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a b s t r a c t
In this work, mixing polyvinyl alcohol (PVA), chitosan (CS) and polyaniline (PANI) to prepare 
composite nanofibers with improved adsorption capacity using electrospinning technique has been 
studied, Thereby overcoming the difficulty of producing PANI nanofibers. The morphologies of the 
prepared nanocomposites were fully examined by SEM, Fourier transform infrared spectroscopy 
and X-ray diffraction measurements. Results indicated that the blended PVA/CS/PANI-based nano-
fibers exhibited better size morphology with smaller diameter than (PVA/PANI) and pure polyani-
line. Batch experiments were conducted using the prepared (PVA/PANI/CS) composite to study its 
affinity for dye decolorization. Different factors affecting the adsorption process such as contact 
time, initial dye concentration, temperature and pH were optimized. The maximum percentage 
removal was found to be 96% at 300 rpm using adsorbent dose of 60 mg and temperature of 25°C 
and initial dye concentration 50 ppm. Also, the adsorption isotherms, kinetics and thermodynamics 
for the removal process were studied. The adsorption process followed Freundlich isotherm and 
pseudo-first order kinetics.

Keywords: Electrospinning; Polyaniline; Chitosan; Polyvinyl alcohol; Nanofibers

1. Introduction

Dyes are common hazardous contaminants that can 
cause detrimental effects on environment and natural water 
sources. Hence, the removal of these organic pollutants from 
water system is a priority for ensuring a safe and clean envi-
ronment. From the view point of simplicity and economy, the 
acid dyes such as acid blue 25 removal is difficult because of 
the complexity of aromatic structure as well as the synthetic 
origin of these contaminants [1,2]. Thus, for the removal 
of such dyes from aqueous mediums, efficient treatment 

procedures are required; they tend to pass through the tradi-
tional treatment [3]. Adsorption has become the most widely 
used technology for simultaneous water deep purification 
[4–6]. Adsorption processes have many applications for the 
removal and recovery of metals, dyes, oils, organic mixtures 
and pharmaceuticals from water [7], with the gradual devel-
opments of new adsorbent materials, the field of adsorption 
became broader and specific in nature for particular pollut-
ants including heavy metals, phenols, antibiotics, and pesti-
cides [8]. Among the various adsorbents, polyaniline (PANI) 
containing plenty amount of positively charged amine and 
imine groups has drawn tremendous attention due to its ease 
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of synthesis, low cost, remarkable environmental stability 
and reversibility [9,10]. Although natural polymers are more 
favored because of their natural occurring, biocompatibility 
and biodegradability [11], synthetic polymers have better 
thermal stability and mechanical properties [12–14]. Thus, 
blending synthetic polymers such as polyaniline and poly-
vinyl alcohol with natural polymer such as chitosan may 
form a polymeric composite with physical and chemical 
properties compared with those of single components [12]. 
The advanced nanocomposites play an important role in the 
environmental protection due to their specificity, selectivity, 
and a wide range of usability; great efforts have been done 
to improve the chemical, mechanical, and thermal stabili-
ties of composites so they can be used as a selective mate-
rial for removal of heavy metals and dyes [15]. Nanofibers 
produced by electrospinning have attracted growing inter-
ests for biological and chemical separations. Electrospinning 
is a processing technique in which an electrically charged 
jet of polymer solution is captured on a grounded collector 
plate. The electrical charge of the polymer solution allows 
the polymer to form uniform and very thin fibers, commonly 
known as electrospun nanofibers. The electrospinning pro-
cess results in a product with a high surface area-to-volume 
ratio, which makes it ideal for many applications [16,17]. 
Some of the many uses of electrospun nanofibers include as 
adsorbents for protein purification [18,19], as scaffolds for 
tissue engineering [20], in nanocomposites, in materials for 
fuel cells, solar cells, Li-ion batteries, and supercapacitors 
[21] and in water treatment in the form of non-carbonized 
filtration membranes [22]. Electrospun nanofiber membranes 
can be used as either an adsorbent material [23]. In this 
work, different polyaniline mixtures with polyvinyl alcohol 
(PVA) or chitosan (CS)/PVA were electrospun to produce 
nanofibers (NFs). The influence of blending different poly-
mers was studied and optimized based on SEM images of 
the produced nanofibers. Batch experiments were conducted 
using the best prepared composites to study its efficiency for 
dye decolorization. 

