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H I G H L I G H T S

• Polyaniline-coated PVDF-HFP nanofibrous membranes were fabricated.

• Chromium was effectively removed from wastewater using the adsorbent membranes.

• Cr(VI) was first adsorbed on the imine groups and then reduced to Cr(III).

• PAni-coated membranes were successfully recycled and reused for at least 5 cycles.
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A B S T R A C T

Polyaniline (PAni)-coated polyvinylidenefluoride-co-hexafluoropropilene (PVDF-HFP) nanofibrous membranes
were fabricated by electrospinning of PVDF-HFP followed by in-situ polymerization of PAni on the nanofiber
surface. The resulting membranes with PAni coating were applied for chromium removal, where the efficiency
was evaluated as functions of the pH value and adsorption time. Dynamic adsorption tests were also carried out
at different flow rates and volumes of chromium in water. It was found that the PAni coating greatly enhanced
the chromium removal efficiency with the maximum adsorption capacity being 15.08 mg/g at pH=4.5. The
desorption study further confirmed the recyclability of the PAni coated PVDF-HFP membrane showing an ef-
ficiency over 70% even after 5 cycles of usage. The structure and property relationships of these membranes
were also characterized by FTIR spectroscopy, capillary flow porometer, water contact angle, scanning electron
microscopy and X-ray photoelectron spectroscopy.

1. Introduction

Although the incessant quest for the development of new materials,
processes and applications in the society has greatly improved the
quality of our daily life [1], this progress has also led to serious en-
vironmental pollution problems due to the ever-increasing use of some
toxic compounds. These compounds, although an indispensable part of
the industrial progress, can bring about catastrophic challenges if not
dealt with correctly. Among them, chromium is one of the widely-used
elements in industrial processes, such as metal finishing, textile dyeing,
plating, pigments, batteries, leather tanning, etc [2–4]. The World
Health Organization (WHO) has recommended that the maximum al-
lowable concentration for the total chromium concentration in drinking

water should be less than 0.05mg/L [5,6]. Chromium typically exists in
the natural environment in two oxidation states: hexavalent Cr(VI) and
trivalent Cr(III). The less toxic trivalent form (Cr(III)) is an essential
nutrient for human life, which is also a more stable oxidation state in
the environment. However, Cr(VI) is highly toxic, and is very soluble
and thus quite mobile in groundwater and surface water [7–10]. The
most common form of Cr(VI) has been the dichromate ion (Cr2O7

2−), a
compound well-known for its severe noxious effects on human health
[11].

To minimize the risk of environmental impacts to humans, Cr(VI)
should be removed from the water body. Among the current methods
for removal of chromium, adsorption has been considered as the most
widely used techniques due to its low-cost, high regeneration ability
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and high efficiency [11–13]. In the wide spectrum of sorptive materials,
conductive polymers have received a good deal of attention due to their
efficiency. In particular, polyaniline (PAni) has been considered as a
good candidate material because of its facile synthesis, relatively low-
cost and environmental stability [14,15]. Many polyaniline-based
composites, containing polyacrylonitrile nanofibers [10], silica gel
[13], polystyrene nanofibers [14], MnO2/TiO2 [16], folic acid [17],
ethyl cellulose [18], clay minerals [19], chitosan gel [8] and jute fibers,
have been demonstrated for chromium reduction and removal [20].
The amine and imine groups on the polyaniline structure can act as
electron donors for the reduction of Cr(VI) to Cr(III). In other words,
these sites offer both chelating and adsorbent functions, where Cr(VI) is
first reduced into Cr (III) and then adsorbed on the polyaniline surface
[17,21]. In addition, the chromium reduction can cause an electron
transfer onto the polyaniline chain and change its oxidation state from
the emeraldine form to the pernigraniline form (i.e., a higher oxidation
state of PAni) [20,22]. However, the polyaniline component can gen-
erally aggregate in solution, resulting in less surface area and lower
adsorption capacity for chromium removal. Since the electrospinning
technique can produce nanofibrous scaffolds with large surface areas
and high porosities, the goal of the present study was to demonstrate
that the combination of polyaniline and highly porous electrospun
scaffolds could provide highly permeable nanofibrous membrane with
good adsorption capability that would overcome the agglomeration of
polyaniline chains and its surface area reduction problems.

