Electrospinning + Nanofiber -
poly(styrene-co-acrylonitrile) - Hansen
solubility parameter - Teas graph

Non-woven nanostructured webs of
poly(styrene-co-acrylonitrile) (SAN)
were produced by electrospinning,
which are promising in advanced filtra-
tion. A range of solvents was chosen for
electrospinning of SAN on the basis of
Hansen’s solubility parameter ap-
proach. The consequences of variation
of the governing parameters on aver-
age fiber diameter and morphology of
the electrospun SAN fibers were experi-
mentally studied. Solution viscosity has
the most substantial role in controlling
the diameters of electrospun SAN fibers
obtained using various solvents. The
range of solution viscosity that can fab-
ricate defect-free fibers is also depend-
ent on the solvent/polymer system
used.

Effekt von Losungsmitteln auf
die Elektrospinning-Losung
von Poly(styrol-co-acrylonitril)

Electrospinning - Nanofaser «
Poly(styrol-co-acrylonitril) - Hansen
Loslichkeitsparameter - Teas graph

Nicht verwebte nanostrukturierte Ge-
webe von Poly(styrol-co-acrylnitril
(SAN) wurden durch Elektrospinning
hergestellt, welche Vorteile bei der Filt-
ration versprechen. Eine Gruppe von L6-
sungsmitteln sind auf Basis des Han-
sen-Loslichkeitsparameteransatzes fiir
das Elektrospinning von SAN ausge-
wahlt worden. Die Auswirkungen einer
Variation von gegebenen Parametern
auf den mittleren Faserdurchmesser
und auf die Morphologie der elektroge-
sponnenen SAN-Fasern sind experimen-
tell untersucht worden. Die Losungsvis-
kositat spielt die maRgebliche Rolle zur
Kontrolle der Durchmesser der elektro-
gesponnenen SAN-Fasern, welche mit
den verschiedenen Losungsmitteln er-
zielt wurden.

Die Bereich der Losungsviskositaten,
welche fiir die Herstellung von defekt-
freien Fasern einsetzbar sind, ist auch
abhangig von dem eingesetzten L6-
sungsmittel/Polymer —System.
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Effect of Solvents on the
Solution Electrospinning of
Poly(styrene-co-acrylonitrile)

During the past decades, substantial de-
velopment has happened in the fabrica-
tion of functional nanofibers, which can
find diverse applications in protective
clothing, tissue engineering, filtration,
electronics, sensors, catalysis and bio-
analysis owing to their high porosity
combined with significant specific di-
mensions and greater surface area-to-
volume ratio [1-7]. Among the various
fiber fabrication techniques, electrospin-
ning seems to be the most prominent
multi-disciplinary method for producing
non-woven nanofibrous mats with
unique structure [8]. In electrospinning,
a high electrostatic force is applied ac-
ross a polymer melt or solution and a
collector surface, which induces the poly-
mer solution to spray or eject in the form
of charged fluid jet from the tip of a
spinneret and ultrafine polymeric nano-
fibers deposit on the surface of the coll-
ector as a non-woven membrane [9].
Electrospun fiber morphology, texture
and diameter depend on many parame-
ters that are generally divided into three
categories, such as solution parameters
(solution viscosity, electrical conductivi-
ty, concentration, surface tension, and
charge carried by the spinning jet), pro-
cess parameters (applied voltage, soluti-
on flow rate, needle tip-to-collector dis-
tance (TCD), and diameter of the needle),
and ambient parameters (relative humi-
dity, temperature, local atmosphere flow,
velocity of air, and atmosphere pressure)
[10, 11]. On the other hand, the above-
mentioned electrospinning parameters
are neither basic control factors nor are
they independent of each other.

In a typical electrospinning process,
solvent is an important contributor to
obtain uniform, ultrafine, defect-free fi-
bers. Some earlier works have indicated
the significance and influence of the
properties of solvents in polymer soluti-
on electrospinning [12-16]. In general,
the properties of any solvent-polymer
system can be predicted by the effective-
ness of the solvent for the successful
conformations of the polymer chains in
the solvent. In a good solvent, the poly-

mer chain configurations are ideal and
the intermolecular interactions are favo-
rable for the complete expansion of the
polymer chains, which ultimately lead to
completely random chain conforma-
tions. Therefore, the selection of solvents
based on the several properties of the
solvents that determine the intermole-
cular interactions between solvent mole-
cules and monomer units is crucial for
the optimization of electrospinning of a
particular polymer.

In electrospinning process, the selec-
tion of the best solvent is advantageous
in three major ways: first is to lower the
concentration of the polymer in the solu-
tion since the ideal conformation of the
polymer chains allows the ubiquitous
chain entanglements in the solution that
favor the stability of the solution droplet
at the needle tip even at the low polymer
concentration. When a polymer is dissol-
ved in a good solvent, the polymer chains
will be randomly oriented within the po-
lymer solution in such a way that the
chains occupy the maximum possible

T. Senthil, S. Anandhan,
Mangaluru, India

Corresponding authors:

S. Anandhan

Department of Metallurgical and
Materials Engineering,

National Institute of Technology
Karnataka,

Surathkal, Srinivas Nagar (PO),
Mangaluru-575025, India.

