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a b s t r a c t
In this new era of nanofiber industry, the practice of using electrospun nanofiber membrane tech-
nology for wastewater treatment is increasingly becoming common. However, there are lacks of 
studies in the aspect of mechanical properties, especially strength. Therefore, the bilayer nanofiber 
membranes were introduced in order to improve the strength of the membrane. A chitosan solution 
(7 wt.% chitosan in concentrated acetic acid) and polyvinyl alcohol (PVA) solution (8 wt.% PVA in 
distilled water) was blended for 24  h and the solution mixture was electrospun according to the 
optimized parameters to get a fine nanofiber. Then, the polyvinylidene fluoride (PVDF) solution was 
electrospun on top of chitosan/PVA nanofiber to make a bilayer nanofiber membrane. Crosslinking 
process were done in order to improve the wettability and mechanical properties. The chitosan/PVA-
PVDF bilayer nanofiber was identified with field emission scanning electron microscopy, Fourier 
transform infrared, wettability, swelling, tensile, and adsorption tests. The nanofiber membrane was 
stable in the acidic, base, and neutral mediums for 20 d, and the tensile strength increased from 0.17 
to 0.65 MPa. Additionally, the adsorption efficiency of the bilayer nanofiber membrane was inves-
tigated over Cr(VI) and Fe(III) ions using Langmuir and Freundlich isotherm. Kinetic parameters 
were evaluated using the first-order and pseudo-second-order models. Kinetic study showed that 
the adsorption rate was high at a lower concentration of the metal ion. Thus, the bilayer nanofiber 
membrane is highly potential to increase the mechanical properties of the nanofiber membrane while 
maintaining the adsorption efficiency.
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1. Introduction

Water is a salient element on earth. Most of the life form 
needs water in order to ensure their survival. Seventy-one 
percent of the earth is covered by water and only 2.5% of 
them can be considered as freshwater [1]. In addition, water 
resources are affected by pollution and a gradual increase 

in the population. Some regions in the world already 
considered water as a crucial commodity and in a recent 
finding, 80% of the world population is on the cautious 
state on high levels of threat to water security [2].

Nowadays, heavy metal pollution in the groundwater 
has become a global threat due to its environmental issues, 
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profusion in number and persistence [3–5]. A lofty concen-
tration of heavy metals could trigger harmful biochemical 
reactions and affect human health such as inhibition of 
enzymes, genetic damage, and hypertension [6]. There are 
studies that prove the relationship between water quality 
and transience from cardiovascular and other ceaseless dis-
eases. Various types of cancer have also been linked to con-
centration of particular heavy metals in water supplies [7].

There are a few methods that have been used in 
water treatment such as coagulation, adsorption, dialysis, 
membrane process, foam flotation, osmosis, and biological 
methods [8]. However, there are limiting factors such as 
cost and efficiency which prevent from these methods being 
fully utilized. Lately, there are proven studies that shows 
electrospun nanofibers membranes (ENMs) for water treat-
ment applications due to their unique and good properties 
such as high surface area-to-volume ratio, large poros-
ity, and good water permeability [9] which make them as 
promising materials for adsorption of heavy metals [10]. 
Numerous studies have shown the efficiency of nanofi-
ber in treating wastewater by adsorption of heavy metal 
ion. For example, fabrication of nanofibers using sodium 
alginate and poly(vinyl alcohol) tested for the removal of 
Cd2+ shows high cadmium uptake [11]. In another study, 
chitosan/polyvinyl alcohol/TiO2 nanofiber composite have 
been fabricated and exhibit good dye removal rate [12]. 
In spite of many favorable properties, electrospun nanofi-
ber membranes also exhibit difficulties such as insufficient 
hydrophilicity, high swelling rate, low mechanical strength, 
membrane fouling, gel layer formation, and blockage of 
solute by adsorption process on pore walls [13]. On top 
of that, electrospun membranes from bio-based polymeric 
materials are not yet commercially available.

