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Abstract !

/
Thermoplastic elastomer-based fibers have many advantages including
lightness, flexibility, resilience. Styrene-[ethylene-(ethylene-propylene)]- . .
styrene (SEEPS) is a styrenic block copolymer based thermoplastic Article History
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elastomer and it can be used for many applications with many functions
as a matrix, compatibilizer, modifier or adhesive. It has good resistance
to oxidizing agents, weathering, aging, and it can be used under various
conditions. In this study, SEEPS block copolymer fibers were electrospun.

This study is the first study about the electrospinning of SEEPS block Elggtrvzcs);‘ijnsr‘]ing;
copolymer in the literature. Various spinning solutions were used, and Microfibers:

process was optimized by changing the electrospinning conditions. Fiber SEEPS;

morphology was analyzed by an optical microscope and fiber diameter Thermoplastic Elastomers.
distribution histograms were drawn. In order to understand the effects
of polymer concentration on electrospinning, viscosity of the spinning
solutions was measured. Although electrospinning conditions were found
to be critical in terms of spinnability, solution concentration and viscosity
were the most significant factors for obtaining flexible SEEPS based fibrous
nonwoven mats.
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Introduction generally found as block copolymers. While the hard
Thermoplastic elastomers (TPEs) are rubbery  segments of the blocks are thermoplastic phase,
materials that are basically mixture of thermoplastics  soft segment of the blocks represent rubbery phase.
and rubbers. In other words, they have both rubbery ~ Since hard segments function as physical cross-
and thermoplastic phases together and they are linking centers, TPEs do not require vulcanization.
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Based on the ratio of the blocks, mechanical,
morphological and processing properties of the
TPEs change. Depending on the type of the hard
segment, they can be classified as urethane, amide,
olefin and styrene based TPEs. In all these types,
styrene based thermoplastic elastomers offer
unique properties including thermal, UV and aging
resistance. The most common styrene based TPEs
can be given as styrene-butadiene-styrene (SBS),
styrene-isoprene (Sl), styrene-isoprene-styrene
(SIS) and poly[styrene-b-(ethylene-co-butylene)-
b-styrene] (SEBS)." Also, styrene block copolymer
microfibers can be produced by electrospinning.
In the literature, many styrene block copolymers, i.e.,
poly(styrene-block-dimethylsiloxane),? poly(styrene-
block-poly(4-vinylpyridine),® S1,4°SIS,5¢SBS,”° and
SEBS'" have been used to obtain sub-micron or
microfibers by electrospinning. Although these
polymers are promising for various applications,
relatively new styrene-based block copolymer known
as styrene-[ethylene-(ethylene-propylene)]-styrene
(SEEPS) shows a growing attention recently.

High tensile strength, flexibility, shock absorption
properties, resilience, low temperature performance,
and good electrical insulation capacity make SEEPS
advantageous. SEEPS is a hydrogenated styrenic
block copolymer that can be used for various
applications from automotive industry to household
items and toys to cables as matrix, compatibilizer,
modifier or adhesive. Since SEEPS does not
contain double bonds in its chemical structure,
it has good resistance to oxidizing agents, weathering,
aging and can be used under extreme conditions.
Although SEEPS is available in the market for more
than 15 years, scientific literature about SEEPS
is scarce. In most of these studies, blends were
prepared and characterized. SEEPS was blended
with polyamide (PA),"'3 polyethylene terephthalate
(PET)," polypropylene (PP),"s'® PP/polystyrene
(PS)." In these studies SEEPS was generally used
as animpact modifier or a compatibilizer. Depending
on the ratio and type of the SEEPS enhancement in
the mechanical properties were reported.In addition
to SEEPS blends, composites were also studied.?®
In this study, magnetorheological properties of the
SEEPS based isotropic and anisotropic composites
were investigated. Also, various oils were also mixed
with SEEPS in order to modify the morphology.
As reported in these studies, depending on the oll
type and amount viscoelastic properties varied.?'-2®

Also there were couple of studies about
understanding the morphology of SEEPS?+% and
crosslinking behavior of SEEPS.% These studies are
of significance in terms of understanding morphology
of SEEPS.