2. Materials and methods

2.1. Materials

Chloroform, glacial acetic acid, glutaraldehyde (25% 
aqueous solution), hydrochloric acid (37%), potassium 
dichro mate and sodium hydroxide were purchased from 
Sigma-Aldrich, USA. Acid blue 25, ethanol, and N,N-
dimethylformamide were obtained from Fisher Scientific, 
USA. Chitosan was obtained from Bio Basic Inc., Canada. 
Aniline monomer was purchased from Oxford Lab Chem, 
India. Polyvinyl alcohol (M.wt = 72.000 g/mol, Degree of 
polymerization 1,700–1,800) was obtained from Qualikems 
Fine Chemicals Pvt. Ltd., India.

2.2. Preparation of polyaniline nanoparticles (PANI)

Polyaniline nanoparticles were synthesized by oxida-
tive polymerization of aniline monomer by using potassium 
dichromate as oxidizer according to the method of Zoromba 
et al. [24] with some modifications to simplify the preparation 
process and increasing the yield, where a mixture of 20 mL 
conc. HCl, 10 mL aniline monomer and 10 mL distilled water 

were stirred vigorously for 15 min, then 50 mL of K2Cr2O7 
(0.44 M) solution was added to the mixture dropwise during 
vigorous stirring, then the total volume was completed to 
100 mL by distilled water. The precipitated PANI was filtered 
and washed with ethanol and distilled water several times 
then dried at 60°C for 24 h in an oven.

2.3. Preparation of polyaniline nanofibers

Polyaniline nanofibers were prepared with electrospin-
ning of pure polyaniline solution. 100 mg of polyaniline 
were dispersed in 10 mL chloroform. The solution was 
stirred for 6 h. The solution was then set on an electrospin-
ning setup (NANON, Germany) to form the nanofiber on 
aluminum foil under a voltage of 35 kV. The working dis-
tance between nozzle to collector was 15 cm and the flow 
rate was 0.3 mL h−1. 

2.4. Preparation of PANI/PVA nanofibers

PANI/PVA nanofibers were prepared using direct elec-
trospinning route. All the electrospinning parameters were 
optimized. In a typical synthesizer, three solutions of differ-
ent PVA and PANI ratios were prepared by adding different 
amounts of PANI NPs to 5 wt.% PVA solution in a mixture of 
solvents (H2O:DMF) (1:1). The mixture is vigorously stirred 
at 80°C for 1 h till obtaining clear viscous solution then cooled 
to room temperature, three different amounts of PANI NPs 
(0.5, 1, 2.5 wt.%) were added to the previous solution with 
stirring till a viscous homogeneous solutions was obtained. 
The precursor solution was set on an electrospinning setup 
for nanofiber formation under a voltage of 35 kV. PANI/PVA 
nanofibers were collected on aluminum foil with a nozzle to 
collector distance of 15 cm and a flow rate of 0.3 mL/h. 

2.5. Preparation of (PVA/PANI/CS) nanofibers

Three solutions with different PVA, PANI and CS ratios 
were prepared by adding different amounts of PANI and CS 
to 5 wt.% solution of PVA in solvent mixture of (H2O:DMF). 
1.5 g of PVA was dissolved in 200 mL mixture of (H2O:DMF) 
(1:1) by vigorous stirring at 80°C for 1 h till complete dissolu-
tion, three different amounts of PANI NPs (3.0, 6.0 and 6.0 g) 
were added to the previous PVA solution under stirring till 
a viscous homogeneous solution was obtained. Then differ-
ent amounts of chitosan (3.0, 3.0 and 1.5 g) were dissolved in 
100 mL 3% acetic acid solution in distilled water by vigorous 
stirring at 80°C for 1 h. The chitosan solutions were mixed 
with the previously prepared (PVA/PANI) solution, respec-
tively. The precursor solution was set on an electrospinning 
setup for nanofiber formation under a voltage of 35 kV. PVA/
PANI/CS nanofibers were collected on aluminum foil with 
a nozzle to collector distance of 15 cm and a flow rate of 
0.3 mL/h. 

2.6. Cross-linking of PANI-composites

Cross-linking is a must for hydrophilic polymers (PVA 
and CS) to decrease their solubility in water and increase 
their stability under extreme conditions of temperature, pH 
and pressure [25]. The cross-linking reaction of the polymeric 
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chains was carried out by adding 100 µL glutaraldehyde for 
each 100 mL of polymer solution with vigorous stirring at 
60°C for 1 h. The solution was stored in refrigerator overnight 
before the electrospinning process [26].