In this study, a nanofibrous scaffold based on PVDF-HFP, a polymer
with excellent chemical and thermal stability [23–25] was first pro-
duced by electrospinning and used as the substrate to prepare a com-
posite membrane with dual filtration and adsorption capabilities. In
specific, the electrospun PVDF-HFP nanofibrous scaffold was coated by
polyaniline (PAni) through in-situ polymerization of aniline. The coated
polyaniline surface was found to function as an adsorbent to remove Cr
(VI) from water. Both static and dynamic adsorption performances of Cr
(VI) of the polyaniline-coated PVDF-HFP membranes was evaluated.
The Cr(VI) adsorption capacities of these membranes at various oper-
ating conditions were also investigated, where the membranes were
further characterized by FTIR spectroscopy, capillary flow porometer,
water contact angle, scanning electron microscopy (SEM) and X-ray
photoelectron spectroscopy.

2. Experimental

2.1. Chemicals and materials

Poly(vinylidinefluoride-co-hexafluoropropylene) (PVDF-HFP),
Kynar Flex 2821-00®, was provided by Arkema Brazil Inc. N,N-di-
methylformamide (DMF, ACS reagent), acetone (ACS reagent), aniline
(ACS-grade) and 1,5-Dyphenilcarbazide (ACS-grade) were purchased
from Fisher Scientific. ACS-grade ammonium peroxidodisulfate (APS)
and 5-sulfosalicylic acid dihydrate (SSA) were purchased from
Millipore Sigma and Dinamica Quimica LTDA, respectively. Potassium
dichromate (K2Cr2O7, 99.5%) was acquired from Acros Organics. All
chemicals were used without further purification.

2.2. Membrane fabrication

For electrospinning, PVDF-HFP polymer was dissolved sequentially
in a binary mixture of DMF/acetone at a concentration of 20 wt%. To
accomplish this, PVDF-HFP was first dissolved in DMF under vigorous
stirring at 70 °C for 90min. The solution was then cooled down to room
temperature under stirring. A desired amount of acetone was subse-
quently added (the DMF/acetone ratio was kept at 60/40 v/v%) and
stirred for another 30min. The recovered PVDF-HFP homogeneous
solution was electrospun at a voltage of 26 kV using the flow rate of
1.0 mL/h and with the tip-collector distance of 15 cm. The electro-
spinning instrument was set up vertically and the polymer solution was

electrospun using a single capillary gauge needle (spinneret). The flow
rate of the polymer solution was adjusted by a programmable KD
Scientific syringe pump. The spinneret was connected to a Glassman
high-voltage DC power supply and a grounded rotating drum collector,
which was covered by a PET non-woven substrate (thickness around
190 µm). Uniform sheets of nanofibrous membranes with an average
total membrane thickness (i.e., PET substrate and electrospun layer) of
220 (± 1.58) µm were obtained after 4 h of continuous electrospinning
on a drum collector spinning at 50 rpm. During the electrospinning
process, the temperature and relative humidity were maintained ap-
proximately at 24 °C and 40%, respectively. The nanofibrous mem-
branes were then dried at room temperature.

To provide proper functional groups to the fibers for chromium
removal, the as-prepared electrospun PVDF-HFP membrane was coated
by in-situ polymerization of aniline, using the method described by
Huang et al. [26]. Briefly, APS (0.02 mol) was first dissolved in 50mL of
deionized water to prepare solution I. Then, 0.02mol of aniline was
added into 50mL of deionized water under stirring. After aniline was
totally dissolved, 0.01mol of 5-sulfosalicylic acid (SSA) was added to
this solution and thoroughly mixed to generate solution II. Afterwards,
solution I was added into solution II and stirred continuously to obtain a
homogenous solution (i.e., the dipping solution). The PVDF-HFP
membrane was then immersed in the dipping solution and was re-
mained at room temperature for 5 h to generate a PAni coating layer on
the surface of nanofibers through oxidative polymerization. Finally, the
resulting membrane was taken out and washed three times with water
and dried in an oven at 70 °C for 30min.

2.3. Membrane characterization

A CFP-1500A capillary flow porometer (Porous Materials Inc., USA)
was used to characterize the mean pore size, bubble point, wet/dry
curves, and pore size distribution of the membranes. The Galwick fluid
with a standard surface tension of 15.9 dynes was used to wet the
membrane pores. The difference between the gas flow rates in the dry
and wet states of the membrane as a function of applied pressure was
translated into pore size using the Young-Laplace equation:

=r
γ
P

θ
2
Δ

. cos (1)

where r is the pore radius; γ is the surface tension of the wetting fluid
(Galwick); P is the gas pressure; and θ is the contact angle of the
wetting fluid.

