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ABSTRACT: Electrospinning of m-aramid in dimethyl acetamide/LiCl solution was investigated to develop thermo-resistant nanofi-
brous membranes for breathable waterproof materials. The m-aramid nanofibers were continuously generated and densely mounted
to the membrane without the blockage of the spinning tip during electrospinning. In order to obtain the electrospun m-aramid nano-
fibers with different fiber diameters, the polymer concentration in the solution and the spinning distance were varied. Electrospun
m-aramid nanofibrous membranes of various fiber diameters and thicknesses were prepared, and then compared with two commer-
cial expanded polytetrafluoroethylene (ePTFE) membranes with respect to water vapor permeability and pore size. The m-aramid
nanofibrous membrane showed a good water vapor permeability that satisfied the criterion of a breathable membrane, higher than
those of the ePTFE porous membranes. Therefore, m-aramid nanofibrous membrane with thermal and mechanical resistance has

great potential for breathable waterproof materials and filters. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41515.
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INTRODUCTION

Poly(meta-phenylene isophthalamide), which is known by the
commercial name meta-aramid (m-aramid), is a promising high
performance polymer with good thermal and mechanical prop-
erties such as chemical resistance, heat and flame resistance,
high tensile strength, and toughness."” m-Aramid fibers have
been widely used in fire resistant clothing, protective clothing,
fiber filters of high temperature, and insulation paper, because
of higher performance/price ratio than other fibers with high
thermal resistance.

Electrospinning, a new class of fiber spinning, has recently
attracted much attention in material science and engineering as a
potential nanotechnology for various applications, particularly for
filters. A nanofibrous structure is thought to enhance filtration per-
formance. Polymer nanofibers exhibiting high surface-to-volume
and length-to-diameter ratios can be easily prepared by electro-
spinning. These characteristics are essential for various advanced
applications, such as separation membranes, wound dressing mate-
rials, artificial blood vessels, sensors, composite reinforcements,
etc.”™ Recently, the electrospinning technique has been employed
to prepare micro- or nanoporous p- or m-aramid membranes.*"!
Electrospinning of p-aramid was first carried out by Srinivan and
Reneker.® In their studies, nanofibers with diameters ranging from
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40 nm to several hundred nanometers were produced. However,
morphology and mechanical properties of the deposited nanofibers
were not reported, maybe because a continuous electrospinning
was not feasible. In the case of m-aramid, it was also difficult to
fabricate nanofibrous membranes via a continuous electrospinning.
However, its electrospinnability was improved by adding specific
salts such as LiCl and CaCl, to dimethyl acetamide (DMAc) sol-
vent.”'® Based on this approach, morphological and mechanical
properties of electrospun m-aramid nanofibers with different sol-
vent systems were mainly studied. Wei et al. studied adsorption
properties of electrospun m-aramid nanofibers using methylene
blue (MB) as a model compound.'' They found that aramid
nanofibers had a faster adsorption rate for MB from its aqueous
solution, compared with activated carbon. On the contrary, the
specific applications for m-aramid nanofibrous membrane are
challenging because it has high thermal stability due to a rigid
molecular structure.

In this study, we investigate the m-aramid nanofibrous mem-
brane with thermal resistance for breathable waterproof materi-
als. Uniform fiber structure and diameter are obtained.
Consequently, the pore structure of the nanofibrous membrane
is controlled to obtain the desired breathable properties.
For this, m-aramid is electropun under controlled experimental
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conditions. The changes in fiber diameter and morphology are
investigated for different spinning conditions (polymer concen-
tration, applied voltage, and spinning distance). Electrospun
m-aramid nanofibrous membranes with various fiber diameters
and membrane thicknesses are prepared, and then compared to
expanded polytetrafluoroethylene (ePTFE) membranes in terms
of water vapor permeability and pore parameters.

EXPERIMENTAL

Materials

m-Aramid was provided as a 18 wt % solution by Huvis Co.
(Korea), which was diluted to 15 wt % using DMAc for electro-
spinning. DMAc was purchased from Aldrich Co. (USA) and
used as received. The extended polytetrafluoroethylene (ePTFE-
O) film and the ePTFE film chemically treated with hydrophilic
polyurethane (ePTFE-C) were kindly supplied by GE Co.
(USA).

