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ABSTRACT

Chitosan-coated Fe;O, nanoparticles were developed with the purpose of removing arsenic
from aqueous solution. Chitosan was first carboxymethylated and then covalently bounded
on the surface of Fe;O4 nanoparticles via carbodiimide activation. The grafted chitosan on
the Fe;O4 nanoparticles contributed to the enhancement of the adsorption capacity, because
of the strong ability of chitosan’s multiple hydroxyl and amino groups to adsorb arsenic.
The prepared magnetic adsorbent was characterized by Transmission electron microscopy
(TEM), vibrating sample magnetometer, and Fourier transform infrared. The characteriza-
tion results showed that chitosan is grafted onto Fe;O, nanoparticles. TEM micrographs
showed that the chitosan-coated Fe;O, nanoparticles were monodispersed and had a mean
diameter lower than 10 nm. The chitosan-coated Fe;O4 nanoparticles exhibit superparamag-
netic properties at room temperature and saturation magnetization equaled 50ug '. To
achieve the highest efficiency in absorption experiments, the effect of some influential
parameters on the arsenic removal such as pH, dosage of adsorbent, and contact time were
evaluated. The adsorption data obeyed the Langmuir equation with a maximum adsorption
capacity of 10.5mgg " for arsenic (II) at pH 9 and at room temperature. This material can
be used for arsenic adsorption from water and wastewater, and can be easily separated by
applied magnetic field. This nanoadsorbent can reduce arsenic concentration to under the
allowed limit declared by the World Health Organization.
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1. Introduction

Arsenic (As), one of the common constituent of
earth crust, is a contaminant of groundwater and sur-
face water resources. Arsenic is classified as one of the
most toxic and carcinogenic chemical elements. The

*Corresponding author.

most commonly existing forms of arsenic species in
aqueous environments include arsenate (as AsO} (V)
in well-oxidized waters and arsenite (as AsO, (III)) in
reduced environments. Trivalent arsenic or arsenate is
more toxic and more mobile than the pentavalent
form (arsenite) in the environment [1]. Arsenic is pres-
ent in water as a result of both natural and anthropo-
genic activities. The main natural source of arsenic is
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dissolution of arsenic-rich rocks. Arsenic may also be
resulted from industrial and mine waste discharges
[2]. Arsenic pollution has been reported recently in
USA, China, Chile, Bangladesh, Argentina, Japan,
India, Thailand, and Islamic Republic of Iran [3,4].
Exposure to arsenic-contaminated water can lead to a
number of health problems such as gastrointestinal
symptom, disturbance of cardiovascular and nervous
system function, pigmentation, depigmentation, causes
cancer of the bladder, lungs, skin, kidney, liver, and
prostate [5,6]. The US Environmental Protection
Agency and the World Health Organization (WHO)
had adopted a maximum permissible contaminant
level of 10 ppb for arsenic in drinking water as the
standard, considering the epidemiological evidence of
arsenic carcinogenicity [7]. Treatment processes
including precipitation, membrane separation, ion
exchange, microbial transformation [8-11], and
adsorption have been used for arsenic removal from
contaminated water resources. These methods are
effective in removing arsenate without any pretreat-
ment step, but this step usually is needed for arsenite
removal. Another drawback of these methods is that
they produce large amounts of toxic sludge which
needs further treatment before disposal into the envi-
ronment [12]. The adsorption from solution as a treat-
ment method is one of the most effective and
inexpensive methods which has received more atten-
tion recently [13]. In this treatment method, many
types of adsorbents have been used for arsenic
removal [14]. Therefore, in adsorption-based technolo-
gies, development of highly effective adsorbents is of
great importance [15]. Recently, Fe;O4 based adsor-
bents have widely been used in adsorption due to
their specific characteristics [16]. Magnetic nanoadsor-
bents enjoy the properties of both magnetic separation
and nanosized materials, thus can be easily separated
with an external magnetic field [17]. In addition, the
use of magnetic field for separating adsorbents is
more selective and efficient than centrifugation and fil-
tration [1]. The surface functionality of Fe;O, nanopar-
ticles was achieved through coating it by natural or
synthetic polymers. Chitosan is a natural polyamino-
saccharide, synthesized from the de-N-acetylation of
chitin. Chitin is the world’s second most abundant
natural polymer after cellulose, which makes up the
shells of crustaceans such as crabs, prawns, insects,
and shrimps. Chitosan is biodegradable, biocompati-
ble, nontoxic, and abundant in nature, making it an
environmental friendly substance [13,18]. Chitosan can
be used as an adsorbent to remove heavy metals due
to the presence of a large number of amino and
hydroxyl groups, which have high activity as adsorp-
tion sites. Several studies have illustrated that chitosan
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and its derivatives could be effective in arsenic
removal from aqueous solutions [12,19]. Chitosan-
coated Fe;O, nanoparticles provide a promising sin-
gle-step treatment option to treat arsenic-contaminated
natural water. The high surface area-to-volume ratio
of the Fe;O, nanoparticles and magnetic properties
together with the adsorption capabilities of chitosan
would facilitate the removal of arsenic from
wastewater.