2.7. Measurements and characterization of the prepared nanofibers

The morphology of the prepared PANI nanoparticles 
and fabricated PANI-based nanofibers was determined by 
using SEM (JEOL JSM 6360LA, Japan). The X-ray diffraction 
(XRD) pattern of the samples was determined by X-ray dif-
fractometer (Shimadzu-7000, Japan). The Fourier transform 
infrared spectroscopy (FTIR) spectra were determined by 
Fourier Transform Infrared Spectrophotometer (Shimadzu 
FTIR-8400 S, Japan). The thermal stability of the samples was 
studied by using Thermo Gravimetric Analyzer (Shimadzu 
TGA-50, Japan). Measurement of Brunauer–Emmett–Teller 
(BET) surface area was performed using N2 adsorption/
desorption isotherms using Belsorp II mini (BEL Japan Inc).

2.8. Batch adsorption for dye decolorization

The optimized PVA/CS/PANI composite nanofibers 
have been prepared with high thickness. A series of batch 
experiments were performed to study the removal of AB 25 
using these nanofibers. The several processing parameters 
affecting the adsorption process, contact time, initial dye 
concentration, temperature and pH were studied, as well 
as studying the adsorption isotherms, kinetics and thermo-
dynamics of the process have been considered. The initial 
and final dye concentrations for all solutions were measured 
using UV-Visible spectrophotometer (T70 single split beam), 
then the percentage of dye removal %R was calculated from 
the following equation:

%R
C C
C

=
−

×0

0

100  (1)

where %R is the percentage of removal, C0 and C are the ini-
tial and final dye concentrations (mg/L), respectively. The 
amount of dye adsorbed (qt) at different time intervals (t) was 
determined from the following equation:

q
C C
m
V

t
t=

−0  (2)

where qt (mg/g) is the adsorption capacity at time t, C0 (mg/L) 
is the initial dye concentration, Ct (mg/L) is the dye concen-
tration at time t, V (L) is the volume of the solution, and m (g) 
is the mass of PVA/CS/PANI nanofibers used [27].

3. Results and discussions

3.1. Electrospinning of PVA/PANI-based composite

No fibers are formed by the electrospinning of pure 
PANI solution; this is due to the low density of PANI poly-
mer solution, where pure PANI cannot form true solution 
because it is partially dissolved and it is just dispersed well 
with other polymers to be electrospun [28]. So, another 

polymer should be blended with PANI to obtain viscous 
polymer solution which can be electrospun easily. First, we 
blended PANI and PVA with different ratios. SEM images of 
the PANI-based composites nanofibers with different ratios 
of PVA to PANI (10:1), (5:1) and (2:1) are shown in Figs. 1a–c, 
respectively.

It was found that by increasing the concentration of 
PANI, the prepared nanofibers diameters decrease in addi-
tion to the decrease of beads number. But it was observed 
that by increasing the concentration of PANI to a certain 
amount, excess PANI nanoparticles were observed to be 
non-dispersed which restrict the electrospinning process due 
to block out of the syringe needle with time.

So, the optimum blending ratio of PVA/PANI is con-
sidered to be 5:1. As an attempt to decrease the diameter of 
the fabricated PANI composite nanofibers, the effect of add-
ing another polymer has been investigated.

3.2. Electrospinning of PVA/CS/PANI composite

The SEM images of the PVA/CS/PANI nanofibers with 
different concentration ratios of PVA:PANI:CS 5:1:1, 5:2:1 
and 5:2:0.5 are shown in Fig. 2, where the effect of PANI 
and CS concentrations can be explained. A uniform nanofi-
ber that is free from beads with average diameter of 35 nm 
was fabricated at PVA:PANI:CS mixing ratio of 5:1:1 as illus-
trated from Fig. 2a. The increase of PANI concentration in 
the presence of chitosan increases the average diameter to 
about 49 nm as shown in Fig. 2b. As shown from Fig. 2c, the 
average nanofiber diameter was increased to about 87 nm 
that implies the negative effect of decreasing chitosan 
concentration. 

