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INTRODUCTION

A huge amount of wastewater is produced in various
industrial and domestic activities. Treatment and reprocessing
of wastewater provide a way to control the wastage of water
in the world. Hazardous dyes are among the major polluting
content of wastewater [1]. Dyes are mostly used as a colouring
agent in various industries such as food, textile, dying, paints,
leather, paper and cosmetics industries [2-4]. The wastewater
containing dye residuals from these industries is discharged
into water streams. Studies all over the world reveals that around
10% of the total dye production is found in the wastewater.
Dyes impart colour to water due to the presence of chromo-
phores and has a serious hazard impact on the hydrosphere [5].
The functional groups present in the dyes help in their effective
removal from the wastewater by using appropriate adsorbent.
Allura red dye has sulfonate group as a main functional group.
It is used in drugs, candies, jellies, sweets, cakes, juices, jams
and cosmetics [6]. The harmful effects of this dye on human
health have been reported by many studies [7]. So, it becomes
necessary to remove this hazardous dye remnants from the
wastewater in environmental favour. Adsorption technique is
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amuch easier and efficient technique for the removal of harm-
ful pollutants including dyes from the wastewater [8]. For this
purpose, various type of natural as well as synthetic adsorbents
have been reported [9-11]. However, the adsorption of dye
residuals from wastewater may be improved by using surface
functionalized magnetic nanoparticles as the adsorbent.

In present paper, chitosan functionalized magnetite nano-
particles were used for the magnetic removal of allura red dye
with the help of adsorption technique from aqueous solution.
Furthermore, equilibrium and kinetic studies were carried out
for adsorption process of allura red dye on the surface of chitosan
loaded magnetite nanoparticles.

EXPERIMENTAL

All the chemicals used in present work were used without
any purification and all were of analytical grade. Ammonia,
hydrochloric acid, ferric chloride (FeCl;-6H,O) and ferrous
sulphate (FeSO,-7H,0) were purchased from SRL Pvt. Ltd.
(India). Chitosan was purchased from CDH Fine Chemical,
India. Allurared dye was purchased from TCI. Deionized water
was used through the experiments.
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Synthesis and surface functionalization of magnetite
nanoparticles: Conventional co-precipitation technique was
used for the synthesis and surface functionalization of magnetite
nanoparticles (MNPs) with chitosan as reported by Kumar et. al
[12]. In brief, mixing of 5.8 g of ferric chloride and 3.2 g of
ferrous sulphate salts were carried out in 100 mL of deionized
water saturated with nitrogen gas with vigorous stirring (2000
rpm) followed by the addition of few drops of hydrochloric
acid. The temperature of the reaction mixture was raised to
~ 90 °C. Nitrogen gas was bubbled throughout the reaction
mixture in order to avoid oxidation of Fe**ions. After 0.5 h of
vigorous stirring, 20 mL of ammonium hydroxide was added
dropwise to the reaction mixture in order to carry out the
coprecipitation of the iron salts. During the addition process
of base to the reaction mixture the colour of the solution changed
from light orange to black which confirmed the formation of
magnetite nanoparticles. The surface functionalization of bare
MNPs with chitosan was carried out by adding 50 mL of 0.5 g
chitosan in 0.1 N acetic acid solution. Vigorous stirring with
simultaneous nitrogen supply was further continued for ~ 1 h
at 85-90 °C. The synthesized chitosan functionalized MNPs
were decanted off from the aqueous solution with the help of
strong magnet. The functionalized MNPs were washed 2-3
times with nitrogen saturated deionized water. The synthe-
sized MNPs were dried in the vacuum oven at room tempe-
rature. The surface functionalization of bare magnetic nanopar-
ticles can be represented pictorially as shown in Fig. 1.

