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ABSTRACT: Removal of dyes from the industrial dis-
charge water is an important issue for safety of the envi-
ronment. In this study, magnetic (magnetite, Fe;O,)
nanoparticles were coated with chitosan (CS) and the effi-
ciency of these chitosan coated magnetic nanoparticles
(Fe304-CS) for the adsorption of a reactive textile dye
(Reactive Yellow 145, RY145) was examined first time in
literature. TEM, XRD, and EPR results revealed that the
thickness of the coat was about 2-5 nm, no phase change
in the spinel structure of magnetic particles existed after
coating, and particles had paramagnetic property, respec-
tively. Adsorption of RY145 on Fe;O,-CS nanoparticles
occurs according to Langmuir model in the temperature
range 25°C-45°C with a maximum adsorption capacity of

47.62 mg g_1 at 25°C, in aqueous media. Thermodynamic
parameters demonstrated that the adsorption process was
endothermic and spontaneous, and the maximum desorp-
tion of the dye was 80% over a single adsorption/desorp-
tion cycle. In this study, the high efficiency of the CS
coated magnetic nanoparticles in the adsorption and
removal of reactive dyes from water was shown on model
RY145. This type of nanoparticles can be good candidates
in industrial applications for the decolorization of waste
waters. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 124: 576—
584, 2012
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INTRODUCTION

Dyes are widely used in various industries including
cosmetic, plastic, paper, food, and textile industries.
Their presence in the discharge water is hazardous
since they threat the ecosystem, damage the aquatic
life, and create problems for human health. There-
fore, there is an intense research going on to explore
new techniques and sorbent materials to remove the
dyes from the waste water. In fact, this is not an
easy process since most of the dyes are recalcitrant
organic molecules, resistant to aerobic digestion, and
are stable to light, heat, and oxidizing agents.l’2 In
some cases the dye itself might not be so resistant
but the organic chemicals which are formed by deg-
radation or oxidation of the dye can be recalcitrant
to atmospheric conditions.®> Although there are sev-
eral physical, chemical, biological, acoustical, radia-
tional, and electrical processes for the removal of the
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dyes, adsorption is the most preferable physical pro-
cess because of its simplicity and high efficiency. In
adsorption process, the dye is collected and concen-
trated on the surface of a solid material which can
be easily removed from its medium.* The solid
adsorbent can be regenerated and be used many
times for the same purpose. To remove the dyes
from aqueous media, different adsorbents including
alumina,® silica gels,6 zeolites,” activated carbon,’
etc., have been used. However, investigations related
to development of novel effective and economical
adsorbents are still in progress. In the recent years,
magnetic micro and nanoparticles have been widely
studied for removal of dyes and pollutants from the
wastewaters. Use of magnetic micro and nano
adsorbents have some advantages such as having
large specific surface area effective for adsorption,
ease of separation from the adsorption medium by
magnetic separation, and having no internal diffu-
sion resistance in the adsorption media.”"" Coating
of the magnetic adsorbents with polymers contain-
ing functional groups or ions increases their
adsorption efficiency towards dyes. Several surface-
modified magnetic nano-adsorbents such as poly
(acrylic acid) modified magnetite,'* sodium dodecyl
sulfate modified maghemite,’> and amino-silane
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modified magnetic nanoparticles'*; magnetic compo-
sites based on poly(oxy-2,6-dimethyl-1,4-phenyl-
ene)15 and magnetic multiwall carbon nanotubes,'°
carboxymethyl B-cyclodextrin conjugated magnetic
nanoparticles,”” and magnetic TiO, nanoparticles'®
were used for removal of dyes from aqueous media.

