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ABSTRACT

EDA-g-PAN NFs membrane was prepared via electrospinning and chemical grafting
techniques. Grafting (64%) with no change in the physical nature and colour was confirmed
by FT-IR spectra. Adsorption kinetics of methylene blue (MB), rhodamine B (RB) and safra-
nin T (ST) dyes onto PAN and EDA-g-PAN NFs membranes showed equilibrium time of
around ~60 min. The adsorption kinetic followed pseudo-second-order model and intrapar-
ticle diffusion was not the only rate-limiting step. The adsorption data for the dyes fitted
well to Langmuir and Freundlich equations. The order of adsorption capacity (§max)
obtained from Langmuir plot was: MB (94.07 mg/g) <ST (110.62 mg/g) <RB (138.69 mg/g).
These values are more than most of the values reported in literature.
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1. Introduction

The shift in societies toward industrialization is
considered to be the hallway toward development.
Industries, such as mining, metallurgical, tannery,
chemical manufacturing and processing, textile,
printing, paper and plastic, etc., play a very critical
role in the economic development of any society.
The bulk of the raw materials used in these indus-

*Corresponding author.

tries come from organic and inorganic origins. The
discharge of by-products from these industries into
fresh water, without taking proper safety measure,
in the form of heavy metal ions and dyestuff could
cause contamination [1]. The toxic effects of heavy
metals and dyestuff on human health, aquatic flora
and aquatic micro-organisms have been under
intense investigation worldwide. Heavy metal ions
are documented to cause various diseases such as
dehydration, stomach ache, nausea, dizziness and/or
lack of coordination in muscles, destruction of the
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nervous systems of young children, lung irritation,
eye irritation, skin rashes, vomiting, abdominal pain,
lung insufficiency, liver damage, etc. [2]. Whereas
dyestuff are aesthetically distressing, prevent re-oxy-
genation in water by shielding the penetration of
sunlight, toxic to aquatic micro-organisms and is
even carcinogenic to humans in some cases [3].

Thus, the removal of dyestuff from wastewaters
has received increased attention [4-14]. Hence, beside
conventional materials (such as peat, red mud, coir
pith, neem leaf, activated sludge, waste organic peel,
tree fern and minerals, adsorbents, etc.) and tech-
niques (chemical precipitation, reverse osmosis, elec-
tro-deposition, ion exchange, evaporations oxidation
process, electrochemical reduction, etc.), new adsor-
bents and technologies have also been explored [15].
Amongst the mentioned methods adsorption is con-
sidered to be a cheaper, simple, attractive and favour-
able alternative for the removal of dyestuff from
wastewater [4-14,16]. Taking into account the advanta-
ges (i.e. easy functionalization and the high surface to
length ratio) of nanomaterial, their preparation and
their application in the wastewaters treatment are
recently immensely focused. Among these materials
electrospun nanofibers with fibre diameter in the
range of 10-500nm, high porosity, high-gas perme-
ability, and high-specific surface area per unit mass
have attracted enormous attention. It has been
reported that adsorbents with the functional groups
such as carboxyl, sulphonic and phosphonic favour
metal jons and dyes adsorption through the ion-
exchange mechanism, while those containing nitrogen
facilitate metal ions adsorption through chelation and
dyes through hydrogen bonding mechanisms [17-22].

Polyacrylonitrile (PAN), due to its binding abil-
ity, is frequently used as an active component of
ion-exchangers. PAN based polymer has the advan-
tage of relatively easy modification of its physico-
chemical properties (e.g. hydrophilicity, porosity,
mechanical strength, etc.). This distinctive property
is imparted to PAN by the presence of nitrile group.
PAN forms hydrogen bonds, and donor-acceptor
complexes (chelation) with positively charged species
[23].

In our continuous efforts, in the present study,
we have combined electrospinning technique with
chemical grafting. PAN was electrospun to fabricate
NFs (with an average diameter of 225nm) mem-
brane. The NFs were then surface grafted with EDA
in a simple chemical reaction and were applied to
the removal of the cationic dyes from synthetic
waste waters. No work with EDA grafting of NFs
for the removal of dyes from wastewater has been
reported.
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2. Materials and methods
2.1. Materials

PAN (molecular weight (Mw) 150,000), N,N-dimeth-
ylformamide (DMF (C;H;NO)), EDA (C,HgN,2HCI),
MB (C16H18CIN3S°3H20), RB (C28H31C1'N203) and ST
(CyoH19CI*Ny) were purchased from Sigma-Aldrich. All
the chemicals were used without further purification.
The solutions for dyes were prepared in distilled water.