Structural and magnetic characterization: Thermo-
gravimetric analysis (TGA) in association with Fourier transform
infrared spectroscopy (FTIR) was used for the structural
characterization of the bare and surface functionalized MNPs.
Transmission electron microscopy (TEM) technique was used
for the average size determination and morphological studies
of the synthesized MNPs. X-ray diffraction was used for the
determination crystalline nature and verification of the average
size of the obtained nanoparticles. Vibrating sample magneto-
metry (VSM) was used for the magnetic characterization of
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both bare and surface modified MNPs. The XRD data of bare
as well as functionalized MNPs were recorded between 20° to
80°angle range (20 value) for the determination of their average
size by using Debye-Scherrer equation [13]. The IR spectra
of pure chitosan, bare and functionalized MNPs were recorded
for the confirmation of successful coating on the surface of
bare magnetite nanoparticles. Thermogravimetric studies were
carried out between 30 to 500 °C (heating rate 10 °C/min).
Vibrating sample magnetometer was used for recording the
VSM data of the samples in a magnetic field up to 13,500 Oe
at room temperature (298.15 K).

RESULTS AND DISCUSSION

FTIR studies: The presence of strong absorption band
near 600 cm™ in the spectra of bare and chitosan functionalized
MNPs shows the presence of Fe-O bond, which is a character-
istic peak for magnetite nanoparticles and this peak is absent
in the IR spectrum of pure chitosan [14,15]. A broad peak in
the higher wavenumber region i.e. from 3500 to 3200 cm™ in
the IR spectra of pure chitosan and chitosan functionalized
Fe;0, nanoparticles may be assigned to the O-H and N-H
stretching vibration of the functional groups present in chitosan
and this band is absent in the IR spectrum of bare MNPs [16].
Fig. 2a-c show IR spectra of unfunctionalized MNPs, pure
chitosan and chitosan functionalized MNPs, respectively. In
IR spectra of pure chitosan and chitosan functionalized MNPs,
the IR bands in 2950-2850 cm™ region may be assigned to C-H
stretching vibrations present in the chitosan molecule while
the bands in 1700-1500 cm™ region corresponds to N-H bending
vibrations. In addition to this, the bands in 1400-1100 cm’
region may be due to C-N stretching vibrations and peaks
between 1100 to 1000 cm™ may be assigned to C-O-C stret-
ching vibrations. These bands were absent in the spectrum of
bare MNPs. A comparative study of these IR spectra shows a
close resemblance in the bands observed in the IR spectrum
of pure chitosan and that of chitosan functionalized MNPs.

Chitosan@Fe;0,

Fig. 1. Pictorial representation of surface functionalization of bare iron oxide nanoparticles with chitosan
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Fig. 2. FTIR spectrum of (a) bare MNPs (b) pure chitosan and (c) chitosan
functionalized MNPs

This close resemblance of peaks confirmed the successful
coating of chitosan on the surface of magnetite nanoparticles.

X-ray diffraction studies: The XRD diffraction pattern
of Fe;O4 showed six major peaks at 30.4°, 35.54°, 43.23°,
53.37°,57.37° and 63.42°. These peaks may be assumed to arise
as a result of reflection from (22 0),(311),(400), (422),
(511)and (4 4 0) crystal planes, respectively. The relative
intensities of the peaks and their positions in the XRD diffra-
ctogram confirmed the cubic crystalline system of Fe;O,
nanoparticles. X-ray diffractogram of unfunctionalized (B-
MNPs; Fig. 3a) and functionalized MNPs (CS-MNPs; Fig.
3b) exhibited the six common characteristic diffraction peaks
of Fe;04, which helps to conclude safely that the basic crystal
structure of magnetite nanoparticles remains unaffected by the
surface functionalization of the core nanoparticles [ 17]. Further,
the presence of these six basic characteristic peaks also confirms
the inverse spinel structure with pure magnetite composition
of the nanoparticles [18]. The mean size of nanoparticles was
determined from the Scherrer equation [19] with the help of
XRD peak broadening [20]. The reflection (3 1 1) was found to
the most intense peak of the XRD plot and hence the broad-
ening of this peak was used for the calculation of the size of
the nanoparticles. The average size of bare and chitosan funct-
ionalized MNPs was found to be 8.52 and 11.77 nm respectively,
which are in close proximity with average size determined by
the TEM studies.

