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A B S T R A C T

A composite nanofibers mat containing polyacrylonitrile (PAN) as core and polyaniline (PANI) as sheath
had been successfully prepared via solution spinning followed by in situ polymerization, and its
hexavalent chromium (Cr(VI)) removal potential was investigated. By altering the processing parameters,
bead-free and uniform PAN nanofibers with average diameter of 469 nm could be obtained. The
morphological evolution of the PANI/PAN composite fiber mats could be controlled through regulating
the molar ratio of oxidant to monomer. The PANI/PAN composite fiber mats presented a superior Cr(VI)
adsorption performance. Moreover, the factors affecting the performance of Cr(VI) removal from the
aqueous solutions were investigated systematically. The experimental data were fitted to various kinetic
models and isothermal adsorption, and the thermodynamic parameters of adsorption process were
calculated as well. The PANI/PAN adsorbents were also proven to have good recycling capability, and the
mechanism of adsorption and regeneration was investigated in detail.
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1. Introduction

With the rapid development of economy, environmental
pollution is becoming more and more serious, especially the
heavy metal ions waste water pollution. Hexavalent chromium is
one of the most toxic pollutants in industrial wastewater. In
aqueous environment, chromium mainly exists in the two forms of
hexavalent Cr(VI) and trivalent Cr(III). The Cr(III) is an essential
trace elements of human body, while the Cr(VI) is very toxic and
carcinogenic to human body [1,2]. The World Health Organization
has recommended that the maximum allowable concentration of
Cr(VI) in inland surface water is 0.1 mg/L, and in drinking water is
0.05 mg/L. Thus, it is urgent to explore simple and effective
removal method of Cr(VI). Usually chromium-containing waste-
water treatment techniques include membrane separation [3],
electro-reduction [4], ion exchange [5] and adsorption, [6,7] etc.
Among these methods, adsorption technique is widely studied and
used owing to its ease of operation, good adsorption capacity and
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sustainable use of regeneration absorbent. There are many
materials used for Cr(VI) removal, such as active carbon [8],
agriculture waste [9], metal oxide nanoparticles [10] and polymers
[11], etc. Especially with the development of nanotechnology, the
nano adsorbent material with great surface area and high porosity
has been constantly developed. Compared with traditional
adsorbents, nano adsorbent material has higher adsorption
efficiency due to its large surface area and more active adsorption
sites, etc.

That conductive polymers used for the Cr(VI) removal has
already been reported [11–13]. PANI, as an important conductive
polymer, has wide potential applications in rechargeable batteries,
antistatic coating, biosensors, and adsorption of heavy metal ions
because of its ease of preparation, excellent environmental
stability, high electrical conductivity and reversible redox behavior
[14]. In general, there are three idealized oxidation states of PANI
based on the ratio of the amine group and imine group [15].
Leucoemeraldine (LB), emeraldine (EB), and pernigraniline (PB)
correspond to the reduced, doped, and oxidized states of PANI,
respectively. The amine and imine functional groups in its chain
can chelate metal ions and also can absorb anionic metal species
through hydrogen bonding or electrostatic [16]. Moreover, PANI is
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characterized by good solvent resistance and high thermal
stability, which makes PANI suitable for various complex environ-
ments [11,12]. In previous reports, PANI powders exhibited the
high-efficiency for Cr(VI) removal due to its large surface area and
numerous active adsorption sites [17–19]. However, it is difficult to
recycle the PANI powders after treatment due to its small particle
size. It is an effective solution for the recycle to coat PANI on the
surface of other easily separated matrix materials (such as chitosan
[13], magnetite nanoparticles [20] and fibers [16], etc.). These PANI
composites present good performance for the Cr(VI) removal.
Polymer nanofiber has received considerable attentions for
applications on heavy metals adsorption, due to its technical
advantages such as high porosity, great surface area, ease
separation from solution [21,22]. However, the adsorption capacity
of polymer nanofiber is so small that it would take long time to
reach the adsorption equilibrium. Thus, the coating of PANI on
polymer nanofiber could make full use of the advantages of PANI
and polymer nanofiber. These composites with good adsorption
capacity are easy to recycle [23].