A Mitutoyo 547-500S micrometer was used to analyze the thickness
of the membranes. The contact angle of the membranes was measured
using the sessile drop method by a contact angle measuring device
OCA15EC (DataPhysics, Germany). In this test, a 4 µL droplet of deio-
nized water was dropped on the membrane and a computer-assisted
camera was used to capture the image of the water droplet. The SCA20
software was used to analyze the image and calculate the contact angle
value. The surface charge of the membranes was evaluated by Zetasizer
Nano ZS ZEN3600 (Malvern Instruments) in fixed ionic strength at
pH=4.5 and room temperature. The porosity of the membrane was
defined by the gravimetric method, using isopropyl alcohol as a wetting
fluid to penetrate the pores of the membrane. Fourier transform in-
frared (FT-IR) spectra in the range of 1800–800 cm−1 were recorded
using a Nicolet iS50 FT-IR Spectrometer with a built-in ATR mode to
determine the functional groups of the membranes. The spectra were
obtained at a resolution of 4 cm−1 and 64 scans per spectrum. The
morphology of the electrospun nanofibrous scaffold was observed by a
focused ion beam-scanning electron microscope (FIB-SEM, Zeiss model
Crossbeam 340), operating at 30 kV. The samples were mounted on a
carbon tape and sputter-coated in high vacuum with Au/Pd using a SC-
7620 Mini Sputter Coater (Quorum Technology). The surfaces of the
materials were analyzed using a PHI X-ray photoelectron spectrometer
(XPS) with Al Kα1,2 (1486.6 eV) as X-ray source.
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2.4. Adsorption tests

Potassium dichromate solutions with various Cr(VI) concentrations
ranging from 10 to 600mg/L were prepared to study the adsorption
capacity of the membranes at different chromium concentration. In this
test, a 10mg of membrane sample was immersed in 15mL of chromium
solution at a chosen concentration and was shaken for 24 h. To analyze
the pH effect, solutions with concentrations of 100mg/L and pH values
ranging from 1.5 to 7 were prepared. The contact time test was also
carried out with a 100mg/L Cr(VI) solution at a pH value of 4, where
the sample was measured at a chosen time interval. For the regenera-
tion study, the membrane was used to treat 15mL of Cr(VI) solution
(100mg/L) for 2 h, and then the membrane was taken out and re-
generated by immersing it into 15mL of 0.5 M NaOH for 2 h, followed
by protonation with 15mL of 0.5 M HCl. For the dynamic adsorption
test, a fixed volume (5mL) of 50mg/L Cr (VI) solution was first pre-
pared, where the effect of the applied flux ranging from 0.5 to 5.0 mL/
min was examined by injecting the solution through a dead-end fil-
tration cell (Microsyringe Filter Holder -X3002500, Millipore). In ad-
dition, different volumes (1 to 35mL) of Cr(VI) solutions at a fixed
concentration of 5mg/L were injected through the membrane at a
constant flux of 0.5mL/min.

The Cr(VI) concentration was determined by a UV–Visible spectro-
photometer (Thermo Scientific, Genesys 10S) using the diphe-
nylcarbazide solution as an indicator at 540 nm.[27] A calibration
curve was created by plotting the absorbance versus known Cr(VI)
concentrations for this test. The amount of Cr(VI) ions adsorbed on the
membrane (mg/g) was calculated by the following equation:

=

−

Q
C C V

M
( )O f

(2)

where Q is the amount of Cr(VI) adsorbed (mg/g), CO and Cf are the
initial and final Cr(VI) concentrations (mg/L), respectively, V is the
solution volume, and M is the weight of adsorbent membrane used. The
Langmuir isotherm model was applied to determine the maximum ad-
sorption capacity of the membrane.

= +
C
q

C
q bq

1e

e

e

m m (3)

where qe is the adsorption capacity of the membrane at the equilibrium
concentration (mg/g), Ce is the equilibrium concentration of metal ion
(mg/L), qm is the maximum adsorption capacity of the membrane (mg/
g), and b is the Langmuir constant.