In this work, Fe;O, magnetic nanoparticles were
functionalized with Chitosan to synthesize a novel
magnetic nanoadsorbent for the adsorption of arsenic
contamination. The size, morphology, and properties
of the Chitosan-coated magnetic nanoparticles were
characterized using different analytical tools. The
chitosan-coated Fe;O, nanoparticles are monodisperse
and have a diameter lower than 10 nm. They exhibit
superparamagnetic properties at room temperature
and saturation magnetization equaled 50 ug . Besides
the effect of several factors such as pH, initial arsenic
concentration, and contact time on arsenic removal,
the adsorption isotherm was also studied. In Iran, it
has been reported that there is arsenic contamination
in groundwater sources in many western and north-
western areas especially in Kurdistan province [4,20].
Real water samples were gathered from Kurdestan vil-
lages to investigate the ability of chitosan-coated
Fe;0; nanoparticles in removing arsenic in these
samples.

2. Experimental
2.1. Materials

Iron (II) chloride tetrahydrate, iron (III) chloride
hexahydrate, sodium hydroxide (NaOH), ammonium
hydroxide (25%), chitosan, chloroacetic acid, carbodii-
mides (cyanamide, CH,Ny), arsenic trioxide (As,Os),
and ethanol (99%) were purchased from Merck. All
chemicals were the guaranteed or analytic grade
reagents commercially available and used without fur-
ther purification.

2.2. Synthesis of chitosan-coated magnetic nanoparticles

First, chitosan was carboxymethylated according to
the methods reported in the literature [21]. Briefly, 1 g
chitosan and 5 g sodium hydroxide were added into
34 mL of isopropanol/water (80/20) mixture at 60°C
to swell and alkalize for an hour. Then, 6.6 mL of
monochloroacetic acid solution (0.75gmL™" in isopro-
panol) was added into the reaction mixture drop by
drop in 30 min. After keeping the reaction mixture at
the same temperature for 4 h, 67 mL of ethanol (70%)
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was added to stop the reaction. Finally, the solid was
filtered, rinsed with 70 and 99% ethyl alcohol to desalt
and dewater, and then it was dried in oven at 50°C.

Then, magnetite nanoparticles were prepared by
chemical coprecipitation method. In brief, a complete
precipitation of Fe;O, was achieved under alkaline
condition, while maintaining a molar ratio of Fe?*:
Fe™ = 1:2. In a typical synthesis to obtain 1 g Fe;O,
precipitate, 0.86 g of FeCl,4H,O and 236 g of
FeCls-6H,0O were dissolved in 40 mL of distilled water
with vigorous stirring at a speed of 1,000 rpm.
Five milliliter of NH,OH (25%) was added after the
solution was heated to 80°C. The reaction was contin-
ued for 30 min at 80°C under constant stirring to
ensure the complete growth of the nanoparticle crys-
tals. The resulting particles were then washed with
distilled water at least five times to remove any unre-
acted chemicals and were dried in oven at 70°C. For
the grafting of carboxymethyl chitosan, 100 mg of
magnetic nanoparticles were first added to 2 mL of
buffer A (0.003 M phosphate, pH 6, 0.1 M NaCl), and
the reaction mixture was sonicated for 10 min after
adding 0.5 mL of carbodiimide solution (0.025 gmL™"
in buffer A). Finally, 2.5 mL of carboxymethyl chitosan
solution (50 mg mL™" in buffer A) was added and the
reaction mixture was sonicated for another 60 min.
The resulting nanoparticles were recovered from the
reaction mixture using a permanent magnet and
washed with water and ethanol, then dried in an oven
at 70°C.