As a new fabrication method for nanofibers and microfibers,
solution blowing has recently attracted significant attention
[24,25]. It combines the superiority of electro spinning in
fabricating fibers with diameters from hundreds of nanometers
up to a few micrometers and the capability of melt blowing in
preparing microfibers on a commercial production scale. In this
paper, PAN nanofibers mat (obtained by solution blowing) was
used as the base material to obtain PANI/PAN core/shell structure
nanofiber. This method is simple and easy to control. The prepared
PANI/PAN composites not only kept the original performance of
PANI but also could retain the physical and mechanical properties
Fig. 1. Schemes of the PAN nanofibers preparation (a
of base fiber material. The composites have potential applications
in batteries, electromagnetic shielding, antistatic material, adsorp-
tion of heavy metal ions and other fields. The preparation process
of PANI/PAN composites was discussed, and the Cr(VI) adsorption
properties of PANI/PAN composites was investigated in detail.
Besides, the recycling and regeneration of PANI/PAN composites
was also studied.

2. Experimental

2.1. Materials and analytical method

ANI (Tianjin GuangFu Chemical Co., China) was distilled under
reduced pressure. PAN was provided by Aladdin. Ammonium
persulfate (APS) was provided by Tianjin GuangFu science and
technology development Co., China. DBSA was provided by Tianjin
Letai Chemical engineering Co., China. Potassium dichromate
(K2Cr2O7) and 1, 5-diphenylcarbazide (DPC) were purchased from
Heowns Biochem Technologies. LLC. Tianjin. Phosphoric acid
(H3PO4, 85 wt%) and sulfuric acid (H2SO4, 98 wt%) was obtained
from Tianjin JiangTian Chemical Technology Co., China. All
solutions were prepared in deionized water. The other reagents
were in analytical grade.

2.2. Solution blow spinning of PAN nanofibers mat

The process for solution blow spinning of PAN nanofibers mat
was as follows: PAN was dissolved in 50 g DMF and stirred at 60 �C
for 12 h to obtain homogeneous solution with a concentration of
12 wt%. The PAN solution was spun into nanofibers mat using a
) and the PAN/PANI composites preparation (b).



Fig. 2. (a) SEM images of PAN nanofibers (large scale); (b) SEM images of PAN nanofibers (small scale); (c) PANI/PAN composite fibers (large scale); (d) PANI/PAN composite
fibers (small scale).

Fig. 3. (A) FT-IR spectra of (a) pure PAN nanofibers mat, (b) DBSA doped PANI, and (c) DBSA-PANI/PAN composites; (B) XPS wide scan and (C) C1s, (D) N1s spectra of DBSA
doped PANI/PAN.
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solution blow spinning apparatus. It consisted of a high velocity
compressed air supply, a pump, a spinning die, a spinning cabinet
and a collector. In the spinning process, we used the cylindrical
steel nozzle with diameter of 0.5 mm as the spinning die. The
spinning solution was supplied to the nozzle and formed a solution
stream by the high velocity airflow. Then, the solution was blown
and attenuated into ultrafine fibers, accompanied with the
evaporation of the solvent. The collecting distance was set as
800 mm which was constant in all the experiments. The process for
preparation of PAN nanofibers mat is illustrated in Fig. 1(a). The
thickness of the nanofibers mat is about 100 mm.

2.3. In situ deposition of PANI on PAN nanofibers mat

The PANI/PAN core/shell nanofibers mat was prepared by in situ
polymerization of PANI on the surface of PAN nanofibers mat.
10.28 g DBSA was added into 200 mL ethanol/water solution. The
ratio of ethanol and water was 20:50 (v/v). PAN nanofibers mat
(about 5 � 5 cm) was immersed into the DBSA ethanol/water
solution. ANI was added into the solution, and then stirred for
30 min. APS solution was added dropwise into the above system.
The reaction was carried out at 0 �C. The mole ratio of aniline/
DBSA/APS was 1/1.5/1.5. The reaction products were filtrated and
washed successively with ethanol and deionized water until the
filtrate become colorless, and then dried at 60 �C for 12 h in vacuum
to obtain PANI/PAN composites. The process for preparation of
PANI/PAN composites is shown schematically in Fig. 1(b).

2.4. Cr(VI) adsorption experiments

The adsorption experiments were carried out with 25 mL of Cr
(VI) solution using 10 mg of PANI/PAN nanofibers mat placed in a
temperature controlled thermostatic oscillator operated at
100 rpm for 6 h. The pH of the solution was adjusted by 0.1 M
NaOH and 0.1 M H2SO4. The concentration of Cr(VI) was analyzed
by spectrophotometer using 1,5-diphenylcarbazide (DPC) as the
complexing agent at a wavelength of 540 nm (GB 7467-87) [8,26].
Fig. 4. SEM images of PANI/PAN composite obtained with differ
The removal percentage (R%) of Cr(VI) was calculated by the
following equation:

R% ¼ Co � Ce

Co
� 100% ð1Þ

where Co is the initial concentration of Cr(VI) in solution (mg/L)
and Ce is the equilibrium concentration (mg/L).

