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ABSTRACT

Treatment and recycle of wastewater provide a route to water shortage in the world. Dyes
are one of the contaminant in the environment. In this study, magnetic chitosan nanocom-
posites were fabricated through a facile chemical route and theirs dye removal ability as an
adsorbent were studied. Fourier transform infrared spectroscopy, X-ray diffraction, and
scanning electron microscopy were used to characterize the synthesized nanosorbents. The
results showed that the synthesized adsorbents possess quite a good adsorption capacity
(with maximum adsorption capacity of 20.5 mg/g by pseudo-second-order model) to dye
due to the abundant amino and hydroxyl groups of chitosan. In addition, they can be easily
and rapidly extracted from water by magnetic force, and showed good reusability in regen-
eration studies. The magnetic chitosan nanocomposites could be recovered conveniently
and possessed of excellent adsorptive property; it can be developed as an economical and
alternative adsorbent to treat dye wastewater.
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1. Introduction

Modern industrial activities and households gen-
erate a lot of wastewater each year. Treatment and
recycle of wastewater provide a route to water short-
age in the world [1]. There are many types of pollu-
tant presented in wastewater. Dyes are one of the
contaminant in the environment. Nowadays, these
compounds widely used for a long time in many
industrial fields, such as paper making, coating and
textiles, leather, cosmetics, ink [2,3] to color their
products. A great range of methods has been
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developed for the removal of synthetic dyes from
wastewater to decrease their trace on the environ-
ment, such as adsorption [4], chemical oxidation [5],
microbiological or enzymatic decomposition [6], lig-
uid-liquid extraction [7]. Adsorption technique is
proved to be an attractive process for the treatment
of dye-bearing wastewaters with no unwanted
byproducts [1]. The variety of dye adsorbents includ-
ing activated carbons (granular or powder) [8], gra-
phene [9], polymeric materials [10], because of theirs
large surface area, high-adsorption capacity, have
been used to remove dyes from wastewater. Recently,
a unrivaled magnetic carrier technology based on the
magnetic materials has been reported by several
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groups [2,11-13]. Magnetite (Fe;0,) and maghemite
(y-Fe;O3) have been widely used as magnetic material
because of their privileged magnetic properties,
chemical stability, and biocompatibility [14-17]. Mag-
netic nanoparticles are proper for removal of dye
from lake and river, because it can be recollected
from water comfortably [18,19]. Magnetite nanoparti-
cles desire to aggregate due to strong magnetic
dipole—dipole gravitation between nanoparticles. So,
stabilizers such as surfactants, metal nanoparticles
[20], and polymeric compounds [21] with some speci-
fic functional groups are used to modify these
nanoparticles to increase the stability. Conventional
magnetic adsorbents are generally commercial carri-
ers made of magnetite nanoparticles modified with
polymers [22] in which suitable functional groups are
present on the adsorbent surface. Chitosan is a suit-
able biopolymer used in order to remove dyes and
metal ions from aqueous solution, because of its
high-adsorption capacities and low-cost materials
obtained from natural resources and the preparations
of magnetic chitosan beads are of great interest [23-
25].  Chitosan, poly(1-4)-2-amino-2-deoxy-d-glucan,
the second most plenty biopolymer in nature after
cellulose, has attracted great attention due to its low
cost and non-toxicity. Chitosan has two types of reac-
tive functional groups, amino groups, and hydroxyl
groups. Due to its inherent specifications, the natural
polymer is often chosen as an efficient adsorbent for
the removal or the recovery of hazardous dyes and
heavy metals [4]. Giri et al. prepared magnetite
nanoparticles to adsorb methyleneblue (cationic) and
Congo red (anionic) dyes [26]. Piccin et al. investi-
gated the application of chitosan for removal of food
dye FD&C Red 40 [22]. Zhu et al. used y-Fe;Os—chi-
tosan nanoparticles to adsorb methyl orange (MO)
[2,27]. Shen and co-workers investigated the applica-
tion of magnetic chitosan-Fe(Ill) hydrogel for removal
of C.I. Acid Red 73 [12].

