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Abstract: Melt or solution electrospinning are effective and direct techniques
for producing nanoscale fibers. Polypropylene (PP) cannot be easily dissolved
at ambient temperature. Thus, it is commonly electrospun in the melt state.
However, compared with solution electrospun fibers, melt electrospun PP
fibers are more uneven and with larger diameters. In this study, to remedy this
problem, polar additives, namely stearic acid and sodium stearate, were added
into pure PP. The effects of the additives were investigated. The results showed
that in contrast to those of pure PP, the fiber diameter of PP with 8 wt. %
stearic acid was decreased by 69.3 % (from 5.4 to 1.6 um). The smallest fiber
diameter was 600 nm and the smallest average fiber diameter was 1.8 um when
the sodium stearate contents were 10 and 8 wt. %, respectively. The addition of
polar compounds altered not only the diameters of PP microfibers, but also the
distribution of diameters, the processing current, and even the thermal pro-
perties of the fibers. The microcosmic mechanisms for these changes were
interpreted.

Keywords. diameter; microfiber; non-polar polymer; sodium stearate; stearic
acid; crystallization.

INTRODUCTION

Electrospinning from polymer solutions or melts are effective and direct
techniques for producing nanofibers.1~4 Solution electrospinning conducted at
ambient temperature is a convenient way to obtain superfine fibers,>6 but not
every polymer can be dissolved in an appropriate organic solvent at room tem-
perature. Moreover, the volatility of organic solvents may lead to environmental
pollution. A trace amount of organic solvent trapped in a spun polymer will
negatively impact the mechanical properties of the resulting fibers.” Without
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polymer solvation, melt electrospinning compared with solution treatment is
more environment friendly and highly efficient.8-10 However, the development
of melt electrospinning is slow because of the high viscosity of the melt, resulting
in impaired flow and thick fibers (only a few can attain a thickness of several
hundreds of nanometers).11

To decrease the viscosity and obtain small-diameter fibers, two ways have
been attempted. The first was to change the conditions!2-16 of the melt electro-
spinning, such as the voltage, melt temperature, receiving distance, etc. The
second was to change the polymer content, for instance the addition of a plasti-
cizer,12 or decreasing the molecular weight of the polymer,® etc. Malakhov et
al.17 used sodium stearate and oleate as additives to reduce the viscosity of
polyamide 6 melt in electrospinning. They found that the addition of 10 wt. %
additive decreased the average diameter of the fibers 40-fold because of the 60-
fold decrease in the viscosity of the melt. Polyamide 6, sodium stearate and
oleate are polar materials, so strong interactions exist among these molecules.
Thus, using a polar additive is effective. However, non-polar polymers, such as
polypropylene (PP), polyethylene, polybutadiene, polystyrene, etc., are very
common in the fiber industry. Thus, whether a polar additive could aso affect a
non-polar polymer in melt electrospinning should be determined. [

A self-made melt electrospinning system18-20 was used to spin PP fibers,
which can be used in many fields, such as in filtration or clothing. Polar stearic
acid or sodium stearate was added into the PP.21-23 The detailed effects of polar
additives on PP fiber diameter and other properties were studied.

EXPERIMENTAL
Materials

PP (iPP) was obtained from Shanghai Expert in the Developing of New Materia Co.,
China. The melt flow index of the PP was 1500 g/10 min. Stearic acid and sodium stearate
were purchased from Xilong Chemical Co., China. Stearic acid, with relative molecular mass
of 284.48, is a short chain polymer. Sodium stearate, with relative molecular mass of 306.46,
isan organic salt. All reagents were used as received without any further treatment.
Electrospinning equipment

A homemade electrospinning device, consisting of a heating system, a high-voltage
supply device, and a collector, was used.18-20 The collector was a square aluminum plate with
edge length of 20 cm. The high-voltage supply device, purchased from Tianjin High Voltage
Power Supply Plant, China, provided a maximum voltage output of 100 kV and a maximum
current output of 2 mA. The electrical heating ring covering the cylinder was custom built
with a power of 300 W. A piston controlled the flow rate of the polymer melt.