The adsorption isotherms were established by batch adsorption
experiments. 40 mg PANI/PAN fibers mat was immersed into
100 mL Cr(VI) solutions with different initial concentration. The
initial pH of Cr(VI) solutions was adjusted to 1.0 by using 0.1 M
H2SO4 and 0.1 M NaOH. The adsorption was carried out at three
different temperatures (i.e. 25, 40 and 55 �C) with constant
shaking, and then kept for 12 h to establish adsorption equilibrium.
The equilibrium adsorption capacity was determined using the
following equation:

qe ¼
Co � Ce

m
V ð2Þ

where Co is the initial concentration of Cr(VI) in solution (mg/L), Ce
is the equilibrium concentration (mg/L), qe is the equilibrium
adsorption capacity (mg/L), m is the mass of adsorbent (g), and V is
the volume of solution (L), respectively.

For the kinetic adsorption experiments, 40 mg of PANI/PAN
nanofibers mat was immersed into 100 mL Cr(VI) solutions with
different initial concentration at 25 �C. The initial pH of Cr(VI)
solution is 1.0, and the solution was shaken in a thermostatic
shaker bath during the process. An appropriate amount of the
solution were taken at different time and tested. The adsorption
capacity was calculated by the following equation:

qt ¼
Co � Ct

m
V ð3Þ

where qt is the adsorption capacity at time t (mg/g), Co is the initial
concentration of Cr(VI) in solution (mg/L), Ct is the Cr(VI)
concentration at time t (mg/L), m is the mass of the adsorbent
(g), and V is the volume of solution (L), respectively.
ent [APS]/[aniline] ratio: (a) 1:1; (b) 1.5:1; (c) 2:1; (d) 3:1.
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Fig. 5. Effect of pH (a), contact time (b) and initial Cr(VI) concentration (c) on the removal of Cr(VI) by the PANI/PAN fibers mat.
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2.5. Regeneration experiment

For regeneration studies, the PANI/PAN fibers mat were used to
treat 25 mL Cr(VI) solution (5.0 mg/L) for 6 h at 25 �C, and then were
taken out and regenerated by immersing into 25 mL HCl solution
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Fig. 6. Pseudo-first-order kinetic model (a), pseudo-second-order kin
(0.1 M) for 30 min [27,28]. The Cr adsorbed on the PANI/PAN was
released in the desorption solution. The PANI/PAN nanofibers mat
were then washed with deionized water until pH reached 7. The
regenerated PANI/PAN were then used to treat 25 mL Cr(VI)
solution (5.0 mg/L) again. The adsorption–desorption processes
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etic model (b) for adsorption of Cr(VI) onto PANI/PAN fibers mat.



Table 1
Kinetics parameters for Cr(VI) adsorption onto PAN/PANI nanofibers mat.

C0(mg L�1) experimental pseudo-first-order model pseudo-second-order model

qe(mg g�1) K1 qe1 R2 K2 qe2 R2

5 12.46 0.01596 9.58 0.99018 2.72 � 10�3 13.34 0.99833
10 23.92 0.01534 20.90 0.98781 1.03 �10�3 26.18 0.99703
20 42.60 0.01313 37.71 0.94191 0.47 � 10�3 47.14 0.99753

qe: equilibrium adsorption capacity from experiments. qe1, qe2: equilibrium adsorption capacity calculated from kinetic models.
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were conducted for 5 times. The Cr(VI) removal efficiency by the
generated PANI/PAN was determined each time.

2.6. Characterizations

The surface morphology was characterized by field emission
scanning electron microscope (FE-SEM, S4800 Hitachi, Japan). The
functional groups were characterized by FTIR spectroscope (Bruker
Vector 22, Germany) which was recorded with a resolution of
4 cm�1 in the transmission mode. Raman spectra excited with a
HeNe 633 nm laser were collected on a Renishaw inVia Reflex
Raman microscope. XPS measurements were performed by using
K-alpha, ThermoFisher, equipped with an Al Ka radiation source
(1486.6 eV). The XPS spectra data was accomplished with the
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Fig. 7. (a) The plot of adsorption capacity against initial Cr(VI) concentration; (b) Langmu
for Cr(VI) ions adsorption on the PANI/PAN nanofibers mat.
software XPSPEAK4.1. The diameters of the fibers and its
distributions were analyzed with an image analyzer (Image-Pro
Plus, Media Cybernetics). Viscosity of spinning solutions was
measured at room temperature using a NDJ-79 rotary viscometer
(Shanghai Chang ji Geological Instruments Co, Ltd., Shanghai,
China). Each data shown here was the mean value of the
measurement from at least three samples.