Electrospinning is a common method used for
fabrication of ultra-fine, lightweight, pliable, flexible
fibrous structures that have relatively high surface
area and porosity. Depending on the polymer, solvent
and processing conditions, various morphologies
can be obtained. Although there are many studies
in literature most of them were about electrospinning
of thermoplastic polymers.?-2 The number of the
studies about electrospinning of TPEs are relatively
limited and in these studies, TPU was commonly
used.?3%" As mentioned above, there is no study
about electrospinning of SEEPS block copolymer
in literature.

In this study, SEEPS block copolymer was
electrospun. Various spinning solutions were
prepared, and optimization of the process was
carried out. Viscosity of the spinning solutions was
measured. Fiber morphology was analyzed, and
fiber diameter distribution values were determined.

Materials and Method

Materials

In the study, SEEPS block copolymer with 30%
styrene content was used (SEPTON 4033, Kuraray
Co Ltd., Japan). The solvents, chloroform and
toluene, were bought from Merck (Germany).
All chemicals were used as received.

Preparation of Electrospinning Solution

The electrospinning solutions with the polymer
concentration of 8, 10, 12 and 15 wt% were
prepared. According to Flory-Huggins solubility
mixing theory, small difference between solvent
and polymer solubility parameters results in small
enthalpy change. Gibbs free energy change
in the mixing process comes closer to zero or
negative values and mixing occurs. SEEPS block
copolymer can be dissolved in many organic
solvents including toluene, chloroform, hexane,
cyclohexane, tetrahydrofuran, carbon tetrachloride,
carbon disulfide etc. Among these solvents, toluene
and chloroform have similar solubility parameter
values, § 1 18.32 and § 1 18.94 MPa'?,

toluene” chloroform”

respectively.® Solubility parameters of styrene-
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based copolymers are 5., 15.7 MPa"2%5_
16.84 MPa'23 and 5.,: 17.5 MPa'2%* There is no
study about solubility parameter of SEEPS (5.)
in the literature, but it can be assumed as a value
between 17.49 and 19.07 MPa'2.% Due to small
difference between solubility parameters of SEEPS
and toluene/chloroform, it can be said that toluene
and chloroform are good solvents for SEEPS.
In addition to solubility parameters of solvents,
boiling temperature and vapor pressure of the
solvents were taken into consideration for solvent
selection for electrospinning. Toluene has higher
boiling point (T,:110.6°C) and lower vapor pressure
(P apor 2.8 kPa at 20°C) than chloroform (T : 61.2°C,
P apor- 21.08 kPa at 20°C). During electrospinning,
use of hardly boiling solvent is required in order
to prevent clogging at the tip of the needle.
On the other hand, collected electrospun fiber

29

on the collector should be dry enough to prevent
the merging of the fibers. In other words, solvents
used for the preparation of electrospinning solution
should be completely evaporated between tip and
collector. For all these reasons, the electrospinning
solvent was chosen as a mixture of chloroform
and toluene. Chloroform was chosen because of
its higher volatility compared to toluene. Different
weight ratios of chloroform to toluene (C:T = 8:2, 6:4,
4:6 and 2:8) were studied in order to optimize the
electrospinning process parameters. For all solvent/
polymer mixtures, spinning solutions were prepared
by using a magnetic stirrer at 50°C until obtaining
homogenous and clear solution.During optimization
studies electrospinning performance and fiber
formation were considered and based on those
findings solvent ratio was determined as C:T=8:2.