Preparation of the electrospinning materials

Nine PP samples containing 0, 6, 8, 10 and 12 wt. % stearic acid, as well as 6, 8, 10 and
12 wt. % sodium stearate, were prepared. To ensure that the stearic acid or sodium stearate
was mixed uniformly with the pure PP, every sample was extruded using a miniature extruder
(DYNISCO, LME-230, USA). The screw and die head temperatures were 145 and 140 °C,
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respectively. The screw speed was 30 rpm, and each sample had a mass of 0.5 g. Then, each
sample was broken down into fine powders in a mill. The PP samples containing stearic acid
or sodium stearate were considered as composites, while the pure PP sample was denoted as PP.
Electrospinning

The temperatures of the top and low electrical heating rings were set to 180 and 220°C,
respectively. The distance between the spinneret head and the collecting plate was 10 cm. The
samples were added into the cylinder individually. When the device reached the set tempe-
rature, it was maintained for 10 min. Subsequently, the piston weight was adjusted to control
the quantity of the melt flow. When PP or its composite melts had uniformly covered the
whole spray head, the high-voltage supply device was switched on and the voltage adjusted to
approximately 37 kV.
Characterization

The diameters of the electrospun fibers were measured by scanning electron microscopy
(SEM, Hitachi $4700). The fiber samples were coated with a 10 nm layer of platinum before
observation. The scanning voltage was 20 kV. The average fiber diameters and their standard
deviation (SD) were calculated from 100 fibers of one sample using software Image J 1.44P
(National Ingtitutes of Health, USA). The therma transition of the PP was examined using
differential scanning calorimetry (DSC, Perkin Elmer Pyridl) to discuss the crystalization of
PP. Fiber samples (3 mg) were loaded into the DSC pan. The scanned temperature range was
from 25 to 300 °C, at a heating rate of 10 °C min'l. The FT-IR measurements were realized
over the wavenumber range 4000-400 cm, using 32 scans at a resolution of 1 cm?,
employing a Nicolet Avatar 320 FT-IR spectrometer.

RESULTS AND DISCUSSION
Effect of polar additives on the electrospinning current

The polar additive is easily polarized under a strong electrical field. Thus,
the addition of a polar material in PP will result in a fundamental change in the
electrospinning process. During the experiment, the current of the high-voltage
generator was recorded when PP or its composites with different stearic acid
contents were spun. Under the same spinning conditions, the current first
increased with increasing stearic acid content, which illustrates that the polarized
electron cloud of stearic acid increased the charge of the fibers containing addi-
tives (Fig. 1). However, the current decreased when the stearic acid content was
increased from 10 to 12 wt. %. The explanation of this phenomenon is shown
schematically in Fig. 2. Although the amount of tiny stearic acid particles in the
surface layer of thick fibersis egual to or slightly higher than those in the surface
layer of thin fibers, the charge density per surface area of the thick fibers is
lower. Moreover, when the stearic acid content reached 12 wt. %, more stearic
acid molecules probably aggregated to form larger domain phases while fewer
molecules were dispersed in the PP melt phase. The stearic acid could not be
uniformly distributed in the PP phase, which led to a discontinuous distribution
that decreased the number of chargesin afiber unit. Hence, the current was lower
when the stearic acid was 12 wt. % compared with that at 10 wt. %.
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Effect of polar additive on the fiber diameters

The polar additive apparently affects the fiber diameters of PP. The SEM
images of PP with different contents of polar additive areillustrated in Fig. 3 and
the statistical data are listed in Table I. The average fiber diameter of the PP
composite initially decreased with increasing stearic acid or sodium stearate
content (Fig. 4 and Table |). When stearic acid content was 8 wt. %, the mini-
mum diameter was 1.65 um, but the SD was not the smallest. The minimum SD
appeared at 10 wt. % stearic acid. However, the average diameter increased when
the content exceeded 10 wt. %.

