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ABSTRACT

In this research work, the removal of erythrosine by magnetic iron oxide nanoparticles
modified by methyl trioctyl ammonium chloride (Aliquat 336) was investigated. Fourier
transform infrared and transmission electron microscopy were applied for surface
characterization of modified iron oxide nanoparticles. In order to obtain the maximum
removal efficiency, effects of pH, amount of adsorbent, electrolyte, stirring time,
temperature, and interfering ions were investigated. It was found that the adsorption
equilibrium was attained after 2 min of stirring time. Langmuir, Freundlich, Temkin, and
Dubinin–Radushkevich isotherm models were applied to fit adsorption equilibrium data.
The best-fitted data was obtained with the Langmuir model and the adsorbent capacity was
149.2 mg g−1. Kinetic studies indicated that the adsorption process was described better by
pseudo-second-order model. This method was successfully applied for the removal of
erythrosine from water samples.
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1. Introduction

The extensive use of dyes often brings pollution
problems in the form of colored wastewater [1].
Synthetic dyes are a large group of organic chemical
compounds that are discarded by various industries
such as textile, food, leather, plastic, pulp, and paper
to their effluents. The discharge of colored wastes into
streams not only affects their esthetic nature but also
interferes with the transmission of sunlight into
streams and therefore reduces photosynthetic action
[2]. Large amounts of dyes are continuously entering
the water systems from industries due to improper

processing and dyeing methods [3]. Some of these
dyes are a potential risk to human health in excess
amount and may present an ecotoxic hazard [4–6].
Hence, the removal of dyestuff from waste effluents
becomes environmentally important.

Considerable research has been done on color
removal from wastewater. Among different tech-
niques, adsorption is a more attractive method for the
removal of dyes due to its merits of simplicity, high
efficiency, and low cost. The adsorption process pro-
vides an attractive treatment, especially if the adsor-
bent is inexpensive and readily available. In this
regard, some work has been performed to remove ery-
throsine dye from water by various adsorbent includ-
ing activated carbon [7], biosorbents [8–11] and*Corresponding author.
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nanoadsorbent [12]. Nanotechnology, as the other
method, is quickly developing and has found applica-
tion in water treatment. At the same time, magnetic
nanoparticles have attracted considerable interest as
the new adsorbents due to their large specific surface
area, small diffusion route, high separation efficiency,
easy in synthesis, and low cost [13]. Recently, mag-
netic iron oxide nanoparticles (MIONPs) have shown
extensive applications as solid-phase adsorbent for the
removal of different types of pollutants such as dyes
and heavy metals [14–21]. Nanosized magnetic iron
oxide particles have found a wide range of applica-
tions in ferrofluids, high-density information storage,
magnetic resonance imaging, biological cell labeling,
separation of biochemicals, targeting, and drug deliv-
ery. For many of these applications, surface modifica-
tion of nanosized magnetic particles is a key of
challenge. In general, surface modification can be
accomplished by physical or chemical adsorption of
the desired molecules to coat the surface, depending
on the specific applications [22,23]. Several reports
have been published on using magnetic nanoparticles
for removal, separation, and determination of metals
ions [24], organic compounds [25], and dyes [26].

Erythrosine (Fig. 1) is a xanthene class, water-sol-
uble cherry-pink red synthetic coal dye, which is used
for dyeing a variety of materials, such as wool, silk,
and nylon. Erythrosine is one of the widely used col-
orant in drugs and cosmetics and is also used to color
a large variety of food stuffs such as biscuits, choco-
lates, sweets, tinned cherries, fruits, luncheon meat,
salmon spread, stuffed olives, chewing gums, jellies,
and ice creams. Erythrosine is highly toxic to mankind
and can lead to many diseases including carcinogenic-
ity. Erythrosine is a water-soluble dye with high

solubility, so it is difficult to remove it by common
chemical treatments. Therefore, monitoring and elimi-
nating erythrosine from wastewater is an important
subject due to its potential toxicity and pathogenicity
for the human health and animals [7–9,11].

