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ABSTRACT

The adsorption behavior of lead(Il) from aqueous solutions utilizing TiO,/polyacrylonitrile
(PAN) nanofibers was studied. TiO,/PAN nanofibers were prepared by electrospinning
method and characterized by X-ray diffraction, Fourier transform infrared spectroscopy,
thermogravimetric analysis (TGA), and scanning electron microscope. These data were uti-
lized to show nanofibers and TiO, nanoparticles morphology and existence of TiO, in
nanofibers web. The results show that the size of nanoparticles is about 70 nm and the
fibers diameters is in the range of 1-2 um. The changes in the parameters of adsorbent
dosage, pH, contact time, TiO, concentration, and temperature were tested in the adsorption
experiments. The adsorption was well described by the Langmuir adsorption isotherm
model. The thermodynamic parameters indicate that the adsorption process is spontaneous
and endothermic. The pseudo-first-order kinetic model describes the dynamic behavior for

the adsorption of lead(II) ions onto PAN/TiO, nanofibers.
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1. Introduction

Heavy metals pollution has become more serious
with the rapid increase in global industrial activities.
Lead contamination of the environment is among the
common global pollutants, has accumulating charac-
teristics in nature and cannot be biodegraded, and this
environmental issue is threatening the health of
human beings seriously [1,2].

Although the traditional treatment methods such
as precipitation, oxidation, reduction, electrochemical
treatment, reverse osmosis, solvent extraction, ion
exchange, and evaporation can be used for the metal
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bearing effluents, most of these methods are expensive
and difficult to apply [3].

Nanofibers are able to form a highly porous mesh,
and their large surface-to-volume ratio improves
performance for many applications such as scaffolds
in tissue engineering [4], drug delivery systems [5],
nanofibrous membranes for fine filtration [6,7], and
protective clothing [8]. The utilization of nanofibers is
an attractive alternative to traditional separation meth-
ods due to their interesting characteristics such as
high porosity, large surface area per unit mass, high
gas permeability, and small interfibrous pore size [4]
which leads to high adsorption rate and capacity as
compared to other types of materials such as resins,
foams, and conventional fibers [9-11].
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Electrospinning (ES) has the unique ability to pro-
duce nanofibers of different materials in various
fibrous assemblies. The relatively high production rate
and simplicity of the setup makes ES highly attractive
to both academia and industry.

In recent years, there has been a growing interest
in the incorporation of functional nanoparticles in the
polymer nanofibers due to their uniquely promising
properties and applications [12-14].

Among these nanoparticles, TiO, has received great
attention because of its stability, availability, and
promise for applications such as painting, catalysis
and photocatalysis, battery, cosmetic, in addition,
recent studies show great results for adsorption prop-
erties of TiO, nanoparticles in heavy metals removal
from aqueous solutions [15].

Carbon nanofibers have been arousing increased
research attention because of numerous advantages
such as low density, high aspect ratio, and potential
high mechanical, thermal, and electrical performances
[16]. About 90% of the carbon fibers produced are
made from polyacrylonitrile (PAN). PAN carbon fiber
is one of the popular materials that are used in pre-
paring composites for use in commercial aerospace,
industrial, space and defense, and electronics markets
[17].

In the present study, titanium dioxide (TiO,) nano-
particles were prepared and dispersed in polymer
matrices PAN via ES technique. The nanofibers were
subsequently used for the adsorption of lead ions.

2. Experimental
2.1. Apparatus

Crystal structure of the prepared TiO, nanoparti-
cles was analyzed by using Cu Ko radiation (Philips
PW 1800). Size and morphology of the obtained nano-
particles and nanofibers were observed by scanning
electron microscopy (SEM, LEO1455VP). Thermal sta-
bility and also chemical compositions of the nanofibers
were studied by thermogravimetric analyses (TG-DTA,
STA 1500) with heating rate of 10°C/min. IR spectra
were recorded with a Brucker Vector 22 spectrometer
using KBr disks. Quantitative determinations of
inorganic ions were carried out using an inductively
coupled plasma-optical emission spectroscope of
Varian Turbo Model 150-Axial Liberty.

2.2. Materials

All chemicals were of the highest purity available
and were used as received without further purifica-
tion. PAN (Mw = 150,000), titanium tetraisopropoxide
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(TTIP or Ti(O'Pr)s, 97%), N,N-dimethylformamide
(DMF, 99%), oleic acid (OLEA, 99%), and ethylene gly-
col (EG, 99.8%) were purchased from Sigma-Aldrich.
Trimethylamine (TEA, 40% solution in water), metha-
nol, potassium chloride, and lead(Il) nitrate were
purchased from Merck, AG, Germany.