3. Results and discussion

3.1. Membrane characterization

Fig. 1 shows the FT-IR spectra of pristine PVDF-HFP and PAni
coated PVDF-HFP (denoted PVDF-HFP/PAni hereafter) membranes.
Several sharp, high intensity peaks were observed in the PVDF-HFP
membrane spectrum. The peak at 1400 cm−1 could be ascribed to the
eCH2 wagging vibrations [28]. The band at 1175 cm−1 was char-
acteristic of the symmetrical stretching vibrations of eCF2, where the
small shoulder at around 1200 cm−1 was assigned to the asymmetric
vibrations of this band [29,30]. The stretching vibrations of the eCF3
was shown as the peak at 1073 cm−1 [29,31]. The peaks at 874 and
838 cm−1 corresponded to the absorptions of the CeF bands in the
amorphous phase of the polymers [23,32]. With the coating of poly-
aniline, the characteristics peaks of the initial PVDF-HFP substrate were
preserved but several new peaks appeared. The peaks at 1579 and
1494 cm−1 corresponded to the C]C stretching deformation in the
quinoid and benzenoid rings, respectively [33–35]. The peak at
1302 cm−1 could be attributed to the CeN stretching vibration in the
benzenoid ring [14,33]. The peaks centered at 1146 cm−1 was assigned
to the aromatic CeH bending of the benzenoid ring and vibrations of

the CeNeC group, indicating the electron delocalization of the quinoid
rings [10,36].

The pore size and pore size distribution of the pristine and PAni-
coated PVDF-HFP nanofibrous membranes were evaluated using the gas
permeability of the dry sample (dry curve) followed by that of the
wetted sample (wet curve). As shown in Fig. 2(a), the pristine PVDF-
HFP membrane allowed more gas to permeate in the same pressure

Fig. 1. FTIR spectra of the PVDF-HFP and PAni-coated membranes.

Fig. 2. (a) Dry-wet curves and (b) pore size distribution of the membranes
before and after polyaniline coating.
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range when compared with the PVDF-HFP/PAni membrane. In addi-
tion, all wetting fluid passed through the pores of the pristine PVDF-
HFP membrane at 14 psi, while in the polyaniline-coated membrane,
the applied pressure was 26 psi. This indicates that the pristine mem-
brane possessed larger pore sizes and it took lower gas pressures to
completely push the wetting liquid through the membrane. However,
when polyaniline was deposited on the nanofiber surface, the effective
pores became smaller, where higher pressure was required. This clearly
showed that the in-situ polymerization of aniline on the PVDF-HFP
nanofibrous scaffold reduced the pore volumes. This phenomenon was
also manifested by the reduction of the bubble point for the membrane
after the coating (∼1.6 µm for PVDF-HFP vs. ∼0.9 µm for PVDF-HFP/
PAni). In addition, the drying process of the wetted PVDF-HFP mem-
brane occurred at a very narrow pressure range (10–14 psi), while the
drying of the wetted PVDF-HFP/PAni membrane started at 10 psi and
continued up to 26 psi. This demonstrates that the pristine membrane
possessed a very narrow pore size distribution, whereas the polyaniline-
coated membrane possessed a wide range of pore sizes. Fig. 2(b) ex-
hibits the pore size distribution of the two membranes. As discussed
earlier, the PVDF-HFP membrane showed a uniform pore size dis-
tribution at ∼0.5 µm, while PVDF-HFP/PAni exhibited a broader pore
size distribution with a peak at ∼0.3 µm.

Fig. 3 illustrates the contact angles of the PVDF-HFP and PVDF-
HFP/PAni membranes. The pristine PVDF-HFP membrane exhibited a
very high contact angle due to the intrinsic low surface energy of the
fluorine in fluoropolymer. This low surface energy was further ex-
acerbated by the electrostatic charge introduced by the electrospinning
process, where it favored the fabrication of more hydrophobic mem-
brane surfaces. Diffusion of the contaminated water into the adsorbent
membrane is a main issue for the removal of contaminants via ad-
sorption. Electrospun PVDF-HFP membrane with a contact angle of
∼132° had a weak affinity towards water molecules and thus, the water
media could not penetrate into the adsorbent membrane pores
[14,37–40]. However, the PAni coating drastically reduced the water
contact angle of the membrane to ∼45°, suggesting that the surface of
electrospun PVDF-HFP nanofibers were completely coated with more
hydrophilic polyaniline polymers [41]. The decrease in water contact
angle could be attributed to the introduction of the imine moieties of
PAni anchored to the nanofibers, which significantly increased the af-
finity of the PVDF-HFP/PAni membrane. In addition, since the imine
groups are prone for protonation and provide ammonium ions, the in-
crease in the hydrophilic properties of the membrane greatly improved
the transfer of Cr(VI) ions into the fibrous scaffold [18].

