Fe3O4 nanoparticles had removed more than 98% of proposed dye under
the optimum conditions. Detection and quantification limits of the proposed method were 14 and
46ug/L, respectively. Desorption process of the adsorbed dye was also investigated using methanol,
ethanol and propanol as the solvent. Both the adsorption and desorption of dye were quite fast.
The adsorption process preferably followed the Freundlich isotherm and pseudo-second-order
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kinetic model. The RO-122 was removed successfully from environmental water samples too.

KEY WORDS: Reactive orange 122, magnetic nanoparticles, ionic liquid, adsorption.

INTRODUCTION

At present more than 9000 types of dyes have been
incorporated in the color index and these compounds
are used in large quantity in various areas such as textile,
leather, paper, cosmetics, plastics, pharmaceuticals, food,
etc [1]. Discharge of dyes into water sourses threatens
the water supply and quality due to non-degradability under
harsh conditions, toxicity, accumulation and magnification
throughout the food chain. The highly colored effluent
not only causes damage to aquatic life but also human
beings by producing carcinogenic and mutagenic effects [2].
Dyes usually have complex aromatic structures
which make them stable and difficult to decompose.

The dyes present in wastewater absorb sunlight, leading
to a decrease in the efficiency of photosynthesis
in aquatic plants due to reduced light penetration [3].
Color removal from wastes has been the target of great
attention in the environmental field because of large scale
production and extensive application of synthetic dyes.
Over years, a wide range of physical and chemical
processes such as flocculation, electro-flotation,
precipitation, electro-kinetic coagulation, ion exchange,
membrane filtration, oxidation, irradiation and ozonation
have been investigated extensively for removing dyes
from aquatic bodies but these methods possess drawbacks
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due to their inapplicability to large scale units along
with both energy and chemical intensiveness [4]. Reviewing
the available literature indicated that the adsorption is
one of the most investigated techniques for dye removal
in terms of cost, simplicity of design, ease of operation
and high level of effectiveness as well as the availability
of a wide range of adsorbents [5-8]. Thus, many researchers
throughout the world have focused their efforts
on optimizing the adsorption process and developing novel
alternative adsorbents with high adsorptive capacity
and low cost. In this regard, comprehensive investigations
and developments were paid to Magnetic NanoParticles
(MNPs), due to the high specific surface area and
the absence of internal diffusion resistance [9]. Numerous
chemical methods can be used to synthesize FesOs
nanoparticles. Co-precipitation, thermal decomposition,
and hydrothermal synthesis, have been applied and
reviewed for the production of FesO4 nanoparticles [10, 11].
Among these methods, co-precipitation is a facile
and convenient pathway to obtain magnetic particles [12].
Surface modification of MNPs is a challenged key
for different applications and can be accomplished
by physical/chemical adsorption of organic compounds
by four major methods: organic vapor condensation,
polymer coating, surfactant adsorption and direct
silanation [13]. In the preparation and storage of NPs
in colloidal form, the stability of the colloid is of utmost
importance. The NPs which have hydrophobic surfaces
with a large surface area to volume ratio, tend to agglomerate
in order to reduce their surface energy and form
large clusters, resulting in increased particle size [14, 15].
These clusters, then, exhibit strong magnetic
dipole—dipole attractions and show ferromagnetic
behavior. Modification of the NPs surface is a solution
to prevent this phenomenon. Selective removal of toxic
target compounds from complex environmental matrices
can be obtained when certain special functional ligands
with affinities for target molecules are bound onto these
MNPs. Therefore, present study introduces an ionic
liquid (IL) as surface modifier. Nowadays, ionic liquids
are widely recognized solvents due to their extended list
of excellent properties and have attracted extensive
attention and gained popularity in analytical chemistry
[16-19].

In the proposed procedure, IL-FesOs were produced
by the adsorption of 1-tetradecyl 3-methyl imidazolium
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bromide [C14MIM][Br] ionic liquid on the surface of
FesO4 and their applicability for removal of reactive
orange 122 as an anionic dye from aqueous samples
was investigated. After magnetic separation, the target species
can be easily removed from NPs by desorbing agents, and
the recovered MNPs can be reused.

