Chemosphere 180 (2017) 108e116

Contents lists available at ScienceDirect

Chemosphere
journal homepage: www.elsevier.com/locate/chemosphere

Surface functionalized composite nanoﬁbers for efﬁcient removal of
arsenic from aqueous solutions
Alaa Mohamed a, b, d, *, T.A. Osman c, M.S. Toprak a, M. Muhammed a, e, A. Uheida a, *
a

Department of Materials and Nano Physics, KTH-Royal Institute of Technology, SE 16440 Stockholm, Sweden
Egypt Nanotechnology Center, EGNC, Cairo University, 12613 Giza, Egypt
c
Mechanical Design and Production Engineering Department, Cairo University, 12613 Giza, Egypt
d
Production Engineering and Printing Technology Department, Akhbar El Yom Academy, 12655 Giza, Egypt
e
Material Science Department, Alexandria University, 11559 Alexandria, Egypt
b

h i g h l i g h t s

g r a p h i c a l a b s t r a c t

 Inexpensive and simple fabrication
route for ﬂexible composite nanoﬁbers systems.
 High adsorption removal efﬁciency
was obtained compared to other reported studies.
 Stability of the fabricated composite
nanoﬁbers allowing their reuse.
 The ﬂexibility of the nanoﬁbers allows use in a continuous operation
mode.
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A novel composites nanoﬁber was synthesized based on PAN-CNT/TiO2-NH2 nanoﬁbers using electrospinning technique followed by chemical modiﬁcation of TiO2 NPs. PAN-CNT/TiO2-NH2 nanoﬁber were
characterized by XRD, FTIR, SEM, and TEM. The effects of various experimental parameters such as initial
concentration, contact time, and solution pH on As removal were investigated. The maximum adsorption
capacity at pH 2 for As(III) and As(V) is 251 mg/g and 249 mg/g, respectively, which is much higher than
most of the reported adsorbents. The adsorption equilibrium reached within 20 and 60 min as the initial
solution concentration increased from 10 to 100 mg/L, and the data ﬁtted well using the linear and
nonlinear pseudo ﬁrst and second order model. Isotherm data ﬁtted well to the linear and nonlinear
Langmuir, Freundlich, and Redlich-Peterson isotherm adsorption model. Desorption results showed that
the adsorption capacity can remain up to 70% after 5 times usage. This work provides a simple and an
efﬁcient method for removing arsenic from aqueous solution.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
Arsenic (As) has been recognized as one of the most toxic
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pollutants in an aqueous solution because of their toxicity, bioaccumulating tendency, and threat to human life and environment (Hubner et al., 2010; Sharma et al., 2014; Williams et al., 2009;
Feng et al., 2013). According to the World Health Organization
(WHO) the permissible maximum limit of As in drinking water is
10 mg L1 (Yamamura, 2001). In an aqueous solution, arsenic exist in
inorganic and organic forms as oxyanions of trivalent As(III) and
pentavalent arsenic As(V). As(III) is ten times more toxic and
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difﬁcult to remove from aqueous solution than As(V) (Camacho
et al., 2011; Boojari et al., 2016).
Due to their environmentally friendly nature, simplicity, and
economy, adsorption process has been recognized as one of the
most efﬁcient techniques used for removal arsenic species from
aqueous solution. Recently, many researchers have demonstrated
that TiO2 nanoparticles is effective for removal As(III) and As(V)
from aqueous solutions for they easily self-aggregate in aqueous
solution, which results in a fast reduction of active surface area (Niu
€ et al.,
et al., 2009; Xu and Meng, 2009; Jegadeesan et al., 2010; Pirila
2011; Guan et al., 2012; Vu et al., 2013a). Moreover, it is difﬁcult to
separate TiO2 nanoparticles from aqueous solution after adsorption. Therefore, its need to develop an efﬁcient technique for the
removal of arsenic from contaminated water. In this regard, composite nanoﬁbers are expected to solve these problems because
they combine the advantages of nanomaterials (high speciﬁc surface area) and thin ﬁlm (easy separation from water) (Mohamed
et al., 2016a, 2016b). Polyacrylonitrile (PAN) has been recently
used as support matrices for nanomaterials due to its excellent
characteristics and commercial availability, as well as its non-toxic
nature (Avila et al., 2014; Sugunan et al., 2010; Vu et al., 2013b).
In this work a novel technique has been developed to fabricate
PAN-CNT/TiO2-NH2 nanoﬁber via electrospinning process using the
PAN nanoﬁbers as support matrix followed by further crosslinking
of surface amino-modiﬁed TiO2 NPs to PAN/CNT nanoﬁbrous
matrices in order to increase the adsorption of arsenic due to the
large number of binding active sites incorporated on the surface of
TiO2 NPs. The effects of contact time, initial concentration, solution
pH, adsorption kinetics, and isotherms were investigated. Finally,
the mechanism for the removal of As using PAN-CNTs/TiO2 has
been explored.
2. Experimental
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groups was described elsewhere (Mohamed et al., 2016a). The
nanoﬁbers were placed into 100 mL solution containing a mixture
of 8 g hydroxylamine hydrochloride, and 6 g of sodium carbonate.
The solution and the prepared PAN-CNT nanoﬁbers were heated to
40  C for 6 h. The nanoﬁbers were then washed three times with
distilled water in order to remove the remaining salts and were
dried in air. The surface functionalization of TiO2 nanoparticles with
the amino group was carried out according to a well established
procedure (Xiang et al., 2012). Typically, 0.5 g of TiO2 was ﬁrst
immersed in 10 mL of deionized water, of which pH value was
adjusted to 11 by sodium hydroxide, to facilitate the adsorption of
the hydroxyl group. The hydroxyl group rich TiO2 NPs were washed
twice with 20 mL of methanol to remove the excessive sodium
hydroxide, and then dried in a vacuum oven at room temperature
for use. Subsequent TiO2 NPs was dispersed in 100 mL of toluene
via Ultrasonication for 30 min. After that, 3 mL of silane coupling
agents was added to the TiO2 suspension. The suspension was
further reﬂuxed at 110  C for 24 h leading to NH2 functional group
on the titania surface. The reaction product was centrifuged and
washed three times with water followed by methanol to remove
the unreacted silane coupling agents, and then dried in a vacuum
oven prior to use. The crosslinking of the amino functionalized
composite nanoﬁbers (PAN-CNT-NH2) to TiO2-NH2 via the amine
side was carried out as follow: PAN-CNT-NH2 composite nanoﬁbers
weighted and immersed in the crosslinking medium containing
2.5 wt% Glutaraldehyde (GA), and kept shaking for 24 h at room
temperature. After the activation reaction of the composite nanoﬁbers was completed, the GA crosslinking medium was removed
and then 2 mL of an aqueous dispersion of functionalized TiO2
nanoparticles was added to the composite nanoﬁbers for 24 h. The
crosslinked composite nanoﬁbers were washed with ethanol followed by distilled water to remove the excess of non-crosslinked
nanoparticles and then the composite nanoﬁbers were dried in
air at room temperature.