Electrospinning

The electrospinning setup used in this study consisted of a
syringe and needle (18-24 G, ID = 0.838-0.318 mm), a ground
electrode (d=21.5 cm, stainless steel sheet on a drum whose
rotation speed can be varied), and a high voltage supply
(Chungpa EMT, CPS-40K03). The needle was connected to the
high voltage supply, which can generate positive DC voltages up
to 40 kV. For the electrospinning, m-aramid solutions in DMAc
were prepared in concentrations ranging 9—18 wt % and deliv-
ered by a syringe pump (KD Scientific, Model 100) at a mass
flow rate of 0.5-1.5 mL/h. The distance between the needle tip
and the ground electrode was in a range of 10-20 c¢m, and the
positive voltage applied to polymer solutions were in a range of
15-25 kV. All experiments were carried out at constant temper-
ature and humidity (25 = 1°C, 40 = 3%).

Measurement and Characterization

The morphology of the electrospun m-aramid nanofibers was
observed with a scanning electron microscope (SEM) (Hidachi
S-2350). Samples for SEM were dried under vacuum, mounted
on metal stubs, and sputter-coated with gold for 30-60 s. The
average diameter and its distribution of the electrospun fibers
were obtained by analyzing the SEM images with a custom code
image analysis program (Scope Eye II). The thickness of the
m-aramid nanofibrous membrane was measured on a
compression-type thickness tester (ID-S112, Mitutoyo Co, Japan)
because the nanofibrous membrane had a very rough surface,
and presented as an average value with standard deviation after
measurement across 30 points for each sample. The pore size and
its distribution of the m-aramid nanofibrous membrane were
measured by the Automated Capillary Flow Porometer (CFP-
1200-AEL, Porous Materials Inc.) according to ASTM F31e6.
Water vapor permeability was measured in a constant tempera-
ture and humidity chamber (TH-M-025, Jeio Tech, Korea)
according to KS K 0594 (calcium chloride method). Permeability
(g/m® day) was obtained at constant temperature and humidity
(40 = 2°C, 90 = 5%) using the following equation.

Permeability (P)=(a,— a;/S)X24

where a;: weight of sample after 1 h, a,: weight of sample after
2 h, and S: sample area.
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Figure 1. Average fiber diameters of m-aramid nanofibers for different
process conditions.

Thermal properties were measured by a thermogravimetric ana-
lyzer (Pyris 1, PerkinElmer). The sample was heated to 800°C at
a heating rate of 10 °C/min under nitrogen atmosphere. Shrink-
age (%) in hot air was obtained by comparing the sample area
(original: 35 mm?) before and after heat treatment at tempera-
tures of 200, 250, 300, and 350°C for 30 min.">"’

RESULTS AND DISCUSSION

Fiber Diameter of m-Aramid Nanofibers with Different
Spinning Parameters

In electrospinning, the solution viscosity plays an important
role in determining the range of concentrations from which
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Figure 2. SEM micrographs of m-aramid nanofibers electrospun at different conditions (20,000X). Electrospinning conditions; polymer concen-

tration = 15 wt %, applied voltage = 15-25 kV, flow rate = 0.1-1.0 mL/min, spinning distance = 15 cm.

continuous fibers can be obtained. A continuous fiber is formed
from the extensive chain entanglements in polymer solution.
Figure 1 shows the changes in the diameter of the m-aramid
nanofibers according to polymer concentration, applied voltage,
and spinning distance. As the concentration of the m-aramid
solution increased, the fiber diameter increased gradually [Fig-
ure 1(a)]. As the jet leaves the needle tip during electrospinning,
the polymer solution is stretched until it reaches the collector. If
the amount of entanglement of the polymer chains in the solu-
tion is sufficient to form the continuous fibers, the viscosity of
the solution (polymer concentration) affects the extent of elon-

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
1

41515 (3 of 6)

gation of the ejected jets. Subsequently, the diameter of m-ara-
mid nanofibers was increased with the increase in the m-aramid
concentration because the greater amount of entanglement in
solution inhibited the elongation of jets. In contrast, as the
applied voltage increased, the fiber diameter slightly decreased
[Figure 1(b)]. When the applied voltage is higher, the greater
amount of charges caused the jet to stretch faster, resulting in
fiber formation with a smaller diameter. With respect to spin-
ning distance, the fiber diameter of the m-aramid nanofibers
showed a minimum value at distance of 15 cm, but its deviation
was not significant. Therefore, no significant effect of the