2.3. Characterization methods

The size and morphology of chitosan-coated mag-
netic nanoparticles were observed by transmission
electron microscopy (TEM Model- CM10 Philips Com-
pany). The size and size distribution of nanoparticles
were measured by particle size analyzer on the
HORIBA L-550 model. To confirm the existence of the
surface coating, Fourier transform infrared (FTIR)
spectroscopy measurements were performed on the
RX1 model (Perkin-Elmer Company) using KBr as
background over the range of 4,000-350 cm™'. To
investigate the magnetic properties of the Fe;O, nano-
particles coated with chitosan, vibrating sample mag-
netometer (VSM, magnetic daghigh Kavir Company)
at room temperature in the applied magnetic field
from —10,000G to 10,000G was used.

2.4. Adsorption experiments

Arsenic removal by chitosan-coated magnetic
nanoparticles was carried out in aqueous solutions by
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mixing 30 mg sorbent with 5 mL As(IIl) solution. The
solutions of As(Ill) were obtained by dissolving
arsenic trioxide (As;O;) into boiling distilled water.
The effects of contact time, initial arsenic concentra-
tion, initial pH value, and adsorbent dose on the
removal efficiency were investigated. When investigat-
ing the effect of solution’s pH on arsenic adsorption,
the initial As(Ill) concentrations in the solution were
50 ppm and the solution pH values were changed
from 8 to 11. The pH value was adjusted using
1 molL™ NaOH solution. After completing the
adsorption process, magnetic nanoparticles were
removed magnetically from arsenic solution using a
strong permanent magnet and the supernatant was
collected. The concentrations of As(Ill) in supernatant
solution were measured using the inductively coupled
plasma-optical emission spectroscopy ICP-OES while
the concentration of As(Ill) in the real samples was
measured by inductively coupled plasma-mass spec-
trometry (ICP-MS). In order to determine the effective-
ness of chitosan as coating, the adsorption of As(III)
by the naked Fe;O, nanoparticles was also investi-
gated. The adsorption isotherm experiments were
performed with different initial As(Ill) concentrations
of the solutions by adding a constant dose of the
chitosan-coated magnetic nanoparticles of 6 mgmL™".

The adsorption capacity (g, mgg™') of chitosan-
coated magnetic nanoparticles were calculated using
the following equation:

go = Co=CIV (1)

m

Also, the removal efficiency (E) of arsenic determined
by next equation is as follows:

(CO — CE)
0

E(%) = % 100 @)

where Cy and C, are the initial and equilibrium con-
centrations (mg L™ of As(IID) solution, respectively; V
is the volume of the As(IIl) solution; and m is the
weight of the chitosan-coated magnetic nanoparticles.

2.5. Kinetic experiments

Adsorption kinetic of As(Ill) on chitosan-coated
magnetic nanoparticles was examined at room temper-
ature with a constant concentration of 50 ppm of
As(Il) in different contact times. The experimental
data of adsorption for As (III) onto chitosan-coated
magnetic nanoparticles were analyzed using
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Lagergren pseudo-first-order and pseudo-second-order
kinetic models [15]. The correlation coefficient R* was
utilized to express the uniformity between the experi-
mental data and model-predicted values. A pseudo-
first-order kinetic model is given through the follow-
ing equation:

In(q. — g¢) = Ing, — k1t 3)

where g, and g, are the amounts of arsenic adsorbed
by each unit of chitosan-coated magnetic nanoparticles
at equilibrium state and time t, respectively (mgg™),
ki is the pseudo-first-order rate constant and can
be obtained from the plots of In (q.—¢;) against t.
A pseudo-second-order kinetic model was also used
to analyze data and it is given by:

t 1 t
azﬁ—"a (4)

where k; is the pseudo-second-order rate constant for
the adsorption process.

2.6. Isotherm models

To obtain the adsorption isotherm, experiments
were conducted at room temperature by 6 mgmL™" of
chitosan-coated magnetic nanoparticles with various
initial concentrations of As(IIl), and results were fitted
by adsorption isotherm models such as Langmuir and
Freundlich models. The Langmuir isotherm model is
based on monolayer adsorption and the bonding sites
on the adsorbent have the same affinity for adsorp-
tion, due to which the adsorption occurs by chemical
reaction [22]. The Langmuir isotherm is represented
by the following equation:

C G 1
+

Ge G quKe ©

where g, is the equilibrium adsorbate loading on the
adsorbent in mgg !, C, is the solute equilibrium con-
centration in mgL~", g, is the ultimate capacity, and
K}, is Langmuir constants. The values of g,, and K
were determined from the slope and intercept of the
linear plots of C./q. vs. Ce.