2.1. Materials
2.3. Adsorption of As
Carbon nanotubes (CNTs) with diameter between 10 and 40 nm
and length 20 mm, was synthesis and the procedure is described
elsewhere (Mohamed et al., 2014; Bahaa et al., 2016). Sodium
arsenite (NaAsO2), and sodium arsenate (Na3AsO4$12H2O), Polyacrylonitrile, PAN (MW ¼ 150,000); hydroxylamine hydrochloride
(NH2OH$HCl), sodium carbonate (Na2CO3), N, N-dimethylformamide (DMF), sodium hydroxide (NaOH), hydrochloric acid (HCI),
titanium dioxide particulate powder (Degussa P-25), and 3aminopropyltriethoxysilane (APTES), were purchased from Sigma
Aldrich. All reagents and solvents were of analytical reagent grade
and used without further puriﬁcation.
2.2. Preparation of PAN-CNT/TiO2-NH2 composites nanoﬁbers
CNTs were oxidized by reﬂuxing at 120  C in mixed acid
(H2SO4:HNO3 ¼ 3:1) for 30 min and then the mixture was diluted
with water and ﬁltered. The obtained samples were washed with
water and dried in the oven at 60  C for 12 h (Khalil et al., 2016;
Bahaa et al., 2017). Solution of PAN in DMF (10 wt%) was prepared and stirred for 4 h. Functionalized CNTs 3 wt% were dispersed
in DMF; the dispersion was stirred for 15 min, and then sonicated
for 30 min. A PAN solution was then added to the CNTs. The
resulting mixture was stirred for 15 min and then sonicated for 2 h.
The applied voltage was 25 kV and the distance from the tip to the
collector was 15 cm. The feeding rate of the mixture solution was
0.5 mL/h.
After that the electrospun PAN-CNT nanoﬁbers were dried in
vacuum overnight to remove the excess amount of solvent. The
fabrication of PAN-CNT nanoﬁbers functionalized with amino