3. Results and discussion

3.1. Characteristics of PANI/PAN composites

As shown in Fig. 1(a), PAN nanofibers mat with diameter of
350 mm could be obtained in this experiment. The PAN nanofibers
-2 -1 0 1 2 3

20

30

40

50

60

70

80

90

qe
 (m

g/
g)

lnCe (mg/L)

 25oC
 40oC
 55oC

(d)

0 5 10 15 20 25

0.00

0.08

0.16

0.24

0.32

0.40

C
e/

qe
 (

g/
L

)

Ce (mg/L)

 25oC
 40oC
 55oC

(b)

ir adsorption isotherm, Freundlich adsorption isotherm (c) and Temkin isotherm (d)



Table 2
Parameters of the Langmuir, Freundlich, and Temkin isotherm models.

Temperature(�C) Langmuir model Freundlich model Temkin model

qm(mg/g) b(L/mg) R2 Kf(mg/g) n R2 A(L/g) B(KJ/mol) R2

25 67.07 0.56 0.997 27.70 3.57 0.963 28.35 11.24 0.974
40 75.93 0.66 0.997 32.15 3.49 0.974 34.27 12.52 0.982
55 92.85 0.89 0.996 41.52 3.30 0.982 46.49 15.00 0.986
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mat was composed of the entangled individual fibers. From the
SEM images (Fig. 2(a) and (b)), it could be found that the average
diameter of the nanofibers was 469 nm and the surface of
nanofibers was smooth and compact. Moreover, the nanofibers
were three-dimensional network structures due to the effect of the
turbulent flow in the gas flow field. This feature results in
entangled nanofibers forming mats with high porosity which favor
the improvement of the dispersion of PANI.

Fig. 2(c) and (d) shows the SEM microstructures of the PANI/
PAN core/sheath nanofibers. Compared with the pure PAN
nanofibers (Fig. 2(a) and (b)), the surface of PANI/PAN composites
became rougher, and the average diameter increased to about
400 nm. Moreover, the PAN/PANI nanofibers showed a similar
network structure. The results indicate that PANI was successfully
coated on the surface of PAN nanofibers. And it could be observed
that PANI formed a complete layer. And the core/sheath structure
can be found from Fig. 2(d). The above results indicate that the
lacunaris PAN nanofibers mat acted as a template with network
structure during the polymerization of aniline. Compared with
traditional adsorbents, the PANI/PAN nanofibers mat has higher
adsorption capacity due to its large surface area and more active
adsorption sites.

The FTIR spectra of PAN, DBSA doped PANI and DBSA-PANI/PAN
composite are shown in Fig. 3A. For PAN, the band at 2243 cm�1 is
originated from the ��CRN�� group stretching which turned
weaken in the spectrum of PANI/PAN composites, the band at
1731 cm�1 is due to free carbonyl group absorption, the bands at
2930 and 1454 cm�1 are assigned to the stretching vibration and
bending vibration of methylene (-CH2-). The positions of these
peaks in PANI/PAN composites shift to slightly lower values due to
the presence of PANI on the PAN surface. The DBSA doped PANI
FTIR spectra showed that the absorption peaks at 1562 and
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Fig. 8. Plot to determine thermodynamic parameters of Cr(VI) adsorption onto
PANI/PAN fibers mat.
1477 cm�1 correspond to the C¼C stretching vibration of N = Q = N
(Q = quinoid ring) and N–B–N (B = benzene ring) respectively [17].
The absorption peaks of 1299 and 1124 cm�1 correspond to C��N
and C��H stretching vibration in the benzene ring. Absorption peak
at 800 cm�1 correspond to C��H in-plane bending vibration of the
benzene rings. From the DBSA O = S¼O stretching vibration peak
appeared at the 1299 cm�1, S–O stretching vibration peak appeared
at the 670 cm�1, between DBSA and PANI chain formed NH+� � �SO3

�

absorption peak appeared at 1026 cm�1 [29]. The characteristic
peak of PAN and PANI could be detected in Fig. 3A(c) (PANI/PAN).
Hence, these FTIR spectra reveals that PANI was well doped, and
PANI was coated on the surface of PAN nanofibers, as illustrated by
SEM images.