EXPERIMENTAL SECTION
Chemicals and reagents

All chemicals were of analytical reagent grade.
Sodium hydroxide, hydrochloric acid, methanol, ethanol,
propanol, FeCl3.6H,0, FeCl,.4H,O with the highest
purity purchased from Merck (Merck, Darmstadt,
Germany). Reactive orange 122 (Fig. 1) was purchased
with industrial purity. The ionic liquid [C14sMIM][BTr]
was synthesized in Chemistry and Chemical Engineering
Research Center of Iran with high purity (>99.8%). Stock
solution of dye with the concentration of 1000 mg/L
was prepared by dissolving the powder in double distilled
water. Working solutions were obtained daily by appropriately
diluting the stock solutions with deionized water.

Apparatus

Absorbance measurements were obtained using an 8453
diode array UV Vis spectrophotometer (Agilent, USA).
A 780 pH meter (Metrohm, Switzerland) was used
for monitoring the pH values. The XRD measurements
were performed on the XRD D8 Advance (Bruker, Germany).
Scanning Electron Microscopy (SEM) was used
to investigate the surface morphology of the synthesized
adsorbent using the SEM model S4160 Cold Field Emission
(Hitachi, Japan). Specific surface area and porosity were
defined by N, adsorption—desorption porosimetry (77 K)
using a Belsorp mini Il BET surface area analyzer (Bel, Japan).
A mechanical stirrer (Heidolph, Germany) was applied
for stirring of the dye solutions with a glassware stirrer.
The FTIR spectra were recorded on a FTIR spectrometer
model spectrum 65 (Perkin-Elmer, UK). Thermogravimetric
analyses were performed wusing a TG209F1A
thermogravimetric analyzer (Netzsch, Germany). A super
magnet Nd-Fe-B (1.4 T, 10 cm x 5 cm x 2 cm) for
settlement of MNPs was also used.

Synthesis of FesOs4 NPs
FesOs NPs were prepared by mixing FeCl,-4H,0
(2.74 g), FeCl3:6H20 (3.11 g) and 0.85 mL concentrated
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Fig. 1: (A) chemical structure of reactive orange 122, (B) dye solution with the concentration of 20 mg/L
afrer and befor removal, and (C) removal procedure of RO-122 by IL-Fe304.

hydrochloric acid into 25 mL deionized water. The
mixture was added to a stirred 250 mL NaOH solution
(1.5 M). In the designed method, the synthesis of MNPs
was done by introducing nitrogen gas through a sparger
into the solution for oxygen removal. The bubbling
of nitrogen gas through the solution protects Fes;O. against
critical oxidation and reduces the particles size when
compared to synthesis methods without oxygen removal [20].
During the whole process, the solution temperature
was maintained at 80°C. After completion of the reaction,
the obtained Fe3O4 NPs were separated from the reaction
medium by the magnetic field, and then washed with 500 mL
deionized water four times. The pH of suspension
after the washings was 10 and concentration of the
generated MNPs in suspension was estimated to be about
10 mg m/L by weighing dried MNPs. The obtained
MNPs were stable in this condition up to one month.

Dye removal experiments
In the proposed procedure, to achieve maximum
adsorption efficiency, various parameters affecting

the removal of dye were studied and optimized with
a univariate method. Each test consisted of preparing
a 25mL of dye solution with a desired initial concentration
by diluting the stock dye solutions with deionized water.
A known amount of IL-FesO4 was then added to the
solution, and the obtained suspension was immediately
stirred vigorously for a predefined time by a glassy rod.
The dye loaded IL-FesOswas then  separated
magnetically. The dye solution became colorless after
stripping. The mixture was decanted and the supernatant
was removed completely (Fig. 1). Removal percent and
adsorbed amount of dye was  determined
spectrophotometrically by measuring the absorbance
of the sample solutions before and after removing process
at appropriate wavelengths corresponding to the maximum
absorbance which is 288nm for RO-122 dye. The
following equation was applied to calculate the dye
removal efficiency:
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Fig. 2: (A-A) and (A-B) are XRD patterns of FesOs and IL-FesOa, respectively. (B-A) and (B-B) are
SEM images of Fe30s. (C-A), (C-B), and (C-C) are FT-IR spectra of the FezOas, IL-Fe304, and [C1aMIM][Br], respectively.

