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ABSTRACT: Electrospinning is a fiber spinning technique used

to produce nanoscale polymeric fibers with superior intercon-

nectivity and specific surface area. The fiber diameter, surface

morphology, and mechanical strength are important properties

of electrospun fibers that can be tuned for diverse applications.

In this study, the authors investigate how the humidity during

electrospinning influences these specific properties of the fiber

mat. Using two previously uninvestigated polymers, poly(acry-

lonitrile) (PAN) and polysulfone (PSU) dissolved in N,N-Dime-

thylformamide (DMF), experimental results show that

increasing humidity during spinning causes an increase in fiber

diameter and a decrease in mechanical strength. Moreover,

surface features such as roughness or pores become evident

when electrospinning in an atmosphere with high relative hu-

midity (RH). However, PAN and PSU fibers are affected differ-

ently. PAN has a narrower distribution of fiber diameter

regardless of the RH, whereas PSU has a wider and more bi-

modal distribution under high RH. In addition, PSU fibers spun

at high humidity exhibit surface pores and higher specific sur-

face area whereas PAN fibers exhibit an increased surface

roughness but no visible pores. These fiber morphologies are

caused by a complex interaction between the nonsolvent

(water), the hygroscopic solvent (DMF), and the polymer.
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INTRODUCTION Electrospinning has been broadly exploited
for fabricating nanosized polymeric fibers into nonwovens
with high porosity and superior pore interconnectivity.
Recent research efforts have focused on using this technique
to fabricate both synthetic and natural polymeric nanofib-
ers1–4 for various applications including membrane filtration,
tissue engineering, and electrode applications.5–7 A funda-
mental understanding of how to control the electrospinning
process and thus the formation, shape, morphology, and
strength of electrospun fibers is essential for developing a
better understanding of the process. Better control of the
process will allow for the design of specific electrospinning
conditions and materials for these various applications.

Electrospinning involves using polymer solution, which is
extruded through a needle or dye that is supplied with a
high voltage. The resulting charge accumulates on the needle
or dye tip, generating an electromotive force that overcomes
the surface tension of the solution. A polymer jet is ejected
from the tip of the Taylor cone at great speed, and subse-
quent whipping of the fiber results exceedingly high draw-
down ratios. During the traveling of the jet toward a
grounded collector, the solvent evaporates and causes the
polymer to solidify into a fiber. These fibers are deposited

randomly to form a nonwoven matrix onto the collector
surface.

It is well known that the electrospinning process and the
resulting properties of electrospun nanofibers can be manip-
ulated by a number of variables. These parameters can be
classified as solution properties, process conditions and am-
bient parameters. It was found that solution properties can
affect the surface morphology of electrospun fibers. Gener-
ally speaking, for a variety of polymers, increasing concentra-
tion in solution yields larger fiber diameters and reduces the
formation of beads.8 However, Deitzel et al. observed a bi-
modal distribution of fibers for poly(ethylene oxide) solu-
tions spun at high concentrations, which attributed to fiber-
spraying events.9 Studies have also investigated the effects of
process parameters, such as flow rate and electric field
strength, on fiber morphology and size. In general, it was
found that lower flow rate, or higher voltage yielded fibers
with smaller diameters.10,11 However, if the voltage is too
high, beads may form.9

Few studies have been conducted to examine the effects of
ambient parameters (i.e., humidity) on the electrospinning
process. Previous investigations have indicated that humidity
can directly affect the fiber diameter. The diameter of
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electrospun fibers from cellulose acetate were found to
increase with increasing humidity while for poly(vinylpyrro-
lidone) the average diameter decreases.12 There have also
been investigations on humidity induced nanopore structure
on fiber surface. Electrospun fibers from polystyrene (PS),
polycarbonate, and poly(methyl methacrylate) were found to
exhibit nanopores on the fiber surface in the presence of hu-
midity when using highly volatile solvents. These submicron
surface features were not observed in the absence of humid-
ity.13 It was also found that increasing humidity causes an
increase in the number and size of nanopores.14 The nano-
pore structure can be further controlled by adjusting other
spinning conditions as well as the polymer/solvent proper-
ties. For instance, the nanoporosity of poly(oxymethylene)
(POM) e-pun fibers could be decreased by increasing the
oxyethylene unit in the POM copolymer, increasing the spin-
ning voltage, as well as decreasing the solvent vapor pres-
sure.15 Lin et al. also studied the effect of solvent ratio on
the nanoporous morphology of PS fibers. They found that by
increasing the N,N-Dimethylformamide (DMF) ratio in the
tetrahydrofuran/DMF solvent mixtures, the nanopores disap-
peared, replaced by wrinkled or smooth fiber surfaces.16