The Freundlich isotherms model is based on a
multilayer adsorption and assumes a heterogeneous
surface which with the adsorption energy decreases
with the surface coverage [23] and it is given by:

1
Lng, = ELn C.+LnKr (6)
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where Kr and 1/n are Freundlich constants related to
adsorption capacity and intensity of adsorption,
respectively. The values of K and 1/n were deter-
mined from the slope and intercept of the linear plot
of In g, vs. In C..

3. Results and discussions

3.1. Characterizations of Chitosan-coated Fe3O4
nanoparticles

3.1.1. Transmission electron microscopy

Typical TEM images of naked and chitosan-coated
Fe;0, are shown in Fig. 1. Well-shaped spherical and
uniform sizes of magnetic nanoparticles are observed.
The mean diameter of naked Fe;O4 nanoparticles was
10 nm while the mean diameter of chitosan-coated
nanoparticles was about 7 nm. This revealed that the
chitosan grafting had resulted in the deagglomeration
of secondary particles. This might be due to the
change in the surface functional groups of the mag-
netic nanoparticles by the grafting of the chitosan. So,
binding process leads to better distribution of chito-
san-coated magnetic nanoparticles.

3.1.2. Dynamic light scattering and UV—vis spectra of
magnetic nanoparticles

The hydrodynamic diameter distribution of naked
and chitosan-coated magnetic nanoparticles in water
prepared by the dynamic light scattering (DLS) tech-
nique is shown in Fig. 2. The mean hydrodynamic
diameters of the naked and chitosan-coated magnetic
nanoparticles were found to be 10.1 and 7.7 nm,
respectively. In order to understand the dispersability
of the nanoparticles in water, we have measured the
DLS of the nanoparticles. It was indicated that the dis-
tributions of the resultant nanoparticles were narrow.

Fig. 3 shows the UV-visible absorption spectra of
the suspension of naked and chitosan-coated nanopar-
ticles. According to this graph, chitosan coating causes
the change in the UV-vis spectra of Fe;O4 nanoparti-
cles, and this confirms the binding of chitosan on
Fe;O,4 nanoparticles.

3.1.3. FTIR analysis

FTIR spectra of the pure Fe;O,, chitosan, and chito-
san-coated magnetic nanoparticles were examined in
the wave number range of 350—4,000 cm ™' to confirm
the existence of the surface coating. The resulting
graph is presented in Fig. 4. For pure Fe;O4 nanoparti-
cles, the peak at 585 cm™' corresponds to Fe-O-Fe
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Fig. 2. DLS plots of (a) the naked and (b) chitosan-coated Fe;O, nanoparticles.
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Fig. 3. UV-visible spectra of (Dot line) the naked and
(Solid line) chitosan-coated Fe;O4 nanoparticles.

bond which is shifted to 607 cm ™' after surface modifi-
cation with chitosan; for chitosan, the peak at
3,406 cm ™' is attributed to O-H and N-H stretching
vibration, and C-O stretching vibration of the chitosan

is obvious through peaks at 1,034 and 1,062 cm L. The
peak at 1,434 cm™' is typical of the C-N stretching
vibration, and the peaks at 2,860 cm™' corresponded
to the C-H stretching vibrations. The characteristic
adsorption bands appeared at 1,611 cm ' correspond
to N-H bending vibration (amine -NH;) [24,25]. The
FTIR spectra of chitosan-coated Fe;O, indicated that
chitosan and Fe;O, were both presented in magnetic
chitosan nanoparticles; in other words, the Fe;O, mag-
netic nanoparticles were coated by the chitosan.

3.1.4. VSM analysis

The magnetic properties of the naked and chito-
san-coated Fe;O, nanoparticles were measured by
VSM at room temperature, with the field sweeping
from —10,000 to 10,000 Oe. In Fig. 5, the hysteresis
loops that are characteristic of superparamagnetic
behavior can be clearly observed for both naked and
chitosan-coated magnetic nanoparticles. There was no
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Fig. 4. FTIR spectra of (a) uncoated Fe;O, magnetic nanoparticles, (b) chitosan-coated magnetic nanoparticles, and (C)
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Fig. 5. Magnetic hysteresis curves of (solid line) the naked
and (dot line) chitosan-coated Fe;O, nanoparticles.

remanence and coercivity, suggesting that magnetic
chitosan nanoparticles are superparamagnetic [24].
Materials with superparamagnetic behavior can be
easily separated from the solution with the help of an
external magnetic field (see Fig. 5, inset). The satu-
rated magnetizations for Fe;O, and chitosan-coated
Fe;0, nanoparticles are 54 and 50 pg ', respectively.
Based on this feature, the chitosan-coated magnetic
nanoparticles will be very useful for adsorption and
separation operation.