2.3. Synthesis of TiO, Nanoparticles

Ten millimolar of titanium tetraisopropoxide Ti
(O'Pr), (TTIP) was added to 35 g of OLEA under
nitrogen flow at 100°C and allowed to stir for 5 min,
giving a pale yellow solution. A 10 mmol of a base tri-
methylamine ((CH3z);N or TMA in 6.4 g of EG was
subsequently added. The solution was maintained in a
close system and stirred at 100°C over 48 h. The reac-
tion mixture appeared clear during the whole period
of the particle growth [18].

TiO, nanocrystals were readily precipitated upon
addition of an excess of methanol to the reaction mix-
ture at room temperature. The resulting precipitate
was isolated by centrifugation and washed twice with
ethanol to remove surfactant residuals. The OLEA-
coated TiO, nanoparticles were then easily redispersed
in DMF.

2.4. Preparation of PAN/TiO, nanofibers

Fibers of PAN/TiO, were obtained by ES. PAN/
DMF solution was prepared by dissolving 1 g PAN in
10 mL DMF, and then, 1% (mass fraction with respect
to PAN) TiO, nanoparticles was added to this solution
and has been dispersed by using an ultrasonic appara-
tus for 2 h. During ES, the applied voltage was held
constant at 15 kV, and the distance between the
syringe and the collector was kept at 16 cm.

In this study, PAN/TiO, nanofibers with different
TiO, nanoparticle loadings (0.3 and 1%) have been
fabricated via a high voltage ES process.

The morphology and size of the resulting ES non-
woven fiber mats and the incorporated nanoparticles
were evaluated using SEM, and X-ray diffraction
(XRD).

2.5. Batch adsorption experiments

Fifty milligrams of adsorbent was kept in 100 mL
of 1.2 x 107* mol/L metal ion solutions at 25 + 1°C for
5 h, with intermittent shaking to reach equilibrium.
The solution was then filtered, and metal ions were
determined using inductively coupled plasma. Blank
solutions were prepared without adsorbent, having
the same concentration of metal ions. This solution
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was treated in the same way as above. The distribu-
tion coefficients (K;) value was calculated by the
following equation (Eq. (1)):

=[5 0

where I and F are the initial and final concentration
(mg/L) of metal ions in the solution phase, V is vol-
ume of initial solution in mL, and M is the dry mass
of the adsorbent in g. Standard deviation for K, value
was checked by two determinations and was less than
10%.

The capacity of adsorbents for K™ in aqueous solu-
tions was determined by batch equilibration of 0.5 g
of nanofibers, and 50 mL of 0.05 M of the KCl solution
in a shaker water bath adjusted at 25 + 1°C until equil-
ibration was achieved. After equilibration, the phases
were separated and K" concentration was determined
by atomic absorption spectroscopy analysis. Capacity
(meq/g) was calculated from Eq. (2):

%Uptake V

Capacity = Cy.Z - 100 ~Emeq/g 2

where
%Uptake = (Aeq/As) x 100

Cy is the initial concentration of solution (g/1), V is the
solution volume (mL), m is the weight of the exchan-
ger (g), and Z is the charge of the metal ion adsorbed.
Ap and Aq are the initial amount of metal ions in the
solution and the amount of metal ions adsorbed by
adsorbent at equilibrium (g/1), respectively.

3. Results and discussion
3.1. Preparation and characterization of adsorbent
3.1.1. Synthesis of TiO, nanoparticles

In this work, TiO, nanoparticles were synthesized
by hydrolysis of TTIP using OLEA as surfactant. As
mentioned by [18], the hydrolysis of the titanium pre-
cursor occurs upon the reaction with water released
slowly upon esterification of OLEA and EG in the
presence of trimethylamine as a catalyst.

The XRD pattern of TiO, nanoparticles is shown in
Fig. 1. The XRD pattern shows a pure rutile phase
without other titanium oxide polymorphs. Average
size of the obtained TiO, particle shown in Figs. 2 and
3 is 70 nm.
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Fig. 1. XRD patterns of TiO, particles prepared by wet
chemical method.
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Fig. 2. SEM images of spherical TiO, nanoparticles.

Fig. 3. Transmission electron micrographs of TiO, nano-
particles.
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3.1.2. Synthesis of PAN/TiO, nanofibers

We employed a process to synthesize organic-
capped TiO, nanoparticles. The nanoparticles pre-
pared under these conditions were soluble in organic
solvents such as DMF after extraction procedures. The
extracted nanoparticles were added to the polymer
dissolved in DMF and electrospun.