Fig. 3 B, C and D shows the XPS spectra of the synthesized PANI/
PAN. In the wide scan spectra of the PANI/PAN (Fig. 3 B), O1s and
S2p signals appearing at 530 and 169 eV reveal that PAN are
wrapped underneath doped PANI coatings forming core-shell
structure in DBSA doped PANI/PAN composites. The C1s peak was
deconvoluted into two major components with peaks at 284.9 and
285.6 eV (Fig. 3(C)), which are attributed to C��C or C��H and C��N
or C¼N, respectively [30]. Fig. 3(D) shows the N1s XPS spectra. The
N1 s spectrum was deconvoluted into four major peaks [31] at
398.8 (-N = ), 399.7 (-NH-), 400.7 (-N+¼) and 402.1 (-N+-) eV. Their
percentages of total N1 s intensity are 11.3, 57.8, 18.1 and 12.7% for
the peaks 398.8, 399.7, 400.7 and 402.1 eV respectively. The
protonation degree can be characterized by the proportion of the
intensity of these peaks (-N+=/(-N = +-N+ = ). Thus, the protonation
degree of DBSA-PANI was found to be 61.2%. All the above results
illuminate that uniform DBSA-PANI layers were successfully
coated on the surface of PAN nanofibers, which is consistent with
the FT-IR and SEM analysis.

As shown in Fig. 4. When the concentration of oxidant APS
increased, the surface morphology of the PANI/PAN was found to
be changed. The composites showed a good surface morphology
when the [APS]/[aniline] ratio increased to 1.5:1. The succeeding
growth of PANI chains on these radical cations made much more
aniline monomers polymerize on the PAN nanofibers, and finally
formed a closer accumulation [32].

3.2. Cr(VI) removal

3.2.1. pH effect on the adsorption
The initial pH value of solution plays an important role during

the Cr(VI) removal process. The Cr(VI) removal percentage by PANI/
PAN under different initial pH environment is shown in Fig. 5(a)
with a PANI/PAN dose of 10 mg and 25 mL Cr(VI) solution (5 mg/L).
Table 3
Thermodynamic parameters for Cr(VI) uptake by the PANI/PAN fibers mat.

Temperature(�C) DGo (KJ/mol) DHo (KJ/mol) DSo (J/mol/K)

25 �5.895 31.113 123.678
40 �7.263
55 �9.638
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The initial pH of chromium solutions was adjusted from 1 to 12
with NaOH or H2SO4 solutions. According to Fig. 5a, when the
initial pH changed from 1.0 to 12.0, the removal percentage
decreased from 98.9% to 35.4%. So it was obvious that the
adsorption of Cr(VI) on the PANI/PAN was highly pH dependent.
According to the literature [33], the predominant forms of Cr(VI) in
aqueous solutions are HCrO4

� when the pH < 6.8, and the
dominant forms is CrO4

2� when the pH > 6.8. The H2CrO4

concentration is increased when the solution pH < 2.0 [33], which
indicates that the PANI/PAN favors the reduction of hydrogen
chromate (HCrO4

� and H2CrO4). The possible reasons for high Cr
(VI) removal by PANI/PAN in acidic solutions is as follows: there is
bonding between hydrogen chromate and the amine group of the
PANI/PAN [33], the HCrO4

� with a higher redox potential (1.33 eV)
in an acidic solution can be easily reduced to Cr(III) (see Eq. (4))
[11]. However, in alkaline solution, CrO4

2� is the dominant forms.
The oxidation ability of CrO4

2� is weaker than that of HCrO4
�

because of the low redox potential (�0.13 V) (see Eq. (5)) [34]. And
there are competitive interaction between the hydroxyl (OH�) ions
and CrO4

2� ions for the same adsorption active sites on the
adsorbent surface [35], which consequently decrease the Cr(VI)
removal capacity.

HCrO4
�þ 7Hþþ 3e� ! CrðIIIÞ # þ 4H2O Eo ¼ 1:33 V ð4Þ
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Fig. 10. (a) Cr 2p XPS spectra and (b) N1s XPS spectra of the PANI/PAN (10 mg) after trea
CrO4
2�þ 4H2O þ 3e� ! CrðOHÞ3þ 5OH�Eo ¼ �0:13 V ð5Þ

3.2.2. Contact time effect on the adsorption
As shown in Fig. 5(b), the effect of contact time on the

adsorption was studied from the adsorption experiments. All
experiments were carried out three times and a good reproduc-
ibility of the procedures was obtained. The PANI/PAN composite
could reach at adsorption equilibrium within 6 h when the initial
concentration of Cr(VI) was 5.0 mg/L with a pH of 1.0. And the Cr
(VI) removal percentage reached a maximum of 99.66%. And there
was no further adsorption above 300 min, so the optimal contact
time for the adsorption of Cr(VI) (5.0 mg/L) could be determined as
300 min. The results indicate that the PANI/PAN is considered as a
suitable adsorbent for removal of Cr(VI) with low concentrations.