All in all, adding chitosan to PANI-composites nanofi-
bers decrease the diameters of the formed nanofibers and 
decrease the presence of beads. Also, chitosan has a great 
effect on improving the morphology of the nanofibers, in 
addition to making the electrospinning process easier. Also 
chitosan’s functional groups and natural chelating properties 
make chitosan useful for the binding and removal of dif-
ferent types of water pollutants. Finally, the best prepared 
PANI-composite nanofibers were the nanofibers prepared 
by electrospinning of polymer solution with concentration 
ratio PVA:PANI:CS 5:1:1 at conditions of flow rate 0.3 mL/h, 
applied voltage 35 kV and travel distance 15 cm; this com-
posite will be used for further studies.

3.3. Characterization of the best fabricated PANI-based 
composite nanofiber

3.3.1. Transmission electron microscope

As shown in Fig. 3, the transmission electron microscope 
(TEM) images show the SEM micrographs of the prepared 
PANI-composite. Nanofibers with the concentration ratio of 
PVA:PANI:CS 5:1:1. 

3.3.2. X-ray diffraction

The XRD patterns of both PANI nanoparticles and the 
prepared optimum prepared fabricated electrospun nano-
fiber were compared as shown in Fig. 4, the XRD pattern 
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of the prepared polyaniline nanoparticles shows four sharp 
peaks at 2θ of 25.57°, 26.82°, 20.70° and 15.23°. This confirms 
the crystalline structure of the synthesized PANI due to pla-
nar nature of benzenoid and quinoid units in PANI chain 
[29]. The XRD pattern of the optimized PANI-based com-
posite nanofibers shows three peaks at 2θ of 20.14°, 19.34° 
and 21.02°, which are corresponding to the characteristic 
peaks of chitosan [30,31], polyvinyl alcohol [30,32,33] and 
PANI, respectively. This XRD pattern confirms that the 

PANI-composite nanofibers are less in crystallinity com-
pared with the synthesized PANI nanoparticles due to the 
presence of PVA and CS [33], where chitosan is known as a 
partially crystalline polymer, and its crystalline nature exhib-
ited due to the accumulation of linear chains in the structure 
of chitosan through inter-molecular and intra-molecular 
hydrogen bonding between hydroxyl and amino groups in 
chitosan [29,30], also polyvinyl alcohol is known by its semi 
crystalline nature [29,31,32]. 

Fig. 1. SEM images of (PVA/PANI) composites nanofibers.

Fig. 2. SEM images of PVA/CS/PANI composites nanofibers with different concentration ratios of PVA:PANI:CS. (a) 5:1:1, (b) 5:2:1, 
and (c) 5:2:0.5.

Fig. 3. TEM images of the optimized PANI-composite nanofibers with the concentration ratio of PVA:PANI:CS 5:1:1.
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3.3.3. Fourier transform infrared spectroscopy

FTIR spectrum of prepared PANI nanoparticles was 
compared with the spectrum of the optimum prepared 
PANI-based composite nanofiber in Fig. 5; the FTIR spec-
trum of pure PANI shows a prominent band at 3,435 cm−1 
due to N–H stretching vibrations [30,34]. Another weak 
band is observed at 2,918 cm–1, which is located in the C–H 
stretching region, this band indicates the number of hydro-
gen atoms bonded to benzene ring during doping [35]. The 
main chain characteristic bands at 1,554 and 1,458 cm–1 are 
attributed to the C=N and C=C stretching modes for the 
quinoid and benzenoid rings, respectively [20,26,27]. The 
band at 1,276 cm–1 is assigned to C–N stretching vibration 
[30,36,38]. There are another two bands; the first one at 
1,114 cm−1 due to C–H in-plane bending vibration and the 
second band at 798 cm−1 is assigned to C–H out-of-plane 
bending vibration of 1.4-disubstituted benzene ring [31,37].

The FTIR spectra of PANI-based composite NFs are 
shown in Fig. 5; the figure shows a strong broad band at 
3,300–3,500 cm−1, which is assigned to the stretching vibration 
of –OH and –NH2 groups and the intermolecular hydrogen 
bonds of the chitosan in addition to N–H stretching of pure 
PANI [30–32,35]. The band located at 2,916 cm–1 was assigned 
to stretching of –CH group [30,40]. The characteristic band 
around 1,709 cm−1 was assigned to the overlap of –C=O,  
–NH stretching of the secondary amide of chitosan [30,41–
43]. The main chain characteristic bands of polyaniline 
located at 1,601 and 1,416 cm–1 were attributed to the C=N and 
C=C stretching modes for the quinoid and benzenoid rings, 
respectively [31,37,38]. The band appeared at 1,269 cm–1 due 
to C–N stretching vibration of PANI [31,39,42]. The peaks 
at 1,094 and 1,060 cm−1 attributed to asymmetric stretching 
of the C–O–C of chitosan saccharide ring and the skeletal 
vibration of C–O stretching of PVA, respectively [43]. The 
band at 817.85 cm−1 is assigned to C–H out-of-plane bending 
vibration of 1,4-disubstituted benzene ring [31,37]. The peak 
located at 630.7 cm−1 was assigned to bending vibration –OH 
group [30]. For the FTIR spectrum after adsorption of AB 25, 
the PANI after adsorption had its C–H stretching at about 
2,360 cm–1. Some C=O and C=C groups were found at 1,644 
and 1,733 cm–1 wave numbers; the presence of some amines 
and nitro functional groups was located on peak numbers 