Fig. 4 shows the SEM image of electrospun PAN/
TiO, nanofibers. Distribution of TiO, along the fiber
direction and on the fiber cross section can be easily
detected (Figs. 4 and 5). The diameter of fibers is in
the range of 1-2 um.

The incorporation of the TiO, was confirmed by
comparison between Fourier Transform Infrared
(FTIR) spectra of TiO, and PAN/TiO, Fig. 6(a) and
(b). The absorption peaks were observed at 2,924,
2,848, and 2,960/cm correspond to the C-H stretching
vibrations of the alkyl chain. A peak exhibited at
3,418/cm as a result of the C-H stretching signals in
the TiO, samples which overlapped with an O-H
band of titanol groups or adsorbed H,O. A weak band
occurred at 3,008/cm is associated to the olefinic C-H
stretching. Two typical bands obtained at 1,563 and
1,426/cm of carboxylate anions of OLEA-capped TiO,
nanoparticles. Vibrations occurred below 950/cm rep-
resents the stretching of Ti-O in the Ti-O-Ti groups
[18].

The FTIR spectra of PAN/TiO, nanofibers showed
all the characteristic bands of the functional groups of
PAN with additional peaks due to TiO, in Fig. 6(b).

The main characteristic bands of PAN are because
of C=N (2238/cm), C=0O (1728/cm), and C-O-C

(1075/cm) groups. C=0 and C-O-C bands come from
methylacrylate comonomer [19]. These results confirm
to the presence of PAN and TiO, nanoparticles in
nanofibers.

Fig. 4. SEM images of electrospun fibers of PAN/TiO,
nanoparticles.
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Fig. 5. SEM observation of TiO, nanoparticles on/into
PAN nanofiber.
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Fig. 6. FTIR spectra in the 4,000-400/cm region of (a) as-
prepared OLEA-capped TiO, nanoparticles and (b) PAN/
TiO, nanofibers.

The thermal degradation of prepared nanofibers
was performed with heating rate of 10°C/min in air
atmosphere (Fig. 7). The thermogravimetric analysis
curve shows a weight loss at two stages. The weight
loss of the first stage ranging between 330 and 360°C
could be attributed to the cyclization reaction of PAN.
The second stage of weight loss starts at about 610°C
and continues up to 650°C due to the degradation of
PAN chains. This figure shows that TiO, nanoparticles
are very stable in air and no decomposition takes
place in the range of 20-800°C.

3.2. Adsorption studies

The prepared materials were then used as adsor-
bent in removal of lead ions in aqueous solution. To
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Fig. 7. Typical thermogravimetric diagram for PAN/TiO, nanofibers.

optimize the adsorption system, the effects of various
parameters such as adsorbent type and dose, tempera-
ture, pH, concentration, and time on the adsorption of
lead ions (as a model reaction) were studied.

3.2.1. Effect of adsorbent types

The capacity of three types of adsorbent (PAN
powder, PAN fibers, and PAN/TiO, nanofibers) was
studied for K". The results are given in Table 1. As
shown in Table 1, making PAN fibers from PAN pre-
cursor plays an important role in adsorption behavior.
When the batch studies were conducted with PAN
powder, a poor adsorption of the K" ions was
obtained, while using the PAN as fibers led to higher
adsorption. This observation can be explained by con-
sidering the large specific surface area of nanofibers
which leads to high adsorption rate and capacity.

Table 1
Capacity of synthesized adsorbents for K" ions

Adsorbent Capacity (meq/g)
PAN powder 0.48
PAN fiber 0.79
10% PAN +0.3% TiO, 1.15
10% PAN + 1% TiO, 1.69

To investigate the effect of TiO, nanoparticles, we
carried out the comparative experiments with some
PAN fibers loaded with different amount of TiO,
nanoparticles (0.3 and 1%). The comparative results
are summarized in Table 1. Loading a small amount
of TiO, nanoparticles 1%) into the PAN fibers results
the considerable enhancement in the adsorption capac-
ity. Increase in TiO, nanoparticles loading results in
increasing the adsorption capacity of nanofibers.
Working with higher amounts of TiO, was not possi-
ble, because more than 1% TiO, cannot be well
dispersed in DMF.

This observation can be explained by considering
the surface morphology of pure PAN nanofibers and
PAN/TiO, nanofibers (Fig. 8(a)—(c)). According to the
SEM analysis, the average diameter of the electrospun
PAN composite nanofibers with 0.3% TiO, slightly
decreased compared with pure PAN nanofibers
(Fig. 8(b)). When the amount of TiO, increased to 1%
(Fig. 8(c)), the average diameter of the composite nanof-
ibers was further decreased and the beaded structures
of the nanofibers were also formed, which could be
attributed to the aggregation of the TiO, nanoparticles.
All fibers kept their fibrous shape, but became more
densely packed and relaxed as the amount of TiO,
increased.

