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ABSTRACT

Polyacrylonitrile (PAN)-oxime-nano Fe,O; was used as an adsorbent for the removal of
fluoride from water. The influences of contact time, initial fluoride concentration, and adsor-
bent dosage were investigated by batch equilibrium studies. The rate of adsorption was
rapid with equilibrium being attained after 100min. The Langmuir isotherm model was
found to represent the measured adsorption data well. The adsorption process followed the
pseudo-first-order kinetic model. It was found that the adsorbed fluoride could be easily
desorbed by replacing the adsorbent in deionized water. This indicates that the material
could be easily recycled. The results from the present study show the potential of
PAN-oxime-nano Fe,O; for fluoride removal. Furthermore, the adsorption isotherms of
Fluoride removal were examined and the possible desorption process was discussed.
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1. Introduction

Fluoride contamination in drinking water due to
natural and anthropogenic activities has received great
attention. Fluoride has both beneficial and detrimental
effects on health. World Health Organization (WHO)
has set the upper threshold of fluoride level as
1.5mg/L [1]. Dental and skeletal fluorosis occurs due
to excess uptake of fluoride through drinking water
[2]. Lower levels of fluoride in drinking water may
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lead to dental caries [3]. Several methods have been
applied to remove excessive fluoride from aqueous
environments including, precipitation and coagulation
processes [4], activated alumina [5], calcium [6], and
alum sludge [7], ion exchange [8], electrodialysis [9],
and electrochemical methods [10]. Among the various
methods used for defluoridation, the adsorption pro-
cess is widely used due to the simplicity of its design
and operation and its low cost [11-13]. In the past few
years, novel nano adsorbents with strong affinity
towards fluoride removal have been applied such as
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Fe;0,@Al (OH); magnetic nanoparticles [14], nano
hydroxyapatite/chitisan [15], and synthesized nano-
particles of MgO [16]. Polyacrylonitrile (PAN) and its
copolymers have been widely studied for commer-
cial/technological exploitations. Cross-linking of PAN
will impart some of its important physical properties
such as insolubility and resistance to swelling in com-
mon solvents [17,18].

The high crystalline melting point (317°C) of PAN
and its limited solubility in certain solvents is due to
the intermolecular forces between the polymer chains
[19]. Active nitrile groups present in PAN copolymers
allow the introducing of new functional groups by spe-
cial reaction. Researchers have reported various meth-
ods of PAN modification to obtain cationite, anionite,
and ampholyte [20]. In the present study, PAN-oxime
was synthesized through the modification of PAN and
the modified PAN was coated with iron oxide nanopar-
ticles (Fe,O3). The PAN-oxime-nano Fe,O3; was subse-
quently used for the adsorption of fluoride.

2. Experimental
2.1. Preparation of PAN-oxime-nano Fe;O3

Fig. 1 represents the reaction of hydroxilamine
hydrochloride with PAN nitrile group. Hydroxilamine
hydrochloride (16g), sodium carbonate (12g), and
0.4g of PAN powder were added to a 250ml bottle to
which 100ml of deionized water was added and sha-
ken. The reaction was carried out at 70°C for 120 min.
After reaction, the resultant was filtered and let to
dry. Fe,O3 was coated on PAN functionalized by add-
ing 0.2 g of selected Fe,O3 and 100 ml deionized water
in a sealed bottle. The solution was shaken at 70°C for
120 min. The resultant was filtered and dried in a vac-
uum oven at 60°C. PAN functionalized-Fe,O3; was
used as an adsorbent.

2.2. Characterization of the adsorbent

The functional group and iron oxide nanoparticles
on PAN were detected by Fourier transform infrared
(FT-IR) spectrometer. The size and structure of the
synthesized functionalized-PAN coated with Fe,O3
nanoparticles were analyzed by transmission electron

s
C=N C=N—0H
\ 70°C \
CHy— s + NH,0H.HCI +Na,CO, CHp_ &
H n H n

Fig. 1. Functionalization of PAN with hydroxylamine
hydrochloride.
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microscopy (TEM). X-ray diffraction (XRD) measure-
ments of the catalyst powder were recorded using a
Philips PW 1800 diffractometer. The FT-IR spectra of
the samples were recorded on the FT-IR Brucker
Tensor 27 spectrometer. The particle size and
morphology of the nanocrystalline particle were exam-
ined using transmission electron microscope TEM
(LEO 912AB).