Size and morphology of nanoparticles: The average
diameter of bare (Fig. 4a) and chitosan functionalized MNPs
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Fig. 3. XRD spectrum of bare MNPs (a) and chitosan functionalized MNPs (b)

(Fig. 4b) was found to be 10 nm and 14 nm, respectively as
determined from the TEM studies. A close agreement of these
results has been found with the results obtained with the
Scherrer’s equation from XRD plots. The increase in the
average size of the surface functionalized nanoparticles after
the functionalization process confirms the successful function-
alization of bare MNPs with chitosan. The morphology of both
bare and chitosan functionalized MNPs was observed to be
nearly spherical.

Thermal analysis: The analytical technique of TG-DTA
was used for the investigation of thermal behaviour of bare and
chitosan functionalized MNPs. The comparison of the thermo-
grams of bare, pure chitosan and chitosan functionalized MNPs
confirmed the successful surface coating of bare MNPs. Fig. 5
shows the stacked thermogram of bare and chitosan function-
alized MNPs. An initial weight loss of 6-7% was observed in
the thermogram of bare MNPs up to 120 °C, which may be
due to the evaporation of water present in the sample. This
initial weight loss pattern was found to be same for the chitosan
functionalized MNPs, which may be similarly attributed to
the desorption of water adsorbed by the sample [21]. The
second stage of the weight loss was empty for the bare MNPs
sample but a weight loss of around 14.8% was observed for
the chitosan functionalized MNPs sample as the temperature
was raised above 220 °C. The decomposition and subsequent
evaporation of coating layer may be assigned as the major
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Fig. 4. TEM images of chitosan functionalized MNPs (a) and bare MNPs (b)
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Fig. 5. Comparative analysis of thermogravimetric curves plots of bare and
chitosan functionalized MNPs

reason for this abrupt weight loss for the chitosan function-
alized MNPs sample. This comparison of TGA thermograms
authorizes the successful covering of chitosan on the surface
of bare MNPs. The TG curves of humic acid functionalized
magnetite (11.4%) nanoparticles as well as methacrylic acid
functionalized maghemite nanoparticles (12.0%) were also
found to be behave in a similar manner as reported earlier in
the literature [22,23].

Magnetic properties of magnetite nanoparticles: The
magnetic behaviour of the nanoparticles was found to be super-
paramagnetic in nature and it can be verified from the VSM
studies of the samples. Further, the comparison of the VSM
plots authenticate the fact that the magnetic behaviour of the
nanoparticles remains unaffected after the surface function-
alization of the bare nanoparticles. Fig. 6a-b show the VSM

plots {magnetization (M, emu/g) vs. magnetic field (H, Oe)}
of bare and chitosan functionalized MNPs, respectively. The
plots obtained for the samples of bare and chitosan function-
alized MNPs have zero value coercivity or remanence i.e., the
net magnetization without external field was found to be zero
for these samples, which authenticate the superparamagnetic
nature of these synthesized nanoparticles [24]. The super-
paramagnetic nature of the samples may be assigned to the
facts that the thermal fluctuations may become dominant over
spontaneous magnetization at a given field [25]. In accordance
to many studies carried on superparamagnetism it has been
found that superparamagnetism is exhibited by nanoparticles
due to their size effect (< 50 nm) and high crystallinity of the
synthesized nanoparticles [13]. The magnetization saturation
value of the samples was obtained by extrapolating the 1/H
value to zero in the graph of M vs. 1/H; where M is the magnetic
saturation value and H is the value of applied magnetic field
(inset plot in Fig. 6).