Chitosan, a prominent material that has been used for 
electrospun nanofiber membrane is made up from crystal-
line microfibrils of crustacean such as crabs and prawns. 
It is biodegradable and has the properties to fix a wide range 
of heavy metals and radio-nuclides [14]. Nevertheless, chi-
tosan exhibits unstable mechanical properties, pH-sensitive, 
and susceptible to swelling [15]. In order to improve the 
spin-ability, another polymer such as polyvinyl alcohol 
(PVA) is blended with the chitosan for electrospinning 
process [16]. PVA also reduces the crystallinity of the 
chitosan structure to some extent [13].

Generally, chitosan electrospun nanofibers exhibit good 
adsorption properties but weak in mechanical properties 
[17]. It is easy to dissolve in the moisture environment, 
lost its integrity, and difficult to be removed from the col-
lector [18]. In order to overcome the mechanical and phys-
ical properties issues, polyvinylidene fluoride (PVDF) has 
been introduced as a nanofiber bilayer with chitosan/PVA 
nanofiber. PVDF exhibits good mechanical property, high 
chemical resistance, and good thermal stability [19]. In the 
present study, a bilayer nanofiber membrane was fabricated 
using an electrospinning method and run for characteriza-
tion and application tests. In contrast to previous studies 
that only used a single membrane, our fabricated membrane 
was composed of two different nanofiber membranes which 
were assembled in a layered form. The primary goal of this 
study is to investigate the efficiency a wastewater treatment 

membrane of the bilayer membrane: chitosan/PVA nanofi-
ber membrane which is hydrophilic and PVDF nanofiber 
membrane which is hydrophobic and to determine the 
function of PVDF layer as a support frame to achieve good 
mechanical and physical properties for the bilayer nanofiber 
membrane.

2. Materials and methods

Chitosan (Mw  =  8.96  ×  105  g/mol, degree of deacetyla-
tion = 40%, and acetone were purchased from SE Chemical 
Co., Ltd., (Tokyo, Japan) and System (Selangor, Malaysia), 
respectively. PVA (Mw = 146,000–186,000 g/mol, DDA = 99%), 
PVDF (Mw  =  534,000), acetic acid, FeCl3·6H2O, and K2Cr2O7 
were purchased from Sigma-Aldrich (United States) while 
NaOH and DMF were obtained from R&M Chemicals 
(United Kingdom).

2.1. Hydrolysis of chitosan

The DDA of chitosan exhibits the transformation of 
N-acetyl-D-glucosamine to D-glucosamine [20]. The molec-
ular weight and DDA of supplied chitosan are not suitable 
for the electrospinning process. Low molecular weight 
chitosan is easier to align effectively in the electromag-
netic field of the electrospinning process thus improve the 
spin-ability. In addition, higher DDA is favorable in the 
solubility of chitosan [21]. Thus, the hydrolysis process 
leads to an increase in the DDA of chitosan and simultane-
ously decreases the molecular weight of chitosan [22]. In 
this study, 40 g of NaOH was mixed with 80 g of distilled 
water and later, 2.5 wt.% of chitosan was added to the mix-
ture. The solution was stirred at 90°C for 24  h. Next, the 
solution was filtered using a vacuum flask and cleansed 
using distilled water. Finally, the filtered chitosan has 
placed an oven at 60°C for 4 h to completely dry.

2.2. Preparation of chitosan/PVA and PVDF solutions

7.0  wt.% of chitosan was completely dissolved in 10% 
acetic acid. Chitosan solution was mixed with 8.0 wt.% PVA 
solution in a 50:50 weight ratios. Previous study showed that 
this ratio exhibited defects free morphology under the same 
condition [13]. For the preparation of PVDF solution, 1.5 g of 
PVDF were mixed with 7 mL of DMF at 70°C for 24 h, later 
3 mL of acetone were added into the solution and stirred at 
room temperature for 24 h.