In this paper, MIONPs were modified by methyl
trioctyl ammonium chloride (Aliquat 336) (MIONPs–
Aliquat) and used as a new solid-phase adsorbent for
the removal of erythrosine. The dependence of
removal procedure on the concentration of dye, pH,
contact time, and adsorbent dose was investigated and
optimal conditions for the adsorption were estab-
lished. At these conditions, the results were fitted to
Langmuir, Freundlich, Temkin, and Dubinin–
Radushkevich. MIONPs–Aliquat adsorbent was
employed for the removal of erythrosine from water
samples.

2. Experimental

2.1. Apparatus

A GBC Model Cintra 101 UV–visible spectropho-
tometer (Sidney, Australia) was used for recording the
absorption spectra and absorbance measurements
were carried out with a JASCO model 7850 UV–visible
spectrophotometer (Tokyo, Japan) using 1-cm glass
cells. Transmission electron microscopy (TEM) images
were recorded on TEM micrographs (906E, LEO,
Germany). Infrared spectra were obtained using a
Bomem FT-IR spectrometer (Canada) to identify the
functional groups and chemical bonding of the coated
materials. A Metrohm digital pH meter Model 632
(Herisau, Switzerland) with a combined glass elec-
trode was used to measure the pH values. A magnet
(1.2 T, 10 × 5 × 2 cm) was used for settlement of
magnetic nanoparticles.

2.2. Materials and solutions

All chemicals and reagents were of analytical
grade purity. Erythrosine, ethanol (96% v/v), ammo-
nia solution (25% w/w), hydrochloric acid (d = 1.18,
37% w/w), FeCl3, and FeCl2 4H2O were purchased
from Merck (Darmstadt, Germany) and were used
without further purification processes. Methyl trioctyl
ammonium chloride (Aliquat 336) was obtained from
Sigma (St. Loius, MO, USA). 100 mg L−1 stock solution
of erythrosine was prepared by dissolving 0.1 of the
powder in water and diluting to 1,000 mL in a volu-
metric flask. Phosphate buffer solution (pH 7) was
prepared by adding appropriate amounts of sodium
hydroxide (Merck) to 0.1 M phosphoric acid (Merck)
solution and adjusting the pH to 7 by a pH meter.Fig. 1. The chemical structure of erythrosine.
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2.3. Synthesis of modified iron oxide magnetic nanoparticles

The synthesis and modification of MIONPs by
Aliquat 336 were carried out simultaneously. Fe3O4

nanoparticles were prepared by the co-precipitation of
Fe2+ and Fe3+ ions and slight modification of the previ-
ous method [25]. For this purpose, 3.2 g of FeCl2·4H2O
and 5.2 g of FeCl3 were weighed and transferred to a
500-mL beaker. Then 320 mL of water was added and
stirred on a heater stirrer at 80˚C for 1 h. Afterward,
0.25 g of Aliquat 336 was dissolved in 40 mL of ace-
tone and added to this solution and stirred on a heater
stirrer at 80˚C for another hour. After this period,
40 mL of ammonia solution was added dropwise and
stirred on a heater stirrer at 80˚C for another hour. The
solution was placed on a magnet and the supernatant
solution was discarded. The modified nanoparticles
were washed with water five times to remove excess
ammonia and stored for further use. Fig. 2 shows the
scheme for the synthesis of MIONPs–Aliquat and
removal procedure of erythrosine.