Where Co and C; are the initial and residual
concentrations of dye in the solution (mg/L),
respectively.

RESULTS AND DISCUSSIONS
Characterization of FesOs and IL-Fe3O4

The typical XRD profile of both IL-Fes0, and
standard Fe3O4 are shown in Fig. 2 for comparison.
Although the magnetic nanoparticle surfaces in 1L-Fe304
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were coated with ionic liquid, analysis of XRD patterns
of both FesOsand IL-Fe3;04 indicated very distinguishable
peaks for magnetite crystal, which means that these
particles have phase stability. We calculated
the crystallite size measurement around 16.8nm from
the XRD pattern according to Scherrer equation:
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The equation uses the reference peak width at angle 6,
where / is the wavelength of incident X-ray (1.5418A),
b is the width of the XRD peak at half height and K is a
shape factor, which is about 0.9 for magnetite and
maghemite. The absence of the Fe,O3 peaks ranging from
a 20 angle of 20° to 30° proved that the black powder
was Fe304 and therefore we can see that no impurities
of Fe;O3 were observed.

The morphology of FesOs4 was observed by SEM.
As shown in Fig. 2, the well-shaped particles with diameter
about 27 nm were achieved. It should be noted that
the particle dimension obtained by SEM is higher than
the corresponding crystallite size, i.e. 16.8 nm. This
difference may be explained due to the presence of
aggregates in SEM grain consisting of several crystallites
and/or poor crystallinity.

IR spectra of FesOs4, IL-Fes0s and [C1sMIM][Br]
ionic liquid are shown in Fig. 2. The band at 3455 cm!
is attributed to the stretching vibrations of —OH, which
is assigned to surface OH groups of FesOs NPs and
the bands at low wavenumbers (<700 cm™') are related
to vibrations of the Fe-O bonds in iron oxide.
The absorption band of Fe—O bonds of the bulk magnetite
is observed at 570.9 cm™!. The IR spectra show that
the surface of Fes04 NPs was well modified by ionic liquid.

To estimate the amount of ionic liquid deposited onto
the surface of Fe;Oa, the ThermoGravimetric Analysis (TGA)
of FesOs and IL-FesOs was conducted. Fig. 3
shows the TGA curves of both FezOsand IL-FesO.
nanoparticles. The first mass losses steps, to 140°C,
are due to the loss of physically adsorbed water on
the surfaces. The second mass losses steps, from 200 to about
800-C, are due to the decomposition of immobilized ionic
liquid. According to the TGA curves, the ionic liquid
content of IL-FesO4 nanoparticles was evaluated to be
27.9% by weight.

Specific surface area was determined by applying the
theory of Brunauer, Emmett, and Teller (BET)
to nitrogen adsorption/desorption isotherms measured
at 77 K. The specific surface area of the sample
is determined by physical adsorption of a gas on the surface
of the solid and by measuring the amount of adsorbed gas
corresponding to a monomolecular layer on the surface.
The data are treated according to the BET theory.
The results of the BET method in Fig. 4 showed that
the average specific surface area of MNPs was 89.95 m?g.
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Fig. 4: Adsorption/desorption isotherm.

It can be concluded from these values that the synthesized
magnetite is nanoparticles with relatively large specific
surface area and the mean pore diameter was 10.37nm,
with a total pore volume of 0.2116cm?®/g.