Chitosan (CS) is a biopolymer of glucosamine
obtained from the deacetylation of chitin and eco-
nomically attractive polymer.' It has high biocom-
patible, biodegradable, antibacterial, nontoxic, and
chelating abilities that make it useful for various
biological, biotechnological, and biomedical applica-
tions. High chelating capability of CS and its
physical versatility of manufacturing (e.g., films,
membranes, fibers, sponges, gels, beads, nanopar-
ticles, coatings on inert materials etc.), make it useful
for the adsorption and removal of several dyes from
discharge waters.”>*> However, applications of CS
modified magnetic nano adsorbents for the removal
of dyes are very limited and getting interest espe-
cially in the last years.

Reactive dyes are highly water soluble and exten-
sively used in textile industry due to their ability to
bind to textile fibers by covalent bonds through their
functional groups.** There are reports related to the
removal of these dyes from wastewaters by using
different adsorbents such as, adsorption of Reactive
Red 189 onto CS beads,”® removal of Reactive Black
5 and Reactive Red 31 by activated carbons® and
adsorption of Reactive Brillant Blue onto polymeric
adsorbents,? etc.

The main purpose of this study is to prepare CS
coated magnetite nanoparticles (Fe;O4-CS) as dye
adsorbents with a high magnetic property and inves-
tigate their adsorption capabilities towards a model
azo reactive textile dye, Reactive Yellow 145
(RY145). For this purpose, the prepared Fe;O4-CS
nanoparticles were first characterized by TEM, XRD,
TGA, and EPR, and then the effects of some parame-
ters on the adsorption of RY145 (e.g., dye concentra-
tion, pH, temperature and salt concentration) were
investigated. Thermodynamics of the adsorption
process and desorption of RY145 from the magnetic
nano adsorbent were also studied.

MATERIALS AND METHODS
Materials

Fe;04 nanoparticles (<50 nm) was purchased from
Aldrich (Steinheim, Germany). CS from crab shells
(>75% deacetylated), acetic acid, and mineral oil
were supplied from Sigma (Steinheim, Germany).
Ethanol was purchased from Riedel de Haen (Seelze,
Germany). Tween 80 was obtained from Acros
Organics (NJ, USA). Glutaraldehyde was obtained
from British Drug House (Poole, England). RY145
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was supplied from Burboya (Bursa, Turkey). All
reagents used in this study were analytical grade.

Preparation of chitosan coated magnetite
nanoparticles

Coating of Fe;O, nanoparticles with CS were
achieved by reversed phase suspension technique af-
ter the modification of the procedure given in litera-
ture.®® For this purpose, Fe;O, nanoparticles (200
mg) were dispersed in mineral oil (50.0 mL) contain-
ing Tween 80, by ultrasonication. CS solution (1%
w/v, 15.0 mL) was added to the medium and the
mixture was sonicated for 30 min. The system was
stirred with the rate of 1500 rpm and glutaraldehyde
solution (3.0 mL, 25% w/v in water) was added.
After 4 h stirring at room temperature, the resultant
CS coated magnetite nanoparticles (Fe;O4-CS) were
removed from the reaction mixture with help of a
permanent magnet. The obtained nanoparticles were
washed several times with acetone and dried in vac-
uum oven at 40°C.

Characterization of magnetite and chitosan coated
magnetite nanoparticles

The particle sizes of Fe;O, and Fe;O4-CS nanopar-
ticles were estimated from the images obtained from
transmission electron microscope (TEM, Technai™
G? F30, Hillsboro, OR) at 100 kV.

The thermal properties of Fe;O, and Fe;O,-CS
nanoparticles were investigated by a thermogravi-
metric analyzer (TGA, Perkin-Elmer Pyris 1 TGA,
MA). Samples (about 5 mg) were heated from 30 to
700°C at a heating rate of 10 °C min ' in N,
atmosphere.

The crystal structures of Fe;O, and Fe;O4-CS
nanoparticles were investigated by X-ray diffractom-
eter (XRD, Rigaku Ultima-IV, Tokyo, Japan) using
monochromatized CuKa radiation with 4° min '
scan rate. A continuous scan mode was used to col-
lect 260 data from 10° to 90°.