The Adsorption of As in an aqueous solution was carried out in a
100 mL quartz reactor containing 25 mg composite nanoﬁbers and
50 mL 10 ppm of As (III) and As (V). The composite nanoﬁbers were
dispersed in As solution under shaking condition at room temperature, then 3 mL of the suspension was taken from the reactor at
a scheduled interval. The concentration of arsenic was measured
using a Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES) (Thermo Fisher iCAP 6500). The pH values of the solution
were adjusted by adding 0.1 M NaOH or 0.1 M HNO3 and was varied
within the range of 2e9. The equilibrium adsorption capacity (qe)
was determined using equation (1), while % removal of As (III) and
As (V) was calculated using equation (2).

qe ¼

ðC0  Ce ÞV
m


ð%ÞRemoval ¼

(1)
C0  Ce
C0


 100

(2)

where, C0 is the initial arsenic concentration (mg/L) and Ce is the
arsenic concentration in the aqueous solution at equilibrium (mg/
L), V is the total aqueous volume (L), and m is the mass of the
composite nanoﬁbers (g).
2.4. Characterization
The morphology of PAN and PAN-CNT/TiO2-NH2 composites
nanoﬁber functionalized membranes was characterized using ﬁeld
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emission scanning electron microscopy (FE-SEM, Gemini ZeissUltra 55), and transmission electron microscopy (TEM, JEM2100F, Joel). The functional groups on the surface of synthesized
nanoﬁber were characterized using a Nicolet Nexus iS10 FT-IR to
conﬁrm the presence of amino groups on the surface of the nanoparticles as well as covalent attachment of nanoparticles on the
surface of the nanoﬁbers. The phase structure of the composites
nanoﬁber was characterized by X-ray diffraction (XRD, Bruker AXS
D8 Advance diffractometer operating with Cu-Ka radiation) in the
scan range 2q between 10 and 70 .
3. Results and discussions

crystallographic planes in PAN. In addition, the FTIR spectrum of
PAN nanoﬁber (Fig. 2b) exhibited the absorption peaks of a
stretching vibration at 2243 cm1 (C^N), 1732 cm1 (C]O), and
1452 cm1 (CeO), which suggests that the PAN was a copolymer of
acrylonitrile and methylacrylate (Saeed et al., 2008). The FTIR
spectrum of PAN-CNT/TiO2-NH2 nanoﬁber shows the absorption
peak at 3170e3500 cm1 and 1668 cm1 corresponding to
stretching vibrations of the eOH and bending vibrations of the
adsorbed water molecules respectively. The transmittance peak at
1620 and 1452 cm1 were assigned to the (NH2) group and the
absorption bands at 1454, 1102, and 908 cm1 were assigned to the
C-H, C-C, and N-O, respectively (Mohamed et al., 2016a; Yousef and
Mohamed, 2016).

3.1. Characterization of materials
3.2. Effect of pH on adsorption of As
The morphologies of PAN and PAN-CNT/TiO2-NH2 nanoﬁbers
are observed by SEM, and TEM, the results are shown in Fig. 1. It can
be seen that the nanoﬁbers are composed of numerous, randomly
oriented nanoﬁbers, and the pure PAN nanoﬁbers are smooth and
uniform, with average diameters is about 120 nm (Fig. 1a). After the
chemical modiﬁcation on the surface of PAN nanoﬁbers, the
average diameter increased to 210 nm (Fig. 1b), and the surface of
the PAN-CNT/TiO2-NH2 nanoﬁbers became more coarse than the
pure PAN. Fig. 1c shows TEM images of the PAN-CNT/TiO2-NH2
nanoﬁbers. It is obvious that composite nanoﬁbers are composed of
TiO2 nanoparticles, aggregated along ﬁber orientation.
The crystal phase structure of the PAN-CNT/TiO2-NH2 nanoﬁbers was characterized by XRD measurement as shown in Fig. 2a.
The XRD patterns of the PAN-CNT/TiO2-NH2 nanoﬁbers show
maximum diffraction peaks at 2 q ¼ 16.8 and 28.6 represented the