Effect of solution pH

pH is one of the prime factors influencing the
adsorption behavior of mixed hemimicelles system.
The solution pH would affect both aqueous chemistry
and surface binding sites of the adsorbent [3]. The effect
of pH of the solution, on the adsorption of RO-122 onto
IL-Fe3O4 surfaces was assessed at different pH values,
ranging from 3.0 to 12.0. The surfaces of metal oxides
are generally covered with hydroxyl groups that vary
in form with pH. At pHs more than about 7, the surface
of MNPs is negatively charged, which increases the positively
charged ionic liquid coating through electrostatic forces
as double layer aggregations so called admicelles.
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Also, electrostatic attraction between the positively
charged surfactant and the negatively charged dye
increases. According to the Fig. 5A, pH 10 was selected
for all further adsorption experiments.

Effect of ionic liquid and MNPs amount

The effect of I1L-FezO4 dosage on removal of RO-122
was investigated using a batch mode by adding a known
quantity of the adsorbent, in the range of 0.2-2.0 mL.
The results (Figure 5B) showed that the adsorption
efficiencies increased by increasing adsorbent dose.
This observation can be explained be the greater number of
adsorption sites made available at greater MNPs dosages.

Fig. 5C depicts the percentage of adsorbed RO-122
as a function of the amount of [C1sMIM][Br] added. In the
absence of [C1sMIM][Br], the RO-122 hardly adsorbed
onto the surface of FesO4NPs. In contrast, with increase
in [CisMIM][Br], the sorption amount of RO-122
increased remarkably but at higher amounts of
[C1sMIM][Br], the adsorption of RO-122 decreased
gradually due to formation of ionic liquid (IL) aggregates
in the solution which can compete with formation of
IL aggregates on the surface of Fe3O4. Results of the present
study indicated clearly that the hydrophobic interactions
played an important role in the adsorption process.
So, 0.6mL of [CiMIM][Br] with the concentration
of 1000 mg.L'was chosen as optimum amount in order
to achieve the highest possible extraction efficiency.

Effect of contact time

The contact time between adsorbate and adsorbent is
one of the most important design parameters that affect
the adsorption processes. The effect of contact time
on the performance of IL-FesO4 in adsorbing RO-122
was investigated (Fig. 5D). The optimum contact time
between sample solution and IL-Fe3O, nanoparticles
was considered to be 8 min. The fast adsorption rates
could be referred to the absence of internal diffusion
resistance [21]. The shorter the contact time in an adsorption
system, the lower would be the capital and operational
costs for real-world applications.

lonic strength

Since the presence of any ion could affect the
hydrophobic and electrostatic interaction between dyes
and surface of IL-FesO4, the effect of solution ionic
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strength on removal of RO-122 was investigated.
Selected amount of NaCl in the range of 0.2-2.0%(w/v)
was added to individual beakers containing 25 mL of the
tested dye solution. According to the results, the presence
of high ionic content reduces the dye removal efficiency.
This phenomenon can be explained by the competition
of anionic dye and CI- ion for the sorption sites. Thus,
the strategy of no salt addition was performed for the kinetic
and isotherm studies.

Desorption studies

The desorption study is very important since the
regeneration of adsorbent decides the economic success
of the adsorption process. Primary objective of
regeneration is to restore the adsorption capacity of
exhausted adsorbent while the secondary objective is
to recover valuable components present in the adsorbed
phase (e.g. dye). Organic solvents are known to disrupt
surfactant aggregates [22]. Dye desorption from
the IL-FesO4 was conducted by washing the dye loaded
IL-Fe304 using 3.0 mL of methanol, ethanol and propanol,
separately for the extraction from 30 mL of aqueous
solution. In this study, 54% of RO-122 could be desorbed
and recovered by propanol, 68% by ethanol and 90%
by pure methanol, so methanol was chosen as the optimum
desorption solvent. Addition of desorbing solution
in multiple steps (3 steps) can improve the desorption
process as expected. Therefore, enrichment factor of 10
and enhancement factor of 9 were achieved in solid phase
extraction using methanol as eluent.

