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ABSTRACT

Within the present study, polyacrylonitrile (PAN) nanofibers were produced by
electrospinning technique. The surface of the webs was then modified by three different
sources of amine-containing compounds, including diethylamine, diethylenetriamine, and
triethylenetetramine. Chemical, morphological, and surface properties of nanofibers were
investigated by attenuated total internal reflection (ATR) spectroscopy, scanning electron
microscopy (SEM), and atomic force microscopy (AFM), respectively. The maximum graft-
ing yield of amine groups to PAN nanofibers was calculated by the gravimetric method.
The ATR results indicated that amide groups were formed on the fiber surface by a chemi-
cal reaction between the nitrile groups of PAN and the amine groups of amine-containing
compounds. The SEM images showed a rough, conglutinated, and intertwined surface mor-
phology of nanofibers induced by amine-containing materials. The AFM results showed that
after the functionalization process, the surfaces of the PAN nanofiber were rougher when
compared with untreated PAN nanofiber. Finally, their dye removal ability was evaluated
using UV–vis spectroscopy using Direct red 80 (DR80) and Direct red 23 (DR23) as model
compounds. The amounts of the dye adsorbed onto the functionalized PAN nanofibers
(FPAN) were influenced by the initial pH, FPAN dosage, contact time, and the initial
concentration of the dye solutions. It was found that both dyes adsorption followed the
Langmuir isotherm. In addition, adsorption kinetics of both dyes was found to conform to
pseudo-second-order kinetics. We finally found that the functionalized PAN nanofibers
were good candidates for anionic dye adsorption from colored wastewater with high dye
adsorption capacity
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1. Introduction

Industrial wastewaters have been recognized as one
of the largest sources of water contamination. Discharge
of pollutants with a variety of organic compounds and
toxic substances is harmful to human and aquatic life
[1–7]. Among the various industries, textile production
consumes large quantities of water in different steps
and there are restricted roles to inhibit discharging of
highly colored wastewaters from dyeing houses [8,9].
As a result, the removal of dyes from waste effluents
has become environmentally critical. Among several
methods, the adsorption process has been recognized as
one of the most effective techniques for dye removal
from wastewater. Many adsorbents are introduced
including activated carbon, perlite, soybean hull,
sawdust, kaolinite clay, and rice straw [10]. However,
they suffer from some limitations such as poor heat,
mechanical resistance, and relatively low adsorption
capacity for pollutants [11]. Polymeric adsorbents have
been increasingly used for dye removal due to their
wide variation in surface chemistry, regenerability on
site, and porosity [12]. The adsorption capacity of
adsorbents can be improved by introducing various
functional groups (carboxyl, tetrazine, sulfonic, amino,
and phosphoric groups) on the surface with selective
adsorption affinity to targeted adsorbates [13–16].
Among them, amine-functionalized adsorbents are
highly considered because of their ability in formation
of strong complexes with pollutants [17,18].

Polyacrylonitrile (PAN) is known as an environ-
mental stable polymer that can be easily electrospun
into nanofibers. Recently, many studies have been
conducted on PAN surface modification for adsorp-
tion of heavy metal ions [19–21]. Among them,
ethylenediamine and diethylenetriamine compounds
are widely used. However, there is no report on
investigation of dye removal ability of PAN nanofibers
modified by amine-containing compounds.

In this study, the surface of electrospun PAN
nanofibers was chemically modified by amine-
containing compounds of diethylamine, diethylenetri-
amine, and triethylenetetramine. The anionic dye
adsorption of resultant nanofibers was studied by
considering several parameters including contact time,
adsorbent amount, dye concentration, and solution
pH. Furthermore, the equilibrium data were analyzed
using various adsorption isotherms.

2. Experimental section

2.1. Materials

Polyacrylonitrile copolymer (93.7% acrylonitrile
and 6.3% vinylacetate with Mw = 100.000 g/mol) was

purchased from Isfahan Polyacryl Inc. (Iran). N,N-
dimethylformamide (DMF), potassium carbonate,
diethylamine (DEA, hereafter), diethylenetriamine
(DETA, hereafter), and triethylenetetramine (TETA,
hereafter) were used as received from Merck. DR80
was supplied by AlvanSabet Co. Iran. The chemical
structures of the dyes are shown in Fig. 1.