3.1.5. Zeta-potential analysis

Zeta potential analysis was performed to investi-
gate the surface net charge of nanoparticles. Chitosan
is a linear polymer, chemically described as a poly(N
glucosamine) with hydroxyl and amine groups pres-
ent at the 2,3-, and 5-position in the glucose unit,
respectively. The novel adsorption capacity of chitosan
can be attributed to its functional groups. The hydro-
xyl groups increase the hydrophilicity of the polymer,
which enables diffusion into the polymer network that
allows adsorption from aquatic solutions. The hydro-
xyl and amino groups also have a high reactivity and
can react with solutes in a number of different ways
[26]. The high nitrogen content of chitosan makes up a
large number of active sites that are subject to differ-
ent chemical interactions in water solutions. The
amine sites in their deprotonated form can bind met-
als through chelation mechanisms [26]. Zeta potential
values of chitosan-bound Fe;O, nanoparticles dis-
persed at acidic (pH 3) and basic (pH 9) media were
measured. The results (Fig. 6) show negative values
for basic and positive value at acidic media. It is
expectable according to the isoelectric point of chito-
san (at pH 6.3) [12] due to the presence of amine, car-
boxylic, and hydroxyl groups of chitosan.

3.2. Adsorption of arsenic onto chitosan-coated magnetic
nanoparticles

3.2.1. Effects of initial pH on arsenic adsorption

The effect of pH values on arsenic adsorption by
magnetite materials was investigated. The pH of
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Fig. 6. Zeta potential distribution graphs of chitosan-bound Fe;O4 nanoparticles at (a) pH 3 (b) pH 9.

aqueous solution is an important factor in the adsorp-
tion process, because it affects the speciation of
arsenic, chemical properties of adsorbate, and surface
characteristics of the sorbents. The effect of initial pH
on the removal efficiency of arsenic by chitosan-coated
Fe;0,4 nanoparticles at room temperature and the ini-
tial arsenic concentration of 50 ppm are illustrated in
Fig. 7. As mentioned in Section 3.1.5, the zeta potential
values show that the net charge on the adsorbent sur-
face can be altered by changing in pH values from
acidic to basic media. Acidic pH values were avoided
because the acid environments could lead to partial
dissolution of chitosan polymer and may make the
coated nanoparticles unstable. So, the pH values range
between 8 and 11 was chosen. According to the litera-
ture [27], at pH < 9.2, trivalent arsenic mainly existed
as uncharged species (H3AsOj3) in water while, chito-
san has made a negative net charge on the nanoparti-
cle surface at pH > 6.3 [12]. So, the adsorption of

79.86

arsenic removal %
-]
o0
wn

75 8 85 9 95 10 105 11 115
pH

Fig. 7. Effect of pH on arsenic removal by chitosan-coated
Fe;0, nanoparticles.

arsenite on the nanoparticles may be due to the
hydrogen bond formation between As(IIl) and chito-
san layer on the nanoparticle surface [28]. At pH > 9.2,
negatively charged species of arsenic (H,AsO;) will
be formed that caused the decrease in the adsorption
of arsenic on the nanoparticles surface, because of
electrostatic repulsion.

As can be seen in Fig. 7, the adsorption amount of
arsenic increased by varying pH value from 8 to 9
and then decrease after 9, that is, due to the formation
of negatively charged form of arsenite. An undesirable
increase in removal efficiency was observed on pH 11
that may be due to the complex formation between
adsorbent and arsenite. Generally, arsenite removal
efficiency is not a strong function of pH [12,27].
Finally, pH 9 was selected as the optimum pH for
arsenic adsorption using chitosan-coated Fe;O, was
selected.

3.2.2. Adsorption kinetics

The adsorption kinetics describes the solute uptake
rate. The adsorption of As(IIl) on chitosan-coated mag-
netic nanoparticles was studied at pH 9 with time
ranging from 5 to 90 min, as shown in Fig. 8. Based
on Fig. 8, it can be seen that the adsorption occurs
rapidly which may be due to the abundant active sites
on the adsorbents and the greater concentration gradi-
ent. More than 60% of the arsenite was adsorbed by
chitosan-coated magnetic nanoparticles within the first
5 min. However, later on, with a gradual decrease in
the number of active sites, the uptake of As(Ill) ions
becomes very slow. This is a common behavior with
adsorption processes and has been repeatedly
reported in other studies [15].
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Fig. 8. The effect of contact time on the arsenic removal by
the chitosan-coated Fe;O4 nanoparticle.