The pH value of solution played an important role in the
adsorption because pH value can not only have an effect on the
surface state of the adsorbent but also on the existing form of the
adsorbate. The effect of pH solution on adsorption of As(III) and
As(V) using PAN-CNT/TiO2-NH2 nanoﬁbers under pH value from 2 to
9, are presented in Fig. 3. The maximum adsorption removal for
As(III) and As(V) was observed at pH 2. The extent of As(III) removal
was 99.9e72% in the pH range 2e9, while 99.2%e55% for As(V) in the
same pH range. Thus, the PAN-CNT/TiO2-NH2 can be considered as a
highly efﬁcient adsorbent for the removal of both As(III) and As(V) in
acidic and neutral pH range, which is similar to a previous report
(Miller et al., 2011; Kanel et al., 2005; Gupta and Ghosh, 2009;
Polowczyk et al., 2016; Iervolino et al., 2016; Wei et al., 2016; Yu
et al., 2006). This may be due to the electrostatic interaction

Fig. 1. FE-SEM images of (a) PAN nanoﬁbers, (b) PAN-CNT/TiO2-NH2, and (c) TEM image of PAN-CNT/TiO2-NH2.
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Fig. 2. (a) XRD patterns and (b) FTIR spectrum of the PAN-CNT/TiO2-NH2.

Fig. 3. (a) Effect of pH solution on the removal of (a) As(III) and (b) As(V) using PAN-CNT/TiO2-NH2 nanoﬁbers (As(III) ¼ 10 ppm, As(V) ¼ 10 ppm).

between positively charged amine groups and negatively charged of
As(III) and As(V) species (AnCelkovi
c et al., 2016; Yamani et al., 2014;
Giasuddin et al., 2007). In addition due to the electrostatic attraction
and complexation between positively charged surface hydroxyl
group and As (Amiri et al., 2004; Mandal et al., 2013).

second-order, expressed by Eqs. (3)e(6) respectively, are utilized
to ﬁt the experimental data and evaluate the adsorption kinetic
process (Min et al., 2015; Mahanta and Valiyaveettil, 2013; Morillo
et al., 2015; Bhaumik et al., 2015).

logðqe  qt Þ ¼ log qe 
3.3. Kinetics of As adsorption
Adsorption kinetics is one of the most important parameters for
describing the adsorption efﬁciency. Kinetics adsorption is performed to evaluate the equilibrium time at different concentration
on the adsorption capacity of As(III) and As(V) as shown in Fig. 4. It
demonstrated that the As(III) and As(V) adsorption capacity of PANCNT/TiO2-NH2 increases gradually with increasing the concentrations until an equilibrium was established. The removal of As(III)
and As(V) occurred rapidly and reached adsorption equilibrium
within 25 min for 10 ppm, while for 100 ppm take 1 h to reach
adsorption equilibrium, and after that the adsorption of As(III) and
As(V) becomes stagnant. It is further observed that maximum
adsorption capacity of As(III) and As(V) is 250 mg/g. This phenomenon may be due the electrostatic interaction between the
positive protonated amidine, amine groups and negative As(III) and
As(V) ions and the high density of active sites of PAN-CNT/TiO2-NH2
nanoﬁber (Chauhan et al., 2014). Therefore, the adsorption process
was very fast at short adsorption equilibrium time. Two kinetic
models, linear and non linear pseudo-ﬁrst-order and pseudo-

t
1
1
¼
þ t
qt k2 q2e qe


qt ¼ qe 1  ek3 t

qt ¼

k2 q2e t
1 þ k4 qe t

K1
t
2:303

(3)

(4)

(5)