Table 1: Electrospinning solution properties, electrospinning conditions,
average fiber diameter, and standard deviation values of SEEPS fibers

Sample  Polymer Viscosity Needle- Applied Feed Fiber Average Standard
Code Concentration (cP) collector Voltage Rate Formation Fiber Deviation
(wt%) Distance (kV) (mL Diameter (um)
(cm) h”) (pm)
S1 8 196 15 15 0.25 No - -
S2 0.50 No - -
S3 0.75 No - -
S4 1.00 No - -
S5 10 625 15 15 0.25 No - -
S6 0.50 No - -
S7 0.75 No - -
S8 1.00 No - -
S9 1.50 No - -
S10 2.00 No - -
S11 3.00 Yes 18.9 9.9
S12 12 1614 15 15 0.25 No - -
S13 0.50 Yes/Clog 8.4 3.5
S14 0.75 Yes/Clog 13.1 6.0
S15 1.00 Yes/Clog 20.9 10.1
S16 2.00 Yes/Clog 234 10.3
S17 3.00 Yes/Clog 23.6 17.4
S18 15 2044 15 15 0.25 Yes 4.4 1.0
S19 0.50 Yes 71 1.7
S20 0.75 Yes 9.1 1.5
S21 1.00 Yes 9.2 1.6
S22 2.00 Yes 23.8 6.0
S23 3.00 Yes 241 6.7
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Electrospinning Process

Electrospinning of SEEPS was carried out by using
a pump (New Era Pump Systems, NE-300, USA),
a flat circular plate collector with 110 mm diameter,
and a high voltage power supply (TN, ESPS-P303,
China) (Fig.1). The volume of the syringe was
10 mL and the gauge of the needle was 21Gx2". The
temperature was set to 29 + 1°C, and the humidity

HIGH VOLTAGE
POWER SUPPLY

Voltage Current

FEED RATE

SYRINGE
PUMP

Fig. 1: Schematic illustration

Characterization

Brookfield DV2T viscometer (USA) was used
in order to determine the viscosity values of the
spinning solutions. The measurements were done
at 50 rpm with the spindle #4 at room temperature
(25°C). The average value was calculated after
three measurements were taken. The optical
images of the electrospun fibers were analyzed by
an optical microscope (BX51M, Olympus, Japan)
under dark field mode. Image J software was used
in order to determine average fiber diameter and
fiber distribution histograms were drawn (around
200 different spots were selected in each image).

Results and Discussion

Solution Viscosity

Since viscosity is an indication of resistance to
flow, it is significant not only for fiber formation
but also for fiber morphology. In this study, three
different spinning solutions were prepared as
8, 10, 12, and 15 wt% in order to determine the
optimum polymer concentration. Viscosity of the
solutions was determined by a viscometer under
the same conditions. Normalized viscosity (NV)
values were calculated in order to show the extent
of increasein solution viscosity with increasing
polymer concentration. NV values were determined
by using the equation (NV = n/n,). n was the viscosity
of the solution and n, was the viscosity of 8 wt%

was between 20-22% RH. Feed rate was changed
in the range of 0.25-3 mL h™'. The voltage (15 kV)
and the needle-collector distance (15 cm) were kept
constant. Electrospinning solution concentration,
solution viscosity, electrospinning conditions (feed
rate, needle-collector distance, applied voltage)
and average fiber diameter values can be seen
from Table 1.

-—
GROUND

of electrospinning system

solution. These values can be seen from Table 1.
8, 10, 12, and 15 wt% SEEPS containing solutions
had viscosity values 196, 625, 1614 and 2044 cP,
respectively. NV values of the samples were 1, 3.19,
8.23 and 10.42. As expected, increase in polymer
concentration led to increase in viscosity. This rapid
increase in viscosity is parallel with the literature.
And, this was probably caused by higher level of
inter- or intra-molecular interactions (i.e., increased
entanglement) between polymer macromolecules.®
In our case, the level of increase was also critical.
While relative change was around 319% between 8
and 10 wt% SEEPS containing solutions, the value
showed a dramatic increase between 8 and 15 wt%
and was calculated as 1042%.