Ph: +91-824-2473762

Fax: +91-824-2474059

E-Mail: anandtmg@gmail.com,
anandhan@nitk.ac.in

www.kgk-rubberpoint.de



(@) KGKursaont

-~

www.kgk-rubberpoint.de



https://kgk-rubberpoint.de/?utm_source=Artikel-PDFs&utm_medium=Link&utm_campaign=KGK-S2-PDF-Verlinkung

space, especially at a low concentration.
As the solution concentration is increa-
sed further, the polymer chains repel
themselves to reduce the overall energy
associated with the orientation of the
chains in the solution. As a result, the
chains will reorient themselves and
spread uniformly in the solution. If the
concentration reaches a certain critical
level (critical chain overlap concentrati-
on, C*), the chains will not be able to
move freely in the solution, and the mo-
tion is affected by the neighboring
chains. In other words, for polymer con-
centrations above C*, the chains will be
entangled. C* determines the transition
of dilute to semi-dilute regimes of the
polymer solution. At solution concentra-
tion above the critical entanglement
concentration (C), the number of poly-
mer chain entanglements significantly
increases, which assists the polymer jet
withstand the electric field to form bead-
free fibers [17], as shown in Fig. 1. Se-
cond, the obtention of bead/defect free
high aspect ratio fibers and finally, fibers
with low diameters. In other words, for a
good solvent, the critical concentration
for the transition from electrospraying to
fiber spinning will be lower than that of
the solvents with moderate/poor chain
conformations/entanglements. In this
regard, by changing the solvent system
for a polymer, different fiber morphology
can be produced, such as dimpled, cup,
half hollow sphere, spherical, spindle-
like bead structures and continuous long
fibers with smooth and porous surfaces.
The selection of the best solvents for a
polymer can be carried out empirically
using theoretical predictions with a con-
siderable level of accuracy. Hansen solu-
bility parameters can estimate a solvent’s
ability to interact with the polymer
chains in the solvents and vice versa,
based on the dielectric strength, the pre-
sence of polar groups, molecular weight
etc [18]. In this method: initially, one has
to locate the components: dispersion
forces component (8,), the hydrogen
bonding component (5,) and the polar
force component (5p) of Hansen’s solubi-
lity parameters of the list of solvents and
the respective polymers in a Teas plot.
The positions of solvent on the Teas
graph are stationary and the solvents
falling within the solubility region of the
respective polymer, which is specified as
the interaction radius, can be considered
for the electrospinning. These selected
polymers can be ranked again by the in-
teraction distance, which is a measure of
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distance between the points represen-
ting the polymer and the solvents and
the polymer [19].
Poly(styrene-co-acrylonitrile) (SAN)
was chosen for the present study to ex-
tend the applicability of Hansen solubili-
ty parameters for the optimal selection
of solvents for electrospinning; at the
same time, to correlate the solvent pro-
perties with the morphology and yield of
electrospun  SAN fibrous/nanosized
structures. SAN is a random copolymer of
styrene and acrylonitrile, which exhibits
exceptional properties, such as oil and
chemical resistance, transparency, heat
resistance, toughness and rigidity and its
fibrous form is appropriate for many ap-
plications, such as catalyst immobilizati-
on, ultrafiltration of corrosive chemicals,
food packaging, medical masks and air
filters, etc [20]. The current focus on SAN
is a step towards the electrospinning of
copolymers, which has not been
addressed in depth in literature [21-23].
In this study, we extensively investigated
the effects of fabrication parameters in
electrospinning of SAN from its eight so-
lutions (i.e. in chloroform, tetrahydrofu-
ran, N,N-dimethyl formamide, toluene,
1,2-dichloroethane, n-butanone or me-
thyl ethyl ketone, ethylacetate, and di-
methyl sulfoxide). Hansen’s philosophy
of solubility approach was employed to
select the suitable solvents for electro-
spinning of SAN. Moreover, a ternary so-
lubility diagram, namely Teas graph, was
also utilized to aid the search for approp-
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riate solvents for preparing SAN solu-
tions. Using this Teas graph and Hansen
graph, eight solvents were chosen for the
electrospinning of SAN to examine the
influence of variations in the concentra-
tion of solution and applied voltage on
spinnability and electrospun fiber mor-
phologies.

2. Experimental details

2.1 Materials

SAN [viscosity average molecular weight
(M): 2.46 x 10° (Oswald viscometry)],
with an acrylonitrile content of 30 %, was
obtained from Bhansali Engineering Po-
lymers, Sirohi, Rajasthan, India. The eight
solvents used in this study were chloro-
form (CF) (>99%, NICE chemicals Pvt.
Ltd., Kochi, India), tetrahydrofuran (THF)
(99 %, CDH Pvt. Ltd., New Delhi, India),
N,N-dimethyl formamide (DMF) (>99%,
SRL Pvt. Ltd.,, Mumbai, India), toluene
(>99%, NICE chemicals Pvt. Ltd., Kochi,
India), 1,2-dichloroethane (DCE) (>99 %,
CDH Pvt. Ltd., New Delhi, India), n-but-
anone or methyl ethyl ketone (MEK)
(>99 %, SRL Pvt. Ltd.,, Mumbai, India),
ethylacetate (EA) (>99%, Spectrochem
Pvt. Ltd., Mumbai, India), dimethyl
sulfoxide (DMSO) (>99 %, HPLC Pvt. Ltd.,
Mumbai, India). All these solvents were
used without further purification as they
were of the analytical grade. M, of SAN
was calculated using Oswald viscometry
using the Mark-Kuhn-Houwink (MKH)
equation (1):

(C=C*)

Semi-dilute unentangled
(C*<C=C)

Increasing solution concentration
\

Semi-dilute entangled
(=)

with increasing solution concentration.