2.2. NFs membrane/sheet

A 10wt. % PAN solution was prepared by dissolv-
ing 1g of PAN into 10 mL DMF. The solution was stir-
red on a magnetic stirrer at 25°C for 24h to obtain
homogeneous PAN solution. The prepared PAN solu-
tion was then added to a 5mL plastic syringe and
was electrospun using optimized electrospinning
parameters. After electrospinning the solution for 1
week (~6h daily), the NFs sheets/membranes were
dried in the vacuum oven at 50°C and —0.1 MPa and
stored for further characterizations.

2.2.1. Morphology of the NFs

The PAN NFs created via electrospinning at opti-
mized electrospinning parameters were studied using
a FE-SEM (JSM-7600F). NFs samples were fixed onto a
holder with aid of a carbon tape and then placed in
the sputtering machine for platinum coating to
increase their electrical conductivity. After platinum
coating the morphology of electrospun NFs was exam-
ined via FE-SEM.

2.2.2. NFs diameter measurement

The average diameter of the NFs was measured by
randomly selecting 100 fibres from the FE-SEM micro-
graph of each sample. The diameters were measured
using adobe photoshop software program. The mea-
surements were then converted to actual value using
the scale bar on the FE-SEM micrograph. The histo-
grams of the NFs diameters were plotted using sigma
plot software program.

2.3. EDA grafting

The reaction of EDA with PAN nitrile group is
shown in Fig. 1. EDA-g-PAN was prepared by
immersing PAN NFs in a 1.66molL™" EDA solution
in 250-mL beaker and sealed. The mixture was heated
and stirred on a water bath at 90-95°C for different
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Fig. 1. Grafting EDA to PAN NFs.

time durations (1, 2, 3 and 4 h). After the reaction, the
mixture was cooled to 25°C. NFs membranes were
washed several times with distilled water and acetone,
dried at 60°C in an oven and stored for characteriza-
tion. The percentage grafting was calculated according
to Eq. (1):

Wi — Wy My

C, =
Wo M

x 100 M

where C, is % grafting of PAN to EDA-g-PAN, W, is
the weight of the PAN NFs membrane before reaction,
Wi is the weight of the PAN NFs membrane after
reaction, M; and M, are the Mws of EDA (60.10 g/mol)
and Acrylonitrile (AN) monomer (53.06 g/mol),
respectively [24].

2.4. FT-IR analysis

Infrared spectra of the PAN and EDA-g-PAN NFs
membranes were studied using FT-IR spectrometer
(Bruker Vertex 70). The potassium bromide (KBr) discs
of the samples were prepared by mixing and grounding
the membranes samples with KBr powder in mortar
with a pestle. The mixture was then shaped into discs
under hydraulic press. The samples discs were placed
into the sample compartment of the FT-IR and spectral
measurements were recorded in the wave number
range of 400—4,000 cm™!. The data were baseline cor-
rected and normalized in origin 6.1 and plotted in
sigma plot.

2.5. Adsorption

Dried samples of PAN and EDA-g-PAN mem-
branes were separately added to 10mL of 400 ppm
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synthetic solutions of dyes (MB, RB and ST (Fig. 2))
and shaked (in a shaker bath) by a batch technique as
a function of time until 240 min at 25°C. Equilibrium
time was determined from the saturation point of the
adsorption kinetics data. Adsorption equilibrium iso-
therm was studied at 25°C as a function of the concen-
trations of the dyes. The concentrations of dyes in
solution after adsorption experiment were determined
with UV/VIS spectrometer (Perkin Elmer, Lambda
35). The amount adsorbed was calculated using the
following formula:

_ (G -V

M )

where g is the amount adsorbed (mgg™), Cy and Cf
are the initial and final concentrations (mg LY,
respectively, for dyes, V is the solution volume (L)
and M is the amount of adsorbent (g) used.
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Fig. 2. Structures of cationic dyes; (a) MB, (b) ST and
(c) RB.
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3. Results and discussion
3.1. EDA grafting and morphology

