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ABSTRACT

In this paper, poly(vinyl alcohol) (PVA)-triethylenetetramine (TETA) nanofiber was prepared
and crosslinked using glutaraldehyde (GA). Dye removal ability of the modified nanofiber
(PVA-TETA-GA) from colored wastewater was studied. Fourier transform infrared spec-
troscopy (FTIR) and scanning electron microscopy (SEM) were used to investigate the charac-
teristics of the modified nanofiber. The effect of operational parameters (adsorbent dosage,
pH, and the initial dye concentration) on dye removal was studied. The dye adsorption
isotherm and kinetics on the nanofiber follows the Langmuir isotherm and pseudo-
second-order kinetics, respectively. The results showed that the PVA-TETA-GA nanofiber is a
suitable adsorbent with high dye adsorption capacity.
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1. Introduction

The removal of pollutants from water and wastew-
ater necessitates using the available biological and
physicochemical processes including biological, chemi-
cal oxidation, photocatalysis, ozonation, precipitation,
adsorption, and filtration methods. These methods
have been used to remove pollutants including heavy
metals, dyes, etc. [1-3].

Adsorption process is the most common method to
remove dye from solutions. Several adsorbents such as
activated carbon, oxide minerals, polymers, resins, and
biomaterials (such as chitosan), have been used to
remove dye. Chitosan is the N-deacetylated derivative
of chitin and has unique properties such as being non-
toxic, having biological degradability and adaptation
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to nature [4-5]. The adsorption efficiency of adsorbents
depends on their properties and surface functional
groups. Different surface functional groups including
carboxyl, amino, sulfonic, and phosphoric groups have
been investigated. Amino group is attractive functional
group due to high activity to form strong complexes
with pollutants by its nitrogen atom [6].

The electrospinning process has received a lot of
attention to prepare nanofiber due to its simplicity and
cost-effectiveness. In addition electrospinning is a dec-
ades-old technique that draws very fine fibers from a
viscous liquid under the force of an electrostatic field.
The resulting fibers with high surface area to volume
ratio are potential candidates for a variety of fields such
as membrane technology [7-10], drug delivery systems,
enzyme immobilization, electronics, and sensors. Poly
(vinyl alcohol) (PVA) can be used as the organic phase
of the hybrid fibers. The biocompatibility, process
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ability, and hydrophilicity of PVA have led to its indus-
trial use in areas such as membranes, paints, and adhe-
sives. However, water solubility of PVA limits its use
in applications such as ultrafiltration, catalyst support,
or biomedical engineering, which require stability in
aqueous systems. Thus several researches crosslink
PVA to reduce its water solubility using different
agents [11-13]. Different chemicals, such as hexam-
ethylene diisocyante, glutaraldehyde and maleic acid,
were used as cross-linkers to bind the terminal hydro-
xyl groups of PVA. Therefore, PVA composite with
reduced water solubility should be developed through
a cost-effective approach [14-16]. PVA/ZnO nanofiber
was used to remove metal ions from aqueous solution.
The equilibrium data showed that the capacity values
of 370.86, 162.48, and 94.43 mg/g for the sorption of U
(VD), Cu(l), and Ni(I) ions, respectively, were obtained
at contact time 6 h, temperature 45°C, adsorbent con-
centration 1 g/L and pH 5 [17].

A literature review showed that the modified poly
(vinyl alcohol) (PVA) nanofiber by triethylenetetramine
(TETA) was not used to remove dye from colored
wastewater. In this paper, PVA-TETA nanofiber was
prepared and crosslinked using glutaraldehyde (GA).
Dye removal ability of the modified nanofiber (PVA-
TETA-GA) from colored wastewater was studied. Four-
ier transform infrared spectroscopy (FTIR) and scanning
electron microscopy (SEM) were used to investigate the
characteristics of the modified nanofiber. The effect of
operational parameters (adsorbent dosage, pH, and the
initial dye concentration) on dye removal was studied.
The dye adsorption isotherm and kinetics was studied.