Fig. 1: (a) Physical illustration of the three solution regimes, (b) Typical change in
morphology from droplets/beads through beaded fibers into ultrafine fibers occurring
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(-5 ¥.9) &)
where, a = 0.62 for n-butanone as the
solvent and K = 3.6 x 10 [24].

2.2Electrospinning of SAN nanofibers

A vertical electrospinning unit was used
for the electrospinning process is shown
in Fig. 2. The polymer solutions of various
concentrations (8, 10, 12, 15 and 20
(w/v %)) were prepared by dissolving ap-

propriate quantities of SAN in 100 mL of
CF, THF, DMF, toluene, DCE, MEK, DMSO,
and EAin closed beakers at 303 °C using
a magnetic stirrer at a mixing speed of
2000 rpm for 6h. The SAN solutions were
placed into medical plastic syringes (5
mL) and then they were electrospun un-
der a varied high DC voltages (10, 15 and
20kV), onto aluminum foil-wrapped
grounded conductive static collector
(Fig. 2). The spinning solutions were deli-
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Fig. 2: Schematic of the electrospinning set-up.

vered at a controlled flow rate of
300 uL.h* through a metallic needle;
spinneret tip-to-collector distance (TCD)
was 23 c¢m. The electrospinning equip-
ment (ESPIN-NANO) was supplied by
Physics Equipments Co., (Chennai, Tamil
Nadu, India).

2.3 Characterization

Electrical conductivities, surface tension
and coefficient of viscosities of the SAN
solutions were measured at 30£3 °C using
a conductivity meter (EQ 667, Equip-Tro-
nics, Mumbai, Maharashtra, India), ten-
siometer (SEO-DST 30M, Germany) and
Brookfield digital viscometer (Model DV 11,
Middleboro, Massachusetts, USA), respec-
tively. The gold sputtered electrospun SAN
fibers’ (sputtered by a JFC 1600 auto fine
coater, JEOL, Tokyo, Japan) diameters and
morphology were determined using a
scanning electron microscope (JEOL-
JSM-6380 LA, Japan) at an accelerating
voltage of 20 kV, using secondary elect-
rons for imaging. Moreover, the as-spun
fiber images and an individual fiber dia-
meter (i.e. an average of 6 measurements
taken along the fiber axis) were analyzed
and measured using Smile Shot™ soft-
ware (JEOL, Tokyo, Japan). To measure the
average fiber diameter (D_ ) of the SAN

fibers attained under a sp::'géiﬁc spinning

Physical properties of solvents used in this work

Solvents? Molecular weight® | Boiling point® | Density® | Dipole moment® | Dielectric |Solubility parameter
(g/mol) (°C) (g/cm?) (Debye) constant® | (MPa)*
Chloroform 1194 61.5 1.480 1.01 4.8 18.95
Tetrahydrofuran 72.11 66.0 0.888 1.63 7.5 19.46
N,N-dimethyl formamide 73.10 154.0 0.949 3.82 37.3 24.86
Toluene 92.11 112.0 0.864 0.36 2.4 18.16
1,2-dichloroethane 98.96 84.0 1.254 2.94 10.2 20.80
n-butanone 72.11 81.0 0.805 2.76 18.5 19.05
Ethylacetate 88.10 77.1 0.901 1.78 6.0 18.15
Dimethyl sulfoxide 78.13 192.0 1.101 3.96 46.7 26.68

2Source: Brandrup, J., Immergut, E.H., 1989 [24]

bSource: Smallwood, I.M., 2002 [25]

Source: Hansen, C.M., 2007 [18]

F1 solubility parameters of various solvents and SAN

Solvents? (SA(;\IFL)‘abl'/IZ')ty Parameter® dr SAN solubility Electrospinnability
8 3, 5, 3,

Chloroform 18.95 17.8 3.1 5.7 2.56614 High Transition

Tetrahydrofuran 19.46 16.8 5.7 8 0.66116 High Spin (beaded fibers)

N,N-dimethyl formamide 24.86 17.4 13.7 11.3 —0.80892 High Spin

Toluene 18.16 18 1.4 2 5.67664 High Spin

1,2-dichloroethane 20.80 19 7.4 4.1 -1.60703 High Transition

n-butanone 19.05 16 9 5.1 -1.11383 High Spin

Ethylacetate 18.15 15.8 5.3 7.2 0.00729 High Transition

Dimethyl sulfoxide 26.68 18.4 16.4 10.2 —3.15487 High Spin

SAN (Polymer) 20.7 16.60 9.80 7.60 (480) |- [

2Source: Brandrup, J., Immergut, E.H., 1989 [24]

bSource: Hansen, C.M., 2007 [18]
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condition, diameters of at least 50 fibers
were measured and their average values
along with standard deviations have been
computed.