A magnetization saturation value of 1.66 emu/g was
obtained for bare MNPs, which is in close proximity to the
magnetization saturation value of bare MNPs as reported in
the literature [15] and the magnetization saturation value for
chitosan functionalized MNPs was obtained to be 1.35 emu/g.
The slight difference in the value of magnetization saturation
of the bare and chitosan functionalized MNPs samples may be
justified due to the non-magnetic chitosan layer on the surface
of MNPs. The lowering of the value of magnetization saturation
of the chitosan functionalized MNPs may be assumed to be a
result of exchange of electrons between the functional groups
on chitosan and the surface iron atoms. In spite of all the
differences, the point to be taken into consideration is that
there is a slight difference in value of saturation magnetization
of bare and chitosan functionalized MNPs, which suggests that
chitosan functionalization did not affect the magnetic property
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Fig. 6. VSM plots of (a) bare and (b) chitosan functionalized MNPs (plots of 1/H vs. M in the inset)

of bare MNPs significantly and their magnetic property may
still be used. Further, a comparison of the obtained magneti-
zation saturation values of bare (1.66 emu/g) and chitosan
functionalized MNPs (1.35 emu/g) suggested that the content
of chitosan in functionalized MNPs was about 18.674%, which
was close to the value (14.8%) as determined by thermal analysis.

Adsorption dynamics

Effect of contact time: The process of adsorption has a
direct relation with the contact time. The extent of adsorption
increases with the increase in contact time. It becomes an
important thing to know the equilibrium time for a certain
adsorption process to perform various adsorption kinetic
studies [26]. A calibration study was carried out for allura red
dye to know the concentration of the unknown dye solution in
the range of 10 to 60 mg/L. In order to determine the equili-
brium time for the adsorption of allura red dye from the aqueous
solution by chitosan functionalized MNPs, a fix amount of
chitosan functionalized MNPs (100 mg) was put into 250 mL
of allurared dye solution (60 mg/L). The pH and temperature
of the solution was maintained constant (6.8; 298 K). The mixture
was put on stirring at a rate of 400 rpm after 5 min ultrasoni-
cation. A fix amount of the mixture at some predetermined
time intervals were taken out for the determination of amount
of dye adsorbed by chitosan functionalized MNPs at that instant
of time. Chitosan functionalized MNPs were separated with
the help of a permanent magnet from the solution and the
absorbance of the decanted solution was determined by a UV/
visible spectrophotometer at maximum absorbance wavelength
of allura red dye (500 nm). Knowing the absorbance of the
decanted dye solution, the residual amount of the dye can be
easily determined with the help of calibration curve (Fig. 7)
of allura red dye.

The amount of the dye adsorbed per gram of nanoparticles
(q.) can be determined with the help of eqn. 1 [26]:
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Fig. 7. Calibration curve for allura red dye (10 to 60 mg/L)

where the initial and final concentrations of allura red dye
(mg/L) are denoted by C; and Cy, respectively, W denotes the
weight (g) of chitosan functionalized nanoparticles, q, represents
the adsorbed amount of dye per gram of the adsorbent (mg/g)
and the volume of the solution (L) is denoted by V.

The time taken for the adsorption to reach the equilibrium
point depends on the nature of adsorbed molecules and the
adsorbent. Fig. 8 represents the effect of contact time on the
adsorption of allura red dye by chitosan functionalized MNPs.
The initial dye concentration for the whole process was 60
mg/L (C,), the temperature was maintained to 25 °C and the
pH of the solution was 6.80. From the graph, it has been found
that the adsorption of allura red dye increased sharply in the
first 90 min after that the adsorption equilibrated at about 115
min. Therefore, all adsorption kinetic studies for the samples
under study were carried out by considering an optimum time
period of 170 min as equilibrium time.