2.3. Electrospinning

First, the electrospinning of PVDF as a supportive scaf-
fold was performed by using 22G blunt stainless steel needle 
(0.7 mm outer diameter and 0.4 mm inner diameter, 15 cm 
tip-to-collector distance, 20  kV applied voltage, 500  rpm 
for collector drum roll, and 30–200  mm scanning position 
(the horizontal movement of syringe platform) with speed 
100  mm/min. Then, the chitosan/PVA were electrospun 
directly onto the electrospun PVDF membrane with the 
same condition, except for the applied voltage which ranged 
between 13 and 17  kV. Finally, the obtained samples were 
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placed in the desiccator with glutaraldehyde vapor for 24 h 
to produce cross-linked sample.

2.4. Characterization

In order to determine the bonding behavior between 
chitosan/PVA and PVDF, and glutaraldehyde, Fourier trans-
form infrared (FTIR) spectroscopy (Nicolet iS10 FTIR spec-
trometer from Thermo Scientific, United States) was applied 
with spectral range between 400 and 4,000 wavenumbers 
with a resolution of 4 cm–1. The surface and morphologies 
of the membrane were observed using field emission scan-
ning electron microscopy (SEM, Hitachi SU5000 VPFESEM, 
Tokyo, Japan) and samples were coated with platinum to 
avoid charging which will affect the images. The analysis 
of fiber diameter size was done using ImageJ software. The 
wettability of the samples was tested by using contact angle 
analysis (Dataphysic Instrument OCA 15EC, Germany). 
Samples were placed on a platform and sessile drop methods 
with 5 µL droplet condition were carried out. The mechan-
ical properties of the sample were tested in dry condition 
using a universal tensile testing machine (Shimadzu AGS-X 
series, Kyoto, Japan) equipped with 50-N load cell at room 
temperature. The test was done with a constant elongation 
velocity of 5 mm/min. The durability of the bilayer nanofi-
ber was tested with swelling test. Three different mediums, 
base (pH = 10), acidic (pH = 3), and neutral (pH = 7) were 
used in this research. The samples were weighted and then 
immersed in the mediums for 20 d. After that, the sample 
were dried and weighted. Swelling ratio was calculated by 
using the following formula [23]:

S
W W
Ww
s d

d

=
−

×100 	 (1)

where Ws and Wd indicate the mass before and after immer-
sion in water, respectively.

2.5. Adsorption study

The adsorption property of chitosan/PVA-PVDF bilayer 
nanofiber was assessed with metal ion adsorption behav-
ior. The membrane was tested with Cr(VI) and Fe(III). 0.2 g 
of membrane samples were stirred with 30  mL of potassi-
um(VI) dichromate and iron(III) chloride solutions, using a 
lab shaker to ensure the maximum contact of the membrane 
surface with the metal ions present in the solution. Initially, 
each of the heavy metal ions concentration was varied and at 
a certain time interval, the concentration was calculated by 
using a flame atomic absorption spectrometer (Analyst 400, 
Perkin Elmer, United States). The adsorption of heavy met-
als ions by the nanofiber was evaluated with the following 
formula [24]:

q
C C
m

Vt
t=

−0 	 (2)

where C0 and Ct are the concentration of heavy metal ion 
(mg/L) at initial and equilibrium respectively, V is the volume 
of the solution (L), and m is the mass of the sample (g).

3. Results and discussion

3.1. FTIR analysis

To verify the process of bindings, analysis on FTIR spectra 
of PVA, chitosan-PVA and chitosan-PVA (cross-linked) were 
done as shown in Fig. 1. The absorption peak at 1,261 cm–1 
in PVA graph indicated the O–H band and in chitosan/PVA 
graph, was shifted to 1,282 cm–1 with low frequency [25]. The 
adsorption peak at 3,322 cm–1 indicated the primary amine 
in the chitosan/PVA. The absorption peak at 1,328 cm–1 rep-
resents the –CH2 bonded with –OH group, which can be 
found in the spectra of PVA and chitosan-PVA [26]. There are 
common peaks in the range of 1,000–1,200 cm–1 which is the 
characteristic peaks of C–O vibration of chitosan and PVA 
molecule [27]. Peak at 1,412 cm–1 were the results of wagging 
vibration of C–H in PVA and chitosan/PVA [28]. The peak at 
1,234  cm–1 indicated C–O–C formed through the crosslinking 
process, between OH of common PVA structure and –C– of 
glutaraldehyde molecule. The broad peak 3,319 cm–1 is due 
to the stretching vibration of OH group, which is character-
istic peak for both PVA and chitosan/PVA [29]. Other char-
acteristic peaks such as 1,404; and 2,908  cm–1 also explain 
the presence of PVA that extend over Chitosan-PVA. These 
results show that the chitosan was successfully blended with 
PVA and form a nanofiber.