2.2. Electrospinning of PAN nanofibers

Electrospinning solution was prepared by 10 w/w%
PAN copolymer dissolved in DMF. Mechanical stirring
was applied for 12 h at room temperature in order to
obtain homogeneous PAN solution. The as-prepared
solution was then electrospun under a fixed electric
field of 17 kV using a Gamma High Voltage Research
RR60power supply onto aluminum (Al) sheet which
was used as the collector. The distance from the tip to
the collector was 16 cm and the feeding rate of the poly-
mer solution was 1.2 mL/h. The electrospun nanofibers
mat was placed at a vacuum oven (75˚C, 8 h) to ensure
evaporation of the solvent.

2.3. Preparation of surface-functionalized PAN nanofibers

The functionalized PAN nanofibers (hereafter,
FPAN) were synthesized by immersing nanofibers in
a mixture of an amine-containing compound
(16.5 mL), potassium carbonate (catalyst; 1 g), and
distilled water (33.5 mL) in a 250-mL beaker connected
to a reflux column. The reactions for diethylamine
(hereafter, FPAN1), diethylenetriamine (hereafter,
FPAN2), and triethylenetetramine (hereafter, FPAN3)
compounds were carried out at 95˚C for 6, 3, and 2 h,
respectively. The nanofibers were then separated from
the solution, rinsed with distilled water up to a near
neutral pH value, and finally dried at 80˚C in an oven
overnight.

2.4. Characterization

The ATR spectra of untreated PAN and various
FPAN nanofibers were examined by the ATR
spectroscopy (ThermoNicolet NEXUS 870 FTIR from
Nicolet Instrument Corp., USA). The surface morphol-
ogy and topography of all electrospun nanofibers were
investigated using a scanning electron microscope
(SEM, LEO1455VP, ENGLAND) and atomic force
microscope (AFM, DualScope C-26, DENMARK),
respectively.

The conversion of nitrile groups into amidine
groups (Cn %) on the surface of each FPAN nanofiber
was calculated by gravimetry and estimated based on
the following equation [22]:
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Cn ¼ W1 �W0

W0
� M0

M1
� 100 (1)

where W1 and W0 are the weights of the PAN nanofi-
bers after and before the reaction, respectively; M0 is
the molecular weight of the acrylonitrile monomer
(i.e., 53 g mol−1), and M1 is the molecular weight of
each amine compounds (DEA = 73.14, DETA = 103.17,
TETA = 146.23 g mol−1).

Surface chemical characterization was performed
by X-ray photoelectron spectroscopy (XPS) using
a Thermo ESCALAB 280 system with Al/Kα
(hv = 1,486.6 eV) anode mono X-ray source.

A known weight of the nanofiber is decomposed
by digestion with concentrated sulfuric acid, prefer-
ably in the presence of a catalyst (e.g. a mixture of
selenium, copper sulfate, and potassium sulfate) to
accelerate the process; ammonium sulfate is produced.
An excess of sodium hydroxide solution is added to
the diluted reaction mixture, and the ammonia is
distilled in steam, and absorbed in excess of 0.04 N
hydrochloric or sulfuric acid. Titration of the residual
mineral acid with 0.04 N sodium hydroxide gives the
equivalent of the ammonia obtained from the weight
of sample taken. The percentage of nitrogen can be
easily calculated.

Calculate the percentage of nitrogen in the
nanofiber from the following formula:

Percentage of nitrogen ¼ 100 � V1 � V2ð Þ � 0:5603

W
(2)

where V1 = volume (ml) of 0.04 N hydrochloric acid
consumed in the determination, V2 = volume (ml) of

0.04 N hydrochloric acid consumed in the blank, and
W = weight (mg) of nanofiber taken.

2.5. Adsorption studies

Different FPAN nanofibers specimens were indi-
vidually placed in a batch containing 30, 70, 250 mL
solution of DR80 and DR23 with a concentration of
40 mg/L to evaluate the adsorption capacity of
FPAN1, FPAN2, and FPAN3, respectively. The pH of
each solution was adjusted to a desired value using
HCl or NaOH solution. Single—beam UV spectropho-
tometer (CECIL CE2021) is used for adsorption
measurements. The amounts of decolorization from
solutions were determined as a function of time
according to the following equation:

Dec % ¼ A0�A

A0
� 100 (3)

where A0 and A are dye concentrations at t = 0 and t,
respectively.