The possible reason for the variations in the diameters is the presence of the
carboxyl group in the stearic acid molecule. Under a high electric field, the
electron cloud of the carboxyl oxygen double bond and the carboxyl oxygen single
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Fig. 3. SEM images of PP fibers containing different contents of additive, electrospun at 220
°C, 10 cm spinning distance, and 30 kV. @) 6 wt. % stearic acid; b) 6 wt. % sodium stearate; ¢)
8 wt. % stearic acid; d) 8 wt, % sodium stearate; €) 10 wt. % stearic acid; f) 10 wt. % sodium
stearate; g) 12 wt. % stearic acid; h) without additives.

TABLE |. Statistical data of diameters of PP fibers containing different additive contents
(AVG: average diameter, SDEV: standard values of deviation, MIN: minimum value)

6wt.% 6wt.% 8wt % 8wt % 10wt % 10wt. % 12wt %

Parameter stearic  sodium  stearic  sodium  stearic  sodium  stearic ;/X(I:Itlg(\)/is
acid stearate acid stearate acid stearate acid

AVG/pm 21 2.4 1.6 1.8 2.1 2.2 49 54

SDEV 0.2 0.7 0.1 0.8 0.1 2.2 0.2 1.7

MIN/pum 1.7 0.9 13 0.8 2.0 0.6 45 3.0

bond is easily changed and polarized. Then, the polymer chains connected,
entangled or wrapped with stearic acid will bear a strong electric field force.
Moreover, stearic acid can plastify PP. With the increase in stearic acid content,
the PP composite melt suffered more force from the electric field. Under a high
tensile force, the diameter of the PP microfibers that formed at the end of the
Taylor cone was small. However, when the stearic acid content was increased to
12 wt. %, the fiber diameter became thick again, reaching 4.8 um. This condition
may have been caused by the increased formation of tiny phases of stearic acid
molecules, with low molecule dispersal in the PP melt phase, when stearic acid
content reached 12 wt. %. Therefore, the continuous stearic acid phase moved
very easily and the PP melt phase became more viscous, resulting in a second
increase in the fiber diameter.
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Fig. 4. Changesin the average diameter of PP fibers containing additives at different contents
of stearic acid and sodium stearate.

The minimum fiber diameter of PP with sodium stearate was significantly
smaller than that achieved with stearic acid (Fig. 4 and Table ), probably
because sodium stearate is a salt. Salts can be easily ionized in an electric field.
The positive and negative ions move to opposite ends and then produce an
electric force aong the direction of the electric field. For the stearic acid under a
strong electric field, only a shift in the electron cloud occurs, and the polarization
is much smaller than that obtained with sodium stearate. The force from the elec-
tron movement is significantly greater than the force from the electron cloud
shift. Thus, the fiber diameters of the PP composites containing sodium stearate
were smaller than those containing stearic acid. However, the diameter distri-
butions of the PP with sodium stearate were extremely inhomogeneous compared
with those containing stearate acid. This condition may have been because
sodium stearate is a hydrophilic salt, which has no plastification effect on the
organic PP melt. Stearic acid as an organic material can be evenly distributed in
the PP melt and had an apparent plagtification effect on the melt. This pheno-
menon resulted in the presence of both thick and thin fibers from the PP with
sodium stearate, which led to uneven diameter distributions.