Fig. 2 shows the FTIR peak for PVDF side of the bilayer 
membrane. The peak at 836 and 880 cm–1 indicated C–C–C 
asymmetrical stretching vibration of PVDF while peak 
at 1,174  cm–1 represents C–C band of PVDF and peak at 
1,404 cm–1 is due to the wagging vibration of CH2 [30]. The 
results show no bonding between the PVDF and chitosan/
PVA nanofiber as the peaks only represent the PVDF 
characteristic.

3.2. Field emission scanning electron microscopy

By using Field emission scanning electron microscopy 
(FESEM), the morphology of the nanofiber bilayer was also 
studied. Fig. 3 shows the FESEM micrographs of the nano-
fiber bilayer. The mean diameter for PVDF nanofiber is 
394.08 nm. The image shows fine fiber with a small amount 
of beads formation. The chitosan/PVA solution were success-
fully electrospun into nanofiber with a mean diameter of 
116.5 and 101.18 nm for the crosslinked nanofiber.

In order to confirm the presence of elements, the 
nanofiber bilayer was analyzed by energy dispersive X-ray 
spectrometry (EDS). In Fig. 4, the spectra show the peaks 
of O, C, and F which represents the main element in PVDF 
and chitosan/PVA nanofiber composite.

3.3. Contact angle

Contact angle is the prominent method to study the 
wettability of the nanofiber membrane. This method 
provides a direct evaluation of surface wettability by allow-
ing the formation of geometric measurement or angle at 
the intersection of different phases such as gas, liquid, and 
solid. Higher contact angle (>90°) represents a hydropho-
bic surface while a lower contact angle (<90°) represents a 
hydrophilic surface. For better adhesion and higher surface 
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Fig. 1. FTIR spectra of chitosan/PVA nanofiber.

Fig. 2. FTIR spectra of PVDF.
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(a) 

(b) 

(c) 
Fig. 3. FESEM of nanofiber composite (a) PVDF, (b) chitosan/PVA, and (c) chitosan/PVA crosslink.
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energy, a lower contact angle is preferred as the hydro-
philic surface represent those properties [31]. In Fig. 5, the 
degree of contact angle of the nanofiber membrane can be 
categorized into hydrophilic and hydrophobic.

Nanofiber chitosan/PVA-PVDF (chitosan/PVA side) has 
the lowest value, 35.45° while nanofiber chitosan/PVA cross-
link-PVDF (chitosan/ PVA cross-linked side) has increased to 
52.93°. This is due to the presence of a crosslink agent, glu-
taraldehyde which prevents the water from spreading and 
penetrate the nanofiber [32]. For the PVDF side, both sam-
ples exhibited hydrophobic properties which lead to a rigid 
membrane and act as a supporting frame for the chitosan/
PVA membrane.

3.4. Swelling test

In this test, all nanofiber samples were immersed for 
20  d in three different mediums; acidic, neutral, and base 
to evaluate the integrity of the membrane. In Fig. 6, most of 
the nanofibers exhibit shrinkage and weight loss due to the 
dissolution of PVA in the medium. However, the sample for 
chitosan/PVA crosslink-PVDF shows considerable stability 
with a slight change in weight and swelling ratio. Several 
factors can be related to this phenomenon such as the PVDF 
homophobic properties, insolubility of chitosan fraction 

[33], hydrogen bonding along with chitosan, and PVA [34] 
and the crosslinking effect in chitosan/PVA composite [35].