Adsorption isotherms

The isotherm models are important for describing
the interactive behavior between solutes and adsorbent.
The parameters obtained from different models provide
important information on the sorption mechanisms and
the surface properties and affinities of the sorbent.
Since the more common models used to investigate
the adsorption isotherm are Langmuir and Freundlich
equations, the experimental results of this study
were fitted with these two models.

The widely used Langmuir isotherm is based on the
assumption that maximum adsorption corresponds
to a saturated monolayer of adsorbate molecules on adsorbent
surface with a constant energy [23]. The general form of
the Langmuir isotherm is:
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Where ¢ is the amount of dye adsorbed per unit mass
of adsorbent (mg/g),C. is the equilibrium concentration
of dye in the solution (mg/L), b is the Langmuir constant
(L/mg) and gmax is the maximum adsorption capacity
(mg/g).

The well-known Freundlich isotherm is often used
for heterogeneous surface energy systems. It considers
multilayer adsorption with a heterogeneous energetic
distribution of active sites, accompanied by interactions
between adsorbed molecules. The Freundlich empirical
model is represented by:

Lng, = Lnk, + (E)LnCe 4)
n

Where ¢e is the amount adsorbed at equilibrium
(mg/g), Ce is the equilibrium concentration (mg/L), and
Kt (mg'~""L¥"g™") and 1/n are Freundlich constants.

The amount of adsorption at equilibrium, ge (mg/g),
was calculated by:

g, =G ©)
m

Where Co and C. are the initial and equilibrium
concentrations of dye in (mg/L) respectively, V is the
volume of experimental solution in L, and m is the dry
weight of nanoparticles in g.

The favorability of the dye adsorption process onto MNPs
was evaluated using a dimensionless parameter (R.) derived
from the Langmuir expression. It is defined as follows:

1

- - 6
(1+bC,) ©
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Table 1: Adsorption isotherms parameters of RO-122 onto IL-Fe304

4 Langmuir model Freundlich model h
Qmax (MA/Q) b k. (L/mg) R Correlation coefficient ki(L/mg) N Correlation coefficient
Y 51.546 2.55 131.57 0.02 0.890 34.956 1.55 0.944 )
5.0 0.07
B
4.5 0.06 ®) .
4.0 0.05 :
c 35 S om
- )
3.0 0.03
25 0.02
2.0 0.01
-2 1 0 1 2 0 2 4 6

LnC,

C.

Fig. 6: Equilibrium isotherms plots; (A) Freundlich isotherm plot; (B) Langmuir isotherm plot. Concentration range:
5-60mgL! and pH=10, 25 mL sample volume.

Which b parameter is a coefficient related to the
energy of adsorption and increases by increasing strength
of the adsorption bond. The adsorption process can be
defined as irreversible (R =0), favorable (0<R.<1), linear
(R.=1) or unfavorable (R.>1) in terms of R..

The calculated parameters for Langmuir and
Freundlich isotherms and the correlation coefficients (r)
are listed in Table 1. Results according to Fig. 6 show
that the values of correlation coefficient, r, for fitting
of experimental isotherm data to Frendlich equation is more
close to 1.0000 than that for Langmuir equation.
Therefore, the Frendlich model represents the
experimental data better on the basis of values of
regression coefficients. This model describes the
multilayer adsorption of the solute on heterogenous
surface of the adsorbent.

Kinetic studies

The study of Kkinetics of dye adsorption onto
FesO:NPs is required for selecting optimum operating
conditions for the full-scale bath processes. Kinetic
studies were performed in a 0.5 L glass beaker where
11.2mL of 10 mg/mL of Fe3O4 suspension and4.8 mL of
1g/L of [C14aMIM][Br] solution were added into 200 mL
of dye solution with the concentration of 50 (mg/L)
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at ambient temperature. At preset time intervals, ranged
from 2 to 60 min, the samples of 5 mL were taken from
the solution and then the clear supernatant solutions
were analyzed for residual RO-122 concentration in the
solution. Fig. 7 shows the influence of time on the dye
removal. The removal rate was very fast during the initial
stages of the adsorption processes. The time required
to achieve the adsorption equilibrium was only 38 minutes.
To describe the adsorption behavior and rate, the data
obtained from adsorption Kkinetic experiments were
evaluated using pseudo-first- and pseudo-second-order
reaction rate models.