The effect of adsorbent dosage on the dye removal
was studied by contacting 30, 70, 250 mL of each dye
solution (for FPAN1, FPAN2, and FPAN3, respec-
tively) with initial concentration of 40 mg/L and pH
2.1 at room temperature for 60 min with adsorbents.
Different amounts of nanofibers were applied to
remove DR80 and DR23.

The effect of pH on the dye removal was investi-
gated by contacting 30, 70, 250 mL of dye solution
with nanofibers (i.e. 0.007, 0.003, and 0.003 g for
FPAN1, FPAN2, and FPAN3, respectively) and initial
dye concentration (40 mg/L) at room temperature for
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Fig. 1. The chemical structure of dyes.
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60 min. Different pH values (2.1, 6.5, and 9.1) were
used to remove dyes.

Finally, the effect of the initial dye concentration
on the dye removal was investigated by contacting 30,
70, 250 mL of the dye solution with nanofibers
(i.e. 0.007, 0.003, and 0.003 g for FPAN1, FPAN2, and
FPAN3, respectively) at pH 2.1 and room temperature
for 60 min. Different initial dye concentrations (40, 60,
80, and 100 mg/L) were applied to remove dyes.

3. Results and discussion

3.1. ATR-FTIR of various PAN nanofibers

The ATR spectra of the untreated PAN and vari-
ous FPAN nanofibers are shown in Fig. 2. The
untreated PAN spectrum (curve a) exhibited the
absorption peaks of stretching vibrations for OH
groups at 3,542 cm−1, C � N and at 2,244 cm−1, C=O
bond at 1,741 cm−1 [23,24], CH stretching in CH, CH2,
and CH3 groups at 2,941 cm−1 [24,25], and C–O
groups at 1,200–300 cm−1 [26]. These assignments
suggest that PAN is a copolymer containing both acry-
lonitrile and vinylacetate polymers. In the spectra of
the FPAN nanofibers, the band intensity at 3,445 cm−1

corresponding to overlapping of the stretching vibra-
tion bands of OH and NH groups increased and
shifted to the lower wave numbers from 3,542 to
3,445 cm−1 compared to the untreated PAN. It can be
concluded that many OH and NH groups were intro-
duced or formed on the surface of FPAN nanofibers
by the hydrolysis of ester groups in PAN and immobi-
lization of amine compounds. Such a result is further
supported by decreasing in the intensity of the band
at 1,726 (relating to C=O bond) cm−1 (for FPAN1) and
disappearance of the band (at 1,726 cm−1) for FPAN2
and FPAN3nanofibers confirming hydrolysis of the
acetate ester groups. In the spectra of FPAN nanofi-
bers, the presence of new absorption band at
1,560 cm−1, and shifting of a band from 1,629 to
1,665 cm−1 can be assigned to the bending vibrations
of secondary amines and the stretching vibrations of
amidine group (N–C=N), respectively. The intensity of
a peak associated with nitrile groups at 2,244 cm−1

also decreased for FPAN1 nanofibers, and disappeared
for FPAN2 and FPAN3nanofibers. These changes
indicate the reaction between nitrile groups of PAN
copolymer and amine groups of amine compounds.
With regard to Fig. 2, it is further obvious that the
intensity of a band at 1,665 cm−1 (amidine group)
was increased when the number of amine group
increased in samples modified with amine-containing
compounds. It can be concluded that the number of
converted nitrile group to amidine group was

increased with increasing the number of amine groups
in amine compound. Furthermore, it is worth
mentioning that the number of nitrile groups on the
surface of FPAN nanofibers modified with DETA and
TETA compounds were too low by the reason of high
conversion amount of nitrile to amidine groups and
difficult for detection by ATR spectrophotometer.