The SEM micrographs of nanofibrous scaffolds before and after the
PAni coating are illustrated in Fig. 4. It was seen that the pristine PVDF-
HFP membrane had much larger surface pores compared with the
PVDF-HFP/PAni membrane. This confirmed the pore size distribution
results obtained earlier by the porometer. Furthermore, the histograms
of the fiber diameter for the two membranes (Fig. 4c and d) indicate
that the fiber diameters increased in the PVDF-HFP/PAni membrane
(the average fiber diameter increased from 127 to 141 nm after the
polyaniline coating). This is very reasonable as during in-situ poly-
merization, the aniline monomers are first absorbed on the PVDF-HFP
nanofibers and then polymerized, making a polymeric layer on the
nanofiber surface. This was also consistent with the slight increase in
the scaffold thickness (Table 1).

3.2. Adsorption performance

3.2.1. Static adsorption
The adsorption test of the pristine PVDF-HFP membrane against Cr

(VI) indicated that the unmodified membrane was non-effective. As a
result, only the adsorption performance of the PVDF-HFP/PAni mem-
brane is reported here. Fig. 5(a) shows the adsorption capacity of PVDF-
HFP/PAni against Cr(VI) at different concentrations. According to the
adsorption isotherm, the equilibrium adsorption capacity of the mem-
brane exhibited a sharp increase by increasing the chromium con-
centration and then, reached a plateau value. This indicates that any
further increase in the chromium concentration would not significantly
affect the chromium uptake of the membrane. The presence of the
imine groups in polyaniline was responsible for the removal of oxy
anionic species due to the presence of electron donors of PAni in
emeraldine form. The mechanism of negatively-charged dichromate
uptake by the PAni-coated membrane is believed to occur in two stages:
1) initially, the dichromate oxyanion was hydrolyzed and existed in the
predominant form of HCrO4

− in the pH range of 2 to 6, which could, in
turn, interact electrostatically with the positively-charged imine groups
of the PAni-coated membrane:

+ ↔
− −Cr O H O HCrO22 7
2

2 4 (4)

2) Due to the presence of electron donors of PAni, Cr(VI) was sub-
sequently reduced to Cr(III) according the following reaction, while the
emeraldine salt of the polymer was simultaneously oxidized into per-
nigraniline form:

+ + ↔ +
− + − +HCrO H e Cr H O7 3 44

3
2 (5)

Generally, electrostatic interaction between the negatively-charged
dichromate and positively-charged polyaniline followed by a redox
reaction was the major mechanism for the simultaneous adsorption and
reduction of Cr(VI). The adsorption and oxidation-reduction mechan-
isms have been schematically illustrated in Fig. 5(b) [22,36,42–44].
Polyaniline was previously evaluated as a good adsorbent for the re-
moval of heavy metal ions from water, and has been used in a com-
posite format, such as nanocomposites of MoS2/PAni immobilized in
PAN nanofibers [12]. PAni/MnO2/TiO2 nanocomposites [16], ethyl
cellulose coated by PAni [20], folic-acid-polyaniline hybrid hydrogel
[17], jute fibers coated by PAni [20] and polyacrylonitrile/polyaniline
core/shell nanofibers [45].