Zeta ({)-potential of the Fe;0O4 and Fe;0,4-CS nano-
particles were measured at 25°C by (-sizer (Malvern
Nano Z590, Worcestershire, England) in the range of
pH 2.095. The pH value of the medium was
adjusted by using 10~2M HCl or NaOH.

For EPR analysis, the Fe;0, and Fe;O4-CS nano-
particles (about 40 mg) were placed into quartz
tubes and the measurements were carried out with a
conventional X-band spectrometer (FI-EPR, Bruker
ELEXSYS E 580, Rheinstetten, Germany) at 100 kHz
magnetic field modulation frequency, 1 G modula-
tion amplitude and 99 mW microwave power. The
first derivative of the power absorption was
recorded as a function of the applied magnetic
induction.
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Adsorption of RY145 onto Fe;04-CS nanoparticles

Effect of contact time

Fe;04-CS nanoparticles (50 mg) were put into a se-
ries of flasks containing 25.0 mL of RY145 solution
(100 mg L™'; pH 3.0). The mixtures were ultrasoni-
cated for 5 min and replaced into a water bath with
shaking rate of 250 cycle min ' at 25°C. At predeter-
mined time intervals, Fe;04-CS nanoparticles were
collected with a permanent magnet and the absorb-
ance of the solutions were measured by a UV-visible
spectrophotometer (Shimadzu PharmaSpec 1700,
Tokyo, Japan) at 419 nm which is maximum absorb-
ance wavelength of the dye. The residual concentra-
tion of the dye was determined from the calibration
curve of RY145 which was prepared in the range of
0-200 mg L~'. The adsorbed amount of the dye for
per gram of nanoparticles (g) was calculated as
follows:

q=1[(Ci—C)xV]/W )

where g represents the amount of dye adsorbed (mg
gfl), C;and Cf are the initial and final concentrations
of RY145 (mg L"), V is the volume of the solution
(L) and W is the weight (g) of Fe;04,-CS
nanoparticles.

Effect of pH

Effect of pH on the adsorption of RY145 on Fe;O,-
CS nanoparticles was investigated between pH 3.0
and 11.0. For this purpose, Fe;O,-CS nanoparticles
(50 mg) were placed into flasks, RY145 solutions
(25.0 mL having 100 mg L™ '; at pH 3.0, 4.0, 5.0, 6.0,
7.0, 8.0, 9.0, 10.0, and 11.0) were added and the mix-
tures were sonicated for 5 min. After keeping the
mixtures at 25°C for 90 min, nanoparticles were col-
lected with a permanent magnet. The absorbance
values of the solutions were obtained at 419 nm and
the residual concentration of the dye was deter-
mined as described above.

Adsorption isotherms and effect of temperature

Adsorption isotherms of RY145 on Fe;O,-CS nano-
particles were obtained in the temperature range of
25-45°C. For this purpose, nanoparticles (50 mg)
were placed into flasks containing RY145 solutions
(25.0 mL) with different concentrations (50.0, 75.0,
100.0, 125.0, 150.0, 175.0, and 200 mg L") at pH 3.0,
and the mixtures were sonicated for 5 min. The
systems were placed in a shaking water bath at con-
stant temperatures of 25°C, 35°C, and 45°C. Fe;O,-
CS nanoparticles were collected with a permanent
magnet after 90 min, and residual concentration of
the dye was determined as described above.

Journal of Applied Polymer Science DOI 10.1002/app

KALKAN ET AL.

Effect of salt concentration

The effect of salt concentration on the adsorption of
RY145 on Fe;O,-CS nanoparticles was investigated
in the medium containing KCI in the range of 10.0-
50.0 mM. As described above, the RY145 solutions
(100 mg L™, pH 3.0) were prepared and KCI were
added to form a final concentration in the range of
10.0, 20.0, 30.0, 40.0, 50.0 mM. The solutions were
mixed with Fe;O,-CS nanoparticles (50 mg). The
mixtures were sonicated for 5 min at 25°C. After 90
min, magnetic nanoparticles were removed with a
permanent magnet and the absorbances of the dye
solutions were determined.