Effect of polar additive on the diameter distribution of PP fibers

The effect of polar additive on the fiber diameter distribution varied with the
additive content. The diameter distribution of PP fibers containing different
amounts of stearic acid is shown in Fig. 5. The PP (0 wt. % stearic acid) showed
a broad and multiple peak distribution of the fiber diameters. The distribution
peak generally shifted to the large diameter side with increasing stearic acid
content, but the distribution remained at the small fiber diameter side when the
stearic acid content was at 6 wt. %. The average diameter of the PP fibers with
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8 wt. % stearic acid was 1.6 um, which was smaller than that (2.1 um) of the PP
fibers with 10 wt. % stearic acid, but had a larger SD (Table | and Fig. 4). The
datafrom Table | agree well with those of Fig. 5. The fiber diameters of PP with
8 wt. % stearic acid had a distribution range from 1.0 and 1.75 pm. A bimodal
fiber diameter distribution was visible on the curve. However, the fiber diameters
of PP with 10 wt. % stearic acid had a distribution range from 2.0 to 2.25 um
with one major peak. Thus, the diameter distribution of PP with 8 wt. % stearic
acid was broader than that with 10 wt. % stearic acid, but both composites had
narrower diameter distributions than that of PP.
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VIS —— . ;
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Fig. 5. Diameter distribution of PP fibers containing different contents of stearic acid. N = 100
indicates 100 fibers from each photomicrograph measured.

Effect of the polar additives on fiber crystallization

The degree of crystalinity is very important for the performance of fibers.
DSC was used to check the thermal properties of the fibers. The thermal analysis
curves of PP powder, PP fibers, and microfibers of PP with 10 wt. % stearic acid
are shown in Fig. 6. PP had the maximum melting peak, as shown by the
thermogram. The peak shifted to a low temperature and its magnitude was
decreased after the PP had been electrospun. The smallest peak value and the
lowest temperature were exhibited by the PP fibers with 10 wt. % stearic acid. A
cold crystallization peak was found on the curves of the PP fiber and the PP
fibers containing additives, indicating that crystallization in the two types of fibers
was complete. The size of the melting peak reflects the degree of crystallinity.
The decrease in the melting peak of electrospun microfibers, as well as the
appearance of cold crystallization, showed the decrease in PP crystallinity. PP is
a slow crystallizing polymer, and its crystallization needs sufficient time. As the
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electrospinning processis very fast, the PP melt jet did not have sufficient timeto
crystallize before falling on the collection plate and cooling quickly. On the other
hand, the fluidity of the PP melt increased for two reasons, one is the plasti-
fication effect of stearic acid and another is the movement of the electron cloud
of stearic acid that increased the force on the PP melt in the electric field. The
faster is the flow, the shorter is the time to crystallize. Hence, the degree of crys-
tallinity of PP with stearic acid was the smallest and its crystallization was the
most imperfect, as evidenced by the minimal height of the melting peak.

0.2 -

A ——PP powder
0.0 4 B ——PP fibers
c

PP+10% Stearic Acid fibers
«0.2 1

0.4
0.6
0.8
=1.0

Heat Flow, W/g
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1.6 4
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Fig. 6. DSC thermograms of PP powder, PP fibers, and PP fibers containing 10 wt. % stearic
acid. Theinset is the enlarged tip area of the main curves.

Effect of polar additive on the structure of the fibers

To gain some insight into the change in chemical structure of PP accomp-
anying electrospinning, IR spectroscopy was conducted on the PP before and after
spinning. The results are shown in Fig. 7 for the PP powder, PP fibers containing
10 wt. % stearic acid and PP fibers. The representative bands can be assigned as
follows: the intense bands extending from 1350 to 1470 cm1 are super-positions
of akanes, vc_y. The bands extending between 2500 and 3000 cnr® mainly
resulted from different stretch vibrations of C—H bands (-CH3 and —CH»). The
peak at 1709 cm can be assigned to ve=p of acarboxylic acids. As seenin Fig. 7
(curves A and C), no appreciable difference could be observed in the IR spectra
between the virgin powder and the PP fibers, except for the change of 2361 cm1
that arises from CO, absorbed by the fibers. Comparing the IR spectra of Fig. 7B
and C, one new peak appeared at 1709 cmrl, corresponding to vc=p. This
phenolmenon can be attributed the stearic acid. No other chemical changes were
apparent. Hence, the polar additive did not change the structure of the fibers.
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Fig. 7. FT-IR spectraof: A) PP powder; B) fibers of PP containing 10 wt. % stearic acid;
C) PP fibers.