3. Results and Discussion
SAN solutions in eight solvents were pre-
pared with a range of concentrations
from 8 to 20 w/v% to study the effect of
solvent system on the morphological
characteristics of the electrospun fibers.
To identify the best electrospinning sol-
vent, at first, the common solvents for
polystyrene (PS) and polyacrylonitrile
(PAN) were chosen from the literature to
dissolve SAN [24 & 25]. Also, the solvents
were chosen based on their physical prop-
erties, to reveal the effects of solvents on
the spinnability of SAN. Some important
physical constants of these solvents are
summarized in Table 1. The values given
in Table 1 were taken from the literature
[18 & 19]. The physical properties of the
solvents were correlated to the spinnabil-
ity of SAN in them. Dipole moment plays
a prime role in determining the cohesive
energy between the polymer chains and
the solvents, which ultimately determines
whether the solvent is good or bad for a
polymer for the complete entanglement
of the chains. Dielectric constant mea-
sures the net charge accumulated on the
spherical droplet at the needle tip, which
is a measure of the ease of fiber forma-
tion [26]. Therefore, a high dielectric con-
stant and dipole-moment are preferred
during the selection of solvents.
Solubility parameters, &, are used to
help the hunt for desirable solvents and
solvent systems for a particular polymers
used in solution electrospinning. Appro-
priate solvents were chosen, which have
solubility parameters either close to or
away from that of SAN (Table 2). Hansen’s
solubility theory [18] was used for evalu-
ation of the solubility behaviors of these
solvents. & is of numerical significance
that shows the relative solvency behavi-
or of a particular solvent, was determi-
ned by equation (2):

5= JE; - [!\HV;’RTJ]" : 2)

where, E, indicates the cohesive energy
density, R is the universal gas constant,
V_ specifies the molar volume, T is the
temperature and AH is the heat of vapo-
rization [15], and the solubility parame-
ter Sl unit is MPa*/2,

In the Hansen solubility sphere, three-
dimensional (3-D) coordinate system of

www.kgk-rubberpoint.de
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H ., Fig. 3: Scheme of
a Hansen solubil-
ity graph: d*-
calculation for a
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Fig. 4: Teas plot of Hansen solubility parameters for SAN solvent classes.

6p, 6, and ¢, is used to represent the
spherical region surrounding the poly-
mer where the three dimensional coordi-
nated of the best solvent for the polymer
falls. Any solvents (S) for which these co-
ordinates located within the Hansen
sphere can dissolve polymer (SAN) ins-
tantaneously. The interaction radius ‘v’ of
the SAN sphere is 4.80 MPa/? [18].

2

L [4(54 ~ 8 5av )2 + (‘sp — 8, un )_ +
511
((sh - JILSAN )- ]/

where, O ysawr 6p,SAN’ Oy oan signify the coor-
dinates of the centre of the Hansen sphe-
re and known by the Hansen solubility
parameters of the polymer (Fig. 3), in this

case SAN. The least distance between the

(3)

/
2

polymer and solvent coordinates, can be
calculated as,

d*=r—d=r- [4(5,;__, =0y suv )2 +

@

(5p,.s -0 p.SAN )2 + (5.‘1,5 - 5.';,5‘4,&' )2 }/2
where, d* signifying the distance bet-
ween the surface of the Hansen sphere
and the solvent coordinates and d is the
distance between the polymer and the
solvent coordinates. A minimum dis-
tance between the polymer and the sol-
vent coordinates, i.e. d*<0, is expected
for the best suited solvent for defect free
electrospinning and high-yield of nanofi-
bers, as shown in Table 2.

A ternary solubility diagram based on
the Hansen solubility parameters, also
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Fig. 5: Variation of coefficient of viscosity, electrical conductivity and surface tension
as a function of solution concentration on SAN/CF solutions.
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Fig. 6: Representative SEM images (magnification 2000x and scale bar = 10 pm) of
SAN fibers spun from CF solutions of different concentrations (w/v %) under varying
applied voltage (for a fixed flow rate of 300 pL h* and TCD of 23 cm) (The values
below the SEM images show the D, and the standard deviation of fiber diameter).
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known as the Teas graph, is considered to
be the best and well-designed among
the large diversity of solubility scales in
the literature for the preparation of poly-
mer solution, and one can make use of
this for reducing the tediousness of se-
lecting the solvent for electrospinning
[27]. The axes of Teas plots 3,0, and &,
which are fractional coordinates, derived
from the polar component & , the disper-
sion component &, and the hydrogen
bonding component §, of the solubility
parameter, respectively. Any solvent can
be represented by a point on Teas plot,
provided that one has to know the three
corresponding fractional parameters on
the solvent, and also in the case of poly-
mers.

In Teas triangle, the fractional coordi-
nate axes have been reduced to a scale of
0-1.00. Therefore, Teas plots can be used
as an easy way of spatial representation
of polymers and solvents which are un-
der consideration and the points repre-
senting the solvent in the locality of that
of the polymer can be considered for
electrospinning process. In this study, the
criteria for the selection of the most sui-
ted solvent for electrospinning was the
position of the solvent on the Teas graph,
which lies in proximity to the position of
a good solvent for electrospinning for
SAN. Teas graph was developed for SAN
based on the solubility parameter (Fig. 4)
and the suitability of the SAN solutions
were thoroughly examined for electro-
spinning. Based on the solubility princip-
les a set of solvents were also chosen for
the detailed study. The dissolution of
SAN was tried in chosen solvents and
electrospun to obtain nanofibers at dif-
ferent electrospinning conditions. The
morphology of the thus obtained fibers
was studied.