The experimental data of adsorption for As (III)
onto chitosan-coated magnetic nanoparticles were
analyzed using Lagergren pseudo-first-order and
pseudo-second-order kinetic models (Egs. (3) and (4)).
By plotting In (g.—¢) vs. t, according to the pseudo-
first order model (the figure has not been shown here)
ge, K1 and R; could be calculated. In the same manner,
de, K> and R, could be calculated from the slope and
intercept of the plot of t/q; vs. t according to the
pseudo-second order model (Fig. 9). All calculated
kinetic parameters have been shown in Table 1. From
the parameters listed in Table 1, it is obvious that the
adsorption kinetic follows the pseudo-second-order
kinetic model which is better than the other model,
because of its higher correlation coefficients (R%). Also
equilibrium adsorption capacities determined by the
pseudo-second-order model (g,ca1=7.2993) were in
agreement with the experimentally determined equi-
librium adsorption capacities (goexp = 7.1133). These
findings indicated that the pseudo-second-order
adsorption mechanism was predominant. Also, this
point suggests that arsenic adsorption process proba-
bly be controlled by the chemisorption process [29].

14

12 y=0.137x+ 0.3315 ®
R: = 0.9996

10

8

g 6 A4

4 ®
©®

? ¢

0

0 20 40 60 80 100

Fig. 9. Pseudo-second-order kinetics for adsorption of As
(II) by chitosan-coated Fe;O4 nanoparticles.
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3.2.3. Influence of amount of chitosan-coated magnetic
nanoparticles

The effect of adsorbent dosage on arsenite adsorp-
tion capacity and removal efficiency was investigated
and the results are shown in Fig. 10. Evaluating the
optimum dosage of chitosan-coated magnetic nanopar-
ticles needed some adsorption studies of As (III) onto
chitosan-coated magnetic nanoparticles using 50 ppm
As (III) treated with varying chitosan-coated magnetic
nanoparticles dosage. In this test, the concentration of
arsenic aqueous solution was kept at 50 ppm. As
shown in Fig. 10, it is clear that the removal efficiency
of arsenic increases with the increase in the chitosan-
coated Fe;O, nanoparticle dosage. The percentage of
the removal increases markedly from 42.4 to 90.6% by
increasing the amount of the chitosan-coated Fe;O4
adsorbent from 2 to 10 mgmL™". while the adsorption
amount per unit of adsorbent decreased with increas-
ing amount of chitosan-coated Fe;O,. This observation
can be explained by the fact that the number of avail-
able adsorption sites increased by increasing adsor-
bent dose, thus leading to the increase of adsorbed
arsenite amount. While unsaturation of adsorption
sites through the adsorption process contributed to the
decrease in equilibrium uptake with increasing adsor-
bent dose. Of course, it may be also due to aggrega-
tion which is resulted from high sorbent dose. Such
aggregation would lead to a decrease in total surface
area of the sorbent and an increase in diffusional path
length [29,30]. Fig. 10 indicates that a sorbent concen-
tration of 8 mgmL™" would lead to a best removal
percentage and the best sorbent capacity.

3.2.4. Effects of initial As(IIl) concentration on As(IlI)
adsorption

As mentioned above, chitosan-coated magnetic
nanoparticles provided good capacity for As(IIl) at
pH 9 at room temperature. The adsorption isotherm
of arsenic was obtained by varying the initial concen-
tration of As(Ill) at the range values from 1 to
100 ppm. It can be observed from Fig. 11 that
removal efficiency of As(Ill) decreases with increasing
the initial As(II) concentration. Therefore, As (II)
removal is related inversely to initial arsenic concen-
trations. This was expected due to the fact that for a
fixed adsorbent dosage, the total available adsorption
sites are limited, thus the percentage of adsorbate
removal decreases corresponding to an increased ini-
tial adsorbate concentration. The reason for the
decrease in As(Ill) adsorption efficiency at higher ini-
tial concentrations may be due to reducing active
adsorption sites.
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Table 1
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Adsorption kinetic parameters of As(III) onto chitosan-coated magnetic nanoparticles

Pseudo-first-order

Pseudo-second-order

ky(min™Y) Je,cal (Mg g_l) R? Je,exp (Mg g_l) k, (g mg_l min) Je,cal (Mg g_l) R?
0.0594 2.3812 0.9689 7.1133 0.0566 7.2993 0.9996
Table 2