2. Experimental
2.1. Chemicals

Poly(vinyl alcohol) (M, = 145,000 g/mol) was pur-
chased from Sigma (USA). Triethylenetetramine
(TETA), glutaraldehyde, hydrochloric acid, sodium
hydroxide, and acetic acid were obtained from Merck.
Double-distilled water was used for the synthesis of
nanofiber. Direct Red 80 (DR80), Direct Red 81 (DR81),
and Reactive Red 180 (RR180) were used. The charac-
teristics and chemical structures of the dyes are shown
in Table 1 and Fig. 1, respectively.
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2.2. Preparation of PVA-TETA-GA nanofiber

For the preparation of PVA-TETA
[CH,NHCH,CH,NH,],, 7 wt% PVA solution was pro-
vided by dissolving 0.7 g of PVA in 10 mL deionized
water. Then, different amounts of TETA (5, 2.5, 1.5,
and 0.5wt% of TETA) were added to PVA solution
and sonicated for 3 h at 90°C. Next, the prepared solu-
tions were poured into 10-mL plastic syringe with a
0.5-mm-diameter capillary tip. A variable high-voltage
generator was used for the electrospinning process.
The positive terminal of a high-voltage generator was
connected to the metallic syringe tip while the nega-
tive terminal was connected to an aluminum foil. The
applied voltage was 21 kV. The electrospun fibers
were collected on an aluminum foil coiled on a metal
cylinder rotating at 200 rpm. The distance between the
tip and the collector was 15 cm and the flow rate of
the spinning solution was 1 mL/h. The fibers were
crosslinked in glutaraldehyde vapor at 70°C for 12 h,
and heated at 70°C for another 10 h to remove residual
glutaraldehyde.

2.3. Characterization

Fourier transform infrared spectrometer, Equinox
55, from Bruker (Germany), was used to analyze the
chemical and/or physical interactions over the wave
number range of 4,000-400 cm™'. The surface
morphologies of the aminated PVA nanofibers were
studied using an SEM, VEGA-II form Tescan (USA).

2.4. Adsorption studies

Adsorption experiments were carried out by agitat-
ing 0.01 g of the aminated nanofiber as an adsorbent
with 200 mL of DR80, DR81 and RR180 (20 mg/L).
The pH of each solution was adjusted to the desired
value using HCl or NaOH. Single-beam UV spec-
trophotometer (CE-CILCE2021) is used for dye con-
centration measurements.

The effect of adsorbent dosage (0.08-0.012 g) on the
dye removal was investigated by contacting 200 mL of
the dye solution with an initial dye concentration of
20 mg/L and pH 2.1 at room temperature (25°C) for

Table 1

The characteristics of dyes

Name Molecular structure Molecular formula Molecular weight Amax
Direct Red 80 Multi-Azo class C45H26N10Na(,02186 ],37308 528
Direct Red 81 Double Azo class Cy9H19N5Na,OgS, 675.6 510
Reactive Red 180 Single Azo class CyoH19N3Na 01755 933.76 542
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Fig. 1. The chemical structure (a) Direct red 80, (b) Direct
red 81, and (c) Reactive Red 180.

1 h. The dye removal ability of nanofiber (0.011 g) at
different pH values (2.1, 6, and 9) was studied by con-
tacting 200 mL of the dye solution with an initial con-
centration (20 mg/L) at room temperature (25°C) for
1 h. The effect of the initial dye concentration (20, 30,
40, and 50 mg/L) on dye removal was investigated by
contacting 200 mL of the dye solution with adsorbent
(0.012 g) at pH 2.1 and room temperature (25°C) for 1 h.

3. Results and discussion
3.1. Reaction mechanism and characterization

The reactions of PVA, GA and TETA to prepare
the modified nanofiber are shown in Fig. 2. Aldehyde
reacts with alcohol to produce acetal [18]. In addition,
aldehyde reacts with amine and the imine is
synthesized [19,20]. Poly(vinyl alcohol) reacts with
glutaraldehyde and triethylenetetramine to produce
the modified nanofiber containing amine functional
groups (Fig. 2).

FTIR spectrum of pure PVA is shown in Fig. 3(a). It
shows that the major peaks of poly(vinyl alcohol) are
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C-H broad alkyl stretching bands (v=2,923 and
2,851 cm™ 1Y) and hydrogen-bonded band (v = 3,432 cm™ .
FTIR spectrum in Fig. 3(b) is associated with PVA and
TETA crosslinked by glutaraldehyde (GA). It can be
observed that two important peaks at v =2,860 and
2,730 cm™! of C-H stretching are related to aldehydes.
By crosslinking PVA with GA (Fig. 3(b)), the O-H
stretching vibration peak (v = 3,444 cm™) was decreased
when compared to pure PVA (Fig. 3(a)). This result sug-
gests that the hydrogen bonding becomes weaker in
crosslinked PVA than in pure PVA because of the
diminution in the number of OH groups and acetal for-
mation (Fig. 3(a)). The relative increase in the C=O band
at approximately v=1,730cm™' indicates that the
aldehyde groups of GA did not completely react with
O-H groups of PVA chain and N-H groups of TETA.
In addition, the C-O stretching at approximately
1,096 cm™" in pure PVA is replaced by a broader absorp-
tion band (from v = 1,000 to 1,140 cm™ "), which can be
attributed to the ether (C-O) and the acetal ring (C-O-C)
bands formed by the crosslinking reaction of PVA with
GA (Fig. 2). In addition, imine bands (-C=N-, 1,640-
1,690 cm™") were formed by the crosslinking reaction of
amine (TETA) with aldehyde (GA) (Fig. 2). Therefore, it
can be assumed that GA has acted as a chemical
crosslinker [18,20].