Table 1 shows the data for the grafting of EDA to
PAN. The percentage grafting of EDA increased as the
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observed at 2 h. This increase in the grafting of EDA
is attributed to the faster and increased molecular dif-
fusion of EDA from the solution into the NFs mem-
brane until a critical saturation time. Further increase
in the time led to decrease in the EDA grafting. The

time was increased. The maximum grafting 64% was physical nature of EDA-g-PAN NFs membrane
Table 1

EDA grafting to PAN NFs membrane

Exp. no Time (h) Temp. ("C) Conversion % Colour Softness
1 1 90-95 6.713779 White Soft

2 2 64.74321 White Soft

3 3 38.78682 White Soft

4 4 34.444766 White Soft
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Fig. 3. Digital images of; (a) PAN and (b) EDA-g-PAN (the sample is soft). FE-SEM micrographs of the surface; (c) PAN,
(d) EDA-g-PAN and histograms of the diameter; (e) PAN and (f) EDA-g-PAN.
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remained white and soft in all the experiments.
Fig. 3(a)—(f) shows the digital images, FE-SEM micro-
graphs and the histograms for the diameter of PAN
and EDA-g-PAN NFs membranes. The digital images
for the EDA-g-PAN NFs membrane showed soft phys-
ical texture (Fig. 3(a) and (b)), which shows that the
grafting of EDA did not affect the physical texture of
the NFs. The micrographs of EDA-g-PAN NFs mem-
branes exhibited similar surface morphology to that of
the PAN membrane without deterioration and degra-
dation (Fig. 3(c) and (d)). This result further comple-
ment our arguments in favour of the unchanged
physical texture of PAN NFs. The average diameter of
the PAN NFs is, however, only slightly increased from
225 to 230 nm (Fig. 3(e) and (f)), which is attributed to
the chemical grafting of EDA to PAN NFs.

3.2. FT-IR study

Fig. 4 shows the FT-IR spectra of PAN and EDA-g-
PAN NFs membranes at various reaction times. PAN
exhibited the characteristic bands in region of
1,000-1,300 cm ™" (C-O stretching), at 1,453 cm ™" (CH,
bending), 1,700cm™ (C=O stretching), 2,241cm™"
(C=N stretching) and 2,938 cm™' (CH stretching). The
presence of C-O and C=O stretching bands in the
spectra of the PAN, suggests that PAN is a copolymer
of acrylonitrile and methylacrylate [25,26]. All the
characteristic bands of PAN were observed in spec-
trum of EDA-g-PAN. The intensity of the sharp band
at 2,241 cm™! continuously decreased until its intensity
decreased to maximum around 2 h, whereas the band
at 1,700cm ™" is not only decreased but also shift to
the lower frequency. The conversion at 2h was 64%
(Table 1) and the NFs membrane was soft. Besides,

25
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__________ | -
-05

4000 3600 3200 2800 2400 2000 1600 1200 800 400
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Fig. 4. FT-IR spectra of (a) PAN NFs and EDA-g-PAN NFs
membranes at different reaction time: (b) 1, (¢) 2, (d) 3 and
(e) 4h.
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decreased intensities of the old, some new bands,
whose intensities increased continuously with increase
in the reaction time, were also observed. For example,
the intensities of the broad band in regions of 3,300-
3550cm™ ! (N-H stretching) and 1,630-1,670 cm!
(IC=N], and some traces of amide [C=O stretching
vibration] were increased. Furthermore, two new
bands in the region of 1,450-1,480 cm™' (CH, and
N-H bending) were also observed [27,28]. The data
presented in the FT-IR clearly shows that EDA is
grafted to PAN. The reduced broad band in the region
of 1,630-1,670 cm ! could also be attributed to the for-
mation of hydroxamic acid [29].

3.3. Adsorption kinetic

Fig. 5(a) and (b) illustrates the adsorption kinetic
of MB, RB and ST onto the PAN and EDA-g-PAN
NFs membranes from 100 ppm synthetic solution. The
shapes of the adsorption curves for all the three dyes
suggest that the binding of dyes to the active sites
onto the adsorbent increased sharp until 30 min and
level off around ~60 min (Fig. 5(a)). This suggests that
equilibrium between adsorption and desorption of
dyes is achieved i.e. the surface is homogeneously sat-
urated. The adsorption capacity of PAN and EDA-g-
PAN NFs membranes for dyes increased in the order
PAN <EDA-g-PAN (Fig. 5(b)). The increased dyes
adsorption for EDA-g-PAN NFs membranes is cred-
ited to the improved number of active sites onto the
membranes with grafting. Furthermore, RB illustrated
superior affinity (MB <ST <RB) onto PAN and EDA-
g-PAN NFs membranes (Fig. 5(a) and (b)).