3.2.3. Initial concentration effect on the adsorption
The effect of initial Cr(VI) concentration on the Cr(VI) removal

percentage by PANI/PAN fibers mat was investigated and the
results is shown in Fig. 5(c). It was observed that 0.4 g/L PANI/PAN
fiber mat could completely remove the Cr(VI) with a concentration
below 10.0 mg/L and pH = 1.0. And the removal percentage then
decreased with the initial Cr(VI) concentration increased. It was
mainly due to the saturation of sorption sites or non-availability of
PANI/PAN surface. Moreover, the high redox potential of solution
with high Cr(VI) concentration results in the degradation of PANI
on the surface of composite mat [36], which might leads to a
decreased Cr(VI) removal percentage. However, more than 51% Cr
(VI) could be removed by PANI/PAN fibers mat even when the
initial Cr(VI) concentration was up to 40 mg/L.

3.2.4. Adsorption kinetics
Two common types of kinetic models, namely, the pseudo-first-

order [37], and the pseudo-second-order [38], were employed to
investigate the adsorption process of Cr(VI) on to PANI/PAN fiber
mat. These two kinetic models are used to describe the adsorption
of solid/liquid systems, which can be expressed in the linear forms
as Eqs. (6) and (7), respectively:

logðqe � qtÞ ¼ logqe �
K1

2:303
t ð6Þ

t
qt

¼ 1
K2q2e

þ 1
qe
t ð7Þ
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tment with 25.0 mL Cr(VI) solution (5.0 mg/L pH = 1.0) for 6 h at room temperature.



1 2 3 4 5
0

20

40

60

80

100

R
em

ov
al

 p
er

ce
nt

ag
e 

(%
)

Resue time

J. Ren et al. / Synthetic Metals 222 (2016) 255–266 263
where K1 and K2 are the pseudo first order and second order rate
constants, respectively.

The adsorption kinetic plots are shown in Fig. 6 and the
obtained kinetic parameters are summarized in Table 1. The values
of the correlation coefficients (R2) clearly indicated that the
adsorption kinetics closely followed the pseudo-second-order
model. The qe values obtained from pseudo-second-order kinetic
model were close to the experimentally observed values. The
results indicate that the adsorption kinetics closely followed the
pseudo-second-order model.

3.2.5. Adsorption isotherms
To investigate the adsorption capacity and thermodynamics of

Cr(VI) adsorption by PANI/PAN fibers mat, adsorption isotherms
were studied at 25, 35 and 55 �C, respectively, and the results are
presented in Fig. 7a. It is obvious that the adsorption capacity
increased when the temperature increased, indicating that Cr(VI)
removal by the PANI/PAN is an endothermic process in nature.

Langmuir, Freundlich and Temkin isotherm models were widely
used to fit the equilibrium data. The three linear isotherm
equations are expressed as follows:

Langmuir :
Ce

qe
¼ Ce

qm
b þ Ce

qm
ð8Þ

Freundlich : lnqe ¼ lnkF þ 1
n
lnCe ð9Þ

Temkin : qe ¼ A þ BlnCe ð10Þ
where Ce are the equilibrium concentrations (mg/L); qm and b are
the Langmuir constants related to the adsorption capacity (mg/g)
and the rate of adsorption (L/mg), respectively; kF and n are the
Freundlich isotherm parameters related to adsorption capacity
(mg/g) and intensity of adsorption, respectively; A and B are the
Temkin isotherm constants.

The linearized Langmuir, Freundlich and Temkin isotherms for
the three different temperatures are shown in Fig. 7. And the values
of these isotherm parameters are summarized in Table 2. The
higher values of correlation coefficient (R2) reveals that the
Langmuir model fitted well the isotherm data compared with the
other two models, suggesting a monolayer adsorption for the
uptake of Cr(VI) on the surface of the PANI/PAN fiber mat. The high
adsorption capacity, easy and cost effective synthesis of the PANI/
PAN fiber mat further suggests its potential application in
industrial wastewater treatment.