In this work, we reported the synthesis of three
magnetic dye adsorbents based on the Fe;O4—chitosan
nanoparticles with two types of cross linkers (sodium
tripolyphosphate and glutaraldehyde) to compare the
kinetic and amount of dye adsorption. The magnetic
core can provide a convenient platform for the facile
separation and the chitosan shell can prevent effi-
ciently the aggregation and chemical decomposition of
Fe;O, in a rough environment. This type of magnetic
adsorbent, featuring good compatibility, low cost, easy
and rapid extraction/regeneration, and handy opera-
tion which may be useful for further research and
practical applications for dye removal.
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2. Experimental
2.1. Materials and methods

Ferric chloride hexahydrate (FeCl;-6H,0), ferrous
chloride tetrahydrate (FeCl,-4H,0), sodium
tripolyphosphate (TPP), glutaraldehyde, glacial acetic
acid, and MO were from Merck and purchased locally.
Chitosan of molecular weight in the range of 10°-
3 x10° g/mol and degree of deacetylation >75% was
obtained from Sigma.

2.2. Preparation of FezO4—chitosan nanoparticles

Magnetic Fe;Os—chitosan nanoparticles were pre-
pared by chemical co-precipitation of ferrous chloride
and ferric chloride with NH; in the presence of chi-
tosan followed by treatment under the mechanical stir-
ring [28]. Briefly, iron(Il) chloride (1 mmol) and iron
(III) chloride (2 mmol) were dissolved in acetic acid
solution of chitosan and the resulting solution was
chemically precipitated at 80°C by adding into 30%
NaOH solution under the mechanical stirring, at a
controlled pH (10). The dark brown product was sepa-
rated by an external magnet and washed three times
with distilled water and dried in vacuum conditions
at 60°C for 12 h.

2.3. Preparation of Fe304—chitosan-TPP nanoparticles

Fe;0,—chitosan-TPP nanogels were created by
modified ionic gelation with negatively charged TPP
ions and positively charged chitosan [28]. The solution
of TPP (5 mL, 0.1% (w/v)) was added to final product
of Section 2.2, and then stirred mechanically for
15 min. The magnetic nanoparticles were separated by
an external magnet and washed several times with
distilled water and dried at 60°C for 12 h.

2.4. Preparation of Fe30,—chitosan—glutaraldehyde
nanoparticles

Fe;0,—chitosan—glutaraldehyde nanogels were pre-
pared by cross linking between them. Glutaraldehyde
was added to chitosan solution to initiate the reaction
between the amino groups of chitosan and the alde-
hyde groups of glutaraldehyde. One milliliters of glu-
taraldehyde was added to final product of Section 2.2,
and then stirred mechanically for 15 min. The product
was separated by an external magnet and washed sev-
eral times with distilled water and dried at 60°C for
12 h.
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2.5. Adsorption experiments

The adsorption of dye from aqueous solutions by
magnetic nanoparticles was studied as follows. The
adsorption of dye was evaluated by adding different
concentration of adsorbent/dye solution. After the agi-
tation at a rate of 100 rpm for 30 min under 25°C, the
solution was centrifuged and small amounts of the lig-
uid were taken to be analyzed. Methylorange concen-
tration in supernatant after magnetic separation was
monitored by UV-vis spectrophotometer  at
Amax = 465 nm. The amount of adsorbed dye, g; was
calculated by Egs. (1) and (2):

g = (Co—C)V/W )
E=(Co—C)/Cy x 100% @

where g, is the dye capacity in the sorbent at
equilibrium (mg/g), Cy is the initial dye concentration
in the liquid-phase (mg/L), C is instantaneous dye
concentration at time t (mg/L), V is the volume
of solution (L), and W is weight of the adsorbent
used (g).

2.6. Regeneration and reuse experiments

Regeneration of the adsorbents was carried out via
desorption of MO from nanogels. Desorption of MO
dye molecules from three types of nanogel was carried
out using 50 mg adsorbent in 500 ml of 0.1 M NaOH
solution (elution medium) for 48 h. After being shaken
at temperature 24 + 1°C, and 200 rpm in a shaker, the
nanogels were taken out and then dried at 60°C for
24 h.

2.7. Characterization of synthesized nanoparticles

Crystal structures of samples were determined by
performing X-ray diffraction (XRD) on Bruker D8
Advence XRD spectrometer with a Cu K, radiation
(0.154060 nm) and the voltage 40kV and current
30 mA. Nanostructures of samples were observed by
scanning electron microscopy (SEM) with a Hitachi
f4160 machine (Tokyo, Japan). Fourier transform infra-
red (FT-IR) spectra of nanoparticles were measured
with a Matson FT-IR spectrophotomer in the range of
400-4,000 cm ™! as KBr disks at room temperature. The
hydrodynamic diameter of the nanoparticles was mea-
sured using the Zetasizer Nano-ZS3600 (Malvern
Instruments, Malvern, UK) dynamic light scattering
(DLS) with the sonicated nanoparticles in water before
measurement.
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3. Results and discussion
3.1. Characterization of magnetic nanoparticles
3.1.1. XRD analysis