The nanofibers with smaller diameters tend to stick
together. And so the pores generated by the
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Fig. 8. SEM images of (a) PAN fibers, (b) 10% PAN modified by 0.3% TiO,, and (c) 10% PAN modified by 1% TiO,.

nanofibers intertwining together became smaller [20].
The reduction in nanofiber diameter results in larger
specific surface area and consequently higher adsorp-
tion rate.

3.2.2. Effect of adsorbent dosage

Adsorbent dosage is one of the important parame-
ters in adsorption processes because it determines the
capacity of an adsorbent for a given initial concentra-
tion of the adsorbate under a given set of operating
conditions. To achieve this aim, a series of batch
experiments were conducted with the adsorbent dose
of 0.5-6 g/L of the test solution.

Fig. 9 shows the effect of adsorbent dosage on the
adsorption of lead ions. Increasing the adsorbent
dosage causes the higher metal ions removal. A maxi-
mum removal of 97% of lead ions was obtained at
5 g/L of the adsorbent. It can be seen from Fig. 9 that
an adsorbent dose of 5 g/L is sufficient for optimal
removal of metal ions in aqueous solutions. A further
increase in the quantity of adsorbent dose will not
have any significant effect on the removal of metal
ions from the solution. The initial increment in
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Fig. 9. Effect of adsorbent dose on adsorption of Pb** onto
adsorbent.

adsorption capacity with increase in adsorbent dosage
was expected because as the adsorbent dose increases
the number of adsorbent particles increases, thus more
surface areas were available for metals attachment
[21].

3.2.3. Effect of contact time

The effect of time on the removal of lead ions by
PAN/TiO, nanofibers was studied. Fig. 10 presents
the removal of lead ions with contact time. It is clear
that the removal efficiency of lead ions reached a
maximum value after 5 h, and no further significant
increase was observed for more contact time. This
may be due to the fact that initially all adsorbent sites
were vacant, and the solute concentration gradient
was high. Therefore based on these results, a contact
time of 5 h was selected in subsequent studies.

3.2.4. Effect of pH on adsorption

The pH of the solution has been reported as an
important factor in adsorption processes [22]. The
variations in adsorption capacity of PAN/TiO,
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Fig. 10. Effect of contact time on adsorption of Pb** onto
adsorbent.
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nanofibers with increasing pH are shown in Fig. 11. It
could be inferred that the adsorption capacity
increased sharply as solution pH increased from
3.5-5.5.

At low pH, because of high protons concentration,
positive charge density on the adsorbent increases and
lead ions are fended off. pH increasing causes higher
negative charge density on the adsorbent, so cation
adsorption enhances due to deprotonation of cations.
The maximum adsorption occurs at the pH 5.5. Proba-
bly partial hydrolysis of metal ions causes consequent
reduction in adsorption capacity. Above pH 5.5, lead
ions precipitated, and experiments were not get done
at higher pH values [23].

3.2.5. Effect of temperature

The adsorption of metal ions was carried out at
different temperatures 10, 25, 30, 40, 60, and 70°C
using PAN/TiO, nanofibers as adsorbent. The experi-
mental results showed that the adsorption increases
with increase of solution temperature. This indicates
that the adsorption of lead ions on the adsorbent is an
endothermic process (Fig. 12).

By considering this result, and the two outcomes
of the last section, optimum operational condition was
figured to be as follows: temperature = 60°C, contact
time = 5 h, and pH 5.5. Under the optimized condi-
tions, the distribution coefficient of the lead ions on
this adsorbent (K; = 5418.15 mL/g) show good affinity
of this material for Pb(II) cations in water.

3.2.6. Desorption of metal ions from nanofibers

In order to know applicability of extracting lead
ions from the metal-loaded PAN/TiO, nanofibers and
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Fig. 11. Effect of pH on adsorption of Pb** onto adsorbent.
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Fig. 12. Effect of temperature on adsorption of Pb?* onto
adsorbent.

recycling the metals and adsorbent, the desorption of
metal ions from the metal-loaded PAN/TiO,
nanofibers was investigated. For this purpose, after
completion of the batch adsorption experiments, the
adsorbent is washed with distilled water for 24 h to
ensure complete desorption, dried in a vacuum oven
at 60°C, and subjected to a second run of the batch
adsorption process with the same concentration of
metal ions. The distribution coefficient of the first and
second experiments was not changed significantly.
This might be due to the ignorable amount of adsor-
bent lost during the adsorption-desorption process.
These results strongly suggest that the PAN/TiO,
nanofibers have a great potential as a filter for
recycling metals.