3.2. Morphology of various surface-modified PAN
nanofibers

Fig. 3 shows SEM images of untreated PAN and
different PAN nanofibers modified by amine-contain-
ing compounds. As it can be seen, the surface of all
FPAN nanofibers became rougher than the untreated
PAN nanofiber. FPAN3 showed the roughest surface
among the various FPAN nanofibers. The SEM image
of FPAN1 nanofibers showed some defects, cracks,
and signs of degradation on the surface of nanofibers
probably due to more residence time of FPAN1 nano-
fibers in high temperature and alkaline condition of
surface grafting process. From the images, it is clear
that the FPAN3 nanofibers were conglutinated to each
other at touching points and became more intertwined
because of stronger crosslinking role of triethylenete-
tramine compared with other amine-containing
compounds. Furthermore, the average diameter of
nanofibers increased from 230 (for untreated PAN
nanofiber) to 330, 270, and 310 nm for FPAN1, FPAN2,
and FPAN3, respectively, due to swelling of nanofi-
bers after the functionalization process. It is obvious
that the residence time in functionalization process
had a significant effect on fiber diameter.

3.3. AFM analysis

Fig. 4 shows the AFM images of the untreated
PAN and different FPAN nanofibers. AFM technique
can give information on the changes in the surface
roughness of a sorbent. The average roughness (Sa) of
the surfaces can be calculated from the roughness pro-
file obtained from the AFM images. For the untreated
PAN, FPAN1, FPAN2, and FPAN3 nanofibers, the
value of Sa was 16.3, 25.3, 22.5, and 27.5 nm, respec-
tively, which indicates that the surfaces of the PAN
nanofiber became rough after the functionalization
process. As it can be seen, the average roughness of
FPAN1 nanofiber is higher than FPAN2 nanofiber.
Furthermore, the average roughness of FPAN3 nanofi-
ber is higher than other samples possibly due to more
reactivity for the sample treated with TETA in com-
parison with other amine-containing compounds. It
can be elucidated that surface roughness of fibers is
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Fig. 2. ATR spectra of (A) untreated PAN nanofiber, (B) FPAN1 nanofiber, (C) FPAN2 nanofiber, and (D) FPAN3 nanofiber.
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highly related to the reactivity of amine-containing
compound and duration of process as well as the tem-
perature. We also found that the reactivity of amine-
containing compound has the most influence on the
roughness of fibers.

3.4. Optimization of grafting conditions

In order to optimize grafting process, the time of
reaction is varied to study the conversion amount of
nitrile groups in PAN nanofibers (Cn %). The dye
removal percentage was investigated afterwards and
results are shown in Fig. 5 and Table 1. As it can be
seen, the amount of conversion (Cn %), as well as the
dye removal percentage, increased with increasing the
time of reaction. The grafting time was different for
different amine-containing compounds used in this
study due to the variation of molecular weight. Since
the boiling point of a compound has a direct relation
with molecular weight, a compound with more
molecular weight requires less reaction time. It is sta-
ted that the conversion amount of nitrile groups in
PAN increased with increasing the temperature of

reaction because of the endothermic conditions [26].
The temperature of the reaction batch was fixed at the
boiling point of DEA (55.6˚C), so the time required for
completion of the reaction increased to 6 h. It was esti-
mated that, the required time for grafting increases
about 1 h with each 10˚C decreasing from the boiling
point of an amine-containing compound compared to
the chosen reaction temperature (95˚C). Based on our
primary results, the optimum reaction time for grafting
of PAN nanofibers was determined to be 6, 3, and 2 h
for DEA, DETA, and TETA compounds, respectively.

The chemical composition of various nanofibers
was analyzed by XPS and results are shown in Table 2.
As can be seen, the percentage of nitrogen atoms
detecting on the surface of nanofiber increased due to
immobilization of amine group on the surface after
the functionalization process. This increment was
intensified when a heavier amine-containing com-
pound was used. Moreover, the lower O/N ratio
might imply a higher content of amine functional
groups at the nanofiber surface. Also, the percentage
of nitrogen was evaluated by KJELDAHL method
[27]. From the results, it is clear that the percentage of

Fig. 3. SEM images of (A) untreated PAN nanofiber, (B) FPAN1 nanofiber, (C) FPAN2 nanofiber, and (D) FPAN3 nanofiber.
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nitrogen increased after the functionalization process
due to the incorporation and generation of amine
group to the PAN polymer.