(6)

where qe and qt are the adsorption capacities of As(III) and As(V)
(mg/g) at equilibrium time and at any instant of time t (min),
respectively. Where K1 and K2 are the linear pseudo ﬁrst order and
second order rate constants, respectively. K3 and k4 are the rate
constant of non linear pseudo-ﬁrst order adsorption (1/min), and
pseudo-second order (g/mg min). The linear and nonlinear plots of
pseudo ﬁrst order kinetic and pseudo second order kinetic models
for both As species are shown in Figs. 5e7. The obtained kinetic
parameters of linear pseudo-ﬁrst-order and pseudo second order
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Fig. 4. Effect of time on the adsorption capacity of (a) As(III) and (b) As(V).

for As(III) and As(V) are summarized in Table 1. The correlation
coefﬁcient (R2) for the pseudo second order kinetics model is
higher than that for the pseudo ﬁrst order kinetics model indicated
that the adsorption kinetics closely followed the pseudo second
order model rather than the pseudo ﬁrst order model. Furthermore,
the parameters of nonlinear pseudo-ﬁrst-order and pseudosecond-order kinetic models for As(III) and As(V) are summarized
in Table 1. It should be observed that the qe values obtained from

the pseudo ﬁrst order model are close to experimental qexp for
As(III) and As(V). These results conﬁrm that As(III) and As(V)
adsorption kinetics are better described by the pseudo ﬁrst order
mechanism.
3.4. Adsorption isotherms of As
Adsorption isotherms are commonly used to calculate the

Fig. 5. Linear Pseudo ﬁrst order for adsorption of a) As(III) b) As(V) using PAN-CNT/TiO2-NH2 nanoﬁbers (pH ¼ 2).

Fig. 6. Linear Pseudo second order for adsorption of a) As(III) b) As(V) using PAN-CNT/TiO2-NH2 nanoﬁbers (pH ¼ 2).
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Fig. 7. Non-linear ﬁrst-order and Second-order plot for the adsorption of a) As(III) b) As(V) using PAN-CNT/TiO2-NH2 nanoﬁbers (pH ¼ 2).

Table 1
Kinetics parameters for As(III) and As(V) adsorption using PAN-CNT/TiO2-NH2 nanoﬁber.
Parameters

As(III)

As(V)

C0 (mg/L)

10

20

50

100

10

20

50

100

qe,exp (mg/g)

24.9

49.9

124.8

251.2

24.78

49.8

124.8

249.6

0.061
10.6
0.967
0.004
24.2
0.931
25.15
0.119
0.995
27.75
0.0066
0.972

0.048
119.5
0.945
0.008
18.8
0.975
51.24
0.074
0.994
59.76
0.0015
0.964

0.041
1242.9
0.957
0.02
15.7
0.991
130.97
0.055
0.985
159.14
3.78E-4
0.952

0.041
6527.8
0.737
0.04
13.9
0.998
274.06
0.003
0.978
359.6
8.47E-5
0.955

0.051
21.1
0.975
0.0044
20.2
0.904
25.237
0.093
0.994
28.65
0.0045
0.962

0.042
180
0.950
0.008
14.1
0.966
51.75
0.062
0.990
61.79
0.0012
0.959

0.043
1319.8
0.931
0.021
14.2
0.974
131.70
0.050
0.982
162.4
3.25E-4
0.950

0.040
7102.9
0.708
0.041
11.8
0.996
278.13
0.0031
0.973
372.3
7.17E-5
0.951

Linear Pseudo ﬁrst order model

Linear Pseudo second order model

Non Linear Pseudo ﬁrst order model

Non Linear Pseudo second order model

K1 (1/min)
qe,cal (mg/g)
R2
K2 (g/mg min)
qe,cal (mg/g)
R2
qe (mg/g)
K3 (1/min)
R2
qe (mg/g)
K4 (g/mg min)
R2

maximum adsorption capacity of PAN-CNT/TiO2-NH2 nanoﬁber for
the As(III) and As(V) by studying the interactions between adsorbate and an adsorbent. The adsorption experimental data were
ﬁtted with three commonly used isotherm models, linear and
nonlinear Langmuir, Freundlich, and Redlich-Peterson equation,
expressed by Eqs. (7)e(11), and (10), respectively (Foo and Hameed,
2010; Zhang et al., 2010; Brdar et al., 2012). Langmuir isotherm is
mainly applied to describe the monolayer adsorption on perfectly
smooth and homogeneous surface of adsorbent.