Even though these studies were successful in achieving po-
rous nanofibers with specific polymers, the mechanism
behind the formation of porous fibers during electrospinning
is not sufficiently understood. Phase separation and evapora-
tive cooling theory are two most popular mechanisms that
have been used to explain this phenomenon. Phase separa-
tion theory suggests that, during solvent evaporation, the so-
lution cools and undergoes thermal phase separa-
tion.13,14,17,18 As evaporation occurs, the surface cools and
results in thermally induced phase separation, which forms a
skin layer on the spinning fiber. This effect is exacerbated by
presence of water (a nonsolvent) in the air near the jet. This
formation of the skin layer effectively locks the fiber into a
larger diameter while dissolved polymer solution remains
trapped in the core. Eventually, the solvent molecules in the
core evaporate through the skin layer, leaving pores on the
fiber surface.

The other mechanism to be considered in the formation of
these surface nanopores is evaporative cooling, also called
the ‘‘breath figures’’ mechanism, which was recently
described by Srinivasarao.19 Evaporative cooling occurs as a
result of rapid solvent evaporation, thus significantly cooling
the surface of the jet during its travel from needle to collec-
tor. As the surface cools, water vapor molecules condense on
the surface and grow in the form of droplets, which act as
hard spheres. As the jet dries, the water droplets leave
imprints on the surface which are observed as pores.

This work aims to investigate the influence of relative hu-
midity (RH) on electrospinning of two previously uninvesti-
gated polymers: poly(acrylonitrile) (PAN) and polysulfone
(PSU) dissolved in DMF. PAN is a hydrophilic polymer and
has been widely used in filtration applications, such as ultra-
filtration20 and nanofiltration.21 PAN nanofiber mats can also
serve as a precursor to fabricate carbon nanofibers.7,22,23

PSU, on the other hand, is a hydrophobic polymer that is
commonly used in ultrafiltration24 and reverse osmosis thin
film composite membranes.25 Both PAN and PSU nanofibers
have recently been considered for filtration applications.26–28

If electrospun nanofibers are to be considered for a growing
number of uses, we must be able to tailor the properties of
the nonwoven material to suit the intended application. For
instance, small diameters and surface roughness or porosity
may be deemed better for filtration or tissue engineering
applications since they result in higher specific surface areas.
Better mechanical properties, such as increased tensile
strength, is preferred for filtration applications that may
require hydraulic pressure.

To tune these properties, however, we must comprehensively
understand how the electrospinning procedure impacts the
resulting nanofiber mat. Recent studies using these two poly-
mers have focused on controlling the solution and processing
parameters to make better electrospun fibers.29–32 In this
study, we systematically investigate how RH of the spinning
environment impacts the nanofiber mat properties. Under-
standing how RH impacts the nanofibers properties will ulti-
mately allow for better control over the electrospinning pro-
cess and tuning of nanofiber mat properties.

EXPERIMENTAL

Materials
PAN (Mw ¼ 150,000) was purchased from Scientific Polymer
Products (Ontario, NY). PSU (UDEL 3500, Mw ¼ 80,000–
86,000) was obtained from Solvay Advanced Polymers
(Alpharetta, GA). DMF was acquired from Acros Organics
(Geel, Belgium). Both polymers dissolved in DMF at 60 �C
and the resulting homogeneous solutions were continuously
stirred for 24 h.

Electrospinning
The PAN and PSU solutions were electrospun in a closed
chamber to allow for humidity control. Venting is provided
to prevent the DMF vapor from accumulating in the chamber.
However, only small amounts of solution were spun (on the
order of milliliters), thus preventing significant DMF vapor
accumulation. A schematic of the custom built electrospin-
ning apparatus is shown in Figure 1 (the venting and humid-
ity control system are not shown). A polymer solution was
placed in a 10-mL syringe attached to a syringe pump
(Fisher Scientific, Pittsburgh, PA). A grounded stainless steel
rotating drum, which served as a collector, was positioned at
18 cm from the needle tip, and a potential was applied using
a high voltage power supply (Gamma High Voltage, Ormond
Beach, FL). The RH was controlled by a humidity control sys-
tem (ETS Microcontroller, Model 5100, Glenside, PA) utilizing
a drierite column and a humidifier. House compressed air
was supplied directly to the chamber for low humidity tests.
The RH was held constant for each experiment, with an
error range of 62%. 0% RH condition was achieved by using
dry compressed air and was additionally monitored using a
NIST-certified hygrometer.
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For our experiments the RH was varied from 0 to 60% for
electrospinning PAN and 0–50% for PSU. PAN and PSU fibers
could not be spun at RH greater than 60 and 50%, respec-
tively. Based on preliminary work not described here, we
found that 10 wt % of PAN and 26 wt % of PSU (both in
DMF) produced the most uniform fibers with relatively good
mechanical strength compared to other concentrations. Using
an applied voltage of 28 kV and with a flow rate of 1.0 mL/
h, high-quality fibers with relatively few defects and beads
could be spun throughout the whole humidity range. The
spinning was conducted at room temperature, which varies
between 21 and 22 �C. The chosen spinning parameters for
this study are listed in Table 1.