The Cr(VI) adsorption isotherm of the membrane was analyzed
using the Langmuir adsorption isotherm model. It was found that the
analysis showed a good linear relationship between Ce/Qe and Ce with a
high coefficient of determination (R2=0.986). The Freundlich and the
Redlich-Peterson models were also evaluated in the linearized form
with the R2 values of 0.888 and 0.970, respectively (Figs. S1 and S2).
The better fit of the Langmuir adsorption isotherm model confirmed a
monolayer adsorption process, implying that the Cr(VI) adsorption was
occurring at a limited number of localized sites of the imine groups in
the PAni structure. In other words, there were little or no lateral in-
teractions and steric hindrance between the adsorbates [42]. TheFig. 3. Water contact angle of PVDF-HFP and PVDF-HFP/PAni membranes.
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maximum adsorption capacity (qm) of the PVDF-HFP/PAni membrane
for Cr(VI) was calculated to be around 15.08mg/g (pH 4.5), de-
termined by the Langmuir isotherm model. Li et al. found that the
maximum static adsorption capacity of chitosan nanofibers electrospun
on polyester polyester for Cr(VI) was ∼11.0 mg/g [46]. PAni nano-
composites with fiber glass and poly(ethylene terephthalate) (PET)
showed capacities as low as 3.2 mg/g for dichromate [47]. Karthik et al.
prepared a PAni-silica gel composite and achieved an adsorption ca-
pacity of 23.0mg/g [13]. Espinoza demonstrated that the adsorption
capacity of PAni-electrospun PS composite could be enhanced using
plasma treatment [14]. The plasma-treated PAni-PS composite showed
a chromium adsorption capacity of 58mg/g. However, plasma treat-
ment is a costly technique and does not seem to be practical in real
applications. A summary of the adsorption capacities of the PAni-re-
lated materials have been given in Table S1.

The dimensionless separation factor, RL, is a critical parameter to
evaluate the favorability of an adsorption process [13,48]. RL can be
defined by the following equation:

=

+

R
bC
1

1L
O (6)

where b is the Langmuir isotherm constant and COis the initial con-
centration of the adsorbate (in this case, Cr(VI)). WhenRL =0, the
adsorption is strong and it can be considered as irreversible; RL =1
indicates a linear adsorption; when 0 < 1 < RL, the adsorption is
considered favorable and reversible; RL > 1 suggests an unfavorable
adsorption that can only occur in the binary mixtures. The separation
factor (RL) of the Cr(VI) by the PVDF-HFP/PAni membrane was found
to be around 0.005, which indicated that the sorption process was
highly favorable.

The effect of contact time on the Cr(VI) removal is shown in
Fig. 6(a). The Cr(VI) removal efficiency was found to increase steadily
over the time period of 24 h and then subsequently reached a plateau
value, where no more adsorption occurred. It was found that the Cr(VI)
adsorption amount increased to 7.60mg/g in the first 10 h and reached
a plateau value of 12.12mg/g after 24 h.

Two models, pseudo first-order and pseudo second-order models,
were used to analyze the nature of the kinetics and the rate of Cr(VI)
adsorption by the PVDF-HFP/PAni membrane. The linear forms of these
two models are given in Eqs. (5) and (6), respectively.

− = −q q q tlog( ) log k
2.303e t e

1
(7)

= +
t
q q

t
k q

1 1

t e e2
2 (8)

where qe and qt denote the amount of Cr(VI) adsorbed on the membrane
at equilibrium and at time t , respectively, k1 and k2 are the first and
second-order rate constants, respectively. According to Fig. 6(c), the
adsorption followed a pseudo first-order reaction, manifested by a
higher correlation coefficient value (R2) obtained by the linear form of
this model. This indicates that the adsorption process of Cr(VI) may be
considered a physisorption process at least at the later stages of the
adsorption. However, these results should be interpreted with some
caution, as in major cases, there is a combination of physisorption and
chemisorption. Also, the intensity and rate of these two phenomena
may drastically change by time. Therefore, although the pseudo first-
order model suggests a physisorption, we are not inclined to con-
clusively and strictly exclude the possible occurrence of the chemi-
sorption mechanism.

Fig. 4. SEM images of (a) PVDF-HFP membrane and (b) PVDF-HFP/PAni membrane. Histograms showing fiber diameter distribution for (c) PVDF-HFP membrane;
and (d) PVDF-HFP/PAni membrane.

Table 1
Characteristics of the as-prepared and PAni-coated membranes.