3.5. Adsorption studies

3.5.1. Effect of adsorbent dosage

The plot of dye removal (%) versus time (min) at
different FPAN nanofiber dosages (g) is shown in
Fig. 6. The adsorption process for the FPAN nanofi-
bers was found to be rapid. The amount of adsorbed
dyes onto the FPAN nanofibers increased rapidly in
the first 5 and 15 min for DR80 and DR23, respec-
tively, and then slowed down reaching a constant
value. This rapid adsorption is due to availability of a

great number of free adsorptive sites and the high
concentration of the dyes used. The decrease in the
dye removal rate after the first 5 and 15 min can be
attributed to the decrease in the adsorptive sites as
well as the dye concentration. However, the adsorp-
tion capacity (milligrams of adsorbed dye per gram of
adsorbent) decreased with increasing the amount of
sorbent because of aggregation of adsorption sites.
This further resulted in a decrease in total adsorbent
surface area available to the dye molecules and an
increase in diffusion path length [28]. High percentage
of dye removal has a direct relation with the introduc-
tion of active sites on the surface of nanofibers. Based
on the results, the optimum dosage of FPAN1,
FPAN2, and FPAN3 nanofibers is 0.007, 0.003, and
0.003 g, respectively, for both DR80 and DR23.

Fig. 4. AFM images of (a) untreated PAN nanofiber, (b) FPAN1 nanofiber, (c) FPAN2 nanofiber, and (d) FPAN3 nanofiber.
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Fig. 5. Effect of grafting time on the dye removal (A) FPAN1, V = 30 mL, 0.007 g, (B) FPAN2, V = 70 mL, 0.003 g, and
(C) FPAN3, V = 250 mL, 0.003 g, at pH 2.1, 40 ppm (dye concentration).

Table 1
Conversion (Cn, in %) of the nitrile group of the functionalized PAN with various amine compounds

FPAN1 FPAN2 FPAN3

Time (h) Cn (%) Time (min) Cn (%) Time (min) Cn (%)

1 7.33 30 10.25 30 19.14
2 11.21 60 14.16 60 28.59
3 13.56 90 17.02 90 49.46
4 21.21 120 19.55 120 63.55
5 29.21 150 38.44 150 63.70
6 43.47 180 61.74 180 63.75
7 43.59 210 61.82
8 43.61 240 61.91
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3.5.2. The Effect of pH

The effect of pH on the adsorption of DR80 and
DB23 onto various FPAN nanofibers is shown in
Fig. 7. For both dyes, the adsorption capacity
increased when the pH was decreased. Maximum
adsorption of anionic dyes occurred at acidic pH. At
lower pHs, more protons will be available to
protonate amino groups of FPAN nanofibers to form
NHþ

3 groups, thereby increasing the electrostatic
attractions between negatively charged dye anions
and positively charged adsorption sites occurred. As a
result, an enhancement is observed in the dye
adsorption [29]. When the pH of the solution is raised,
a negatively charged site on the adsorbent is
generated which is not favorable for the adsorption of
anionic dyes because of the electrostatic repulsion [30].
Lower adsorption of DR80 and DB23 dyes at alkaline
pH can also be due to the presence of excess OH− ions
competing with the dye anions for the adsorption
sites.

3.5.3. The effect of initial dye concentration

The influence of variation of the initial dye concen-
tration on adsorption efficiencies onto various FPAN
nanofibers was assessed and the results are shown in
Fig. 8. It is clear that the higher the initial dye concen-
tration is, the lower the percentage of dye will be
observed. The amount of the adsorbed dye onto the
adsorbent raises with an increase in the initial dye
concentration. This can be due to the increase in the
driving force of the concentration gradient at the
higher initial dye concentration (if the amount of
adsorbent is kept constant). It can be further stated
that repulsion phenomenon occurs between adsorbed
dye molecules on one hand, and dye molecules in the
aqueous solution on the other hand resultsin a
decrease in removal percentage of dye from solution.

It should be noted that in the case of lower
concentrations, the ratio of initial number of dye
molecules to the available adsorption sites is low,

and subsequently, the fractional adsorption becomes
independent of initial concentration [31–33].