XRD is an effective method to study the entity of
intercalation in composites. XRD patterns of magnetite
(Fe;04) nanoparticles are shown in Fig. 1. Diffraction
peaks of magnetite nanoparticles at 26 of 18.2°, 30.0°,
35.5°, 42.9°, 53.6°, 57.2°, and 63° corresponded to
(111), 220), B11), (400), (422), (611), and (440)
lattice planes of Fe;O4 (Fig. 1) which was consistent
with the database of magnetite (Fe;O4) [29,30]. In all
curves, diffraction peaks can be indexed to face-
centered cubic structure of magnetite. The intensities
of Fe;O-nanoparticles diffraction peaks for nanogels
core-shell were weaker than those of the Fe;O,—chi-
tosan nanoparticles, which indicate the presence of gel
materials on the surface of Fe;O4 nanoparticles.

3.1.2. Magnetic properties

The magnetic properties of nanoparticles are pre-
pared by vibrating sample magnetometer (VSM).
Fig. 2. shows the magnetization curves of three types
of Fe;O,—chitosan nanoparticles. The results showed
that all samples exhibited superparamagnetic proper-
ties. The saturation magnetization values (Ms) of the
Fe;04—chitosan  nanoparticles,  Fe3Oy4-chitosan-TPP
nanogels, and Fe;O4—chitosan—glutaraldehyde nano-
gels were 73, 66, and 58 emu/g at 9,000 Oe, respec-
tively. These values are although strong enough for a
convenient magnetic separation [31].
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Fig. 1. XRD patterns of the (a) Fe;O4—chitosan

nanoparticles, (b) Fe;O,—chitosan-TPP nanogels, and (c)
Fe;04—chitosan—glutaraldehyde nanogels.
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Fig. 2. Magnetization curves obtained by VSM at room
temperature.

3.1.3. Fourier transform infrared spectroscopy analysis

The characteristic peak of Fe;O, at 578 cm™ ! could

be observed in all of the three curves which demon-
strated that all synthesized nanoparticles were Fe;zO,.
From (b), the characteristic peaks of chitosan could be
observed. The band of 1,615 cm ! was assigned to
N-H bending vibration and the peak of 1,381 cm ! to
C-O stretching of primary alcoholic group in chitosan
[32]. The results suggested the integration of Fe;O4
nanoparticles and chitosan in the Fe;Os—chitosan
nanoparticles. In Fe;O4—chitosan-TPP nanogels (c), the
bands at 2,922, 2,845, and 1,405 cm ! represent the
presence of -CH and —-CH, groups. The bands at 1,070
and 1,100 cm™ ! are attributed to the W(C=0) of chitosan
and v(P=0) of TPP, respectively. The broad band at
~3,420 cm ™! corresponds to the stretching vibration of
-NH; and -OH groups can be related to the hydrogen
bonding between chitosan and TPP. In Fe;O,—chi-
tosan—glutaraldehyde nanogels, cross linking of chi-
tosan with glutaraldehyde takes place between NH,
functional group of chitosan and CHO functional
group of glutaraldehyde with the removal of H,O
molecule. The Fourier transform infrared spectroscopy
(FT-IR) spectra of the magnetic chitosan—-glutaralde-
hyde nanogels showed that the characteristic absorp-
tion bands appeared at 578 and 2,850 cm™!, which
corresponded to Fe-O bond of Fe;O, and aldehyde
groups, respectively. The adsorption peaks of the
magnetic chitosan—-glutaraldehyde nanogels at 1,061
and 1,126 cm™ (C-N bond), 1,386 cm™"' (C-O stretch-
ing of primary alcoholic group), 1,610 cm™' (-NH, in
amide group), and 3,420 cm™' (N-H bond) can also be
observed. The results of FT-IR spectra indicated that
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the magnetic chitosan were cross linked by glutaralde-
hyde successfully [33] (Fig. 3).

3.1.4. Particle sizes measurements

The values of hydrodynamic diameter for magnetic
nanoparticles measured with DLS in distilled water
are summarized in Table 1. It shows the average parti-
cle diameter (nm) and the polydispersity index (PDI)
of the prepared nanoparticles. Particle size distribution
curves exhibit only one peak with a small PDI indicat-
ing the low extent of magnetic nanoparticles aggrega-
tion in solutions. The hydrodynamic diameter of the
particles is approximately larger than that measured
with SEM. This difference may be due to the particles
solvation and dynamic association in the liquid.