Thickness (µm) Contact Angle (°) Average Fiber Diameter (nm) Bubble Point Size (µm) Mean Pore Size (µm) Porosity (%)

PVDF-HFP 220.3 ± 1.6 132 ± 4 127.0 1.57 ± 0.75 0.54 ± 0.07 86.82 ± 0.01
PVDF-HFP/PAni 232.2 ± 4.2 45 ± 6 140.7 0.87 ± 0.91 0.34 ± 0.46 75.89 ± 0.02

G. Dognani, et al. Chemical Engineering Journal 372 (2019) 341–351

345



The effect of pH on the adsorption capacity of Cr(VI) is shown in
Fig. 7. It was found that the adsorption capacity exhibited a decreasing
trend with increasing pH value. The highest Cr(VI) adsorption capacity
(∼40.50mg/g) was found in the lowest pH value and a sharp decrease
in the adsorption capacity (∼23.60mg/g) was observed when the pH
value increased to ∼2. The notable pH dependence of the Cr(VI) ad-
sorption capacity on the PVDF-HFP/PAni membrane could be related to
both the predominance of various chromium species (chromium spe-
ciation) at different pH values or the change in the reduction rate of Cr
(VI) by pH level. At pH values lower than 2, most of the chromium is in
chromic acid (H2CrO4) form [49]. When the pH value is between 2 and
6, the predominant species is hydrogen chromate (HCrO4

−) coexisting

with dichromate ions (Cr2O7
2−). Ultimately, at the pH values above 6,

the dominant species is chromate (CrO4
2−) [3,10,13,50]. On the other

hand, in an acidic media, the adsorbent (in this case, the PVDF-HFP/
PAni membrane) was also protonated and formed a positively-charged
surface with NH+ functional groups. Therefore, at very low pH values,
the highly protonated membrane surface favored the adsorption of the
chromium species as a result of the electrostatic attraction between the
iminium ions and the oxyanions. As the pH value increased, the pro-
tonation of the membrane surface was relatively declined, which in-
duced lower electrostatic attraction with the free oxyanion, reflected as
lower adsorption capacity [2,51]. The decrease in the reduction rate of
Cr(VI) by increasing the pH could also explain this trend.

Fig. 5. (a) The chromium adsorption isotherm of the PVDF-HFP/PAni adsorbent membrane. (b) Simultaneous adsorption and oxidation-reduction mechanisms. (c)
Linearized chromium adsorption isotherm by the Langmuir model.
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The efficient regeneration of the used PVDF-HFP/PAni membranes
was carried out by a facile two-step chemical treatment method, as il-
lustrated in Fig. 8. In this treatment, the chromium was desorbed in an
alkaline environment, followed by the protonation of the PAni surface

in an acidic environment. The adsorption-desorption process was re-
peated for 5 cycles, where the results indicated that the PVDF-HFP/
PAni membrane still exhibited good desorption capacity above 70%
even after 5 cycles. This indicates that the PVDF-HFP/PAni membrane
possessed a high number of adsorption sites and the recoverability of
the occupied adsorption sites was effective.

3.2.2. Dynamic adsorption
The dynamic chromium adsorption for the PVDF-HFP/PAni mem-

brane obtained at different flow rates of the feed solution are presented
in Fig. 9(a). At the low flow rate (e.g., 0.5 mL/min), the membrane
exhibited the highest chromium uptake, which could be explained by
the higher contact time of Cr(VI) ions with the active sites of the PAni
surface. When the flow rate increased to 1.0 mL/min, the chromium
uptake was found to decline, however, further increase in the flow rate
did not impact the adsorption capacity. Fig. 9(b) illustrates the chro-
mium uptake of the PVDF-HFP/PAni membrane at a fixed flow rate of
0.5 mL/min as a function of the Cr-laden water volume passing through

the membrane. The membrane uptake capacity was found to increase
when a higher volume of contaminated water passed through the
membrane, and the capacity finally reached a plateau value. Evidently,
as the chromium concentration increased, the membrane uptake

Fig. 5. (continued)

Fig. 6. (a) The effect of the contact time on the adsorption of Cr(VI) (C0= 100 ppm); (b) The adsorption kinetic modeling using a pseudo first-order and pseudo
second-order models.
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capacity also increased.

3.2.3. Characterization of the used membrane
The mapping of the chromium on the adsorbed membrane obtained

by energy dispersive X-ray (EDX) is illustrated in Fig. 10. This figure

depicts that a large amount of chromium was uniformly distributed
throughout the fibers present on the nanofibrous scaffold surface after
the adsorption process. The uniform distribution of the chromium on
the nanofibers also indicated that the polymerization homogeneously
occurred throughout the fiber surface, and thus the adsorption func-
tional groups (imide and amine) were well-distributed in the substrate.
A significant change in the morphologies of the membranes before and
after the chromium adsorption can be detected. Partial oxidation of
emeraldine to pernigraniline can lead to lower PAni crystallinity [52],
change the configuration of the polymeric chains, and lead to notable
morphological changes. However, this morphological change did not
affect the integrity of the adsorptive membrane, as the membranes
could be used in several regeneration-reuse cycles.