3.5.4. Adsorption isotherms

The adsorption isotherms investigate the relation-
ship between the mass of the dye adsorbed onto the
adsorbent and liquid phase of the dye concentration
[34,35]. Various mathematical models can be used to
analyze adsorption data. The most common ones
include Langmuir, Freundlich, and the Tempkin
models [36,37]. The Langmuir isotherm which has
successfully been applied to many sorption processes
[38–40] can be used to explain the sorption of dye
onto various FPAN nanofibers. A basic assumption of
the Langmuir theory is that sorption takes place at
specific sites within the adsorbent [41,42].

The Langmuir equation can be written as follows
[43,44]:

qe ¼ Q0KLCe

1þ KLCe
(4)

where qe is the amount of dye adsorbed on the adsor-
bent at equilibrium (mg/g), Ce denotes the equilib-
rium concentration of dye solution (mg/L), KL is the
equilibrium constant (L/g), and Q0 is the maximum
adsorption capacity (mg/g).

The linear form of Langmuir equation is:

Ce

qe
¼ 1

KLQ0

þ Ce

Q0

(5)

The isotherm data were also studied by the Freundlich
isotherm, which can be expressed by the following
equation:

qe ¼ KFC
1
n
e (6)

Table 2
XPS analysis and KJELDAHL method of different synthesized nanofiber

XPS analysis
KJELDAHL method

Nanofiber C O N C/O C/N O/N N

PAN 75.89 4.90 19.21 15.49 3.951 0.255 31.25
FPAN1 74.72 1.40 23.88 53.37 3.12 0.058 34.52
FPAN2 63.55 1.10 35.35 57.77 1.798 0.031 40.28
FPAN3 54.00 0.80 45.20 67.50 1.195 0.018 41.88
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Fig. 6. Effect of adsorbent dosage on the dye removal in different times, (A) FPAN1, V = 30 mL, (B) FPAN2, V = 70 mL,
(C) FPAN3, V = 250 mL for DR80, (D) FPAN1, V = 30 mL, (E) FPAN2, V = 70 mL, and (F) FPAN3, V = 250 mL for DR23.
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Fig. 7. Effect of the pH on dye removal ability of nanofibers in different times, (A) FPAN1, V = 30 mL, (B) FPAN2,
V = 70 mL, (C) FPAN3, V = 250 mL for DR80, (D) FPAN1, V = 30 mL, (E) FPAN2, V = 70 mL, and (F) FPAN3, V = 250 mL
for DR23.
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Fig. 8. Effect of the dye concentration on dye removal ability of nanofibers in different times, (A) FPAN1, V = 30 mL,
(B) FPAN2, V = 70 mL, (C) FPAN3, V = 250 mL for DR80, (D) FPAN1, V = 30 mL, (E) FPAN2, V = 70 mL, and (F) FPAN3,
V = 250 mL for DR23.
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where KF is the adsorption capacity at unit concentra-
tion and 1

n denotes the adsorption intensity. The 1
n val-

ues indicate the type of isotherm to be irreversible
1
n ¼ 0
� �

, favorable 0ð , and unfavorable 1
n [
� �

. Eq. (5)
can be rearranged to a linear form:

log qe ¼ logKF þ 1

n
log Ce (7)

The basic assumption of this model is that there is an
exponential variation in site energies of adsorbent,
and also surface adsorption is not a rate limiting step
[45]. The Freundlich isotherm is derived by assuming
a heterogeneous surface with a nonuniform distribu-
tion of heat of adsorption over the surface.

The Tempkin isotherm is given as:

qe ¼
RT

b lnðKTCeÞ (8)

Linearized form of Eq. (7) is written as:

qe ¼ B1 ln KT þ B1 ln Ce (9)

where

B1 ¼ RT

b
(10)

KT is the equilibrium binding constant (L/mol)
corresponding to the maximum binding energy and
constant B1 is related to the heat of adsorption. Also,
T is the absolute temperature (K), and R is the
universal gas constant (8.314 J mol−1 K−1).

The basic assumption of this model is that the heat
of adsorption of all the molecules in the adsorbed
layer decreases linearly with coverage due to
adsorbent—adsorbate interactions. Furthermore, the
adsorption is characterized by a uniform distribution
of binding energies up to some maximum binding
energy [46,47].