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41515

Applied Polymer -


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

| Fiber diameter (nm)
Zod —-— /66

—e— 186
—a—210
[—w—225
——251

Frequency (%)
§ 8 g

b
=
T

0 200 400 600 800 1000 1200 1400 1600
Pore size (nm)

Figure 3. Pore size distributions of m-aramid nanofibrous membranes
with different fiber diameters.

distance between the tip and collector on the fiber diameter was
observed. Figure 2 shows SEM micrographs of the m-aramid
nanofibers electrospun at different conditions. The average
diameters of the electrospun m-aramid obtained at different
spinning conditions were in the narrow range of 166-251 nm.
The electrospun m-aramid fibers were uniform and mounted
straight.

Pore Size of m-Aramid Nanofibrous Membrane for Different
Fiber Diameters and Membrane Thicknesses

Pore structures of various sizes and shapes were generated in the
electrospun nanofibrous membrane. Pores provide channels for
water vapor transport, and thus their size and distribution have
an important effect on water vapor permeability.'* Figure 3
shows the pore size distributions of m-aramid nanofibrous
membranes of different fiber diameters (average membrane
thickness = 9.1 pum). The nanofibrous membranes have macro-
pores ranging from 480 to 1250 nm, and their pore sizes
increase with increasing fiber diameter. Also, pore size distribu-
tion is very narrow, regardless of the fiber diameter. Figure 4
shows the pore size distributions of m-aramid nanofibrous
membranes (average fiber diameter =166 nm) with different
membrane thicknesses. As the membrane thickness increases,
the pore size gradually decreases. No significant decrease in
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Figure 4. Pore size distributions of m-aramid nanofibrous membranes
with different thicknesses.
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Figure 5. TGA thermograms of ePTFE films, m-aramid staple fiber, and

m-aramid nanofibrous membranes. Electrospinning conditions of m-ara-

mid; polymer concentration = 15 wt %, applied voltage = 15 kV, spinning
distance = 15 cm.

pore size is observed above the thickness of 8.95 pm. Therefore,
the pore size of a nanofibrous membrane is affected by both the
fiber diameter and the membrane thickness. Noticeably, this
narrow pore size distribution might be desirable for improved
water vapor barrier properties.

Thermal Stability of m-Aramid Nanofibrous Membrane

The thermal stability of high thermo-resistant polymers was
evaluated by the glass transition temperature (T,), crystalline
melting temperature (7,,), and thermal decomposition tempera-
ture (T,)."> Figure 5 shows the thermogravimetric analysis
(TGA) thermograms of the ePTFE-O, ePTFE-C, m-aramid
membrane, and m-aramid staple fiber (provided by Huvis Co.).
The weight decrease at around 100°C was due to the evapora-
tion of residual moisture and/or solvent, and the weight losses
at 430-450°C and at 550°C were associated with the chain scis-
sion of the m-aramid polymer and the backbone chain scission
of the PTFE polymer, respectively. In the case of ePTFE-C, the
weight loss at around 250°C might be caused by the degrada-
tion of the polyurethane chain, which was used for after-
treatment of PTFE. Particularly, the degradation behavior of the
electrospun m-aramid membrane was similar to that of the sta-
ple fiber, and the residual weight of m-aramid membrane at
800°C was approximately 50% (the actual residual weight at
800°C was —64% when the initial weight loss of solvent and

Table 1. Changes in Shrinkage (%) of ePTFE-O, ePTFE-C, and m-Aramid
Nanofibrous Membranes After Heat Treatment

Thermal shrinkage (%)

m-Aramid
Temperature/ nanofibrous ePTFE-O ePTFE-C
Time membrane film film
200°C/0.5 h 7.51 334 38.9
250°C/0.5 h 10.8 42.8 43.4
300°C/0.5 h 21.8 55.7 48.6
350°C/0.5 h 50.4 79.4 771
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Figure 6. SEM images of ePTFE-O, ePTFE-C, and m-aramid nanofibrous membranes (10,000X). Electrospinning conditions of m-aramid; polymer con-

centration = 15 wt %, applied voltage = 15 kV, spinning distance = 15 cm.

moisture was excluded), whereas the two ePTFE samples were
completely degraded at around 600°C.