Characterization
FEI Phenom scanning electron microscopy (SEM) from FEI
Company (Hillsboro, OR) and field emission scanning elec-
tron microscopy (FESEM, JEOL 6335F) were used to observe
the surface morphology (i.e., roughness and/or nanopore
structure) and to estimate the diameter of the nanofibers.
The samples were sputter-coated with gold or platinum
before obtaining SEM or FESEM images. ImageJ software
was used to determine the average fiber diameter and fiber
size distribution using twenty fiber diameter measurements.
The specific surface areas of electrospun samples were
determined using a nitrogen adsorption surface analyzer
(ASAP 2020, Micromeritics). Stress-strain curves for the elec-
trospun fiber mats were obtained using A Tytron 250 Micro-

force Testing System (MTS Systems), from which the tensile
strength and Young’s modulus were derived. For characteri-
zation of mechanical properties, a minimum of three strips
(40 mm � 6.5 mm) were cut from each sample.

RESULTS AND DISCUSSION

Effects of Humidity on Fiber Diameter
Figure 2 shows the SEM images and fiber size distribution of
electrospun PAN nanofibers as a function of RH (0, 20, 40,
and 60%) that correspond to the average fiber sizes given in
Table 2. Similarly, Figure 3 shows the SEM images and fiber
size distribution of electrospun PSU nanofibers at different
RH (0, 20, 40, and 50%) with corresponding values of aver-
age fiber size given in Table 3.

As shown in these figures and tables, spinning at higher RHs
led to larger PAN and PSU fibers. For instance, the average
fiber diameter of PAN increased from 150 nm at 0% RH to
630 nm at 60% RH (Table 2), and the average fiber diameter
of PSU increased from 1.15 lm at 0% RH to 3.58 lm at
50% RH (Table 3). These findings were in accordance with
other published work showing that increasing humidity dur-
ing spinning generally resulted in increased fiber diameter
for other polymers.14,17

This phenomenon can occur for multiple reasons. Higher
water vapor pressures result in more water molecules
between the needle and collector. The presence of these
water molecules decreases the amount of excess charges on
the electrospinning jet due to molecular polarization.17,27 As
a consequence, the intensity of the electric field is decreased.
Under a weaker field, the jets would experience a smaller
drawdown force and thus undergo reduced elongation. These
results agree with previous work that showed that as the
applied voltage increases, both the jet diameter and fiber di-
ameter decreases for PS11,13 and POM polymers.15 Further-
more, the presence of water vapor, which acts as a nonsol-
vent to both of these polymers, facilitates precipitation of
the fiber before deposition of the collector surface. This
accelerated precipitation locks in the fiber diameter before
the rest of the solvent has a chance to evaporate.

Humidity was also shown to have some different effects on
the fiber spinning of these two polymers. As seen in the di-
ameter distribution plots (Fig. 2), PAN fiber diameters were
reasonably uniform at all RHs (standard deviations from
about 15–25%). For PSU, higher humidity resulted in a
broad, almost bimodal distribution of fiber diameter. Distri-
bution plots in Figure 3 indicate that at lower RHs (0 and
20%), the PSU nanofibers were relatively uniform and the
fiber size followed a Gaussian-like distribution. At higher
RHs (40 and 50%), the fiber size distributions became

FIGURE 1 Schematic of electrospinning setup: (a) syringe pump

with syringe, (b) high voltage supply, (c) transition stage, and

(d) rotating grounded collector. The transition stage oscillates

parallel to the collector drum, resulting in a nonwoven mat of

uniform thickness.

TABLE 1 Experimental Conditions for Electrospinning PAN and PSU

Polymer Solvent

Concentration

(wt %) Voltage (kV)

Flow rate

(mL/h)

Rotating rate

(rpm) RH (%)

Temperature

(�C)

PAN DMF 10 28 1 70 0�60 21–22

PSU DMF 26 28 1 70 0�50 21–22
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FIGURE 2 SEM images (magnification 15,000�) and fiber diameter distribution of PAN nanofibers spun at different RH: (a) 0% RH;

(b) 20% RH; (c) 40% RH; and (d) 60% RH.
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broader. The corresponding SEM images in Figure 3 illustrate
that at higher RHs both large and small fibers are present.
In addition, some beads were also observed amongst the
PSU fiber at higher RHs. Table 3 indicates broadening of the
fiber size distribution for PSU. At 50% RH, the standard
deviation of the fiber size distribution is 84% of the mean.