2.3. Batch adsorption experiments

A stock solution (1,000mg/L) was prepared by
dissolving sodium fluoride in 1L of deionized water.
This was diluted to obtain the required concentrations
for further use. All batch adsorption experiments were
carried out in 50ml sealed plastic tubes with the
working volume of 25ml. After adding a known
weight of the adsorbent, the flask was shaken
(150rpm) for 24h on a horizontal rotary shaker. The
liquid samples were then centrifuged and the residual
fluoride was analyzed by use of fluoride-specific ion
indicating electrode. The amount of fluoride adsorbed
was calculated from the following equation:

e = (CO - Ce)V/m (1)

where g, is the fluoride adsorbed (mg/g), Cy and C.
are the initial and equilibrium concentrations of fluo-
ride in solution (mg/L), respectively; V is the volume
of solution (L), and m is mass of the adsorbent (g).

2.4. Desorption studies

Desorption studies were initiated by replacing half
of the adsorption equilibrium supernatant solution
after centrifugation with the corresponding fluoride-
free background electrolyte solution to the equal vol-
ume. Desorption experiments were carried out in the
dark at 25+2°C for 24h each time as conducted for
adsorption experiments, and performed three times
sequentially in order to examine the stability of the
adsorption and the hysteresis of the desorption of the
fluoride.

3. Results
3.1. Adsorbent characteristics

Fig. 2 shows the FI-IR spectra of the PAN and
functionalized PAN. The FT-IR spectrum of PAN
(Fig. 2(a)) exhibited the characteristic bands of nitrile
(2,238cm™), carbonyl (1,728 cm 1), and ether (1,229
and 1,070cm™') groups; carbonyl and ether bands
come from methylacrylate comonomer. The FT-IR
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Fig. 2. FT-IR pattern of PAN (a), functionalized PAN (b), and XRD pattern of oxime-nano Fe,Oj3 (c).

spectra of functionalized PAN (Fig. 2(b)) showed all C=N groups in functionalized PAN, respectively [21].
the characteristic bands of the functional groups of Furthermore, the intensity of the nitrile peak of func-
PAN with additional peaks at 910 and 1,662cm™ ', tionalized PAN decreased; all of these changes
which are due to the stretching vibration of N-O and  confirm the introduction of amidoxime groups on
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PAN. Fig. 2(c) shows the XRD patterns of Fe,O3
nanoparticles and functionalized-PAN—Fe,O;. The
XRD patterns of functionalized-PAN—Fe, 03
(Fig. 2(c)) show a broad noncrystalline peak (20=20"-
30°) and a crystalline peak (20=18") corresponding to
the orthorhombic PAN (110) reflection; and besides
the diffraction peaks of the PAN phase, another peak
appeared corresponding to the above peaks indicat-
ing that the Fe,O; nanoparticles on the PAN have
the same crystal diffraction as pure Fe,O; [22]. The
morphologies of the adsorbent are characterized by
TEM (see Fig. 2). As shown in Fig. 3, FeyO;
nanoparticles are attached to the surface of
functionalized-PAN.

3.2. Sorption experiment/adsorption isotherm

The isotherm models of langmuir and freundlich
were used to fit the experimental adsorption equilib-
rium data of fluoride on PAN-Oxime-nano Fe,Os.
These two models are represented as follows:

1 1

— = —+ —— Langmuir isotherm (2)
Ge Gn  qubC. 8

q, = K;C!/" Freundlich isotherm (3)

where C, (mgl™") is the equilibrium concentration, .
(mgg™") is the amount of adsorbate adsorbed per unit
mass of adsorbate, and g,, and b are the Langmuir
constants related to adsorption capacity and rate of
adsorption, respectively. K and 1/n are the freundlich
constants related to the adsorption capacity and inten-
sity, respectively.