Desorption studies

For desorption experiments, dye loaded Fe;O,-CS
nanoparticles were prepared as follows: 25.0 mL
RY145 solutions (100 mg L™'; pH 3.0) were mixed
with Fe;0,-CS nanoparticles (50 mg) and the mix-
tures were sonicated for 5 min. The systems were
placed in a shaking water bath with stirring rate of
250 cycle min~"' at 25°C. After 90 min, dye loaded
Fe;04-CS nanoparticles were collected with a perma-
nent magnet and dye solutions were removed. Dye
loaded Fe;04-CS nanoparticles were mixed with
NaOH solution (25.0 mL with concentrations of 2.5,
5.0, 7.5, and 10.0 mM) and the flasks were agitated
for 90 min at 25°C. The amounts of the dye desorbed
from the nanoparticles were found from the absorb-
ance values of the solutions.

RESULTS AND DISCUSSION
Characterization of Fe;04-CS nanoparticles

The particle size of the magnetic Fe;O4-CS nanopar-
ticles and the thickness of the CS coating were esti-
mated from TEM images (Fig. 1). The diameters of
the uncoated Fe;O, nanoparticles were less than 50
nm [Fig. 1(a)]. It was observed that the CS layer
completely covered the surface of the Fe;O, nano-
particles [Fig. 1(b)] and the thickness of CS layer
was estimated as 1.8-4.8 nm by using Image ]
program.

The XRD patterns of Fe;0, and Fe;04-CS nanopar-
ticles are shown in Figure 2. For Fe;O,, six peaks (20
= 30.18°, 35.47°, 43.30°, 53.42°, 57.18°, and 62.70°)
were detected and it was observed that these peaks
coincide with those of the JCPDS card (65-3107)
given for Fe;O4. On the other hand, the same six
characteristic peaks were also detected for Fe;O4-CS
nanoparticles, showing that magnetite retained its
form with the same spinel structure as same as pure
Fe;O4. It is concluded that the coating process did
not show any phase change of Fe;0,.
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Figure 1 TEM images of Fe;O, (a) and Fe;O,-CS (b) nanoparticles (Scales: (a) 0.2 pm, (b) 20 nm).

The crystallite size can be estimated by X-ray
powder diffraction patterns from the measurement
of the half-height width of the strongest reflection
plane by using Debye—Scherrer formula as follows:

d = (k\/Bcosb) (2)

In this equation, 4 is the thickness of the crystal, k
is the Debye—Scherrer constant (0.89), A is the X-ray
wavelength (0.15406 nm) and B is the line broaden-
ing in radian obtained from the full width at half
maximum, 0 is the Bragg angle.'® B and 0 values for
the strongest reflection plane of XRD patterns were
found to be 9.07 x 10* and 17.73 for Fe;O, and 8.20
x 1072 and 17.72 for Fe;04-CS, respectively. From
eq. (2), the average diameters of Fe;O4 and Fe;O4-CS
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Figure 2 XRD patterns of Fe;O, (a) and FezO4-CS (b)
nanoparticles.

were calculated as 16 nm and 18 nm, respectively. It
was observed that these results are in accordance
with the size of the particles determined by TEM.
The CS content of Fe;O,-CS nanoparticles was
estimated from TGA (Fig. 3). The weight loss of
Fe;0O4 nanoparticles was about 1% between 30°C
and 700°C [Fig. 3(a)]. This might be due to the loss
of residual water from the sample. For Fe;O,-CS
nanoparticles, the weight loss was about 5.7% below
200°C similarly because of the removal of absorbed
water by physical and chemical attractions,?® but the
significant degradation at 200-550°C corresponds to
the breakdown of the main CS chains covering the
magnetic nanoparticles. There was no significant
change after 550°C, implying the presence of iron
oxide above this temperature. For CS, an initial loss