To understand the destiny of the dyes molecules
adsorbed onto PAN and EDA-g-PAN NFs mem-
branes, the kinetic data were analyzed by pseudo-
first-order (Eq. (3)) and pseudo-second-order kinetic
(Eq. (4)) models. Pseudo-first-order kinetic model is
based on the assumption that the adsorption rate is
related to the unoccupied adsorptive sites and only
one adsorbate can adsorb onto one adsorptive site on
the adsorbent surface. Whereas, pseudo-second-order
kinetic model assume that adsorption should relate to
the squared product of the difference between the
number of the equilibrium adsorptive sites onto an
adsorbent and that of the occupied sites i.e. one adsor-
bate is adsorbed onto two sorption sites on the surface
[30].

log (91 — q+) = log (q1e) — 3)

1
2.303t

g1 and K; can be obtained by the intercept and slope
of plot of log (41, — g4 vs. t.
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; 1 1 g2 and K; can be obtained by the slope and intercept
S 4+t (4) of plot of t/g; vs. t.

Fig. 6(a)-(d) and Table 2 show that the kinetic data
fitted best to pseudo-second-order kinetic model

(b) 70

10 4F———+—y—

T
100 150 200 250

Time (min)

qe (mg/g)

60

50

40 4

30 1

T T T T T T
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Fig. 5. Adsorption kinetics of dyes onto NFs membranes; (a) PAN and (b) EDA-g-PAN.
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Fig. 6. Pseudo-first-order; (a) PAN and (b) EDA-g-PAN, and pseudo-second-order; (c) PAN and (d) EDA-g-PAN.
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Table 2
Calculated and experimental “q” values for the pseudo-first and second-order kinetics models
Pseudo-first-order Pseudo-second-order

Dye Adsorbent Jexp K J1e r Kz 92e r
MB PAN 35.523 0.031 14.178 0.946 0.0046 36.523 0.999

EDA-g-PAN 39.037 0.034 14.665 0.931 0.0052 39.904 0.999
RB PAN 63.467 0.025 16.679 0.935 0.0049 64.062 0.999

EDA-g-PAN 65.1956 0.032 15.545 0.935 0.007 65.703 0.999
ST PAN 41.800 0.053 32.06 0.879 0.006 42.463 0.999

EDA-g-PAN 45.561 0.023 12.644 0.911 0.0055 46.168 0.999

(correlation coefficient [*] 0.999 (Fig. 6(c) and (d)))
compared to pseudo-first-order kinetic model (+* var-
ied from 0.879 to 0.946 (Fig. 6(a) and (b)) [31]. Along-
side good fitting, the g,. values calculated from the
pseudo-second-order kinetic model for the adsorbed
dyes were much closer to the experimentally qe,, val-
ues (Table 2). These results suggested that the adsorp-
tion of dyes molecules onto on the surface of NFs
membrane followed pseudo-second-order kinetic
model.

A typical liquid/solid adsorption generally involves
film diffusion, intraparticle diffusion and mass action.
Since for physical adsorption, mass action is a very
swift process, hence for kinetic study it could be
neglected. Adsorption kinetic is usually controlled by
liquid film diffusion or intraparticle diffusion i.e.
rate-limiting step is either liquid film diffusion or
intraparticle diffusion [32]. Therefore, adsorption diffu-
sion models are mainly constructed to describe the pro-
cess of film diffusion and/or intraparticle diffusion. In
a batch adsorption system, the prospect of diffusion

(a) 70
60 -
50

4049 e

q¢(mg.g™’)
>

30 +

20

was studied by the intraparticle diffusion model (Eq.
(5)) [33]. This model assume that the plots of g, vs. t'/°
should yield a straight line through the origin when the
intraparticle diffusion is the only rate-controlling step
of the adsorption kinetics [34,35].
g = Kgt'? ®)
where k; is the diffusion coefficient value, t is the time
and g; is the amount of dye adsorbed.
Fig. 7(a) and (b) shows non-linear plots of g; vs.
for dyes. Deviation from validity test indicates
that intraparticle transport is not the only rate-limiting
step. The plot of the whole range of time is divided
into three distinct regions. The first sharp region
shows adsorption whereas in the second region,
beside adsorption, diffusion may also occur. Diffusion
in the second region could attribute to diffusion
between the layers of a fibre. The third region repre-
sents the equilibrium; here due to saturation intrapar-
ticle diffusion starts to slow down [36].