3.1 Electrospinning of SAN

from chloroform

SAN dissolves in chloroform to produce a
spinnable solution and nanofibers with
different morphology can be attained by
changing the electrospinning parame-
ters. In case of SAN dissolved in chloro-
form, the tip of the spinneret often got
clogged by the dried polymer due to the
low boiling point (61.5 °C) of the solvent,
as shown in Table 1. The variation of sur-
face tension, electrical conductivity and
coefficient of viscosity as a function of
the SAN solutions in chloroform are
shown in Fig. 5. It can be seen that both
the viscosity and electrical conductivity
of solution increase with increasing solu-
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tion concentration. Also, the surface ten-
sion of the SAN solutions marginally de-
creases as their concentrations increase,
which denotes that surface tension has a
very slight impact on the fiber formation.
In general, the relation between solution
viscosity and surface tension is linear, as
reported earlier for pure and mixed solu-
tion [28], the relationship is;

ln;J/:lnA+E (5)
n

where, y is the surface tension, 7 is the

solution viscosity, A and B are the cons-

tant which depends on the nature of the

polymer used.

SEM micrographs of electrospun SAN
fibers are illustrated in Fig. 6. At lower
concentration (8 %), mostly droplets and
some short fibers with beads were ob-
served. At the solution concentrations of
10 and 12%, the fibers were found to
have a fewer beads with a lower average
fiber diameter. These droplets and beads
significantly disappeared by increasing
the solution concentration from 12 to
20%. This underscores the importance of
a critical solution concentration at which
entanglements form to an optimum ex-
tent, which eliminates the possibility of
bead formation. Relatively large diame-
ter fibers were noticed in fibers spun at a
higher concentration of 20 %. Uniformity
of the electrospun SAN fibers increased
with increasing applied voltage signifi-
cantly (10 to 20 kV). The electrospun na-
nofibers produced at 20 kV have an even
diameter distribution with few beaded
morphology.

3.2 Electrospinning of SAN
from tetrahydrofuran
Tetrahydrofuran was able to dissolve
SAN to develop a spinnable solution and
resulted in the formation of few incipient
fibers with predominantly beads. The
changes in surface tension, electrical
conductivity and coefficient of viscosity
as a function of the SAN solutions in THF
are shown in Fig. 7. It reveals that the
viscosities of the SAN solutions increase
substantially with increasing polymer
concentration. Besides, the surface tensi-
on gradually decreases with increasing
concentration of the polymer solution.
As expected, the solution often got
clogged because of the low boiling point
of THF (66.0 °C; Table 1). This clogging is
similar to that observed for the solution
of SAN in chloroform.

Figure 8 shows the SEM micrographs of
the electospun SAN nanofibers attained
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Fig. 7: Variation of coefficient of viscosity, electrical conductivity and surface tension
as a function of solution concentration on SAN/THF solutions.
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Fig. 8: Representative SEM images (magnification 2000x and scale bar = 10 pm) of
SAN fibers spun from THF solutions of different concentrations (w/v %) under varying
applied voltage (for a fixed flow rate of 300 pL h* and TCD of 23 cm). (The values
below the SEM images show the D, and the standard deviation of fiber diameter).
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Fig. 9: Variation of coefficient of viscosity, electrical conductivity and surface tension
as a function of solution concentration on SAN/DMF solutions.
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Fig. 10: Representative SEM images (magnification 2000x and scale bar = 10 pm) of
SAN fibers spun from DMF solutions of different concentrations (w/v %) under varying
applied voltage (for a fixed flow rate of 300 pL h* and TCD of 23 cm). (The values
below the SEM images show the D, and the standard deviation of fiber diameter).
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from solutions of different concentrations
(ranging between 8 and 20 w/v%) under
varying electrostatic field strength. It was
noticed that, depending on the concentra-
tion of polymer solution, the electrospun
fiber morphology reveals different trends
with varied applied voltage. There was a
slight change in fiber morphology with
increasing applied voltage. A large num-
ber of dimple-like beads were observed at
a lower concentration for both 8 and 10 %
SAN solutions; however, a slight change
was observed at the solution concentrati-
on of 12 %. This indicates that solution
concentrations well above C, are required
to stabilize the electrospinning jet. At 15
%, the morphology changes from beads to
beads on strings. When the solution con-
centration increases to 20 %, mixture of
smooth and fewer beaded fibers were ob-
served, which indicates that still a high
enough polymer chain entanglements are
needed to completely prevent the charged
jet from breaking up.

3.3 Electrospinning of SAN

from N,N-dimethyl formamide
N,N-dimethyl formamide was able to dis-
solve SAN to form a spinnable solution to
produce SAN fibers. Interestingly, increa-
sing the solution concentration also resul-
ted in ultrafine bead-free fibers with rea-
sonable diameters. The variations of sur-
face tension, electrical conductivity and
coefficient of viscosity as a function of the
SAN solutions in DMF are shown in Fig. 9.
Figure 9 reveals that the viscosity increa-
ses significantly with increasing solution
concentration, while surface tension de-
creases gradually. Moreover, the electrical
conductivity of the SAN solution margi-
nally increases from 3.3 to 6.8 puS/cm with
increasing DMF content, because it has a
high dipole moment (3.82 Debye) and
dielectric constant (37.3) compared to the
other ones (Table 1). This indicates that
electrical conductivity has a very slight
effect on fiber formation from SAN soluti-
on. The addition SAN in the solvent incre-
ases the electrical conductivity, because,
the presence of nitrile group in them in-
creases the ionic/charge movements. It is
akin to PAN, which is used in ion exchange
membranes.