Morphology

In order to observe the fiber formation and
morphology, samples were analyzed by an optical
microscope. As seen from Fig. 2 and 3, fiber formation
was not observed under all conditions. Fig. 2 shows
morphologies of S1-S4 that were obtained from 8
wt% SEEPS solution at different electrospinning
conditions. The processing conditions were as
follows: Applied voltage was 15 kV, needle-collector
distance was 15 cm and feed rates were 0.25, 0.5,
0.75and 1 mL h' from S1 to S4, respectively. Effect of
feed rate on fiber formation was studied. As obvious
from Fig. 2, at this polymer concentration fiber
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formation was not observed. Increase in feed rate led
to higher amount of sprayed polymer on the collector.
This was probably caused by low solution viscosity.
At this value, entanglement and cohesion between

the polymer chains were not enough to stand
electrical field. As a result of this, solution could not
turn into fiber jet, instead, it was sprayed onto the
collector regardless of the feed rate.

FuR: 0.5 mil/h

BWINSEEPS
ERg 1 mL/h

Fig. 2: Optical microscope images of electrospun samples from 8 wt%
SEEPS solution (S1-S4) at 50x under different feed rates *F.R: Feed rate

10w SEEPS
F.R:0.75 mLh

Fig. 3: Optical microscope images of electrospun samples from 10 wt%
SEEPS solution (S5-S11) at 50x under different feed rates. *F.R: Feed rate

Fig. 3 shows S5-S11 that were obtained from
10 wt% SEEPS solution. The processing conditions
were as follows: Applied voltage was 15 kV, needle-
collector distance was 15 cm and feed rates
were 0.25, 0.5, 0.75, 1, 2 and 3 mL h'. Parallel

with the previous step,the effect of feed rate on
fiber formation was also studied. As obvious from
Fig. 3, at 10 wt% polymerconcentration, fiber
formation was not observed at 0.25, 0.5, 0.75,
1, 2 mL h"' feed rate. However, the obtained
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morphologies on the collector were different than
the samples given in Fig. 2. As can be seen from
Fig. 3, instead of drops in Fig. 2, fibrous drops
were obtained. This was assumed to be caused
by the increase in solution viscosity. As previously
mentioned above, the solution viscosity of the S5-
S11 was around three times higher than as S1-S4.
As a result of this, entanglement and cohesion
between polymer macromolecules increased and
solution started to turn into non-continuous jets in

100 e
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the electrical field. By increasing the flow rate to 3
mL h-', continuous jet formation and smooth fiber
morphology were observed. Increase in feed rate
led to higher amount of polymer solution between
needle and collector that could stand the electrical
field. However, fibers were merged from the contact
points and solvent was not removed completely
before fiber jet reached to the collector. The average
fiber diameter of the S10 was calculated as 18.9 um.

"0.5mL/h

AFD:23.6 pm J
. ]

0 20 40 60 80
Fiber Diameter (pm)

100

Fig. 4: Optical microscope images of electrospun samples from 12 wt% SEEPS solution
(S12-S17) at 50x and 100x under different feed rates and corresponding fiber diameter
distribution histograms. *F.R: Feed rate, *AFD: Average fiber diameter

Fig. 4 shows S12-S17 that were electrospun from
12 wt% SEEPS solution. Electrospinning was carried
out under 15 kV with the needle-collector distance of
15cm and feed rates were 0.25, 0.5, 0.75, 1, 2 and
3 mL h'. As obvious from Fig. 4, no fiber formation
was observed at 0.25 mL h'. Since the amount of
spinning solution was relatively lower at this feed
rate, spraying effect was observed. By increasing the
flow rate to 0.5 mL h', fiber formation was observed.
The average fiber diameter was 8.4 ym. From this

point any increase in feed rate led to increase in
average fiber diameter. 0.75, 1, 2 and 3 mL h™' feed
rate resulted in average fiber diameter 13.1, 20.9,
23.4, 23.6 ym, respectively. Increase in the fiber
diameter was probably caused by the higher amount
of fiber solution between needle and collector.