110
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Figure 3 TGA thermograms of Fe;O, (a) and Fe;O4-CS
(b) nanoparticles, and pure CS powder (c).
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Figure 4 EPR spectra of Fe;O, (a) and Fe;O,-CS (b)
nanoparticles.

of water (about 8%) was observed below 200°C, fol-
lowed by decomposition of its acetylated and deace-
tylated units occurring at 300-400°C. In fact, the
thermal decomposition of pure CS continues even
after 700°C [Fig. 3(c)], most probably due to the
strong interactions among macromolecules and pres-
ence of crystal domains. But for Fe;O,-CS nanopar-
ticles [Fig. 3(b)], the morphology and crosslinked or-
ganization of CS chains are different than pure CS
structure and it seems that all of it degrades below
500°C. Based on the thermograms, the CS content of
Fe;04-CS nanoparticles was estimated about 50%
[Fig. 3(b)].

EPR spectra of Fe;0, and Fe;04-CS nanoparticles
are presented in Figure 4. For Fe;O,-CS nanopar-
ticles, signal intensity related to the absorption of
the applied magnetic field is lower than the
uncoated nanoparticles. The total effective magnetic
moment of the samples decreased due to the CS
coating. Noncollinear spin structure originated from
the pinning of the surface spins and coated surfac-
tant at the interface of nanoparticles causes this
decrease. The contribution of the volume of the dia-
magnetic coating mass to the total sample volume
can be another reason of this effect.*” For both sam-
ples, resonance magnetic field (By) was determined
as 4735 G, and spectroscopic g factor was calculated
as 1.49. In the literature, the g factor of Fe’" was
reported in the ranges of 1.4-3.1 for low s]gin com-
plexes and 2.0-9.7 for high spin complexes.”® There-
fore, it can be concluded that Fe;O, and Fe;O4-CS
nanoparticles used in this study are in the state of
low-spin Fe’* complex.

Adsorption of RY145 onto Fe;04-CS nanoparticles

Effect of contact time

The effect of contact time on the adsorption of
RY145 onto Fe;0,4-CS nanoparticles (at 25°C, pH 3.0,
the initial dye concentration = Cy = 100 mg L") is

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Effect of contact time on the adsorption of
RY145 onto Fe;0,-CS nanoparticles. (C, = 100 mg L% 50
mg Fe304-CS, Vo = 25.0 mL, pH = 3.0, 25°C).

given in Figure 5. The adsorption of RY145 increased
within the first 60 min and then equilibrated at
about 90 min. Therefore, the experiments were car-
ried out for 90 min.

The equilibrium time of the adsorption depends
on the adsorbed molecules and the properties of the
adsorbent. There are reports showing the adsorption
equilibrium times were 20-30 min for Acid Orange
12 and Acid Green 25 collected on carboxymethy-
lated CS-conjugated magnetic nanoparticles,'’ 60
min for Acid Orange 10 collected on magnetic silica
particles,14 60-90 min for azo, triarylmethane, and
polycyclic dyes collected on magnetic poly(oxi-2,6-
dimethyl-1,4-phenyl) composites."> Therefore the
value of 90 min applied in this study is in accord-
ance with the literature values.