In this study, in order to determine the constants
in Langmuir, Freundlich, and Tempkin isotherms,
plots of Ce/qe versus Ce, log qe versus log Ce, and qe
versus ln Ce were drawn, respectively. The coefficient
values for various isotherms are shown in Table 3.

As it can be seen from the R2 values of DR80 and
DR23, the dye removal isotherm does not follow the
Freundlich and Tempkin isotherms. The linear fit
between the Ce/qe versus Ce and R2 values for
Langmuir isotherm model showed that the dye
removal isotherm can be approximated as Langmuir

model (Table 2). This result confirms that the one
layer adsorption of DR80 and DR23 takes place at
specific homogeneous sites of nanofiber surfaces.

3.5.5. Adsorption kinetics

Investigation of the adsorption mechanism onto
adsorbents was carried out by characteristic constants
of adsorption using pseudo-first-order equation [48],
pseudo-second-order equation [49], and intraparticle
diffusion [50,51]. A linear form of pseudo-first-order
model is:

logðqe � qtÞ ¼ logðqeÞ �
K1

2:303
t (11)

where qe is the amount of dye adsorbed at equilibrium
(mg/g), qt denotes the amount of dye adsorbed at the
time t (mg/g), and K1 shows the equilibrium rate
constant of pseudo-first-order adsorption (min−1).

The pseudo-second-order adsorption model, in its
final form, can be expressed as follows [52]:

t

qt
¼ 1

Kq2e
þ 1

qe
t (12)

In Eq. (11), qe is the amount of dye adsorbed at
equilibrium (mg/g) and K2 is the pseudo-second-order
equilibrium rate constant (g/mg min).

The possibility of intra-particle diffusion resistance
affecting adsorption was explored using the
intra-particle diffusion model as:

qt ¼ kpt
1
2 þ I (13)

where kp and I are the intra particle diffusion rate con-
stant and intercept, respectively.

The applicability of the various kinetic models
pseudo-first-order, pseudo-second-order, and intra-
particle diffusion models for the adsorption of DR80
and BR23 onto adsorbent at different dye concentra-
tions. Linear plots of log(qe – qt) versus contact time
(t), t/qt versus contact time (t) and qt against t1/2 are
presented. The values of k1, k2, kp, I, R

2, and the calcu-
lated qe((qe)Cal.) are given in Table 4.

Results illustrated that the rates of sorption con-
form to the pseudo-second-order kinetic model with
good coefficients of determination. In addition, the
experimental qe((qe)Exp.) values are in accordance with
the calculated ones ((qe)Cal.) obtained from the linear
plots of pseudo-second-order kinetics.
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4. Conclusion

In this paper, amine-containing compounds includ-
ing DEA, DETA, and TETA were used for grafting to
polyacrylonitrile (PAN) nanofibers and their dye
removal abilities were investigated. Direct red 80

(DR80) and Direct red 23 (DR23) were used as model
compounds. It was estimated that the required time
for the functionalization process increased by 1 h with
every 10˚C decrease in boiling point of an amine-
containing compound compared to the chosen reaction

Table 3
Linearized isotherm coefficients for dye adsorption at different dye concentration

Adsorbent Dye

Langmuir Freundlich Tempkin

Q0 KL R2 1/n KF R2 KT B1 R2

FPAN1 DR80 277.77 0.300 0.999 0.215 117.48 0.981 9.80 43.41 0.983
DR23 163.93 0.782 0.995 0.029 151.35 0.164 1,940.82 4.70 0.141

FPAN2 DR80 2,500 0.363 0.999 0.213 1,045.2 0.935 12.45 361.43 0.952
DR23 1,250 0.400 0.999 0.155 660.69 0.975 54.47 154.56 0.978

FPAN3 DR80 5,000 0.333 0.998 0.176 2,290.8 0.908 24.53 644.57 0.931
DR23 5,000 0.4 1 0.204 2,344.22 0.933 12.70 793.12 0.959

Table 4
Kinetic constants for dye adsorption on the surface-modified PAN nanofibers at different dye concentration

Adsorbent Dye (mg/L) (qe)Exp.