1,465 cm–1 (NH2 stretching), 1,562 cm−1 (NO2 asymmetric 
stretching) and 1,150 cm−1 (saturated secondary amine C–N 
stretch), respectively, which were attributed to the AB 25 
adsorbed onto PANI-based NFs. It was found also that band 
intensities that support the adsorption of dye molecules 
onto the pores of PANI composite were decreased after the 
adsorption [44].

3.3.4. Thermal gravimetric analysis

Fig. 6 investigates the comparison between the thermal 
gravimetric analysis (TGA) thermograms of the prepared 
PANI nanoparticles and the optimized PANI-based nanofi-
bers; three stages of weight loss are observed for pure PANI. 
PANI starts a slow decomposition since the beginning of 
the test because of the evaporation of the compounds with 
low molar weights such as water [45]. PANI shows high 
moisture loss due to hygroscopic nature [46]. A very small 
weight loss about 11.7% is observed in the temperature range 
of 100°C–375.5°C due to degradation of the dopant (HCl) 
[46,47], followed by continuous losses in the temperature 
range from 375.5°C to 599.7°C with maximum loss about 
31.8%. This weight loss is attributed to the decomposition as 
well as degradation of the polymer [47,48]. While the TGA 
thermogram of the optimized PANI-composite nanofibers 
shows three main stages of weight loss, PANI composite 
starts a slow decomposition since the beginning of the test 
at 25.2°C till 222.6°C because of the evaporation of the com-
pounds with low molar weights such as water and the dop-
ant HCl [45]. The maximum weight loss is observed in the 
temperature range of 222.6°C–390.8°C due to the structure 
decomposition of polyvinyl alcohol [48,49]; the final weight 
losses of about 25.4% are noticed in the temperature range 
from 390.8°C to 599.6°C that attributed to the degradation 
of polyaniline in addition to the degradation of saccharide 
structure of chitosan [47,48,51].

3.3.5. Surface area analysis

Surface area analysis has a key role in the adsorption 
phenomenon. The surface areas of the prepared nanofiber 
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composites before and after adsorption of AB dye were deter-
mined by adsorption–desorption of nitrogen gas through 
BET method. The obtained results showed that the surface 
areas of PANI-based nanofiber before adsorption process is 
57.759 m2/g; while after adsorption of AB, the surface areas 
decreased to 32.608 m2/g. The decrease in surface areas after 
adsorption of dye confirms the adsorption process [52].

3.4. Adsorption of acid blue 25 onto the optimized prepared 
PANI-based NFs

3.4.1. Effect of contact time and initial dye concentration

As shown in Fig. 7, the % removal of different initial dye 
concentrations (10, 30, 50, 70 mg/L) using the prepared PANI-
based NFs was plotted against the time. It was indicated that 
the dye removal increases with time and attains equilibrium 
at about 60 min for the concentrations 10 and 30 mg/L. While 
90 min is the equilibrium time for the solutions of concen-
trations 50 and 70 mg/L. It was observed that after equilib-
rium, the dye uptake reached a constant value of about 90%, 
where at this point the amount of dye being adsorbed on 
the polymer is in a state of dynamic equilibrium with the 
amount of dye desorbed [53]. The dye uptake was rapid at 
the beginning of the adsorption process due to the presence 
of large amount of active sites on the adsorbent surface, thus 
dye could interact with these sites easily. After reaching the 
equilibrium time, saturation of the active sites on the adsor-
bent surface occurs. So, there is no considerable change in 
dye removal [30].