CONCLUSIONS

In summary, stearic acid and sodium stearate are promising additives for
decreasing the fiber diameter and the diameter distribution in the electrospinning
of PP because of their polarity and plastification effect. The smallest fiber
diameter was 600 nm and the smallest average fiber diameter was 1.8 um when
the sodium stearate content was 10 and 8 wt. %, respectively. The narrowest
diameter distribution appears when the stearic acid content was 10 wt. %. Both
additives can reduce the fiber diameter and diameter distribution when compared
to the fibers from neat PP.

The crystallinity of resulting PP fibers containing additives was smaller than
those of PP and electrospun PP fibers, indicating that the addition of polar com-
pounds in PP can alter not only the diameter of resulting fibers, but also the ther-
mal property and microstructure.
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H3BOI

YTHUIAJ ITOJIAPHUX ADUTHUBA HA ITPOLIEC U3PAJIE HEITOJIAPHUX
IMOJIUITPOITMIIEHCKHX BJIAKAHA EJIEKTPOCITMHHUHI'OM U3 PACTOITA

ZHIYUAN CHEN', JIANYUN HE', FENGWEN ZHAQ', YUEXING LIU", YONG LIU" # HUILIN YUAN?

ICollege of Mechanical and Electrical Engineering, Beijing University of Chemical Technology, Beijing
100029, China u 2College of Materials Science and Engineering, Beijing University of Chemical Technology,
Beijing 100029, China

[TonumMepHa BlakHa HAHOMETAPCKUX JUMEH3Hja MOTY Ce JOOUTH €JIEKTPOCIIMHUHIOM M3
pacTBopa WIH pacTomna, Koju je Beoma edrKacaH W OUpeKTaH nmocTymnak. Kako je momu(mpo-
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nwieH) (PP) temko pacTBapaH Ha coDHOj TeMIriepaTypH, HheroBa BiakHa ce uspabyjy emexrpo-
CIUHUHTOM H3 pactona. Mehytum, y nopehemwy ca BnakHUMa 0odHUjeHUM eTeKTPOCITHHUHTOM
U3 pactsopa, PP BnakHa U3 pactona cy HeyjefHaueHHUX AUMeH3Hja U Behux npeuynuka. Ja ou
ce nobosblIa0 MOCTYIAK Ipepaje U3 pacTola, HermosjapHoMm PP ce fomajy monapHHU afuTHBY,
Kao LITO Cy CTEapUHCKA KUCETHWHA W HAaTpPHjyM-CcTeapaT. YTHLAj JOJATKA MOTAapPHUX aJUTHBA
Ha Ipouec uspane PP BrakaHa elneKTPOCIMHHHIOM M3 pacTolna je IMpHKa3aH y OBOM pamy.
Pesynratu cy nokasanu na y nopehemwy ca nonasaum PP BrakHHMa, mpedHHUIH BlakaHa PP ca
8 Mac. % cTeapuHCKe KHUCETHHe Cy cMamweHH 3a 69,3 % (op 5,4 no 1,6 pm). HajMawu mpeyHuk
BlakaHa ofi 600 nm je nobujen y npucyctsy 10 mac. % HaTpujym-cTeapara y MOJIHUMEDPHO]
MaTpHLH, IOK je HajMaky Cpeby MPEeYHUK BilakaHa U3HOCHO 1,8 pm mpH cazpikajy ox 8 mac.
%. IJonaTak MoJapHUX jeluiera yTHYe He caMO Ha mpeyHHK PP mukpoBnakaHa, Beh u Ha
pacriofiesly BeJIMYMHA BilaKaHa, jauydHy CTpyje IPH Tpepajgy, Kao U Ha TepMHUYKa CBOjCTBA
IodMjeHUX BilakaHa. Y pany je MpemsiokeH MeXaHH3aM JeioBama MOJapHUX aJuTHBA Ha MOC-
Tynak uspazge PP MukposiakaHa.

(TIpumsseHo 2. jyna, peBuaupano, 17. HoBembpa, npuxsaheno 3. nenemdpa 2013)
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