Effect of pH

The effect of pH on the adsorption of RY145 onto
Fe;04-CS nanoparticles at 25°C is shown in Figure 6.
The maximum adsorption was obtained at pH 3.0, g,
values were almost constant in the pH range 3.0-5.0

40 -
as|
30}
251

20

q, (mg/g)

15

10

2 4 6 8 10 12
pH

5

Figure 6 Effect of pH on the adsorption of RY145 onto
Fe;0,4-CS nanoparticles. (C, = 100 mg LY 50 mg Fe;0,-
CS, Vot = 25.0 mL, 25°C).
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Figure 7 Adsorption isotherms for adsorption of RY145
onto Fe;O4-CS nanoparticles. Inset: fitted by Langmuir
adsorption model. (C, = 50-200 mg L™, 50 mg Fe;O,-CS,
Vrotar = 25.0 mL, pH = 3.0, 25°C, 35°C, and 45°C).

and a decrease was observed after pH 5.0. Fe;0,-CS
nanoparticles had the highest {-potential value (24
mV) at about pH 3.0 (data not shown). The isoelectric
point (pl) is the pH value where (-potential is equal
to zero and this point is also defined as “zero point
charge” (pH,,.) at which there is no net adsorption of
proton or hydroxide ions. In water, where there are
no added electrolytes, these values are equal to each
other, and found as 6.86 for Fe;O4-CS nanoparticles.
pl values reveal that at acidic pH conditions positive
charge is dominated on the surface of these nanopar-
ticles. This phenomenon was consistent with the pH-
dependence of {-potential and could be attributed to
the increased electrostatic attractions between the
negatively charged sulfonate groups (-SO;7) of
RY145 dye and the positively charged protonated
amine groups of CS at lower pH values. In addition,
the adsorption capacity of the particles was decreased
significantly above pH 7.0. At high pH, protonation
of the CS’s amino group would not take place (pKa~
6.5) Therefore, due to the repulsions of the negative
charges existing on both adsorbent and the dye will
cause a decrease in the adsorption.

Effect of temperature

Adsorption data carried out at various temperatures
can be used to obtain adsorption isotherms which
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are important in design of the adsorption system to
remove the dye.

Langmuir model has the assumptions that adsorp-
tion takes place at specific sites which are identical
and energetically equal to each other; once a mole-
cule is adsorbed on the site it has no positive or neg-
ative effect on the adsorption of the neighboring
sites, the adsorption is monolayer and reach to equi-
librium after all sites are occupied. On the other
hand, Freundlich model has the assumptions that
the adsorbent has heterogeneous sites, adsorption
energy exponentially decreases on completion of the
adsorptive sites adsorption, and the adsorption is
multilayer.

The adsorption isotherms of RY145 onto Fe;O,-CS
nanoparticles at different temperatures are given in
Figure 7. The equations for Langmuir [eq. (3)] and
Freundlich [eq. (4)] models are given below:

Ce/% = 1/KLQmax + CE/Qmax 3)
Qe = KFCS/V’ (4)

where, C, is the equilibrium concentration of dyes in
solution (mg L"), g, is the adsorbed amount of dyes
at equilibrium concentration (mg g '), gmax is the
maximum adsorption capacity (mg g~ '), and K is
the Langmuir binding constant which is related to
the energy of adsorption (L mg™ '), Kr (L g~ ') and n
are the Freundlich constants related to the adsorp-
tion capacity and intensity, respectively.'**° Plotting
C./q. against C, gives a straight line with slope and
intercept equal to 1/qmax and 1/K;gmax, respectively,
(inserted in graph Fig. 7).

Langmuir and Freundlich constants at different
temperatures for adsorption of RY145 were calcu-
lated and reported in Table I. It was observed that,
the values of g.x obtained from Langmuir plots at
different temperatures are mainly consistent with
the experimentally obtained values. It can be con-
cluded that the adsorption process is mainly mono-
layer. According to the 7* values reported in Table I,
experimental data of adsorption better fits to Lang-
muir model than Freundlich model, indicating the
homogeneity of active sites on the surface of Fe;O4-
CS nanoparticles.