The valence states of chromium and the types of the functional
moieties in the chromium-adsorbed PVDF-HFP/PAni was determined
by XPS, where the results are shown in Fig. 11. It was found that the
presence of F1s and N1s peaks in the wide scan spectrum was indicative
the PVDF-HFP nanofibers and PAni characteristics, respectively. In
addition, the Cr2p peak evidently confirmed the adsorption of the
chromium species on the membrane. The Auger peaks of chromium in
Fig. 11(c) presented an insight into the oxidation state of adsorbed
chromium. In specific, two Auger peaks at binding energies of 592.8
and 583.1 eV represented Cr(III), confirming that the hexavalent

Fig. 7. The effect of pH on the Cr(VI) adsorption capacity of the PVDF-HFP/
PAni membrane.

Fig. 8. The regeneration/recyclability efficiency of the PVDF-HFP/PAni mem-
brane.

Fig. 9. (a) Effect of the applied flow rate, and (b) the injected volume through
the on the adsorption capacity of the PVDF-HFP/PAni membrane.
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chromium was reduced to trivalent chromium during the adsorption,
corroborating the adsorption mechanism explained previously. The
deconvolution of the N1s spectrum yielded four distinguishable ni-
trogen components: binding energies at 396.3 eV could be attributed to
N atoms that are sp2-bonded to two carbon atoms in the quinoid imine
units (eN]), 398.6 eV corresponded to the tertiary nitrogen bonded in
the benzenoid units (eNH), and 400.5 and 404.6 eV from the amine
peak commonly attributed to the protonated species (N+) which can be
ascribed to the chelation of Cr(III) during the redox reactions between
the adsorbate and adsorbent. Moreover, this last peak can be assigned
to the doping process of H+ on the quinoid amine. This analysis in-
dicated that nitrogen is found as both protonated and unprotonated
states on the membrane surface [53–57]. Ding et al. carried out similar
XPS experiments on the polymer-PAni adsorptive membranes before
and after adsorption. They observed that the intensity of the peak as-
signed to N+ either decreased or disappeared depending on the ad-
sorption capacity [58]. They indicated this phenomenon to the elec-
trostatic interaction between the PAni and the Cr(VI)

Fig. 12 illustrates the zeta potential values of the PVDF-HFP nano-
fibrous membrane before and after the PAni deposition via in situ
polymerization and the PVDF-HFP/PAni membrane after chromium
adsorption (PVDF-HFP/PAni_Cr). It was observed that the pristine
electrospun PVDF-HFP exhibited a partially negatively charged surface
with a zeta potential value of −14.9 ± 3.7mV. PAni-coating rendered
the surface of the membrane positively-charged (+37.7 ± 4.3) by
introducing positively-charged imine groups of the emeraldine salt.
This is consistent with the XPS measurements and proves the presence
of emeraldine salt on the electrospun fibers. After the adsorption, the
zeta potential of the membrane decreases to −18.5 ± 4.6 which is
very close to the pristine PVDF-HFP membrane. This reflects that the
imine groups on the PVDF-HFP/PAni were reduced to uncharged form
upon the adsorption of dichromate, consistent with the proposed si-
multaneous adsorption and oxidation-reduction mechanism.

4. Conclusions

The PVDF-HFP/PAni membrane was successfully prepared by
electrospinning of a nanofibrous scaffold followed by in-situ poly-
merization of a uniform polyaniline coating on the nanofibers. The
morphology, pores size and water contact angle of the resulting mem-
branes with and without PAni coating were carefully evaluated. From
the chromium removal test, it was found that the maximum adsorption
capacity of the PVDF-HFP/PAni membrane was 15.08mg/g (at
pH=4.5), where both pH and time were found to affect the adsorption
efficiency. From dynamic adsorption test, the best performed flux was
about 0.5 mL/min. When 20mL of chromium solution passed though
the membrane, a stable plateau adsorption capacity was observed. The
EDX and XPS results confirmed the presence of Cr in the adsorbed
membrane. This study suggested that the PAni coating can be very ef-
fective to apply to many other electrospun nanofibrous scaffolds to
make adsorptive membranes in filtration systems.
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