Adsorption isotherm parameters for As(IIl) adsorption on
chitosan-coated magnetic nanoparticles at pH 9

Langmuir model Freundlich model

Gm Ky R? n K R?
10.5042  0.1413

0.9938 0.5884 1.7256 0.97

-o-removal% -3-q (mg/g)
12

79.07

e 10 2
g 70 g &
g 8
E 60 8 €
250 42 7 &
& ?
30 4.53 5
20
0 5 10 15

Adsorbent dosage (mg/ml)

Fig. 10. The effect of chitosan-coated Fe;O, nanoparticle
adsorbent dosage on arsenic efficiencies and adsorption
capacity of magnetic nanoparticles.
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Fig. 11. The effect of initial As(IIl) concentration on arsenic
removal efficiency of magnetic nanoparticles.

3.2.5. Adsorption equilibrium isotherms

To understand the adsorption mechanism of
As(IIl) ions on the chitosan-coated magnetic nanopar-
ticles, adsorption equilibrium was investigated at pH
9 with an initial As(Ill) concentration with the range
of 1-100 ppm at room temperature. Studying adsorp-
tion isotherm is important in the purification of waste-
water, because it provides some information about
adsorption reactions. Adsorption equilibrium, indicat-
ing the capacity of the adsorbent, is described by
adsorption isotherm which is characterized by certain
constants whose values express the surface properties
and affinity of the adsorbent [19,31]. Here, the equilib-
rium data were fitted by Langmuir and Freundlich
isotherm equations to describe the equilibrium
between adsorbed As(III) on chitosan-coated magnetic
nanoparticles (7.) and As(III) in solution (C,) at a con-
stant temperature. Fig. 12 illustrates the isotherms
models for As(IIl) adsorption on chitosan-coated mag-
netic nanoparticles and the isotherm parameters are
shown in Table 2. The high values of correlation coef-
ficients, R?, indicate that the adsorption isotherms of
As(IIl) onto the chitosan-coated magnetic nanoparti-
cles better fit Langmuir model than Freundlich model,
and assumes that it is a monolayer adsorption
process.

Also, the maximum sorption capacity obtained
from the Langmuir isotherm was 10.5 mgg . This
result is comparable with the adsorption capacity of
the other similar sorbents reported in literature. This
remarkable adsorption capacity makes chitosan-coated
magnetic nanoparticles one of the best adsorbents for

the removal of As(lll) from aqueous solutions
[1,23,32].

3.2.6. Effect of chitosan coating on arsenic adsorption

To investigate the effect of coating material on
adsorption of trivalent arsenic, the adsorption capacity
of chitosan-coated magnetic nanoparticles and the syn-
thesized naked Fe;O, were compared. By comparing
the arsenic removal efficiency by Fe;O, with and with-
out the coating in Table 3, we can see that the removal
efficiency of As(Ill) by Fe;O, coated with chitosan are
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Fig. 12. The Langmuir (a) and Freundlich (b) isotherm
plots for As(IIl) adsorption by chitosan-coated magnetic
nanoparticles at pH 9.

higher than the bare ones. Hereby, the use of chitosan
as coating of Fe;O, magnetic nanoparticle can enhance
the arsenic removal. One reason is that the coating can
prevent Fe;O, particles from aggregating in adsorp-
tion process and increase the effective adsorption area
and functional groups present in the adsorbent, result-
ing in highly enhancement of adsorption capacity.

3.2.7. Desorption experiments

One of the most important factors in applying
adsorbents is their ability for reusing in another cycles.
Generally, regeneration of adsorbents was done using
some kinds of acidic, basic, or aqueous solvents. Here,
to evaluate the possibility of regeneration of the chito-
san-coated magnetic nanoparticles, desorption experi-
ments were conducted. For this purpose, nanoparticles
were used for arsenic removal from the fresh solution

Table 3
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(initial As (III) concentration = 20 ppm). After adsorp-
tion of arsenic by the nanoparticles during 30 min, the
nanoparticles were separated from the solution and
kept for the second step. Then, the separated nanopar-
ticles which adsorbed As(I) ions from the solution
should be dispersed in the elution solvents. Hot water,
0.1 M NaOH, and 0.1 M H,SO, solutions were chosen
as elution solvent to investigate the desorption of As
(IIT) from the nanoparticles. After a certain time, the
nanoparticles were separated from elution solvents by
applying the magnet, and the solvents were analyzed
for measuring their arsenic content. The results were
shown in Table 4 as the desorption percentage. As can
be seen, neither acidic nor basic media cannot desorb
the arsenic ions from the nanoparticles more than 40%
(for Hy,SOy4). These results are supported by similar
research [5]. So, it can be claimed that arsenic adsorp-
tion was obeyed from a chemisorption rule, in which
many of adsorbed arsenic cannot be desorbed after
eluting. In the second step, regenerated nanoparticles
were used for a new removal process and the results
were shown in the last column in Table 4 as the recov-
ery percentage.