3.2.6. Thermodynamic investigations
The thermodynamic parameters associated with the adsorption

process, standard Gibbs free energy change (DGo), enthalpy
change (DHo), and entropy change (DSo) were calculated by the
following equations [34]:

lnKd ¼ DSo

R
þ�DHo

RT
ð11Þ

Kd ¼ ðCo � CeÞV
mCe

ð12Þ

DGo ¼ �RTlnKd ð13Þ
where m is the adsorbent dose (g), R (J/mol/K) is the ideal gas
constant, T (K) is the absolute solution temperature and Kd (L/mol)
is the thermodynamic equilibrium constant.

The values of DHo and DSo were obtained from the slope and
intercept of the plot of lnKd versus 1/T (shown in Fig. 8). The values
of DGo, DHo and DSo are summarized in Table 3. From the plot,
both the change in entropy (DSo) and the enthalpy (DHo) of
adsorption were determined to be 123.678 J/mol/K and 31.113 kJ/
mol, respectively. The positive value of DHo confirms that the
adsorption process is endothermic. With an increase in tempera-
ture, negative values of change in Gibbs free energy (DGo) are
obtained which indicate the spontaneity of the adsorption process.
The positive value of DSo indicates the increase in randomness at
the PANI/PAN fiber-solution interface due to the release of
dodecylbenzene sulfonate anion ions, which are present on the
surface of the adsorbent.

3.2.7. Cr(VI) removal mechanisms
The Cr(VI) removal mechanism by PANI/PAN was explored by

Raman (Fig. 9) and XPS (Fig. 10). As shown in Fig. 9, the major
changes are observed in the region from 1200 to 1700 cm�1. The
strong absorption peak at 1596 cm�1 corresponds to the C¼C
stretching vibration of the quinonoid ring, and the bands at 1565
and 1490 cm�1 correspond to C��C stretching vibration of the
quinonoid ring and C¼N stretching vibrations in quinonoid units,
respectively. The high intensity in the region of 1345 cm�1

corresponds to C � N+ vibrations which are characteristic of PANI
salt [39,40]. After treated with Cr(VI) solution, the peaks at
1596 cm�1 have shifted to 1584 cm�1, indicating a stronger
interaction between PANI and Cr(VI) absorbed. Moreover, the
peaks at 1596 and 1490 cm�1 become stronger and the intensity of
the band at about 1345 cm�1 decreased after treatment with Cr
(VI). These results indicated that the PANI has been oxidized from
its protonated emeraldine state to pernigraniline state by Cr(VI).

XPS was employed to investigate the Cr element chemical state
(Fig. 10). As documented, for the Cr2p XPS spectrum, the
characteristic binding energy peaks at 577.0–580.0 eV and
586.0–588.0 eV correspond to Cr(III), and the peaks at 580.0–
580.5 eV and 589.0–590.0 eV attributable to Cr(VI) [41]. Fig. 10(a)
shows the Cr2p XPS spectrum of the PANI/PAN composites treated
with Cr(VI) solution. The binding energy peaks of Cr2p were
observed at 578.1 and 586.8 eV, indicating that the adsorbed Cr is
Fig. 11. Cr(VI) removal efficiency of the regenerated PANI/PAN. (Cr(VI): 5.0 mg/L,
PANI/PAN: 10 mg, pH: 1.0, treating time: 6 h).
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in the form of Cr(III). And the peaks have shifted slightly compared
with the literature reports [41]. No Cr(VI) was detected on the
PANI/PAN by the Cr2p XPS spectra. The result suggested that all Cr
(VI) adsorbed on the surface of PANI/PAN was reduced to Cr(III).
The N1 s spectrum can be fitted into three major peak components
with binding energy at 398.6, 399.2 and 400.6 eV (Fig.10(b)), which
are attributed to the imine group (-N = ), amine group (-NH-) and
protonated nitrogen (N+), respectively [31]. The ratio of amine
groups (-NH-) decreased from 57.8 mol% to 19.2 mol% after
adsorption of Cr(VI). However, the ratio of imine groups (-N = )
increased from 11.3 mol% to 65.3 mol%. The results indicate that
PANI has been oxidized after treatment with Cr(VI) solution [42].
Generally, the Cr(VI) adsorbed on the PANI/PAN was reduced to Cr
(III) by amine groups, leading to the transformation of PANI from its
protonated emeraldine state to pernigraniline state [42].