3.1.5. Morphological characterization

SEM provides very useful information about the
particle size and polydispersity profile. Fig. 4 shows
the SEM micrograph of magnetic nanoparticles. The
SEM analysis of the products provides information on
the size and morphology of them. Fig. 4(A) illustrates
that the Fe;O,—chitosan nanoparticles have uniform
sphere size in a disordered distribution (with the aver-
age size of 40 nm). The morphology of Fe;O4—chi-
tosan-TPP and glutaraldehyde nanogels shows also
spherical nanoparticles with uniform particle size, 26
and 18 nm, respectively (Fig. 4(B) and (C)). The parti-
cle size of FesOs—chitosan was bigger than that of
magnetic nanogels, indicating that magnetic nanogels

Transmittance

T T T T T T
4000 3500 3000 1500 1000 500

Wavenumber (cm'1 )

Fig. 3. FT-IR spectra of (a) Fe3O,, (b) Fe;O4—chitosan, (c)
Fe;0,—chitosan-TPP nanogels, and (d) Fe;O,—chitosan—
glutaraldehyde nanogels.
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Table 1
Average particle diameter and polydispersion index of
magnetic nanoparticles

Nanoparticles Z-average (nm) PDI°
Fe;O4—chitosan 78.82 0.126
Fe;O4—chitosan—TPP 68.74 0.266
Fe;O4—chitosan—Glutaraldehyde  55.93 0.165

“Polydispersity index.

have been encapsulated by chitosan and cross linking
agents (TPP and glutaraldehyde).

3.2. Effect of initial concentration on adsorption

Adsorbent samples (5, 10, and 20 mg) were added
to flasks containing 10 mL of MO solution of concen-
tration 5 mg/L. The experimental results are shown in
Fig. 5. The adsorption accelerated greatly with increas-
ing amounts of adsorbent. When 20 mg of all of three
adsorbents were used, it took less than 20 min to
reach adsorptions equilibrium. Eventually, equilibrium
was reached and MO removal then gradually
increased with increasing amounts of adsorbents.

3.3. Effect of pH on dye removal

The pH is the most important factor in affecting
the adsorption process. The solution pH is one of the
dominant parameters affecting the adsorption of
organic dyes onto solid polymeric adsorbent [34]. The
solution pH can affect the surface charge of the nano
adsorbent and the dissociation of functional groups on
the active sites of the adsorbent as well as the struc-
ture of the dye molecule. The effect of pH on MO
adsorption was remarkable in our experimental condi-
tions. The effects of initial solution pH on the adsorp-
tion of MO onto three nanoparticles (20 mg) were
investigated at pH 4-12, 25°C, and an initial MO con-
centration of 5pg/ml. Chitosan has a positively
charged surface below pH 5. In acidic solution, hydro-
gen atoms (H") in solution can protonate amine
groups (-NHj) of chitosan. As a result, the electro-
static interactions between MO anions and chitosan
with positively charged surface increased in acidic
solution (Fig. 6).

3.4. Kinetics study of dye removal

The kinetic parameters, which are helpful for the
prediction of the adsorption rate, give important infor-
mation for designing and modeling the adsorption
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Fig. 4. SEM micrographs for (A) Fe;Os—chitosan, (B)
Fe;0,—chitosan—-TPP nanogels, and (C) Fe;O4—chitosan—glu-
taraldehyde nanogels.

processes. To well understand the adsorption mecha-
nism and kinetics, pseudo-first-order [35] and pseudo-
second-order model were used to investigate the
kinetics of MO adsorption on the three synthesized
nanoparticles.
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Fig. 5. Effect of amount of adsorbent on adsorption: (A)
Fe;04—chitosan, (B) Fe;04—chitosan-TPP nanogels, and (C)
Fe;O4—chitosan—glutaraldehyde nanogels.

(1) Pseudo-first-order model:

log(qe — q:) = log ge — (k1/2.303)t 3
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Fig. 6. Effect of pH on adsorption.