2.4. Removal and separation procedure

Adsorption experiments of erythrosine by adsor-
bent were conducted using the batch method. 0.2 g of
wet MIONPs–Aliquat (equivalent to 0.020 g of dried
particles) was added to 50 mL solution of erythrosine
(30 μg mL−1) containing 2 mL of phosphate buffer
(pH 7). The solution was stirred vigorously for 2 min
by a glass rod, and then the solid phase was separated
from solution using a magnet. The erythrosine concen-
tration in the supernatant was determined spectroho-
tometrically by measuring the absorbance of the

sample solution at 530 nm. The percent removal of
erythrosine by the adsorbent was calculated according
to the Eq. (1):

Rð%Þ ¼ ðC0 � CtÞ
C0

� 100 (1)

where R is the removal efficiency of the erythrosine,
C0 and Ct represent the initial and final (after adsorp-
tion) dye concentrations in μg mL−1, respectively.

3. Results and discussion

The preliminary experiments showed that the anio-
nic dye erythrosine is not adsorbed by bare MIONPs
particles very well (only 6%). Therefore, it was
decided to modify its surface by Aliquat 336 which is
a quaternary ammonium salt for better adsorption.
The methyl trioctyl ammonium ion (cation of Aliquat
336) could form an ion pair with anionic dye ery-
throsine and remove it from aqueous solution.

The UV–vis absorption spectrum of erythrosine
was recorded (Fig. 3) and showed that the maximum
absorption occurs at 530 nm. Thus, all the absorbance
measurements were carried out at this wavelength.

3.1. Characteristics of modified iron oxide nanoparticles

The morphology of MIONPs and MIONPs–Aliquat
was observed by TEM images as shown in Fig. 4(A)
and (B). It is observed in Fig. 4 that the modified
MIONPs (B) are more dispersed with well-shaped
particles (approximate size of 20–80 nm) due to more

Fig. 2. Synthesis of MIONPs–Aliquat and removal procedure.
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positive surface occupied by the large quaternary
ammonium ion than unmodified MIONPs particles
(A) which are more aggregated.

The Fourier transform infrared (FTIR) spectra of
pure MIONPs (A) and MIONPs–Aliquat (B) are pre-
sented in Fig. 5. The major peaks in Fig. 5 can be
assigned as follows: the adsorption band around
~557 cm−1, revealing the stretching vibration of Fe–O
band in both spectra, and the peak at ~1,635 cm−1 is
attributed to C–N bending vibrations, the peak at
1,397 cm−1 are attributed to CH3 bending vibrations
and the peak at ~1,120 cm−1 are attributed to C–N
stretching vibrations of Aliquat 336. By overlaying
these FTIR spectra, the spectral similarities are
observed and indicate that MIONPs surface was well
modified by Aliquat 336.

3.2. Effect of pH on the adsorption

The pH value plays an important role in the
adsorption process of the dye molecules and particu-
larly on the adsorption capacity. In order to evaluate
the influence of this parameter on the adsorption of
the erythrosine dye, the experiments were carried out
in the pH range of 3–9. The pH of the solutions was
adjusted by NaOH and HCl using a pH meter. The
obtained results are shown in Fig. 6. The study of the
effect of pH on the adsorption of erythrosine by 0.2 g
of damp MIONPs–Aliquat at 25˚C showed that the
percent removal of erythrosine remains constant in the
pH range of 6–9. Acid conditions are not favorable
because iron oxide nanoparticles are dissolved. Thus,
the pH value of 7 was used as optimum pH for fur-
ther works. Phosphate buffer pH 7 was found to be
suitable for adjusting pH and 2 mL of this buffer was
added to 50 mL solutions containing 30 μg mL−1 of
erythrosine for maintaining the pH at this value.

3.3. Effect of the Aliquat 336 amount

The influence of Aliquat amount (in the range of
0.10–0.30 g) in the modification of iron oxide
nanoparticles for the removal of the dye was studied.
The results revealed that by increasing the amount of
Aliquat 336 up to 0.20 g, the removal efficiency was
increased and remained nearly constant above that.
Therefore, 0.25 g was chosen as optimum amount for
further experiments.
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Fig. 3. The UV–vis absorption spectrum of erythrosine.