Ce
1
Ce
¼
þ
qe qm Ka qm
qe ¼

q m K a Ce
1 þ Ka Ce

(7)

(8)

where qm (mg/g) is the maximum adsorption capacity and ka (L/
mg) is the Langmuir constant related to the energy of adsorption,
and Ce is the equilibrium concentration (mg/L).
The Freundlich isotherm is commonly used to describe the
multilayer adsorption on a heterogeneous surface with a nonuniform distribution of the heat of sorption over the surface. The
Freundlich model is expressed as:

1
log qe ¼ log KF þ log Ce
n

(9)

1=n

qe ¼ KF Ce

(10)

where KF and 1/n are Freundlich constants related to the adsorption
capacity (mg/g) and intensity of adsorption, respectively.
The Redlich-Peterson isotherm contains three parameters, KR,
aR and g, and incorporates the features of the Langmuir and the
Freundlich isotherms (Gogoi et al., 2016). It may be used to represent adsorption equilibrium over a wide concentration range of
adsorbate. The exponent, g, lies between 0 and 1. When g ¼ 1, the
RedlichePeterson equation becomes the Langmuir equation, and
when g ¼ 0, it becomes the Henry's law. This isotherm is described
as follows:



Ce
ln KR  1 ¼ glnðCe Þ þ lnðaR Þ
qe
qe ¼

KR Ce
1 þ aR Ceg

(11)

(12)

where KR, aR, and g (0 < g < 1), are three isotherm constants.
The linear and nonlinear Langmuir, Freundlich, and RedlichPeterson isotherm plots are presented in Figs. 8 and 9. It can be
observed that the PAN-CNT/TiO2-NH2 have high sorption capacity
for both As(III) and As(V). Table 2 summarizes the linear and
nonlinear Langmuir, Freundlich, and Redlich-Peterson isotherm
parameters for As(III) and As(V) adsorption by the PAN-CNT/TiO2-
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Fig. 8. a) Linear Langmuir isotherm model, b) Freundlich isotherm model, c) Redlich-Peterson isotherm model for adsorption of As(III) and As(V) using PAN-CNT/TiO2-NH2
nanoﬁbers.

NH2. The very high values of correlation coefﬁcients (R2) reveal that
the Langmuir model ﬁtted well the isotherm data better than the
Freundlich model, and Redlich-Peterson. Thus, monolayer adsorption happened on the adsorbents. The Langmuir maximum
adsorption capacities (qm) of PAN-CNT/TiO2-NH2 for As(III) and
As(V), as estimated from the linear and non-linear Langmuir
isotherm plots are 227.27 and 225.87 mg/g for As(V), and 232.55

and 228.94 mg/g for As(III). The maximum As adsorption capacity
of the PAN-CNT/TiO2-NH2 nanoﬁbers is mainly attributed to the
small size of the TiO2 nanoparticles immobilized on the high surface area PAN-CNTs nanoﬁbers matrix.
Table 3 lists the maximum adsorption capacities of As(III) and
As(V) on PAN-CNT/TiO2-NH2 and other TiO2 related adsorbents
reported in the literature. The data indicates that the PAN-CNT/

Fig. 9. Nonlinear Langmuir isotherm model, Freundlich isotherm model, Redlich-Peterson isotherm model for adsorption of a) As(III) b) As(V) using PAN-CNT/TiO2-NH2 nanoﬁbers.
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Table 2
Langmuir, Freundlich and Redlich-Peterson isotherm parameters for As(V) and As(III) adsorption onto PAN-CNT/TiO2-NH2 composites nanoﬁber

Linear Langmuir isotherm model

Linear Freundlich isotherm model

Linear Redlich-Peterson isotherm model

Parameters

As(III)

As(V)

Ka (L/mg)
qm (mg/g)
R2
KF (mg/g)
n
R2
KR (L mg11/A)

0.006
887.5
0.99
0.37
2.893
0.876
4.32
341229.4
0.828
0.988
0.303
182.47
0.937
58.623
3.29
0.952
5.69 E7
971114.1
0.696
0.904

0.006
803.4
0.97
0.44
2.432
0.79
4.33
0.12
0.952
0.99
0.17783
185.459
0.924
47.06
2.903
0.923
23.505
0.04217
1.2914
0.862

aR

g
R2
Ka (L/mg)
qm (mg/g)
R2
KF (mg/g)
n
R2
KR (L mg11/A)