The equilibrium time is also dependent on the initial 
concentrations of dye. Specifically, the time to reach equi-
librium increases from 60 to 90 min with an increase in ini-
tial concentration from 10 to 70 mg/L. This behavior may 
be due to the primary stages of adsorption, a large num-
bers of free adsorption sites are available on the adsorbent 
surface; however, as time passes, these sites are occupied 
by dye molecules and the adsorption capacity remains con-
stant after equilibrium [38]. Hence, a contact time of 60 min 
was selected as the optimum removal time for the further 
experiments.

The adsorption kinetics for dye removal was investi-
gated using the pseudo-first-order and pseudo-second-or-
der kinetic models, which can be expressed by the following 
equations, respectively:

ln lnq tq q ke t e−( ) = − 1  (3)

t
q k q

t
qt e e

= +
1

2
2  (4)

where qe and qt are the amounts of AB 25 (mg/g) adsorbed 
at equilibrium and at time t (min), respectively, k1 (1/min) 
is the adsorption rate constant of pseudo-first-order kinetic 
model and k2 (g/mg min) is the pseudo-second-order rate 
constant [38,53–55]. Fig. 8a, showed the linear plotting of ln 
(qe–qt) vs. (t), the rate constant k1 and the value qe for AB 25 
removal can be determined graphically. While by plotting t/
qt vs. (t) according to Eq. (4), a straight line is obtained with 
slope (1/qe) and intercept (1/k2 qe

2) as shown in Fig. 8b. The 
calculated parameters of the two kinetic models are tabu-
lated in Table 1.

As shown in Table 1, the adsorption kinetics data of acid 
blue 25 on the best prepared PANI-based composite nano-
fibers are in agreement with the pseudo-first-order model, 
where the values of correlation coefficients, R2, are found to 
be all greater than 0.96 for all the studied concentrations. 

3.4.2. Adsorption isotherms

The sorption isotherm models are fundamental to 
investi gate the mechanism of adsorption. The Langmuir, 
Freundlich and Temkin isotherm models are widely used 
to describe the interactive behavior between the adsorbate 
and the adsorbent [30,56,57]. The linear form of Langmuir, 
Freundlich and Temkin isotherm equations can be expressed 
as follows:

Langmuir isotherm:

C
q K q

C
q

e

e L m

e

m

= +
1  (5)

Freundlich isotherm:

ln ln lnq K C
ne f
f

e= +
1  (6)
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Temkin isotherm:

q RT
b

RT
b

A Ce
t

t
t

e= +ln ln  (7)

where Ce (mg/L) is the equilibrium dye concentration, qe 
(mg/g) is the amount of dye adsorbed at equilibrium, qm 
(mg/g) is the maximum adsorption capacity, and KL (L/mg) 
is the Langmuir equilibrium constant which indicates the 
nature of adsorption [58]. Kf (L/g) and nf are the Freundlich 
constants related to the adsorption capacity and the adsorp-
tion intensity, respectively [30,59]. At (L/g) is the Temkin 
adsorption potential which represents the adsorbate–adsor-
bent interaction and related to the maximum binding energy, 
bt (J/mol) is constant related to the heat of sorption, R is the 
ideal gas constant (8.314 J/mol K) and T is the temperature 
(K) [27,55]. The three isotherm models were graphically 

represented in Fig. 9, the isotherm parameters can be deter-
mined in Table 2. The Langmuir parameters qm value was 
about 431.89 mg/g indicating excellent adsorption capacity 
for the fabricated PANI-based composite nanofibers. 

From the Freundlich parameters, the value nf = 1.077 is 
more than unity which means that the adsorption of AB 25 
onto the prepared PANI-composite nanofibers is a favorable 
sorption process.

Comparing the correlation coefficients of the three sorp-
tion isotherm models Langmuir, Freundlich and Temkin, it 
was indicated that Freundlich model is the perfect model 
for describing the adsorption of AB 25 onto PANI composite 

-1

0

1

2

3

4

5

0 10 20 30 40 50

ln
 (q

e-
 q

t) 

t, (min)  

(a) 10 ppm 30 ppm 50 ppm 70 ppm

0

1

2

3

4

5

0 10 20 30 40 50 60

t/
q

t (
m

in
 g

/m
g)

 

t, (min)  

(b) 10 ppm
30 ppm
50 ppm
70 ppm

Fig. 8. (a) Pseudo-first-order and (b) pseudo-second-order 
kinetic graphs for the adsorption of AB 25 onto the prepared 
PANI-based composite NFs.
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Fig. 9. (a) Langmuir, (b) Freundlich and (c) Temkin adsorp-
tion isotherm graph for AB 25 sorption by using the optimized 
PANI NFs.