To investigate if, using acidic media can cause
removing chitosan layer from nanoparticle surface or
not, FTIR spectrum (Fig. 13) was collected for eluted
nanoparticles. Fig. 13 indicates the presence of four
peaks in wave number range about 1,100-1,700 cm !
(the region in the circle)) which are related to the
amine functional groups of chitosan (see Section 3.1.3).
So, it can be claimed that these regenerated nanoparti-
cles still maintained their chitosan layer.

3.2.8. Real samples

To evaluate the effect of chitosan-coated magnetic
nanoparticles on adsorption of arsenic from real sam-
ples, several arsenic adsorption experiments with
chitosan-coated magnetic nanoparticles were con-
ducted. The three real water samples were obtained
from the villages of Kurdistan province and an indus-
trial sample from petroleum industry spiked to an
arsenic concentration of 10 ppm. To determinate
As(III) concentration in real samples, As(III) concentra-
tion was measured using ICP-MS. The initial

Comparison of the removal efficiency of As(IIl) using naked and Chitosan Coated Fe;O, Nanoparticle

Absorbance

Concentration (ppm)

Removal efficiency

Naked Fe;O,4 nanoparticles
Chitosan coated Fe;O, nanoparticles

74.59
87.46
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Table 4
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Results of regeneration and recovery of chitosan-coated magnetic nanoparticles on arsenic removal

Elution solvent % Adsorption

Time of elution

% Desorption % Recovery

H,S0, 89.71 3h 40.56 68.85
NaOH 90.59 3h 33.90 76.435
Hot water 86.62 30 min 7.7 -
60
55 F
50
E‘S 45
g
=
S 40
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w
E 35}
© 30}
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20 : : : : : : :
400 900 1400 1900 2400 2900 3400 3900
Wavenumbr (1/Cm)
Fig. 13. FTIR spectrum of regenerated magnetic nanoparticles which have been eluted by H,SO, previously.
Table 5
Removal efficiency of As(Ill) in real samples by chitosan-coated Fe;O, magnetic nanoparticles
Real sample Initial As(III) (ppm) Spiked As(III) (ppm) % Removal
Gavandak 0.578 - 95.67
Ghochagh 0.186 10 87.28
Babagorgor 0.133 10 90.45
Industrial water 0.0047 10 91.7

concentration of As(Ill) in real samples and the
removal efficiencies of As(Ill) after treatment with
chitosan-coated magnetic nanoparticles were listed in
Table 5. The observed removal efficiencies for As(III)
from real samples were about 95%. These values were
not influenced by the commonly coexisted ions in real
samples water. According to Table 5, it is clear that
the amount of arsenic in the studied sample after
treatment was lower than drinking water standards of
WHO.

4. Conclusions

In this study, a new magnetic chitosan nanoadsor-
bent was developed by modifying the surface of

magnetic nanoparticles for arsenic removal. These
nanoadsorbents have magnetic properties of Fe;O,
nanoparticles and adsorption properties of chitosan.
The TEM images showed that the chitosan-coated
Fe;04 nanoparticles were monodisperse and have a
mean diameter of about 7 nm. These magnetic nano-
adsorbents can effectively be used to remove As(III)
from aqueous solution, and modifying the surface
Fe;0,4 by chitosan can enhance the arsenic adsorption.
Various factors affecting the uptake behavior such as
contact time, pH, amount of chitosan-coated magnetic
nanoparticles, and initial concentration of As(Ill) were
evaluated. The adsorption behavior obeyed the Lang-
muir adsorption isotherm model with a maximum
monolayer adsorption capacity of 10.5 mgg ' at room
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temperature. Results of this research suggest that the
chitosan-coated magnetic nanoparticles would be
effective for the removal of heavy metal ions from
wastewater using the technology of magnetic separa-
tion. Compared with the similar research [15], using
chitosan-coated magnetic nanoparticles instead of
chitosan bead or other forms of chitosan:magnetic
nanoparticle composite is more efficient because of
faster kinetic adsorption reaction.
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