The essential features of Langmuir adsorption iso-
therm can be expressed in terms of a dimensionless

TABLE I
Langmuir and Freundlich Constants for Adsorption of RY145 onto Fe304-CS Nanoparticles

Langmuir constants

Freudlich constants

Temperature (OC) Jmax, calc (mg gil) qmax, exp (mg gil) KL (L mgil) RL 72 n KF (L gil) 7’2
25 47.62 43.30 0.0789 0.20-0.06 0.996 3.788 12.94 0.987
35 52.63 47.83 0.1016 0.16-0.05 0.999 3.546 14.00 0.947
45 76.92 70.10 0.1806 0.10-0.03 0.995 3.557 23.01 0.985

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 van’t Hoff plot for the adsorption of RY145 onto
Fe;0,-CS nanoparticles. (C, = 50-200 mg L™!, 50 mg
Fe304-CS, Vot = 25.0 mL, pH = 3.0, 25°C, 35°C, and
45°C).

constant called separation factor or equilibrium pa-
rameter (Rr), which is defined by the following rela-
tionship'*:

Ry =1/1+K.C,) (5)

where C, is the initial concentration of dye (mg L ™).
The value of R, indicates the nature of adsorption
isotherm where 0 < R; < 1 shows favorability of the
process, R = 1 and R, = 0 defines unfavorable and
irreversible processes, respectively. As shown in
Table I, the calculated values of R; were found in
between 0 and 1. This implies that the adsorption of
RY145 on Fe;0,4-CS nanoparticles from aqueous sol-
utions is favorable under the given conditions.

The thermodynamics of adsorption can be investi-
gated by the values of K; at different temperatures
according to the following van’t Hoff equation®’:

InK, = — AH°/RT + AS°/R (6)

In this equation, AH® and AS° are enthalpy and
entropy changes of adsorption process, respectively,
R is the universal gas constant (8.314 ] mol ' K™ ')
and T is the absolute temperature (K). Plotting In K,
against 1/T (Fig. 8) gives a straight line with slope
and intercept equal to —AH°/R and AS°/R, respec-
tively. From this figure, AH° and AS° values were
calculated as 31.37 k] mol ! and 141.46 ] mol ' K1,
respectively.

The positive value of AH°® indicates that the
adsorption process is endothermic. For simple
adsorption process, the interaction between adsorp-
tive support and adsorbent molecules elaborates that
heat and the enthalpy change is negative. Also,
adsorbed dye molecules become more ordered posi-
tion causing a decrease in entropy. But, for hydro-

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
AG® vs. TAS® Values at Different Temperatures for the
Adsorption of RY145 onto Fe304-CS Nanoparticles

AG® (k] mol™h) TAS°® (k] mol™1)

Temperature (K)

298 -10.79 42.16
308 —12.20 43.57
318 —13.61 44.98

philic polymers with partially charged domains in
their structure, the reverse observations can be
obtained.?’ For these materials, water molecules
form a hydrated shell having strong interactions and
hydrogen bonds with the polymeric layer. In some
cases these water molecules are strongly linked to
the surface that they may called as “ice like water”
molecules. In these cases, adsorption of the dye
increases as temperature increases, since the given
heat destroys this water shielding around the par-
ticles and opens the sites for dye molecules. In this
work, the heat needed to break this hydrated shell is
higher than the heat released by dye adsorption.
Therefore, positive enthalpy change was obtained.
On the other hand, the positive value of AS® for the
adsorption shows an increase of the randomness
during the adsorption of RY145. This might be due
to the liberation of water molecules from the
hydrated shells of the adsorbed species.”*>!

Gibbs free energy of the adsorption (AG®) can be
calculated from the following equation and given in
Table II.