3.2.8. Regeneration study
For practical application, the recycling and regeneration of the

adsorbent is indispensable. The PAN fibers mat can be easily
recycled due to its large size. A sample of the PANI/PAN already
treated with Cr(VI) solution was used for the regeneration study.
The Cr was desorbed from Cr(VI)-adsorbed PANI/PAN by 0.1 M HCl
solution at room temperature. The regenerated PANI/PAN were
used to treat 5.0 mg/L Cr(VI) solution (25 mL) for 6 h. The
adsorption–desorption was conducted for 5 cycles, and the Cr
(VI) removal efficiency was measured. As shown in Fig. 11, the
PANI/PAN fibers mat showed good reuse performance. The removal
efficiency still remained 87.84% after 5 cycles.

To better understand the regeneration process the Raman
(Fig. 9) and XPS was employed (Fig. 12). As is shown in Fig. 9(b) and
(c), the peaks at 1584 cm�1 have shifted to 1596 cm�1 after
regenerated by 0.1 M HCl solution. Moreover, the band at
1345 cm�1 relatively increased, and the bands at about 1596 and
1490 cm�1 decreased. The results indicate that PANI has been
reduced by 0.1 M HCl. In the XPS wide scan spectra of the
regenerated PANI/PAN (Fig. 12a), Cl2p signals appeared at 196.9 eV,
meanwhile S2p signals disappeared, which reveals that PANI was
redoped by HCl. And the results indicate that Cr(III) has been
dedoped by HCl. AS is shown in Fig. 12(a) and (b), almost no Cr was
detected on the PANI/PAN after regenerated by 0.1 M HCl.
Deconvolution of N1 s spectrum of regenerated PANI/PAN is
shown in Fig. 12(c), in which N1 s can be deconvoluted into four
peaks [31] centered at 399.1(-N = ), 399.7(-NH-), 400.6(¼N + ) and
401.8(-N + ) with area fractions of 19.3, 29.5, 18 and 13.9,
respectively. Compared to Fig. 10(b), the ratio of ��N- increased
and the ratio of ��N = decreased after regeneration. The results
indicate that the pernigraniline of PANI can be reduced to
emeraldine salt in acidic solution [17].



Fig. 13. Proposed pathway of Cr(VI) removal by PANI/PAN fibers mat.
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These regeneration phenomenons of PANI from PB to EB salt in
acidic aqueous solution quite conforms to the previous reports that
the PB form of PANI is unstable under ambient conditions [17,39].
Especially, MacDiarmid et al. [39] proved that the PANI can be
reduced from its pernigraniline form to emeraldine oxidation state
by 1 M HCl with concomitant ring chlorination. In addition, Qiu
et al. [40] proved that the PANI regenerated by 0.1 M HCl have a
good thermal stability. Based on the above studies, we think that
the proposed mechanism of adsorption and regeneration in this
study can be shown as Fig.13. The Cr(VI) is initially adsorbed on the
surface of the PANI/PAN, and followed by the reduction of Cr(VI) to
Cr(III) by the amine functional groups of PANI. And the treatment of
pernigraniline with HCl solution resulted in its reduction to the
emeraldine oxidation state with concomitant ring chlorination
[17].

4. Conclusion

Solution-blowing technique was used to fabricate PAN nano-
fibers mat. The fiber diameter of PAN nanofibers mat ranged from
348 to 612 nm by altering the spinning processing parameters.
Then the PANI/PAN core/shell nanofibers mat were fabricated by
polymerizing PANI on PAN template. By regulating the molar ratio
of oxidant to monomer, the morphological evolution of the
composite fiber mat could be controlled. The PANI/PAN fibers mat
presented a great performance for Cr(VI) adsorption. From the XPS
and Raman analysis, reduction was the main mechanism for Cr(VI)
removal. The Cr(VI) adsorption by PANI/PAN was highly dependent
on the initial solution pH and had a higher adsorption capacity at
pH = 1.0. These PANI/PAN adsorbents (10 mg) were able to remove
5 mg/L Cr(VI) solution (25 mL) within 300 min. The Cr(VI) removal
percentage decreased with increasing the initial Cr(VI) concentra-
tion. The adsorption kinetic was fitted better with pseudo-second-
order. Isotherm data were in good accordance with the Langmuir
isotherm model. Thermodynamic study suggested that the
adsorption process is spontaneous, endothermic and marked with
an increase in randomness at the solid–liquid interface. The
regenerated PANI/PAN by 0.1 M HCl solution exhibited a fairly good
performance of Cr(VI) removal, indicating that PANI/PAN are
promising adsorbents for effective Cr(VI) removal.
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