t1/2

(b) .1
60
55 - =
50 A
45 : . -
40
35 .
30
25 y
204 L/

15

qnmgdn

Fig. 7. Intraparticle diffusion plots; (a) PAN and (b) EDA-g-PAN.
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3.4. Equilibrium adsorption

Fig. 8(a) and (b) shows the adsorption of dyes onto
the PAN and EDA-g-PAN NFs membranes as a func-
tion of concentration (C,). Adsorption showed rapid
increase initially, however, as the concentrations of the

(a)

70 4
RB
60 -

50 - 4 ST

40 -

30 1
MB

g (ma.g™)

20]

10 A

0 20 40 60 80 100 120

Ce mg.L)

dyes solution is increased, adsorption is gradually
decreased. To understand the phenomenon of the
adsorption onto the PAN and EDA-g-PAN NFs mem-
branes, the equilibrium adsorption data were applied
to Langmuir and Freundlich isotherm models [37].

Fig. 8. Adsorption isotherms of dyes on to; (a) PAN and (b) EDA-g-PAN NFs membranes.
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Fig. 9. Isotherms models for dyes adsorption; Langmuir (a) PAN, (b) EDA-g-PAN NFs and Freundlich (a) PAN

(b) EDA-g-PAN NFs.
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Table 3
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Langmuir and Freundlich isotherms constants for the adsorption of dyes onto PAN and EDA-g-PAN NFs membranes

PAN
Langmuir Dye
MB
ST
RB
Freundlich Dye
MB
ST
RB

EDA-g-PAN
Langmuir Dye
MB
ST
RB
Freundlich Dye
MB
ST
RB

Fmax K i

42.662 0.027 0.989
72.465 0.013 0.995
99.305 0.023 0.967
K n 2

3.293 2.011 0.941
5.979 1.522 0.988
5.609 1.775 0.990
Grmax K 2

94.070 0.008 0.981
110.620 0.007 0.975
138.696 0.013 0.993
K n 7

1.307 1.332 0.995
1.210 1.268 0.989
3.356 1.420 0.989

Fig. 9(a)-(d) shows the Langmuir (Fig. 9(a) and
(b)) and Freundlich (Fig. 9(c) and (d)) isotherms plots.
Both plot showed good fitting to the data, which sug-
gests that along with monolayer formation some con-
densation/diffusion has also occurred. Table 3 shows
the values of g, and K (Langmuir), and n and K
(Freundlich) calculated from the slope and intercept of
the isotherms plots. g, for RB, ST and MB onto
EDA-g-PAN NFs membranes were much higher com-
pare with most of the values reported in literature for
these dyes [38]. The values of n suggests (1 <n<10,
favourable adsorption) favourable adsorption for all
the dyes [39].

Furthermore, the favourability of the adsorption in
case of Langmuir is determined in term of dimension-

Table 4
Ry, values for the adsorption of dyes onto PAN and DETA-
g-PAN NFs membranes

RL
Membrane MB RB ST
PAN 0.21 0.24 0.36
EDA-g- 0.49 0.354 0.52

PAN

less constant separation factor or equilibrium parame-
ter Ry, calculated with Eq. (6):

1
(1 + K.Cy)

Ry (6)

where C, is the highest initial concentration of adsor-
bate (mgL™") and K; (L mg ") is Langmuir constant.

R, indicates the shape of the isotherm to be either
unfavourable (R;>1), linear (R;=1), favourable
(0<Ry;<1) or irreversible (R; =0). The values for R;
between 0 and 1 (Table 4) confirms the favourability
of adsorption.

4. Conclusion

EDA-g-PAN NFs membrane was prepared via
electrospinning and chemical grafting techniques.
Grafting (64%) with no change in the physical nature
and colour was confirmed by FT-IR spectra. The
adsorption  kinetic followed pseudo-second-order
model and intraparticle diffusion was not the only rate-
limiting step. The adsorption data for the dyes fitted
well to Langmuir and Freundlich equations. The order
of adsorption capacity (§max) obtained from Langmuir
plot was: MB (94.07mg/g) <ST (110.62mg/g) <RB
(138.69 mg/g). These values are more than most of the
values reported in literature.
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