3.5. Tensile test

Fig. 7 shows the stress–strain graph of chitosan/PVA 
nanofiber membrane and chitosan/PVA-PVDF bilayer nano-
fiber membrane. The maximum tensile stress increases 
from 0.17 to 0.65 MPa. The interaction between PVDF and 

(a)

(b)

Fig. 4. EDS of (a) PVDF and (b) chitosan/PVA nanofiber composite.

Fig. 5. Contact angle of the nanofiber composite.
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chitosan/PVA nanofiber layer prevents an instant failure after 
the applied stress surpasses the ultimate tensile strength 
of the chitosan/PVA membrane and the bilayer exhibits 
good toughness due to the presence of PVDF layer which 
is known for its good mechanical resistance properties [36]. 
In the bilayer nanofiber membrane, strain hardening made 
the fiber aligned to the stress direction and localized neck-
ing. It also exhibits multiple microfracture events, different 
from the traditional fractures [37]. Moreover, the increase 
in the tensile stress is due to the strong physical interac-
tion between the two layers which eases the stress transfer 
at the interface and improves the stiffness of the nanofiber 
membranes [17]. It is also proven that PVDF layer also acts 
as a “hard” coating, masking the defect in the chitosan/
PVA nanofiber layer with good adhesion properties [38].

3.6. Adsorption kinetics

The relationship between heavy metal ions with the 
surface of the adsorbent can be explained by its adsorption 
kinetics. In this experiment, two most common diffusion 
models were used which are Lagergren-first-order and 
pseudo-second-order. The linear forms of these models are 
shown below [39,40], respectively.

log logq q q
k t

e t e− = −( ) 1

2 303.
	 (3)

t
q k q

t
qt e e

= +
1

2
2 	 (4)

where qe and qt represent the concentration (mL/g) of heavy 
metal at equilibrium and at contact time t (min) respec-
tively. k1 (min–1) and k2 (g/mmol  min) are the rate constant 
for Lagergren-first-order and pseudo-second-order model, 
respectively. The value of rate constant was evaluated to 
study the adsorption process. Figs. 8 and 9 indicate the linear 
plot of Lagergren-first-order and pseudo-second-order for 
both heavy metal ion adsorptions. Table 1 summarizes the 
whole data of kinetic parameters. According to Figs. 8 and 
9, adsorption of Cr(VI) can be explained by using pseu-
do-second-order model which indicates the adsorption 
process is chemical adsorption. The process was affected 
by sharing or exchange of electrons between the metal 
ion and the nanofiber [41] while for Fe(III), the adsorption 
obeys the Lagergren-first-order model which indicated the 
main process of adsorption was physisorption.

3.7. Adsorption isotherm

In order to study the relationship between adsorbate 
and adsorbent, adsorption isotherm was used in this study. 
Specifically, in this study, Langmuir and Freundlich isotherm 
were used. The equation for Langmuir isotherm is shown as 
below [42]:

Fig. 6. Swelling ratio of the nanofiber composites.

Fig. 7. Stress vs. strain graph.
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(a)

(b)

(c)

(d)

Fig. 8. Lagergren-first-pseudo-order model of Cr(VI) and Fe(III) (a) 50 ppm, (b) 100 ppm, (c) 150 ppm, and (d) 200 ppm concentration.
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(a)

(b)

(c)

(d)

Fig. 9. Second-pseudo-order model of Cr(VI) and Fe(III) (a) 50 ppm, (b) 100 ppm, (c) 150 ppm, and (d) 200 ppm concentration.
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=
+
q k C
k C

m a e

a e1
	 (5)

Thus, the linear form of Langmuir equation as follows:

C
q

C
q K q

e

e

e

m L m

= +
1 	 (6)

where qe (mL/g) is the amount of heavy metal ions adsorbed 
per unit mass of adsorbent, Ce (mmol/L) is the concentration 

of the leftover heavy metals ions in the solution at equi-
librium, qm is the maximum concentration of heavy metals 
adsorbed per unit mass of adsorbent and KL (L/mmol) is the 
constant of the binding sites. For Freundlich isotherm, the 
linear form is as follows [42]:

ln ln lnq K
n
Ce F e= +

1
	 (7)

where qe represents the amount of metal ion adsorbed per 
unit of adsorbent at equilibrium (mg g–1) while KF and n are 

Table 1
Parameters of kinetic models

Heavy metal 
ions

Concentration 
(ppm)

qe,exp  
(mmol/g)

Lagergren-first-order constant Pseudo-second-order constant

qe,calc k1 R2 qe,calc k2 R2

Cr6+

50 33.09 21.76 0.093 0.95 31.94 0.019 0.9731
100 29.02 29.18 0.092 0.8957 32.57 0.0038 0.9532
150 40.28 18.57 0.0142 0.9945 36.6 0.0067 0.9215
200 40.42 19.62 0.032 0.9847 40.48 0.0076 0.9742

Fe3+

50 5.71 2.38 0.00603 0.8378 4.16 –0.148 0.8332
100 7.93 7.67 0.0029 0.9573 4.89 0.00368 0.3097
150 9.52 19.62 0.0204 0.9328 26.81 0.00211 0.0341
200 14.56 6.02 0.00903 0.872 7.23 –0.0058 0.6601

(a)

(b)

Fig. 10. (a) Langmuir and (b) Freundlich isotherm for Cr(VI) and Fe(III).
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Freundlich constant that shows the capacity of the adsorbent 
(mg  g–1) and the intensity of the adsorption mechanisms, 
respectively.

Fig. 10 and Table 2 show the Langmuir isotherm and 
Freundlich isotherm for Cr(VI) and Fe(III) adsorption on 
nanofiber bilayer and data of adsorption isotherm. The 
results confirmed the process of adsorption of Cr(VI) is 
due to the monolayer adsorption [43] onto the homogenous 
nanofiber membrane and the value of RL is between 0 and 
1, indicates a favorable adsorption process [44]. Meanwhile, 
for Fe(III) the data obey the Freundlich isotherm which sig-
nifies heterogeneous surface and the value of n  >  1 shows 
that the process of adsorption is by physical adsorption [45].

Fig. 11 shows the relationship between initial concentra-
tion and removal efficiency of the nanofibrous membrane. 
Both metal ions show significantly decreasing removal 
efficiency with increasing initial concentration. This is due to 
the adsorption sites of the nanofibrous membrane decrease 
at high concentration of heavy metal ion [46]. In addition, 
the removal efficiency of Cr(VI) were better than Fe(III). 
This phenomenon is due to the size of the ionic radius of 
the metal ion. The ionic radius of Fe(III) and Cr(VI) are 69 
and 58 pm, respectively. Higher ionic radius leads to lower 
net charge of the metal ion, thus, metal ion with lower ionic 
radius has high availability to adsorb other metal ion and 
leads to higher removal efficiency.

4. Conclusion

Based on the results obtained, the chitosan/PVA-PVDF 
bilayer nanofibrous membrane was successfully produced 
via electrospinning process. The bilayer membrane was 

characterized with FTIR, FESEM, swelling test, contact 
angle, and tensile test, while the efficiency was studied using 
adsorption kinetics and adsorption isotherm with Cr(VI) 
and Fe(III) metal ions. The stability of the bilayer membrane 
is proven by exhibiting better tensile properties compared 
to the monolayer nanofiber membrane. For adsorption 
isotherm, Cr(VI) obeys the Langmuir isotherm model and 
Fe(III) obeys the Freundlich isotherm. Adsorption kinet-
ics of Cr(VI) can be explained by the pseudo-second-or-
der kinetic model while Fe(III) can be illustrated with the 
Lagergren-first-order model. The adsorption rate was high 
at lower metal ions concentration for both metal ions.
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