Application of Langmuir and Freundlich models
to the adsorption isotherm showed that both models

Fig. 3. TEM image of functionalized-PAN-Fe,O;.
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provided excellent satisfactory fitness with high R>
values (0.956 and 0.989). The estimated values for the
parameters of these models are shown in Table 1. In
order to investigate the adsorption process of fluoride
on PAN-oxime-nano Fe,Os;, kinetic analysis was con-
ducted using pseudo-first-order, pseudo-second-order,
and intraparticle diffusion models. The Lagergren rate
equation is one of the most widely used adsorption
rate equations for the adsorption of solute from a
liquid solution. The pseudo-first-order kinetic model
of Lagergren may be represented as:

In(g. — q:) = In(q.) — kit (4)

where g. and g; are the amounts of dye adsorbed
(mg/g) at equilibrium at time ¢ (min), respectively;
and k; is the rate constant of pseudo-first-order
adsorption (min'). The validity of the model can
be checked by linearized plot of In(ge—g:) vs. t. The
rate constant of pseudo-first-order adsorption is
determined from the slope of the plot. The pseudo-
second-order equation based on adsorption equilib-
rium capacity can be expressed as [23]:

t/q =1/kq: + t/qe (5)

Since neither the pseudo-first-order nor the
pseudo-second-order model can identify the diffusion
mechanism, the kinetic results were analyzed by the
intraparticle diffusion model to elucidate the diffusion
mechanism. This model is expressed as [24]:

g =kt'? +C (6)

where C is the intercept and k; is the intraparticle
diffusion rate constant (mg/gmin'/?) which can be
evaluated from the slope of the linear plot of g, vs.
t'/2. The pseudo-first and -second order rates and
intraparticle diffusion rate equations, values of con-
stants and correlation coefficient for fluoride removal
by PAN-oxime-nano Fe,Oj; are shown in Table 2.

Table 1
Constant of Freundlich and Langmuir isotherm of fluoride
1 1.359
Langmuir model: — = c5 +0.004
Gnimg/g) b (1/mg) R®
250 0.0029 0.989
Freundlich model: Ing, = 0.89 InC, — 0.066
ke (mg/g) N R?
0.557 1.123 0.956
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Table 2
Pseudo-first and second-order and intraparticle diffusion
model parameters

Pseudo-first-order rate: In(ge—q,) = —0.028t + 3.579
ge (mg/g) ki (1/min) R?
19.707 0.028 0.995

Pseudo-second-order rate: t/q; = 47.33t — 31.38
qe (mg/g) k (g/mgmin) R?
0.021 71.42 0.955

Intraparticle diffusion rate: g; = 3.037t'/2 + 4.98

ki (mg/gmin '/?) C (mg/g) R?
3.037 4.98 0.955
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Fig. 4. Effect of contact time on fluoride adsorption rate for
different initial fluoride concentrations.
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Fig. 5. Adsorption and desorption isotherms of fluoride on
the PAN-oxime-nano Fe,Os.
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3.3. Desorption

The experimental data of adsorption—-desorption of
fluoride on the PAN-oxime-nano Fe,O; as well as the
adsorption isotherm are shown in Fig. 5. If the
adsorption equilibrium data were on the adsorption
isotherm, the adsorption would be reversible.

4. Discussion
4.1. Adsorption experiment

Adsorption isotherm is a dynamic concept reached
when the rate at which molecules adsorb on to the
surface is equal to the rate at which they desorb. The
equilibrium adsorption isotherm’s shape is of great
importance to provide information about the adsor-
bents” surface structure. The data obtained indicated
that adsorption of fluoride onto PAN-oxime-nano
Fe;O; was better explained by Langmuir isotherm
with R>=0.989 (Table 1), which evidence that there is
no interaction between the adsorbate molecules and
that the adsorption occurs in monolayer. Another
important parameter, R;, the separation factor or equi-
librium parameter is determined from the relation:

1

R ——
L1186,

)
where b is the Langmuir constant and C, (mg/L) is
the initial fluoride concentration. The value of R;
shows the type of isotherm to be either favorable
(0<R; <1), unfavorable (R; >1), linear (R; =1), or irre-
versible (R, =0). The R; value in the present study is
0.87, which confirms that adsorption of fluoride with
this material is favorable under the conditions of this
research. k and n are Frundlich constants, 1 gives an
indication of how favorable the adsorption process is.
It is generally known that values of n in the range of
2-10 shows good, 1-2 approximately difficult, and less
than 1 poor adsorption property. PAN-oxime-nano
Fe,O; stated moderately difficult behavior (1 <n<2) in
this experiment. The slope 1/n ranging between 0 and
1 is a measure of adsorption intensity or surface
heterogeneity. As this value reached to 0, the surface
becomes more heterogeneous. In this experiment,
1/n equals 0.89 which shows that the surface is not
heterogeneous.

4.2. Kinetic analysis

The effect of contact time and initial fluoride con-
centration on the removal of Fluoride by PAN-oxime-
nano Fe,O; is shown in Fig. 4. A rather fast uptake
occurs during the first 60 min of adsorption process
followed by a slower stage as the adsorbed amount of
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flouride reaches its equilibrium value. It is also dem-
onstrated that as the initial fluoride concentration
increased, the adsorption capacity increased.

The R? values of the pseudo-first-order and sec-
ond-order models exceeded 0.95 (Table 2) but due to
the higher R* values obtained from pseudo-first order
model, this model represented better adsorption kinet-
ics. Typically, various mechanisms control the adsorp-
tion kinetics, the most limiting is the diffusion which
includes external diffusion, boundary layer diffusion,
and intraparticle diffusion [25]. When the line of
intraparticle diffusion model passes through the origin
(C=0), the intraparticle diffusion will be the sole rate-
control step. The regression in our study did not pass
through the origin (Table 2) suggesting that the
adsorption of fluoride onto PAN-oxime-nano Fe,O3;
involved intraparticle diffusion, but that was not the
only rate-controlling step.

4.3. Reversibility of fluoride adsorption on PAN-oxime-nano
F€203

The reversibility of fluoride adsorption was studied
by carrying out adsorption—desorption experiments. If
the desorption equilibrium data was on the adsorption
isotherm curve, the adsorption would be irreversible.
Hysteresis and irreversibility have also been inter-
changeably used in the literature [26]. It can be
observed in Fig. 5 that the desorption equilibrium data
was above the adsorption isotherm. Adsorption—
desorption hysteresis present irreversible for fluoride
suggesting that the fluoride adsorption onto PAN-
oxime-nano Fe,O; was not reversible. Desorption of
pollutants from adsorbents is of critical importance to
most environmental concerns because this process
affects chemical fate, toxicity, and associated risks to
human and aquatic life as well as the feasibility and the
necessity of remediation technologies [27]. If the pollu-
tants would not be released from the adsorbent in sig-
nificant concentrations, either in the environmental or
biotic mediums, they would be safe to living organ-
isms. In this work, the quantity of fluoride retained by
PAN-oxime-nano Fe,O; was lower, based on the sorp-
tion isotherm, compared with the corresponding
desorption isotherm suggesting that adsorption/
desorption of fluoride on PAN-oxime-nano Fe,O; is
hysteretic and reactions involved in the sorption pro-
cess may be irreversible or very slowly reversible.

5. Conclusion

The results from the present study show the
potential of PAN-oxime-nano Fe,O; for fluoride
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removal. The adsorption capacity increased with
increasing initial fluoride concentration. The equilib-
rium data were analyzed using the Langmuir and Fre-
undlich isotherm models. The equilibrium data fit
very well with the Langmuir isotherm equation. The
adsorption data were modeled using pseudo-first and
second-order kinetic equations and intraparticle diffu-
sion models. The Pseudo-first-order kinetic equation
best described the sorption kinetics.
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