3.2.7. Adsorption isotherm

The adsorption of Pb(Il) from water by PAN/TiO,
nanofibers assumed to have a behavior fitting with the
isothermal adsorption model, that is, the adsorbate
keeps a dynamic equilibrium between the adsorption
and desorption at a fixed temperature.

Langmuir sorption isotherm models the monolayer
coverage of the sorption surfaces and assumes that
sorption occurs on a structurally homogeneous adsor-
bent and all the sorption sites are energetically identi-
cal (Fig. 13). The linearized form of the Langmuir
equation is given by Eq. (3):

C 1 1

I +—C 3)
g Qb Q

where g, (in mg/g) is the adsorbate amount

adsorbed by 1 g of adsorbent, C, (in mg/L) is the
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Fig. 13. Langmuir plot for the adsorption of lead(Il) ions
onto adsorbent.

equilibrium concentration of adsorbate in the
solution, Q° is the monolayer adsorption capacity
(mg/g), and b is the constant related to the adsorp-
tion intensity. The maximum adsorption capacity
(Jmax) of adsorbent calculated from Langmuir
isotherm equation is 204.08 mg/g, and the amount
of b is 0.0092 (L/mg).

3.2.8. Thermodynamic parameters

In order to evaluate thermodynamic parameters
of Pb(Il) ions adsorption on PAN/TiO, fibers, the
plot of In(K) as a function of 1/T was detected
(Fig. 14). From the slope and intercept of the plot
and using the following equation AH® and AS° can
be evaluated (Eq. (4)):

R*=0.9852

Ln Kc

9
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7 -
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4
3
2
1
0

0.0029 0.003 0.0031 0.0032 0.0033 0.0034 00035 0.0036

1/T(KY)

Fig. 14. Van’t Hoff plot for adsorption of lead(Il) ions onto
adsorbent.
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_AS° AR
" R RT

Ln(K,) )

free energy of adsorption can be calculated by following
equation:

AG® = AH® — TAS® ®)

The thermodynamic results are incorporated in Table 2.
The negative value of overall free energy changes
indicates that the process is spontaneous, and the
positive value of the enthalpy change corresponds to
an endothermic adsorption of lead(Il) on PAN/TiO,
fibers. The positive value of entropy change illustrates
the increased randomness at the solid/solution inter-
face, and maybe, it reflects considerable changes occur
in the structure of the adsorbent during the adsorption
process [24,25].

3.2.9. Adsorption kinetics

In order to analyze adsorption kinetics of Pb(II)
cations, experimental data were compared with first-
order kinetic model. The model demonstrates an
excellent description of kinetics behavior of the sorp-
tion process (Fig. 15). The rate constant of adsorption
determined by pseudo-first-order kinetic expression
(Eq. (6)):

k
log(qe — q:) = log(q.) — <ﬁ>t 6)

where k; (min™?) is the first-order kinetic rate constant,
g: and g, (mg/g) are lead uptakes at time ¢ (min) and
at equilibrium, respectively. The results of kinetic
parameters are tabulated in Table 3.

Table 2
Thermodynamic parameters for the adsorption of Pb(II)
ions by PAN/TiO, nanofibers

AH (K] /mol) = 26.21
AS” (KJ/mol K) = 0.149

T (K) AG (K] /mol K)
283 -15.96
298 -18.21
303 -18.95
313 -20.44
333 -23.42
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Fig. 15. Pseudo-first-order kinetic plots for the adsorption
of lead(II) ions on PAN/TiO, nanofibers.

Table 3
Kinetic parameters for the adsorption of lead(Il) ions onto
PAN/TiO, nanofibers

q. (mg/g) R?
66.71 0.9926

Co (mg/L) ki (min™")

50 0.0138

4. Conclusion

In this study, PAN/TiO, nanofibers were prepared
through ES process and were investigated as an adsor-
bent in the elimination of lead(Il) ions in aqueous
solutions.

As a result of investigation of effective parameters,
the optimum conditions achieve at pH 5.5 and
time = 5 h. Contact time takes 15h to get equilibrium.
The adsorption enhances with increasing adsorbent
doses. The adsorption was well described by the
Langmuir adsorption isotherm model. The thermody-
namic parameters indicate spontaneous (AG°<0) and
endothermic (AH® > 0) process. The pseudo-first-order
kinetic model describes the dynamic behavior for the
adsorption of lead(Il) ions onto PAN/TiO, nanofibers
at a range of temperatures.
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