Table 1
Pseudo-first-order and pseudo-second-order kinetic parameters for adsorption of AB 25

Experimental Pseudo-first-order Pseudo-second-order

Initial AB 
25 Conc. (mg/L)

qe experimental 
(mg/g)

k1  

(min–1)
qe calculated 
(mg/g)

R2 k2  

(g/mg min)
qe calculated 
(mg/g)

R2

10 11.50 0.0623 15.93 0.9635 7.97 × 10–4 23.05 0.8365
30 34.20 0.0201 34.26 0.9710 4.59 × 10–4 42.19 0.8196
50 56.69 0.0170 57.44 0.9828 1.27 × 10–4 87.79 0.8602
70 78.75 0.0158 81.45 0.9761 4.36 × 10–5 158.86 0.6395
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nanofibers indicating excellent fitting of adsorption data to 
Freundlich model for heterogenous multilayer sorbent.

3.4.3. Effect of temperature

As shown in Fig. 10, the adsorption capacity of PANI-
based NFs for AB 25 increases with increasing the tem-
perature increase, proving that the sorption process is 
endothermic, where the temperature increases the diffusivity 
of dye particles [38]. 

3.4.4. Thermodynamic studies

The change in standard free energy (ΔG°), standard 
enthalpy change (ΔH°), and standard entropy change (ΔS°) 
of adsorption were calculated from the following equations 
[60,61]:

∆G RT KC° = − ln  (8)

K
C
CC
A

S

=  (9)

where ΔG° is the standard free energy change (kJ/mol), R 
is the universal gas constant (8.314 J/mol K), KC is the equi-
librium constant and T is the temperature in K and CA and 
CS are the equilibrium concentrations of dye on adsorbent 
(mg/g) and in the solution (mg/L), respectively [59,60]:

The free energy (ΔG°) for the specific sorption is 
calculated by using the following equations [59,60]:

∆ ∆ ∆G H T S° ° °= −  (10)

lnK S H
R RTC = −
° °∆ ∆  (11)

where ΔH° and ΔS° are the standard enthalpy change (kJ/mol) 
and the standard entropy change (kJ/mol K), respectively. 
ΔH° and ΔS° can be determined graphically from the van’t 
Hoff plot of (ln KC) vs. (1/T), as shown in Fig. 11, where the 
slope and intercept of this plot equals to –∆H/R and ∆S/R, 
respectively [60,61].

The calculated thermodynamic parameters obtained are 
summarized in Table 3. The calculated negative values of 

ΔG° indicate the feasibility and spontaneous nature of the 
sorption processes under standard conditions. It is also 
observed that ΔG° becomes more negative with raising tem-
perature, confirming greater sorption at higher tempera-
tures [42,57,61–63]. The positive value of enthalpy change 
∆H° confirms that the adsorption process is endothermic. 
The value of ∆H° could give information about the type 
of adsorption. The magnitude of ∆H° for physisorption is 
2.1–20.9 kJ/mol and for chemisorption is 20.9–418.4 kJ/
mol [30,47,48,50]. The ∆H° value of this adsorption process 
equals to 11.212 kJ/mol for PANI composite nanofibers, indi-
cating that the adsorption process is physisorption process. 
The positive value of ∆S° reflects the affinity of the adsor-
bent material for AB 25 as well as increase of randomness at 
solid–solution interface during dye adsorption [42,60,61,63].

Table 2
Isotherm parameters for AB 25 sorption by using the optimized 
PANI composite nanofibers

Langmuir 
R2 0.928
qm (mg/g) 431.89
KL (L/mg) 0.0311

Freundlich 
R2 0.997
nf 1.077
Kf (L/g) 13.011

Temkin 
R2 0.952
bt (J/mol) 79.93
At (L/g) 1.42
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Fig. 10. Effect of temperature on the AB 25 removal by using the 
prepared PANI-based composite NFs.
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Fig. 11. van’t Hoff plot of ln KC against 1/T for AB 25 adsorption 
by using the optimized PANI NFs.