According to the SEM images shown
in Fig. 10, the number of sphere-shaped
beads and their size steadily decreased,
and as the solution concentration was
increased from 8 to 12%, spindle-like
bead structures formed due to low solu-
tion viscosity, which resulted in destabili-
zation of the electrified jet. At a flow rate
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of 300 pL.h?, the quantity of polymer
solution delivered to the tip of the spin-
neret is not enough; therefore, beads
with non-uniform fibers were formed
from solutions of concentrations 12 and
15 %. Nanofibers spun at a concentration
of 20% contain (C > Ce), very few beads
when compared to those obtained from
a solution of lower concentration; howe-
ver, the Davg_ of the electrospun fibers
electrospun was around 280 nm.

3.4 Electrospinning of SAN
from toluene
Toluene was able to dissolve SAN to form
a spinnable solution, but the continuous
spinning of the SAN solution in toluene
was very difficult. Because, it has a very
low dipole moment (0.36 Debye; Table 1)
and a low dielectric constant (2.4; Table
1) compared to the other solvent used.
The variations of surface tension, electri-
cal conductivity and coefficient of visco-
sity as a function of the SAN solutions in
toluene are shown in Fig. 11. It shows
that electrical conductivity of the SAN
solution marginally increases as their
solution concentration increases. Also,
the surface tension of the SAN solution
was found to be higher than that of pure
toluene. As the solution concentration
increases, the surface tension values de-
crease. Thus, the electrical conductivity
of the SAN solution does not have a sig-
nificant effect on the fiber morphology.
By electrospinning of the SAN soluti-
on with a lower concentration (< 12 %),
very small amount of as-spun SAN fibers
was obtained, as shown in Fig. 12. By
further increasing the solution concent-
ration to 15 and 20 %, the amount of fi-
bers was found to markedly increase
with an average fiber diameter in the
range of 400 nm to 1 pm.

3.5 Electrospinning of SAN

from 1,2-dichloroethane
1,2-dichloroethane was able to dissolve
SAN to form a spinnable solution within
6 h. Figure 13 shows variation of surface
tension, electrical conductivity and coef-
ficient of viscosity as a function of the
SAN solutions in DCE. As expected, the
solution viscosity and conductivity incre-
ases significantly with increasing soluti-
on concentration, while surface tension
decreases gradually. Here, the tip of the
nozzle often got clogged by the dried
polymer because of the low boiling point
of DCE (84.0 °C; Table 1). This clogging is
similar to that noticed for the solution of
SAN in chloroform and THF.
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Fig. 11: Variation of coefficient of viscosity, electrical conductivity and surface tension
as a function of solution concentration on SAN/toluene solutions.

Concentration Applied voltage (kV)
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Fig. 12: Representative SEM images (magnification 2000x and scale bar = 10 pm) of SAN
fibers spun from toluene solutions of different concentrations (w/v %) under varying
applied voltage (for a fixed flow rate of 300 pL h** and TCD of 23 c¢m). (The values below
the SEM images show the D, and the standard deviation of fiber diameter).
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Fig. 13: Variation of coefficient of viscosity, electrical conductivity and surface tension
as a function of solution concentration on SAN/DCE solutions.
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Fig. 14: Representative SEM images (magnification 2000x and scale bar = 10 pm) of SAN
fibers spun from toluene solutions of different concentrations (w/v %) under varying
applied voltage (for a fixed flow rate of 300 pL h™* and TCD of 23 cm). (The values below
the SEM images show the D, and the standard deviation of fiber diameter).
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SEM micrographs of electrospun SAN
fibers are shown in Fig. 14. It shows that
the number of dimple-like beads decrea-
ses with increasing the solution concent-
ration from 8 to 12 %. At low concentra-
tions (£12%), electrospun SAN fibers are
harder to dry before they reach the coll-
ector plate. Furthermore, the presence of
high solvent content of the solution jet
favors the formation of beads along with
electrospun fibers. As the solution con-
centration was increased beyond the C,
(15%), beaded nanofibers were produ-
ced, which indicates that there are no
entanglements between polymer chains
in solutions below C,. For the electrospun
fibers with 20 % solutions of SAN, spind-
le-like beaded fibers were observed. It
was found that the varied applied volta-
ge and flow rate marginally controlling
the fiber morphology and diameter.

3.6 Electrospinning of SAN from
n-butanone

n-butanone was able to dissolve SAN to
form a spinnable solution within 6 h.
The variations of surface tension, elec-
trical conductivity and coefficient of vis-
cosity as a function of the SAN solutions
in MEK are shown in Fig. 15. As shown in
Fig. 15, the electrical conductivity and
viscosity of the SAN solution increase as
the solution concentration increases. In-
crease in either of these parameters
leads to the formation of defect-free,
uniform SAN fibers. Moreover, gradually
decrease in surface tension plays a vital
role in determining the range of SAN
solution concentration from which con-
tinuous stable jet can be obtained in
electrospinning.