Pseudo-first order Pseudo-second order Intraparticle diffusion

R2 (qe)Cal. K1 R2 (qe)Cal. K2 R2 I kp

FPAN1 DR80
40 155.28 0.848 127.05 0.097 0.959 138.88 0.0031 0.780 37.23 17.69
60 208.33 0.926 181.97 0.090 0.967 188.67 0.0242 0.863 39.57 28.06
80 240.37 0.899 309.74 0.138 0.979 222.22 0.0465 0.882 41.84 29.92
100 256.62 0.913 285.75 0.087 0.955 256.41 0.0680 0.916 24.16 33.01
DR23
40 153.42 0.939 210.86 0.103 0.992 153.84 0.0011 0.938 12.16 20.80
60 185.73 0.930 158.48 0.053 0.991 188.67 0.0051 0.934 11.64 24.81
80 178.28 0.862 158.96 0.098 0.984 192.30 0.0078 0.913 7.76 25.39
100 176.57 0.929 224.90 0.104 0.910 185.18 0.0095 0.940 3.24 25.91

FPAN2 DR80
40 1,287.72 0.894 903.64 0.087 0.968 1,111.11 0.0050 0.768 322.12 146.56
60 1,766.94 0.839 1,698.24 0.121 0.959 1,666.66 0.0043 0.793 416.51 204.33
80 2,099.72 0.936 1,659.58 0.087 0.970 2,000 0.0059 0.839 434.96 249.56
100 2,144.80 0.953 2,401.59 0.124 0.983 2,000 0.0101 0.886 361.42 269.56
DR23
40 835.33 0.860 794.32 0.124 0.989 833.33 0.0095 0.764 197.51 97
60 1,040.62 0.880 1,659.58 0.138 0.989 1,111.11 0.011 0.925 52.46 144.91
80 1,175.44 0.862 1,967.88 0.133 0.991 1,250 0.017 0.942 36.20 164.55
100 1,194.66 0.857 2,073 0.134 0.988 1,250 0.021 0.951 28.71 167.60

FPAN3 DR80
40 2,996.66 0.969 1,995.28 0.116 0.982 2,857.14 0.00004 0.743 805.18 344.72
60 3,927.51 0.929 3,019.95 0.105 0.946 4,000 0.00045 0.774 979.45 453.89
80 4,189.33 0.915 2,754.22 0.098 0.975 4,058.57 0.00045 0.740 1,128.7 475.46
100 4,240.80 0.954 2,511.88 0.093 0.980 4,249.21 0.00047 0.742 1,141 484.94
DR23
40 3,000 0.912 3,564.51 0.093 0.974 3,030.03 0.0099 0.948 202.01 393.97
60 4,094 0.833 6,918.30 0.129 0.981 4,000 0.0171 0.957 79.50 576.31
80 4,650 0.817 8,317.63 0.125 0.975 4,545.45 0.0209 0.959 9.27 665.87
100 4,511.27 0.894 7,014.55 0.103 0.992 4,524.88 0.0271 0.957 2.19 667.95
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temperature (95˚C). The results indicated that a chemi-
cal reaction occurred between nitrile groups of PAN
nanofibers and amine groups of DEA, DETA, and
TETA, affecting the chemical characteristics of nanofi-
bers. The results also showed some defects, cracks,
and signs of degradation on the surface of the FPAN
(functionalized PAN) nanofiber for FPAN1 (with
diethylamine compound) and conglutination to each
other at touching points and becoming intertwined
due to crosslinking role of the amine compound for
FPAN3 (with triethylenetetramine) nanofiber. The
AFM result demonstrated that the surfaces of the
PAN nanofiber became rough after the functionaliza-
tion of the PAN nanofiber and the average roughness
value for FPAN1 was higher than that of FPAN2.
Also, the highest value of Sa was for FPAN3. We
found that adsorption of DR80 and DR23 by different
FPAN nanofibers follows the Langmuir isotherm. The
adsorption kinetic of dyes was found to conform to
pseudo-second-order kinetics. Here, we stated that
FPAN nanofibers produced by various amine-contain-
ing compounds are suitable alternatives to many other
adsorbents for anionic dye removal from colored
aqueous solutions.
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