AG® = AH® — TAS® 7)

AG® value of the adsorption at 25°C was found to
be —10.79 kJ] mol '. The negative value of AG°
shows spontaneity of adsorption process, and
increase in negative values parallel to temperature
indicates favorability of the adsorption at higher
temperatures. On the other hand, positive value of

40
39- =i

._______._-—l
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37 1
36

q, (mg/g)

354
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33 T T T T T T T T T T
0 10 20 30 40 50

KCl (mM)

Figure 9 The effect of KCl concentration on the adsorp-
tion of RY145 onto Fe3;04-CS nanoparticles. (C, = 100 mg
L', 50 mg Fe304-CS, Vg = 25.0 mL, 25°C).
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Figure 10 Desorption of RY145 from Fe;O4-CS nanopar-
ticles at different NaOH concentrations. (50 mg Fe;0,-CS,
Vtotar = 25.0 mL, 25°C).

entropy is the result of dehydration and this cause
an increase in K; values as temperature increases.
Since, entropy has positive value, it is concluded
that entropic changes are dominant in the adsorp-
tion process.

Effect of salt concentration

The effect of KCI concentration on the adsorption of
RY145 onto Fe;0,4-CS nanoparticles was investigated
for various KCI concentrations in the range of 0-50.0
mM at 25°C. Adsorbed amount of dye at equilib-
rium concentration (g.) versus KCl concentration
were plotted (Fig. 9). The values of g, increased from
33.73 mg g ' to 39.80 mg g~ ' as the KCl concentra-
tion increased from 0 to 50.0 mM. Presence of KCl
in the adsorption medium causes formation of an
electrical double layer around the nanoparticles. In
this case, negatively charged CI™ ions diffuse to the
CS particle surface and try to equilibrate the surface
charge. Positively charged K" ions also diffuse to
the surface and form the second layer. The thickness
of electrical double layer depends on the concentra-
tion and charge. As the concentration of the
electrolyte increases, the counter ions get closer to
the surface and the thickness of the electrical double
layer decreases. This leads higher adsorption in
Stern layer.*

Desorption of dye from the adsorbent

Desorption of RY145 from Fe;O4,-CS nanoparticles
was carried out by using 2.5-10.0 mM NaOH solu-
tions and expressed as percentage of the totally
adsorbed RY145 (Fig. 10). The results showed that
desorption percentage of RY145 increased as the
concentration of NaOH increased and about 80% of
the adsorbed RY145 was desorbed by using 10.0
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mM NaOH over one adsorption/desorption cycle.
This can be explained by the decrease of the electro-
static interactions between Fe;O4-CS nanoparticles
and RY145 molecules as the concentration of NaOH
increased and pH of the medium shifted to higher
values. Similar trend was reported in literature for
desorption of Acid Orange 10 from modified mag-
netic silica particles as the pH of the desorption
media increased from 7.0 to 10.0."*

CONCLUSIONS

The CS coated magnetic nanoparticles (Fe;O4-CS)
were prepared and their efficiency as a magnetic
nano-adsorbent against a reactive azo textile dye,
RY145, was investigated first time in literature. It
was found that the adsorption capacities of RY145
increased by increasing the temperature in the range
of 25-45°C and concentration of KCI up to 50.0 mM,;
and decreased with increasing pH of the adsorption
medium in the pH range of 3.0-11.0. These results
revealed that the prepared nanoparticles exhibit very
efficient adsorption for the removal of azo dyes
when the parameters of the medium are T = 25-
45°C, pH = 3.0-5.0 and salt concentration = 30-50
mM. Moreover, the prepared magnetic nanoparticles
can be easily separated from the media with a help
of a magnet which makes those nanoparticles more
advantageous compared to nonmagnetic nanoad-
sorbents. Desorption of the adsorbed dye can be
achieved easily by NaOH treatment and about 80%
of the adsorbed dye can be desorbed over one cycle,
revealing that these nanoparticles can be used
repeatedly after regeneration. Therefore, it can be
concluded that the prepared magnetically separable
CS coated magnetic nano-adsorbents with a high
adsorption capacity can be good candidates for re-
moval of the dyes from the wastewaters of fabric
and textile industries.

Authors thank UNAM, Institute of Materials Science and
Nanotechnology, for TEM images; Middle East Technical Uni-
versity, Central Laboratory for other characterization tests.
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