The SEM micrographs of electrospun
SAN fibers attained from solutions in the
concentration range of 10-25 w/v % are
shown in Fig. 16. Numerous dimple and
cups-like beads were noticed among the
electrospun fibers, particularly those ori-
ginating from 8, 10 and 12% SAN solu-
tions. Once the solution concentration
increased to 15%, the number of beads
decreased due to the onset of entangle-
ment couplings between chains in the
polymer solution. When the solution
concentration increased to above 15 %,
bead-free fibers were obtained and fi-
bers became thicker.

3.7 Electrospinning of SAN

from ethylacetate

Ethylacetate was able to dissolve SAN to
form a spinnable solution. The solution
got clogged at the tip of the spinneret
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and also lesser amount of the fibers was
produced at all concentrations of the so-
lution, possibly due to the fast evaporati-
on of the solvent (cf. the low boiling
point of ethyl acetate of 77.1 °C), as
shown in Table 1. Figure 17 illustrates the
variations of surface tension, electrical
conductivity and coefficient of viscosity
as a function of the SAN solutions in EA.
It shows that the electrical conductivity
increases as the solution viscosity and
concentration increases from 8 to 20 %.
The reason could be the higher dielectric
constant (6.4; Table 1) of the solvent sys-
tem.

Figure 18 shows the SEM micro-
graphs of the electrospun SAN fibers
obtained from solutions of different
concentrations. At low solution concen-
trations (<12 %), relatively large amount
of discrete mushroom-like beads and
beaded fibers were observed. The struc-
ture of the mushroom-shaped cross-
sectional SAN fibers could be a reason
for the collapsing of the charged jet up-
on evaporation of the solvent. The bead-
ed fiber morphology completely elimi-
nated when the solution concentration
was about 20 %. Moreover, the Davg of
the electrospun SAN fibers increases
monotonically with increasing the solu-
tion concentration.

3.8 Electrospinning of SAN

from dimethlysulfoxide
Dimethlysulfoxide was able to dissolve
SAN to form a spinnable solution to fab-
ricate SAN fibers. Ultrafine SAN nanofi-
bers could be easily spun from DMSO
solution. This is due to the very high die-
lectric constant (46.7; Table 1) and dipole
moment (3.96 Debye; Table 1) of the sol-
vent. The variations of surface tension,
electrical conductivity and coefficient of
viscosity as a function of the SAN solu-
tions in DMSO are shown in Fig. 19. Figu-
re 19 shows that viscosities of the SAN
solutions increase exponentially with in-
creasing solution concentration from
8—20 %, while surface tension decreases
gradually. Moreover, a slight increase in
the electrical conductivity of the SAN so-
lution does not have a significant effect
on the diameter of electrospun SAN fi-
bers.

Figure 20 shows the SEM images of
the electrospun SAN fibers obtained at
different solution concentrations (8—
20%) and at varied applied voltage from
10-20 kV. The smallest D of spindle-
like beaded fibers were obtained, from
SAN solutions of low concentration (8
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Fig. 15: Variation of coefficient of viscosity, electrical conductivity and surface tension
as a function of solution concentration on SAN/MEK solutions.
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Fig. 16: Representative SEM images (magnification 2000x and scale bar = 10 pm) of SAN
fibers spun from MEK solutions of different concentrations (w/v %) under varying applied
voltage (for a fixed flow rate of 300 pL h* and TCD of 23 cm). (The values below the SEM
images show the D, and the standard deviation of fiber diameter).
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Fig. 17: Variation of coefficient of viscosity, electrical conductivity and surface tension
as a function of solution concentration on SAN/EA solutions.
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Fig. 18: Representative SEM images (magnification 2000x and scale bar = 10 pm) of SAN
fibers spun from EA solutions of different concentrations (w/v %) under varying applied

voltage (for a fixed flow rate of 300 pL h* and TCD of 23 cm). (The values below the SEM
images show the D, and the standard deviation of fiber diameter).
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and 10%), since the boiling point of DM-
SO is relatively high (192 °C; Table 1),
thereby the charged jet did not have
sufficient time to dry during its reach to
the collector plate. At 12 %, larger
amount of fibers with occasional pre-
sence of beads were observed. When the
solution concentration was increased to
15 %, uniform fibers along with fewer
beads were obtained due to the higher
number of entanglements. With a
further increase in the polymer concent-
ration (20 %), ultrafine bead-free fibers
with an of D, 800 nm were formed. A
higher applied voltage (215 kV) resulted
in superior stretching of the polymer so-
lution due to the better Columbic forces
in the charged jet as well as electric field;
these effects favor rapid evaporation of
solvent from the electrospun fibers.