The SEM micrographs of PVA-TETA-GA nanofi-
ber are shown in Fig. 4. The surface of the PVA-
TETA-GA nanofiber exhibited similar morphologies
compared to the PVA nanofibers mats, without any
serious cracks or sign of degradation. In high conver-
sions, adhesion among the nanofibers was found to
decrease the effective surface area.

3.2. Adsorption studies

It has been well established that the solution pH
has a significant effect on the adsorption process. The
effect of the initial solution pH on dye removal for
DR80, DR81, and RR180 is shown in Fig. 5. It is
observed that the adsorption capacity increases when
the pH decreases. The maximum adsorption of DR80,
DR81, and RR180 occurred at pH 2.1. At this pH, a
strong electrostatic attraction occurs between the
positively charged nanofiber considering the ioniza-
tion of functional groups (amine group, -NHJ) and
the anionic dye molecules. The number of positively
charged sites of PVA/TETA decreases at high
pH values [21].

The effect of nanofiber dosage on the dye removal
for DR80, DR81, and RR180 is shown in Fig. 6. The
removal percentage increased with increasing nanofi-
ber dosage up to a certain limit, then reached a
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Fig. 3. FTIR spectrum of nanofibers (a) PVA and

(b) PVA-TETA-GA.

constant value. The increasing dye removal with the
adsorbent dosage can be attributed to increase in the
adsorbent surface and availability of more adsorption
sites on nanofiber [22-25].

The effect of initial dye concentration of DRS80,
DR81, and RR180 on dye removal is shown in Fig. 7.
The results presented that dye removal decreases by
increasing dye concentration because the active sites
on adsorbent for dye removal decreases [25,26].

3.3. Adsorption isotherm

At equilibrium, an adsorption isotherm can be con-
structed as a relation of the adsorbate concentration at
the surface and in the solution at a given constant
temperature. Isotherm data should accurately fit into

different isotherm models, to produce a suitable
model for additional process studies [27]. The Lang-
muir, Freundlich, and Temkin isotherms were applied
to the obtained results. The Langmuir equation is as
follows:

C. 1 C

= + —
ge KrQo Qo

1)

where g., C,, K., and Qp are the amount of dye
adsorbed on adsorbent at equilibrium (mg/g), the
equilibrium concentration of dye solution (mg/L),
Langmuir constant (L/g), and the maximum adsorp-
tion capacity (mg/g), respectively. To study the appli-
cability of the Langmuir isotherm for dye adsorption
onto adsorbent, a linear plot of C./g. against C. was
plotted.

Also, isotherm data were tested with Freundlich
isotherm that can be expressed by [27-29]:

log g. = log K¢ + (1/n) log C. 2
where Kg is the Freundlich constant and 1/#n is the
adsorption intensity [28,29].

The Temkin isotherm is given as follows:

g, =Bi1 In Kt + By In C¢ 3)
where B; (RT/b) and Kt are the Temkin constants and
can be determined by a plot of g. vs. In C.. Also, T is
the absolute temperature (K) and R is the universal gas
constant (8.314 J/mol K). The constant b is related to
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Fig. 4. SEM micrographs of PVA-TETA-GA nanofibers with 1.5 wt% of TETA (a and b) and 0.5 wt% of TETA (c and d).
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Fig. 5. The effect of solution pH on the adsorption of dyes
by PVA-TETA-GA nanofiber (2 60 min, Cy: 20 mg/L, m:
0011 g).

the heat of adsorption. The Temkin isotherm assumes
that the heat of adsorption of all the molecules in the
layer decreases linearly with coverage due to adsor-
bent-adsorbate interactions. In addition, the adsorption
is characterized by uniform distribution of binding
energies, up to some maximum binding energy [30].

The values of Qo, Ki, Kg, 1/n, Kt, By, and R? (cor-
relation coefficient values of all isotherms models) are
shown in Table 2.

The Langmuir model yielded the best fit with the
highest R* value of 0.99, thus the Langmuir isotherm
was the most suitable equation to describe the adsorp-
tion equilibrium of dye on the PVA-TETA-GA nanofi-
ber. The g. values predicted from the Langmuir model
agreed well with the experimental values. The results
demonstrated the formation of monolayer coverage of
dye molecule at the outer surface of the PVA-TETA-
GA nanofiber.