Table 3
Thermodynamic parameters of the adsorption of AB 25 onto 
the optimized prepared PANI-based composite nanofibers

Temperature  
(K)

∆G°  
(kJ/mol)

∆H°  
(kJ/mol)

∆S° 
(kJ/mol K)

298 –6.022 11.212 0.058
318 –7.178
333 –8.046
348 –8.913
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3.4.5. Effect of pH

Solution pH has a great effect on acid blue 25 removal 
with inhibition observed at high pH values as shown in 
Fig. 12. The acid blue 25 decolorization by PANI-based nano-
fibers kept nearly 80% in the pH range of 3.0–7.0. Further 
increase of the solution pH above 7.0, the removal decreased 
to about 49% at pH 9.0 and the lowest % dye removal was 
observed at pH 11.0 [56,57].

This could be explained by the fact that at low pH, 
amine groups of polyaniline and chitosan are easily pro-
tonated, which induces an electrostatic attraction between 
dye molecules and adsorption sites, while at high pH more 
OH− ions are available to compete with the anionic sulfonic 
groups of acid blue 25 for the adsorption sites of polyaniline 
and chitosan. This phenomenon decreases the number of 
adsorption sites for acid blue 25 [57].

The mechanism of this electrostatic attraction can be 
explained as following. Dye molecules in aqueous solution 
dissociated as: 

Dye SO Na Dye SO Na− → − +− +
3 3  (12)

In acidic pH, the amino group of the prepared composite 
protonated as: 

R NH H O R NH H O− + → − ++ +
2 3 3 2 .  (13)

As a final point, the adsorption process incomes through 
the electrostatic attraction between the two counter ions 
(positively charged nitrogen atom and the dye anion; Fig. 13). 

R NH Dye SO R NH O S Dye− + − → − − − −+ − +
3 3 3 3 .  (14)

Finally, by comparing the dye-adsorption performance of 
PANI-composite nanofibers with other adsorbents which is 
widely used in practice, we could find that PANI-composite 
nanofiber prepared in the present work provides a higher 
maximum adsorption capacity Qmax. The term maximum 
adsorption capacity Qmax (mg/g) was introduced (the amount 
adsorbed per mass of adsorbent) to compare between the 
produced PANI-composite nanofibers and other adsorbent 
used for removal of AB 25. Fig. 14 shows a plot of Qmax for 
different adsorbents and the created PANI-composite nano-
fibers. According to this term, Noby et al. [64] studied the 

adsorption of AB 25 onto different morphologies of synthe-
sized polyaniline nanorods and nanoparticles with maxi-
mum dye adsorption capacity Qmax of the two nanostruc-
tured materials 78 and 70 mg/g, respectively, has studied 
the correlation between the adsorption capacity of commer-
cial activated carbons and the pore size distributions in the 
removal of anionic dyes such as AB 25 where the maximum 
dye adsorption capacity Qmax was found to be 345 mg/g [65]. 
Jiang et al. [43] studied the preparation of waste tea activated 
carbon through chemical activation with a novel activating 
agent potassium acetate and using it for the sorption of AB 25 
and the maximum dye adsorption capacity Qmax was found 
203.34 mg/g. In the present work, PANI-composite nanofi-
bers manifested Qmax = 431.89 mg/g. Therefore, an efficient 
adsorption process could be developed with the created 
PANI nanostructures.

4. Conclusion

The characteristics of PANI represented in the crystal-
line nature and thermal stability make it a good choice to be 
electrospun and used in many applications. However, pure 
PANI has low electrospinnability, blending it with other 
polymers such as CS and PVA has a great potential for elec-
trospinning uniform PANI-based NFs with low diameters. 
The novelty in this work for the electrospinning of PANI 
easily through using mixture of solvents, namely, DMF for 
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Fig. 12. Effect of pH on the AB 25 removal by using the optimized 
PANI composite NFs. 
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dispersing PANI NPs and water for dissolving the other poly-
mers (PVA and CS), where the increase of PANI concentra-
tion was found to decrease the nanofibers diameters, also the 
addition of chitosan was noticed to decrease the diameters 
of nanofibers and make the electrospinning process easier. 
The prepared NFs were found to have high thermal stabil-
ity, which make them available for use at high temperatures 
for many applications such as decolorization of wastewater 
contaminated with AB 25. These NFs showed high adsorp-
tion capacity for acidic dyes such as AB 25. By studying the 
parameters of AB 25 adsorption onto the optimum PANI-
based NFs, it was found that the process is physisorption, 
endothermic and spontaneous. Also, it was observed that at 
high pH more OH− ions will be available to compete with the 
anionic sulfonic groups of AB 25 for the adsorption sites of 
polyaniline and chitosan and the removal inhibition occurs.
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