The rate of pseudo-second order reaction may be
dependent on the amount of solute adsorbed on the
surface of adsorbent and the amount adsorbed
at equilibrium [24]. The kinetic rate equations for pseudo-
second order reaction can be written as follows:

t 1

9, K.

1
; + (ot ™
de

Where gt and qe, are the value of adsorbed dye (mg/g)
at each time and at equilibrium, respectively, and K
is the equilibrium rate constant of pseudo-second-order
adsorption (g/mg min).
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Table 2: Adsorption kinetic parameters of RO-122 onto IL-Fe304

/Pseudo second order | Initial concentration Equation ge(mg/g™) K(g/mg min) Correlation coefficient A
47mg/L* t/0=0.0127t+0.0304 78.7 0.0053 0.9975
Pseudo first order Initial concentration Equation ge(mg.g?) K(min™) Correlation coefficient
\_ 47mg L? 3.84+0.1071= -Ln(Qe-qy) 46.62 0.1071 0.8640 )

Table 3: Figures of merit of the proposed method.

( (RSD%) LOQ (pg/L) LOD (ug/L) Correlation coefficient Dynamic linear range (mg/L) Calibration equationw
k 2.9% 46 14 0.9995 0.05-50 Y=0.0245X+0.0061 J
was very good (RSD = 2.9%). The linear calibration range
100 for measurements under the optimum conditions was
0.05-50 mg/L (R?= 0.9995). The detection limit based on
© 90 six times of the standard deviation of the blank solution
f—g (3Sh/m) was found to be 14 p/gL.
g 8
§ Analysis of environmental water samples
8 5 In order to check the applicability of the proposed
method for various water samples, RO-122 was
60 determined in different water samples including Tehran

t

Fig. 7: Effect of time on the removal efficiency.

The pseudo-first-order model can describe different
adsorption situations, such as systems close to
equilibrium; systems with time-independent solute
concentration or linear equilibrium adsorption isotherm;

and more complex systems [22]. This model
is represented by:

Where K is the equilibrium rate constant of pseudo-
first-order sorption (1/min). The slope and intercept of the
plot of In (ge— qr) versus t are used to determine the first-
order rate constant, Ki. The kinetic results are shown
in Table 2 and Fig. 8.

Analytical features

The analytical features of the proposed method such
as precision, linearity range of calibration curve and limit
of detection were also examined. The results
are summarized in Table 3. The removal of RO-122
was quantitative (>98%) and the precision of the method

tap water, well water ( Chitgar, Tehran) and river water
(Vardavard, Tehran). An appropriate volume of sample
solution was adjusted to the optimum pH and subjected
to the recommended procedure. Reliability was checked
by spiking samples. Water samples spiked with 10, 15 and
20 mg/L of RO-122, were extracted by the proposed
procedure. Table 4 lists the recoveries and concentrations
found for RO-122, expressed as the mean value (n= 3).
Recoveries ranged between 87.5% and 95.1% for
the all four water samples. The results demonstrate
the applicability of the proposed method to water analysis.

CONCLUSIONS

The sorption of pollutants from aqueous solutions
plays a significant role in water pollution control. For this
purpose, novel magnetic nano-adsorbent was fabricated
by modifying the surface of FesOsNPs with
[C.4sMIM][Br] ionic liquid. The prepared magnetic
adsorbent can be well dispersed in the water and can be
easily separated magnetically from the medium after
adsorption. Unique features such as high adsorption
capacity, stability, reusability and ease of synthesis
present this adsorbent as a promising and feasible
alternative for dye removal. In addition, it should not be
forgotten that the IL- FesOs NPs adsorbent was
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magnetically recoverable. This function will be quite
useful in practical applications and will reduce time-
consumption.
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