3.4. Adsorption kinetics

Adsorption kinetics studies the adsorption mecha-
nisms that are important for the efficiency of the
process. At this point, characteristic constants of
adsorption are determined using pseudo-first-order
equation, pseudo-second-order equation, and intra-
particle diffusion [31-34].

A linear form of pseudo-first-order model is:

k1

2303 @

log(qe — q:) = log(qe) —
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Fig. 6. The effect of nanofiber dosage on the adsorption of
dyes (t: 60 min) (a) DR80, (b) DR81, and (c) RR180.

where g;, and k; are the amount of dye adsorbed at
time f (mg/g), and the equilibrium rate constant of
pseudo-first-order kinetics (1/min), respectively.

Linear form of pseudo-second-order model is
illustrated as:

t 1 t
P + Py )
where k; is the equilibrium rate constant of pseudo-
second-order (g/mg min).

The possibility of intraparticle diffusion resistance
affecting adsorption is explored using the intra parti-
cle diffusion model as:
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Fig. 7. The effect of initial dye concentration (mg/L) of
DR80, DR81 and RR180 on the adsorption of dyes
(t: 30 min) (a) DR80, (b) DR81, and (c) RR180.

qt = kptl/z + I (6)

where k, and I are the intraparticle diffusion rate
constant and intercept, respectively. To understand
the applicability of the intraparticle diffusion, pseudo-
second-order and pseudo-first-order, linear plots of g;
against t'/%, t/g, vs. t and log(g. — ;) vs. t at different
dye concentrations (20, 30, 40, and 50 mg/L) are
plotted, respectively. The kinetics constants for dye
adsorption are shown in Table 3. The results
illustrated that the rates of adsorption conform to the
pseudo-second-order kinetics model. In addition,
the experimental g.((7c)Exp.) values are consistent with
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Table 2
Isotherm constants for dye adsorption on nanofiber at different dye concentrations

Isotherm

Langmuir Freundlich Temkin
Dye R? Qo Ky R? 1/n K R? B, Kr
DR80 0.999 128.205 19 0.056 0.542 134 0.547 19 134
DR81 0.999 178.570 56 0.234 0.019 147 0.229 56 147
RR180 0.999 181.818 83 0.709 0.009 198 0.707 83 197
Table 3

Kinetic constants for dye adsorption on nanofiber at different dye concentrations

Pseudo-first-order

Pseudo-second-order Intraparticle diffusion

Dye (mg/ L) (qe)Exp. Rz (qe)Cal. kl R2 (qe)Cal. k2 RZ I kp
DR&80 20 115 0.9681 38 0.0697 0.9980 119 0.0039 0.9662 77 5
30 118 0.9890 36 0.0398 0.9961 120 0.0034 0.9922 77 5
40 120 0.9232 25 0.0525 0.9991 121 0.0064 0.8601 91 4
50 118 0.9621 50 0.0281 0.9851 121 0.0018 0.9831 57 8
DR81 20 168 0.9631 35 0.0575 0.9992 169 0.0047 0.9720 132 5
30 170 0.9750 48 0.0538 0.9983 175 0.0030 0.9784 120 7
40 175 0.9964 34 0.0506 0.9942 178 0.0046 0.9731 138 5
50 177 0.9674 74 0.0115 0.9454 181 0.0086 0.8493 77 11
RR180 20 176 0.9992 45 0.0640 0.9991 178 0.0039 0.9521 131 6
30 177 0.9613 46 0.0461 0.9981 181 0.0029 0.9812 138 7
40 179 0.9881 37 0.0481 0.9990 181 0.0041 0.9724 138 6
50 181 0.8960 68 0.2902 0.9983 185 0.0014 0.9650 96 11

the calculated ones ((§o)ca) obtained from the linear
plots of pseudo-second-order kinetics.

4. Conclusions

In this research, poly(vinyl alcohol) (PVA)-tri-
ethylenetetramine (TETA) nanofiber was prepared and
crosslinked using glutaraldehyde (GA). Dye removal
ability of the modified nanofiber (PVA-TETA-GA)
from colored wastewater containing anionic dyes was
studied. The characteristics of the modified nanofiber
were investigated using FTIR and SEM. The effect of
adsorbent dosage, pH, and the initial dye concentra-
tion on dye removal was studied. It is showed that
the adsorption capacity increases when the pH
decreases. Dye removal decreases as the dye concen-
tration increases. The isotherm data confirm that the
one-layer adsorption of dyes takes place at specific
homogeneous sites of nanofiber surface (Langmuir
model). The adsorption kinetics illustrated that the

rates of dye adsorption on the modified nanofiber con-
form to the pseudo-second-order kinetics model.
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