Fig. 4. TEM image of (A) MIONPs and (B) MIONPs–Aliquat.
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3.4. Effect of amount of adsorbent

The effect of various amounts of MIONPs–Aliquat
adsorbent for the quantitative removal of erythrosine
from 50 mL solution (30 μg mL−1) at pH 7 was investi-
gated. The results shown in Fig. 7 indicate that an
increase in the amount of the IONPs leads to an
increase in the removal efficiencies. However, above
0.15 g of MIONPs–Aliquat, the adsorption of the dye
and its removal was almost constant. Thus, 0.2 g of
the adsorbent was selected as optimum value.

3.5. Effect of salt concentration

Ionic strength (salt concentration) influences both
electrostatic and non-electrostatic interactions between
the adsorbate and the adsorbent surface. Since NaCl is
usually used as a stimulator in dyeing processes and
ionic strength affects the activity coefficients for OH−,
H3O

+, and specifically absorbable ions [6], hence the
influence of NaCl on the removal of erythrosine was
examined in the concentration range of 0.06–
0.18 mol L−1. The obtained results revealed that the

removal efficiency was nearly constant by increasing
the salt concentration, indicating that the presence of
an electrolyte does not have a significant effect on the
removal process.

3.6. Effect of equilibration temperature

The temperature dependence of erythrosine
adsorption onto MIONPs–Aliquat adsorbent was stud-
ied at a constant initial concentration of 30 μg mL−1

and pH 7. This study showed that temperature above
20˚C had no significant effect on the adsorption of ery-
throsine and below that there was a small change in
the removal of erythrosine by MIONPs–Aliquat.
Therefore, the experiments were easily conducted at
room temperature (25 ± 1˚C).

3.7. Effect of contact time

The effect of contact time on the adsorption of ery-
throsine was investigated to determine the optimum
time. Fig. 8 shows the adsorption of erythrosine as a
function of contact time for different dye concentra-
tions. Rapid adsorption kinetics can be obviously seen
within the first 60 s and the adsorption of erythrosine
increased by contact time up to 90 s and remained
contact after this time. Hence, 120 s (2 min) was
selected as optimum contact time. This rapid adsorp-
tion process could be due to the availability of the
active surface of the adsorbent.

3.8. Adsorption isotherm

The equilibrium isotherms using Langmuir,
Freundlich, Temkin, and Dubinin–Radushkevich
isotherm models for erythrosine adsorption by

Fig. 5. FT-IR spectra of (A) MIONPs and (B) MIONPs–
Aliquat adsorbent.
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Fig. 6. Effect of pH on the removal of 30 mg L−1 of
erythrosine by 0.2 g of MIONPs–Aliquat adsorbent at pH 7.
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Fig. 7. Effect of adsorbent dose on the removal of
30 mg L−1 of erythrosine by MIONPs–Aliquat adsorbent at
pH 7.
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MIONPs–Aliquat in phosphate buffer solution (pH 7)
at 25˚C were prepared [27,28].

The linear form of the Langmuir model is written
as Eq. (2):

Ce

qe
¼ 1

KLqm
þ Ce

qm
(2)

where qe is the equilibrium adsorption amount of ery-
throsine (mg g−1), Ce is the equilibrium erythrosine
concentration in the solution (μg mL−1), qm is the
maximum adsorption amount of erythrosine per gram
of adsorbent (mg g−1), and KL is the Langmuir adsorp-
tion equilibrium constant (L mg−1).

A plot of Ce/qe against Ce yielded a straight line
with the following Eq. (3):

Ce=qe ¼ 0:0066Ce þ 0:0075 r ¼ 0:9987ð Þ (3)

The features of Langmuir isotherm can also be
expressed in terms of a dimensionless factor called
equilibrium parameter, RL which is defined as Eq. (4):

RL ¼ 1

1þ KLC0
(4)

where C0 is the initial metal concentration (mg L−1).
The RL values may be used to predict if an adsorption
system is favorable or unfavorable. The value of RL

indicates the type of isotherm to be favorable if
0 < RL < 1, unfavorable if RL > 1, linear if RL = 1, or
irreversible (RL = 0). Since the RL values calculated
from the obtained results are between 0 and 1
(0.013–0.097) for the adsorption of erythrosine onto

MIONPs–Aliquat, the adsorption process is considered
favorable.