(2) Pseudo-second-order model:

t/gr=1/kaq? + t/qe @)

where g. and g; refer to the amount of MO adsorbed
(mg g~") at equilibrium and at time t (min), k; is the
overall rate constant of pseudo-first-order reaction
(min 1), & is the initial rate constant, k, is the overall
rate constant of the pseudo-second-order reaction
(g mg™' min~"). Fig. 7(A) and (B) shows the straight
line plots of log(ge — q¢) vs. t and t/q; vs. t for different
initial dye concentrations. As shown in Fig. 7 (Table 2),
the pseudo-first-order curves did not fit well with the
experimental data, whereas the pseudo-second-order
equation provided an excellent fit for the experimental
data with a good linearization of all R* > 0.993.

3.5. Isotherm study of dye removal

Adsorption isotherms are basic requirements for
the design of adsorption systems used for the removal
of pollutants. Various isotherm models such as the
Langmuir and the Freundlich models were attempted
[36,37]. Langmuir isotherm describes that the extent of
adsorbate coverage limited to one molecular layer is
reached. Langmuir equation can be written as follows:

Ce/q. = 1/(KL Qo) + Ce/Qo )

where C,, Ki, and Q are the equilibrium concentra-
tion of dye solution (mg/L), Langmuir constant (L/
mg), and the maximum adsorption capacity (mg/g),
respectively.
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Fig. 7. Plots of log(ge — g1 vs. t (A) and t/g; vs. t (B) for
MO adsorption for three magnetic nanoparticles.

Freundlich isotherm can be expressed by:

log g. = log K¢ + (1/n)log C. (6)

where Kg is adsorption capacity at unit concentration
(L/g) and 1/n is adsorption intensity.

To study the applicability of the Langmuir and the
Freundlich isotherms for the dye adsorption, linear

Table 2
Kinetics constants for dye adsorption
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Table 3
Linearized isotherm coefficients for dye adsorption

Langmuir isotherm Freundlich isotherm

Qo Ky R? K 1/n R?

167 0.3 0.995 47.09 0.556 0.986

Adsorbed Amount (%)
]

Number of Cycle

Fig. 8. Regeneration and reusability of (A) Fe;O4—chitosan,
(B) Fe;0O4—chitosan-TPP nanogels, and (C) Fe;O4—chitosan—
glutaraldehyde nanogels.

plots of C./g. against C. and log g. vs. log C,. are plot-
ted. The values of Qo, Ki, Ky, 1/n, and R?* (correlation
coefficient values of all isotherms models) are shown
in Table 3.

3.6. Regeneration/desorption of adsorbent

Regeneration of spent adsorbent is considered as
an important economical aspect to minimize the mate-
rial cost. The saturated three types of nanogels were
redispersed in NaOH solution (0.1 M) via shaking
with a final concentration of 0.1 g/L. After shaking,
the nanogels were separated with an external magnet,
and washed with deionized water for three times.
Then, the regenerated magnetic adsorbent was redis-
posed in deionized water for reuse. The adsorption

Pseudo-first-order

Pseudo-second-order

Adsorbent

Ky (min™") g (mg/g) R? K, (g/(mg min)) g, (mg/g) R*
Fe;0,4—chitosan 0.4788 13.69 09863  0.1911 20.01 0.9934
Fe;0,4—chitosan-TPP nanogels 0.4662 13.25 0.9612 0.1502 20.42 0.9959
Fe;O4—chitosan—glutaraldehyde nanogels  0.4725 13.19 09789  0.1724 20.25 0.9958
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capacity of the recycled nanogels was assessed in
three consecutive cycles (Fig. 8).

4. Conclusion

The research work presented here shows that dis-
solved dyes can be successfully removed from aque-
ous solution by adsorption on new low-cost magnetic
Fe;O,/chitosan nanocomposites. These adsorbents
were found to be useful and valuable means for dye
removal from wastewater. The nanocomposites were
prepared by co-precipitation process using Fe;O,
nanoparticles as magnetic material and chitosan as
basic adsorbent. The characterizations’ results indi-
cated that magnetic Fe;O, nanoparticles have been
successfully introduced into the nanocomposite and
kept intrinsic magnetic properties. Fe;O4—chitosan-glu-
taraldehyde nanogel adsorbent exhibited faster
adsorption rate toward MO compared with other
nanocomposites. It could quickly and efficiently
remove the dyes under acidic conditions (pH 4) via
the electrostatic interactions between MO anions and
chitosan. The adsorption kinetics was well described
by the pseudo-second-order model. The adsorption
capacity was evaluated under the conditions of varied
initial pH and adsorbent dosage and the maximum
adsorption capacity is about 20.5 mg/g, with good
cycling stability of 64% retention of the initial adsorp-
tion value after three adsorption/desorption cycles.
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