Non Linear Langmuir isotherm model

Non Linear Freundlich isotherm model

Non Linear Redlich-Peterson isotherm model

aR

g
R2

Table 3
Comparison of maximum As adsorption capacities (mg/g) of PAN-CNT/TiO2-NH2 related adsorbents.
Adsorbent

PVP/TiO2 NFs
CeeTi oxide
CS-ENM
CTAB/TiO2
Granular TiO2
Titanate nanotubes
Fe3O4/TiO2eSiO2
TiO2 NPs
PAN-CNT/TiO2-NH2 NFs

pH

7
6.5
4.4
7
7
3
7
7
2

qmax (mg/g)
As(III)

As(V)

0.045 mmol/g
6.8
e
e
32.4
60
24
30
251

7.5
30.8
1.024
41.4
208
e
30.5
249

concentration of As (mg/L)

Equilibrium time (min)

Ref.

0.0133 mmol/kg
0.01
2
0.01
0.3
5
10
50
10

210
720
30
90
240
720
300
240
60

(Vu et al., 2013a)
(Li et al., 2010)
(Min et al., 2015)
(Gogoi et al., 2016)
(Bang et al., 2005)
(Niu et al., 2009)
(Sadeghi et al., 2016)
(Xu and Meng, 2009)
This work

TiO2-NH2 adsorbent shows higher adsorption capacity than many
other reported TiO2 adsorbents. Therefore, it's concluded that the
PAN-CNT/TiO2-NH2 nanoﬁbers could be used as an effective
adsorbent for adsorption of As(III) and As(V) in aqueous solution.
TiO2 has proven to be effective for As(III) and As(V) removal due to
the presence of high afﬁnity surface hydroxyl groups on the TiO2
surface, which can form the surface complexes with As(III) and
As(V) (Guan et al., 2012). Thus, it can be concluded that PAN-CNT/
TiO2-NH2 nanoﬁbers are very promising materials for As(III) and
As(V) removal from aqueous solution.
3.5. Regeneration and reusability of PAN-CNT/TiO2-NH2 nanoﬁber
Regenerate and rues of the adsorbent material are an important
factors in wastewater treatment processes for evaluating the cost
effectiveness. To check the regeneration and reusability of PANCNT/TiO2-NH2 nanoﬁber for As removal, ﬁve consecutive adsorptionedesorption cycles were carried out. The regenerated nanoﬁber showed good reusability in the ﬁrst three cycles for As(III) and
As(V). It was observed that in the ﬁrst desorption cycle, the removal
percentage of As(III) and As(V) was found to be 97 and 99%,
respectively. In second cycle, approximately 4% decrement was
observed for both arsenic species and in subsequent cycles only 7%
change was observed. However, the removal percentage was
declined gradually after three adsorption-desorption cycles, which
may be attributed to the deformation of nanoﬁbers in NaOH medium during regeneration. However, the decrease in the removal
percentage was not substantial. These results indicate that the PANCNT/TiO2-NH2 nanoﬁber could be regenerated upon NaOH

treatment and may be reused for further As removal up to ﬁve
cycles (70% removal).
4. Conclusions
Novel PAN-CNT/TiO2-NH2 nanoﬁbers were prepared by electrospinning technique and they were further modiﬁed with
crosslinking of TiO2 NPs onto the PAN-CNT nanoﬁbers matrix for
the effective adsorption of As from aqueous solution. Experimental
results demonstrated that PAN-CNT/TiO2-NH2 are very effective in
removing As(III) and As(V) with high maximum adsorption capacities of 251 and 249 mg/g, respectively, at pH 2.0. The adsorption
kinetics ﬁtted well with nonlinear pseudo second-order kinetic
model, and the adsorption isotherms data are well-ﬁtted with
nonlinear Langmuir isotherm model. Moreover, regeneration
studies revealed that the adsorption capacities of the adsorbent for
both As(III) and As(V) were slightly decreased. Therefore, PAN-CNT/
TiO2-NH2 nanoﬁbers, could be applied as a promising adsorbent
because it have high adsorption capacity, and fast adsorption rate,
which were favorable for the treatment of drinking water/
groundwater contaminated by As.
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