Effect of adsorbent dosages: The effectiveness of adsorbent
for the removal of dye is an important aspect in dye removal
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Fig. 8. Plot of amount of dye adsorbed (mg/g) per gram of adsorbent versus
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processes. An optimum amount of adsorbent required for the
efficient removal of dye can be easily determined by studying
the effect of varying adsorbent dosages for the removal of a
fix concentration of dye from the aqueous solution. Fig. 9 shows
the plot of amount of dye adsorbed per gram of the adsorbent
(mg/g) versus the amount of adsorbent used (mg/L).
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Fig. 9. Plot of amount of dye adsorbed (mg/g) vs. amount of adsorbent
used (mg/L)

Removal efficiency: Further, the removal efficiency (%)
was calculated by the expression in eqn. 2 [27]:
Ci — Ce
R (%) C. x100 )
where, R is the removal efficiency, C, and C. (mg/L) are the
concentrations of allura red dye at the initial and equilibrium
states, respectively. The plot of removal efficiency against the
amount of adsorbent used has also been plotted (Fig. 10).
Kinetics model fitting: The mechanism of kinetics of
the adsorption process can be made easily understandable with
the help of the kinetic models [27]. The kinetic data of the
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Fig. 10. Plot of removal efficiency of dye (%) versus amount of adsorbent
used (mg/L)

adsorption was fitted to the kinetic adsorption models. The
kinetics model which fitted best to the adsorption process used
to understand the mechanism of the adsorption process. The
experimental data of the adsorption of allura red dye on to the
chitosan functionalized MNPs were fitted to the pseudo-first
order and pseudo-second order kinetic models.

Pseudo first order kinetics: Eqn. 3 represents the kinetic
equation for the pseudo first order kinetic model [28]:

In(q, —q,)=Inq, —k;t 3)

In this equation, the amount of allura red dye adsorbed

per gram of chitosan functionalized MNPs at any instant of

time is represented by q, (mg/g), the amount of allura red dye

adsorbed per gram of chitosan functionalized MNPs at equili-

brium is represented by q. (mg/g) and the equilibrium rate

constant for the pseudo first order kinetic model is represented

by k; (min™). Fig. 11 shows the least square fitted plot of In (q.
— qu) versus time.
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Pseudo second order kinetics: Eqn. 4 represents the kinetic
equation for pseudo-second order process [29].
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In this equation, the amount of allura red dye absorbed

any instant of time t is represented by q, (mg/g), the amount of

dye adsorbed on the surface of adsorbent per gram of the

adsorbent at equilibrium is represented by q. (mg/g) and the

equilibrium rate constant for pseudo-second-order model is

represented by k, (g mg' min™). Fig. 12 represents the least
square fitted plot of t/q, versus time.

“)

The least square fitted curve for both pseudo-first-order
and pseudo-second-order were compared and it has been found
from the correlation coefficients of both the curve which are
0.83308 and 0.91646, respectively, that the pseudo-second-
order model fitted better fit than the pseudo-first order model.
Table-1 represents the kinetic parameters and rate constants
for both the models.

Equilibrium adsorption isotherm experiment of chitosan
functionalized MNPs with allura red dye

Effect of temperature: The adsorption isotherm model
has an important role for designing the adsorption system for

1.6+
a particular adsorption process for the efficient removal of the
" dye. So, it becomes important to assign a particular adsorption
1.4 isotherm model to a particular adsorption process. The adsor-
ption isotherm model also helps to understand the adsorption
mechanism of the adsorption process, which in turn helps to
ey design the best strategy for the removal of dye solution. The
g adsorption isotherm model which fitted best to the adsorption
10 . process can be determined by the study of temperature depen-
' dency of adsorption process. Langmuir adsorption is a mono-
. layer adsorption while Freundlich adsorption is a multilayer
0.8 = adsorption model. Langmuir model treats all the sites on the
adsorbent surface equivalent both geometrically as well as
e energetically. The adsorption isotherms of allura red dye onto
0.6 chitosan functionalized MNPs at different temperatures are
given in Fig. 13.
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TABLE-1
KINETIC PARAMETER FOR THE ADSORPTION OF ALLURA RED DYE ON CHITOSAN FUNCTIONALIZED MNPs
Pseudo-first-order model Pseudo-second-order model
R’ k; (min") q. (mg/g) R’ k, (g mg"' min™) q. (mg/g)
0.83308 1.01087 x 10 10.3287 0.91646 6.0701 x 10 512.82
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Fig. 13. Plot of amount of dye adsorbed per gram of the adsorbent with amount of adsorbent used at three different temperature
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eous and the adsorption energy decreases exponentially with
the adsorption layers. Adsorption data for the removal of allura
red dye was recorded at various temperatures for obtaining
the adsorption isotherms.