Fig. 5 shows S18-S23 that were obtained from
15wt% SEEPS solution. The process parameterswere
kept the same for all sets. Applied voltage was 15 kV,
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needle-collector distance was 15cm and feed rates
were 0.25, 0.5, 0.75, 1, 2 and 3 mL h”'. As obvious
from Fig. 5, at 15 wt% polymer concentration,
fiber formation was observed regardless of the
feed rate. This was caused by the drastic increase
in viscosity. As given in Table 1, viscosity of the
15 wt% was nearly 10.40, 3.26 and 1.26 times
higher than that of 8, 10 and 12 wt% SEEPS

15 wi% SEEPS
F.R: 0.25 mL/h

FR: 0.5 mL/h
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15 wt SEEPS
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Frequency (#)

15 wt% SEEPS
F.R: 2 mL/h

15 wi%% SEEPS
FR:3mL/h

Fig. 5:
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containing solutions, respectively. Higher polymer
concentration led to higher interaction between
polymer chains that increased the entanglement
ratio and cohesion between macromolecules.
15 wt% polymer concentration was determined as
the optimum solution for this type of SEEPS under
given electrospinning conditions.

i T L L} T L L] Ll b-zgle"h L)
1:2 [ ﬁ AFD:4.4 pm 1
0 . L L L 1 L L L 1 1 L L
150 T T T T T T T | BE h L T
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100 | E
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Optical microscope images of electrospun samples from 15 wt% SEEPS solution

(S18-S23) at 50x and 100x under different feed rates and corresponding fiber diameter
distribution histograms. *F.R: Feed Rate, *AFD: Average fiber diameter

In order to observe the effect of feed rate on
fiber morphology and diameter, fiber distribution
histograms were also drawn (Fig.5). The
averagediameters of the fibers were calculated
as 4.4,7.1,91, 9.2, 23.8, 24.1 ym for S18-S23,
respectively. As obvious from the outcomes, fiber
diameter increased by increasing the flow rate.
From Fig. 5, fiber diameter values shifted to the
right with the increasing feed rate. Also, standard
deviation of fiber diameter was increased from 1 pym
to 6.7 um with the increasing feed rate. Higher feed
rate caused to higher amount of polymer solution
between needle and collector.

At constant electrical field, amount of stretching was
lowest for the highest feed rate. In other words, the
level of stretching was lower in the case of higher feed
rates, fiber jet could not be stretched, and diameter
became larger. This phenomenon is obvious for
S23. When fiber distribution histogram was checked,
distribution shifts from normal distribution to bimodal
distribution. This might be attributed to increased
electric current resulting in reduction of surface
charge density leading to merged fiber production
with the increased feed rate.® Which means that
drawing ratio is changing from steady to unsteady
and controlling of polymer jet between needle and
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collector was getting harder with the increased feed
rate. Although fiber morphology was observed for
12 and 15 wt% SEEPS solutions, more homogeneous
fibers were obtained for 15 wt%. It was assumed to
be caused by the viscosity of the spinning solution.
Since thermoplastic elastomers are flexible polymers
some level of solution viscosity is required to obtain
homogeneous fiber morphology. In the future
studies, average fiber diameter might be reduced
under 1 um by increasing solution conductivity with
ionic salt addition; by changing collector type to
rotating drum or by using ternary solvents instead
of binary solvents.

Conclusions

In this study electrospinning of SEEPS block
copolymer was carried out for the first time in
literature. 8, 10, 12, and 15 wt% SEEPS solutions
were prepared and electrospun at various conditions.
It was observed that some level of viscosity is
required for the fiber formation. After this value,
fibers can be formed, and the fiber morphology is
tunable by changing the electrospinning process
parameters. Solution viscosity was found significant
in terms of spinnability and 15 wt% SEEPS

containing spinning solution was determined as
the optimum for obtaining a homogeneous fiber
morphology. After determination of the optimum
solution, various feed rates were used to tune the
fiber morphology. By increasing the feed rate fiber
diameter increased significantly. While the average
fiber diameter was 4.4 ym under 0.25 mL h' feed
rate, it was determined as around 24 ym under
3 mL h'. Also, broader fiber distribution histograms
were obtained with increasing feed rate. Flexible
nonwoven mats can be used for many applications
from flexible filters to medical implants. Future
studies will focus on various applications of SEEPS
based flexible nonwoven mats.
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