From the detailed analysis of the fi-
bers obtained using different solvents,
DMSO, DMF and MEK were found to
produce SAN nanofibers with good mor-
phological features. The properties of the
solvents such as boiling point, dielectric
constant and dipole moment played in
the production of bead-free fibers. Figure
21 compares the aforesaid properties of
the solvents. It is observed that, for the
solvents DMSO, DMF and MEK, the valu-
es of these physical properties are the
highest and they are considered to be the
best for the electrospinning of SAN for a
solution concentration of 20 w/v%. As
these properties are reduced, the mor-
phology of the fibers obtained from the
respective solvents at the maximum so-
lution concentration (20 w/v%) were na-
nofibers with intermittent beads. The
dielectric constant of the solvent has a
crucial role in electrospinning process,
since the transformation of beaded to
bead-less fibers is observed as the sol-
vent is changed from 1,2-dichloroethane
to n-butanone. These solvents have mo-
re-less closely matching physical proper-
ties except the dielectric constant. There-
fore, the minimum dielectric constant
required by the solvent for the successful
electrospinning of SAN corresponds to
that of n-butanone. The morphology of
the fibers obtained at 20 w/v% of SAN in
1,2-dichloroethane is similar to the case
of best solvents at a lower solution con-
centration (15 w/v%). Therefore, it is ex-
pected that, bead-free fibers can be ob-
tained if we can increase the concentrati-
on of SAN in the solvent (>20 w/v%),
since the addition of more SAN can incre-
ase the dielectric constant of the spin-
ning solution.

www.kgk-rubberpoint.de



4. Conclusions

Hansen solubility parameter and Teas
plot were used to choose a solvent for
electrospinning of poly(styrene-co-acry-
lonitrile). Among the eight solvents stu-
died, only the SAN solutions in DMSO,
DMF and MEK were found to produce
SAN nanofibers with good productivity
and with satisfactory morphological ap-
pearance, while the SAN solutions in CF,
THF, toluene, DCE and EA were not signi-
ficantly spinnable. Based on the qualita-
tive observation of the results obtained,
the physical constants of the solvents
such as boiling point, dipole moment
and dielectric constant greatly influence
the electrospun SAN fiber morphology.
Also, the best fiber morphology is main-
ly due to the increase in solution viscosi-
ty, which is due to the increase in soluti-
on concentration and, increase in electri-
cal conductivity and reduction in surface
tension complimented the increase in
the viscosity and the variations are neg-
ligibly small with respect to viscosity.
Notably, the solution viscosity was found
to play a governing role in determining
the behavior of the solution jet during
the electrospinning process. Conse-
quently, there was an optimal solvent
system, which could almost eliminate
beads in electrospun webs, and the ef-
ficiency of the electrospinning process
also strongly depended upon the chosen
solvent system.
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Compounds fiir Anwendungen im Automobil-Innenraum

COMPOUNDS An Kunststofftei-
le im Automobil-Innenraum
werden hochste Anspriiche ge-
stellt. Hier sind unter anderem
allgemeine Produktqualitat,
Farbkonstanz sowie Bestandig-
keit gegen gangige HeiRlichtal-
terungstests der Automobilin-
dustrie zu nennen. Bada, Bihl,
bringt nun eine Vielzahl neuer
Produktlésungen auf den
Markt, die diesen Anspriichen
gerecht werden. Compounds
auf Basis Polyamid 6 mit varia-
bler Glasfaserverstarkung ver-
einen eine hohe Bestandigkeit
gegen Heillichtalterung mit
sehr guten mechanischen Ei-
genschaften und individueller
Einfarbung. Badamid B70 GF30
H UV ist ein langjahrig bewadhr-
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tes Beispiel fiir diese Produkt-
klasse und eignet sich bestens
fir Sichtteile mit hohen mecha-
nischen Anforderungen, die
dauerhaft der Sonnenstrahlung
ausgesetzt sind. Polymerblends
aus ASA+PC genief3en einen im-
mer hoheren Stellenwert im In-
terieur. Hohe Lichtbestdndig-
keit, antistatische Eigenschaf-
ten gegen Staubablagerungen
und Lieferung in gangigen Au-
tomobilfarben erméglichen die
Herstellung von Bauteilen im
direkten Einstrahlbereich der
Sonne. Badalac ASA/PC 120 H
UV AS besteht gangige Tests der
Automobilindustrie hinsichtlich
HeiBlichtalterung und Ableitfa-
higkeit und findet beispielswei-
se Anwendung in Ablagefa-

chern und Schiebeelementen.
Thermoplastische Elastomere
TPE-S sind ebenfalls mit hoher
UV-Bestandigkeit, antistatisch
und eingefarbt lieferbar. Optio-
nal kann die Dichte dieser Com-
pounds auf <0,8 g/cm?* gesenkt
werden. Fiir Badaflex TPE-S 60A
5471LD AS eréffnen sich hier-
durch weite Anwendungsfel-
der, wie beispielsweise Ablage-
matten und Griffe, die zusatz-
lich mit geringerem Teilege-
wicht hergestellt werden
konnen. TPE-S Compounds mit
2K-Haftungsmodifizierung bil-
den einen wichtigen Spezialita-
tenbereich im Portfolio ab. Ba-
daflex TPE-S 60A 5206 UV 2K
haftet besonders gut auf ABS,
ABS/PC sowie ASA/PC-Blends

und besteht HeiRlichtalte-
rungstests sowohl in feucht-
und trocken-heilem Klima.
Dieses Compound ist daher zu-
satzlich im AuBenbereich ein-
setzbar. Badaflex TPE-S 35A
5455 2K bietet eine hervorra-
gende Haftung auf dem weit
verbreiteten Werkstoff Poly-
amid 6, was weitere Konstrukti-
onsmoglichkeiten erdffnet. Alle
Typen sind in einem weiten
Hartebereich lieferbar und eig-
nen sich fiir 2K-Spritzlinge.
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