Langmuir isotherm: Langmuir isotherm model is based
on the monolayer adsorption of dye molecule on the fixed
distinct sites of the adsorbent. In Langmuir isotherm there is
no neighbouring transmigration of the adsorbate in the plane
of surfaces and the energies of adsorption has been found as
uniform throughout. The equation used to express Langmuir
adsorption isotherm has been stated in eqn. 5 [28]:

C 1 C

_ —___ + —_°
e qum Im

In this equation, the equilibrium concentration of allura
red dye solution (mg/L) is represented by C., the amount of
allura red dye adsorbed per gram of the chitosan functionalized
MNPs at the equilibrium is represented by q. is (mg/g), the
maximum adsorption amount is represented by q, (mg/g) and
the Langmuir binding constant is represented by ki, which is
related to the energy of adsorption. Fig. 14 shows the straight-
line plot of C./q. versus C..

The correlation coefficient as determined from the last square
fitted curve of the Langmuir adsorption isotherm (C./q. against
C.) at 298 °Cis R* = 0.95223. The value of g, obtained from the
Langmuir isotherm is 213.220 mg/g at 298 °C, which is in good

)

Freundlich isotherm: The Freundlich adsorption isotherm
model considers the process of adsorption as multilayer, the
sites of the adsorption on the adsorbents are heterogeneous in
nature and the energy of the adsorption has an exponential
decay with the adsorption layers. The equation used to express
the Freundlich adsorption isotherm model can be stated as in
eqn. 6 [29]:

Inq, =Ink; +b; InC, (6)

In this equation, the amount of allura red dye adsorbed
per gram of the chitosan functionalized MNPs at the equili-
brium is represented by q. (mg/g), the Freundlich constant is
represented by k¢, the adsorption intensity is represented by
constant by, the equilibrium concentration of allura red dye
solution is represented by C. (mg/L). Fig. 15 represents the
least square fitted plots of In q. versus In C.. The correlation
coefficient obtained from the least square fitted curves of
Freundlich adsorption isotherm at 298 °Cis R, = 0.88388,
which in comparison to the Langmuir adsorption isotherm does
not fit the Freundlich model very well. The adsorption isotherm
parameters are presented in Table-2.

Thermodynamics of adsorption of ARD on chitosan
functionalized MNPs: From the thermodynamic parameters,
determined from the equilibrium studies, it has been found
that AG® value is negative and hence the adsorption process is
spontaneous in nature (Table-3). Fig. 16 shows the linear plot
of In K. versus 1/T [30] as according to eqn. 7:

consistency with the experimental data and supports the adsor- AS°  AHP°
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TABLE-2

LANGMUIR AND FREUNDLICH PARAMETERS FOR THE ADSORPTION OF
ALLURA RED DYE ON CHITOSAN FUNCTIONALIZED MNPs

Langmuir model Freundlich model
Temp. (K) > >
R G (Mg/g) k; (L/mg) R k¢ by
298 0.95223 213.2196 0.0518968 0.88388 17.460 0.5765
308 0.96513 217.3913 0.0573855 0.89134 20.455 0.5466
318 0.94616 234.7418 0.0527965 0.87156 19.150 0.5799
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red dye from the aqueous solution. The kinetics of adsorption
has been studied and found to be more compatible with the

pseudo-second-order mechanism. Further, the equilibrium |5

studies have been carried out for adsorption isotherm model

fitting. Langmuir isotherm model was comparatively found 16.

to be better fitted with the experimental results.
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