The Freundlich isotherm expresses adsorption at
multilayer and on energetically heterogeneous sur-
faces. It is an empirical equation suitable for high and
middle range of solute concentration but not for low
concentrations. Freundlich model in linear form is
given as Eq. (5) [27]:

log qe ¼ log KF þ 1

n
log Ce (5)

where qe designates the amount of erythrosine
adsorbed at equilibrium in mg g−1, Ce is the solute
equilibrium concentration in mg L−1, KF is a constant
related to the adsorption capacity, and 1/n is an
empirical parameter related to the adsorption inten-
sity, which varies with the heterogeneity of material.

Adsorption data were also correlated with
Freundlich model and a curve of log qe vs. log Ce was
constructed. The correlation coefficient was found to
be 0.9734.

The Temkin isotherm describes the adsorption
behavior on heterogeneous surfaces and is expressed
by a linear Eq. (6):

qe ¼ BT lnKT þ BT lnCe (6)

where BT = RT/bT, T is the absolute temperature in K
and R is the gas constant (8.314 J mol−1 K−1, KT is the
equilibrium binding constant (L mg−1) and BT is
related to the heat of adsorption.

The Dubinin–Radushkevich (D–R) model does not
assume a homogeneous surface and it is used to dis-
tinguish between the physical and chemical adsorp-
tions [28]. The Dubinin–Radushkevich equation is
given by Eq. (7):

ln qe ¼ ln qm � k e2 (7)

where qe and qm have the same meaning as before, k (-
mol2 J−2) is a constant related to the adsorption
energy, and ε is given by Eq. (8):

e ¼ RT ln 1þ 1

Ce

� �
(8)

where R is the gas constant (J mol−1 K−1) and T is the
absolute temperature in K. The constant k gives the
mean free energy E (kJ mol−1) of sorption per mole-
cule of the sorbate given as the Eq. (9):
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Fig. 8. The effect of time on the removal of erythrosine by
0.2 g of MIONPs–Aliquat adsorbent at pH 7.
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E ¼ 1=
ffiffiffi
2

p
k (9)

where E is used to estimate the type of adsorption
process. If E < 8 kJ mol−1, adsorption process is of a
physical nature, whereas if value 8 < E < 16 kJ mol−1,
the adsorption process can be explained by ion
exchange mechanism.

The slope of the plot of ln qe vs. ε2 gives k and the
intercept yields the adsorption capacity, qm (mg g−1).

The calculated constant values of the Langmuir,
Freundlich, Temkin, and Dubinin–Radushkevich iso-
therms along with their correlation coefficients are
given in Table 1.

It was observed that the experimental data are bet-
ter fitted with the Langmuir isotherm (r = 0.9982) for
the adsorption of erythrosine on the MIONPs–Aliquat.
The maximum monolayer adsorption capacity, qm,
obtained from Langmuir model is 149.2 mg g−1 for
erythrosine. The calculated value of D–R model con-
stant shows that the value of E was 1.8831 kJ mol−1

which is <8 kJ mol−1 indicating that the adsorption
process has a physical nature.