Table I shows the changes in shrinkage (%) of ePTEFE-O,
ePTFE-C, and m-aramid nanofibrous membranes with heat
treatment temperature. Heat treatment was performed in the
range of 200-350°C for 30 min. The shrinkage (%) was calcu-
lated as the area of heat-treated sample divided by the original
sample area (35 mm?). As the heat treatment temperature
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Figure 7. Pore size distributions of ePTFE-O, ePTFE-C, and m-aramid
nanofibrous membranes.
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increased from 200 to 350°C, the shrinkage (%) of m-aramid
membrane increased from 7.5% to 50.4%, while those of the
two PTFE samples increased from about 35% to about 78%.
After the heat treatment at 300°C, the color of the ePTFE-C
membrane became brownish. Therefore, the m-aramid nanofi-
brous membrane showed higher thermal stability than the two
ePTFE membranes.

Water Vapor Permeability of m-Aramid Nanofibrous
Membrane

Figure 6 shows SEM images of the ePTFE-O, ePTFE-C, and
m-aramid membranes. The ePTFE membranes had a beaded
fibril-like structure, and particularly ePTFE-C had slightly smaller
pores than ePTFE-O. The pore sizes and their distributions of
ePTFE-O, ePTFE-C, and m-aramid nanofibrous membranes with
similar membrane thicknesses and gram per square meter (GSM)
values are compared in Figure 7. The pore sizes of ePTFE-O and
ePTFE-C were 287 nm and 256 nm, respectively, indicating that
the pore size of ePTFE was slightly decreased by hydrophilic pol-
yurethane treatment. On the contrary, the pore size of the m-ara-
mid nanofibrous membrane was 647 nm.

Water vapor permeability is closely related to capability releas-
ing the sweat generated from human body, and thus is an
essential parameter affecting amenity. Generally, water the mini-
mum value of vapor permeability of breathable waterproof
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Table II. Water Vapor Permeability Values of ePTFE-O, ePTFE-C, and m-Aramid Nanofibrous Membranes

Permeability (g/m? day)

Type Diameter (nm) Thickness (um) GSM (g/m?) Specification Experiment
ePTFE-O film - 21-23 19 8322 8080
ePTFE-C film - 25-30 21 7564 7711
m-Aramid nanofibrous 248+ 13 23.91+0.33 21.25+0.17 = 7650
membrane

None - - - - 18,808

None: test without sample.

clothing should be 4000 g/m” day.'® To evaluate the water vapor
permeability of the m-aramid membrane, the commercial
ePTFE membranes (ePTFE-O, ePTFE-C) were used as referen-
ces. The structural parameters of the sample membranes are
summarized in Table II. The m-aramid and ePTFE samples of
similar thicknesses and membrane densities were used. Figure 8
shows the water vapor permeability values of the ePTFE-O,
ePTFE-C, and m-aramid membranes. The ePTFE-O membrane
showed a slightly higher permeability (8080 g/m?® day) value
than the ePTFE-C membrane (7711 g/m* day). This may be due
to the difference in pore size between ePTFE-O and ePTFE-C
(Figure 7). Also, the m-aramid nanofibrous membrane showed a
similar water vapor permeability value (7650 g/m* day) to those
of the two ePTFE membranes, although the pore size of the m-
aramid nanofibrous membrane was two times larger than those
of the ePTFE samples. This might be due to the complex pore
structure of the m-aramid nanofibrous membrane.

CONCLUSIONS

The heat-resistant m-aramid nanofibrous membrane for breathable
materials was obtained by electrospinning of m-aramid/DMAc, and
compared to ePTFE films with similar GSM and thickness in terms
of water vapor permeability, pore parameters, and thermal proper-
ties. The pore size of the me-aramid nanofibrous membrane
increased with increasing fiber diameter and decreasing membrane
thickness. The m-aramid nanofibrous membrane had excellent ther-

20000

15000}
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5000+

Water vapor permeability
(g/m? day)

ePTFE-O ePTFE-C m-aramid ,
iim im nanofibrous None
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Figure 8. Water vapor permeability values of ePTFE-O, ePTFE-C, and
m-aramid nanofibrous membranes (None: test without sample).
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mal stability, compared with the commercial ePTFE membranes.
The m-aramid nanofibrous membrane showed similar water per-
meability to the two ePTFE films. In conclusion, the m-aramid
nanofibrous membrane of high thermal resistance has great poten-
tial for permeable water proof materials and filters.
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