3.9. Adsorption kinetics

The kinetic models were used to predict the varia-
tion of adsorbed erythrosine with time using
MIONPs–Aliquat. The rate constants of chemical
adsorption were determined using the equations of
the pseudo-first-order and pseudo-second-order mod-
els. Pseudo-first-order model is one of the most widely
used procedures for the adsorption of a solute from
aqueous solution [27]. The pseudo-first-order kinetic
model of Lagergren is given as follows:

logðqe � qtÞ ¼ log qe � K1t

2:303
(10)

where qe and qt are the amounts of erythrosine
adsorbed onto MIONPs–Aliquat (mg g−1) at equilib-
rium and at time t, respectively, and K1 (1/min) is
first-order rate constant for adsorption. The rate con-
stant, k1, can be calculated from the plots of log
(qe − qt) vs. t. Pseudo-second-order kinetics may be
expressed as the following equation:

t

qt
¼ 1

k2q2e
þ t

qe
(11)

where k2 is the rate constant of the second-order
adsorption (g mg−1 min). The straight-line plots of t/qt
against t have been tested to obtain rate parameters.

The pseudo-first-order and pseudo-second-order
kinetic models for erythrosine removal by MIONPs–
Aliquat were investigated using the above equations.
The results indicate that the adsorption of erythrosine
on MIONPs–Aliquat is not fitted to a first-order model
and correlation coefficients of about 0.1 were obtained.
However, the correlation coefficients for the second-
order kinetic model were higher than 0.999 indicating
the applicability of this kinetic model of the adsorption
process of erythrosine on MIONPs–Aliquat adsorbent.

3.10. Effect of different ions

The optimum experimental conditions which have
been described were used to study the effect of some
ions and two dyes (congo red and malachite green) on
the adsorption process. The maximum acceptable error
was ±5%. The obtained results shown in Table 2 indi-
cate that most ions are tolerable at high concentrations.

3.11. Removal of erythrosine from aqueous solutions

The removal procedure was successfully applied to
remove erythrosine from spiked aqueous solutions.

Table 1
Comparison of the Langmuir, Freundlich, Temkin, and
Dubinin–Radushkevich isotherm models for the adsorption
of erythrosine on MIONPs–Aliquat

Isotherm model Parameter Value

Langmuir isotherm qm (mg g−1) 149.2
KL (L mg−1) 0.93
r 0.9982

Freundlich isotherm KF (mg g−1) 86.19
n 5.58
r 0.9734

Temkin isotherm BT (J mol-1) 19.44
KT (L g-1) 84.80
r 0.9855

Dubinin–Radushkevich qm (mg g-1) 131.76
K (mol2 kJ-2) 0.141
r 0.9514
E (kJ mol-1) 1.8831

Table 2
Effect of interfering ions and dyes on the removal of
30 μg mL−1 of erythrosine

Interfering ion
Tolerance limit
(μg mL−1)

Na+, K+, Ag+, Cu2+, Ca2+, Mg2+, NHþ
4 , F

−, 500
Cl−, I−, NO�

3 , SO
2�
4 , CO2�

3 , C2O
2�
4 , Br−

Mn2+, Fe3+, Al3+, Ni2+, Pb2+ 20
Congo red 25
Malachite green 3
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The results of this investigation are shown in Table 3.
As it is observed, quantitative recoveries (>95%) are
obtained for all the samples.

4. Conclusion

The work presented in this manuscript describes a
new adsorbent for the removal of erythrosine from
aqueous solutions. The present investigation shows
that MIONPs–Aliquat is a capable low-cost adsorbent
for the removal of erythrosine from aqueous solutions.
MIONPs–Aliquat adsorbent was easily prepared by a
chemical co-precipitation method and exhibited high
adsorption capacity and fast adsorption rates for the
removal of erythrosine. The nanoparticles of adsorbent
were characterized using TEM and FTIR, also the
adsorption behavior was described by Langmuir iso-
therm. A comparison between the proposed adsorbent
with some of the previously reported adsorbents for
the removal of erythrosine indicate that the removal
performance of the proposed method for erythrosine
is more satisfactory [7–9,12]. Finally, the iron oxide
nanoparticles modified by Aliquat could be a promis-
ing candidate of high efficiency, low cost, and facile
separation under magnetic separation field.
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