A wider and more bimodal distribution is likely caused by
the instability of the electrospinning process. It was found
that during electrospinning at high humidity, the PSU fiber
jet was unstable, thus creating broken fibers that may vary
in fiber diameter along their length. This instability was not
observed when spinning PAN at higher humidity.

There are several causes of this instability during the spin-
ning of PSU. The 26% PSU is more viscous than the 10%
PAN, thus making the PSU solution more sensitive to a
decrease in the electric field strength at high humidity. The
reduced drawdown force is less able to overcome the vis-
cous forces of the high concentration PSU solution. This
effect is less noticeable in the lower viscosity PAN solution.
Furthermore, these polymers have a different tolerance to
water in their solution form. In the presence of water mole-
cules, both polymers experience vapor-induced phase separa-
tion, which causes thermodynamic instability. However, PSU
will undergo phase separation more rapidly than PAN since
it has a lower tolerance to water. The phase diagram for the
PAN-DMF-H2O ternary system33 indicates that the water con-
centration in a 10% PAN solution can be about 10% (by
mass) before it precipitates. PSU, on the other hand, cannot
dissolve in DMF with even small amounts of water present.34

As a consequence, the PSU rapidly demixes in the presence
of water vapor, precipitating during spinning which destabil-
izes the jet and breaks fibers. The non-continuous jet forms
broken fibers with slender and long tails before deposition,
resulting in wide fiber size distributions for PSU fibers spun
at higher RHs.

Effects of Humidity on Fiber Surface Morphology
Figures 4 and 5 show SEM images of PAN and PSU electro-
spun fibers with humidity induced surface morphology. Anal-
ysis of Figures 4 and 5 indicates that humidity significantly
affected the fiber surface structure. For instance, for PAN, at
very low RH (0%), the fiber surface was very smooth. At
higher RH, the fibers exhibited increased surface roughness.
PSU, on the other hand, had a more complicated surface

morphology transition with increasing RH. At very low RH
(0%), the fiber surface exhibited elongated pores or creases.
When humidity was increased to 10%, additional roughness
appeared. At RH of 30% and higher, nanopores could be
observed on the fiber surface. Further increasing the humid-
ity resulted in a more porous surface. Similar results were
reported by Casper et al., which showed that PS fibers only
exhibited nanoporosity when spun at RH above above 31%.
The nanoporosity could be increased by spinning at higher
humidity.14

Both phase separation and evaporative cooling mechanisms
can be used to explain the difference in fiber surface mor-
phology between these two polymers. There was no pore
formation on PAN fibers even at RH as high as 60%, but the
PSU fiber surface exhibited surface nanopores at 30% RH
and higher. From a phase separation point of view, this dif-
ference is credited to the fiber size. For example, the PAN
fiber diameters were less than one micron under the eval-
uated RH range. Though higher humidity yielded larger and
rougher fibers, nanopores were never observed on the sur-
face. The PSU fibers spun at 10–20% RH were around 2 lm
in diameter and exhibited roughness but did not contain
observable nanopores. Nanopores were observed, however,
at above 30% RH when the fiber size increased to about 3
lm. Fiber size likely plays a key role in nanopore formation
given that larger fibers contain more entrapped solvent
within their core. This solvent eventually evaporates, causing
the formation of pores on the fiber surface. Previous studies
have reported micron-size electrospun fibers containing
entrapped solvent within the fiber core using an optical
microscope.35 The smaller the fiber diameter, the less solvent
entrapped within the fiber and thus less evaporation and
pore formation.

If we consider the breath figures mechanism caused by evap-
orative cooling, the difference in surface features might be
due to the difference in hydrophobicity/hydrophilicity of
these two polymers. Since PSU is hydrophobic, the surface
will be less wetted by water. As more water molecules con-
dense on the fiber surface they gradually grow into water
droplets, which are then big enough to leave nanosized
indentations on the fiber surface. PAN, on the other hand, is
hydrophilic, and thus readily adsorbs water molecules. Water
sorption into the solution (or into a precipitated skin layer)
occurs quickly after adsorption, and thus large droplets do
not form and leave observable indentations.

Effects of Humidity on Surface Area of Elctrospun
Fiber Mats
Both fiber size and fiber surface features (i.e., roughness and
nanopores) impact the specific surface area of a nanofiber
nonwoven. Generally, smaller fiber size, surface roughness,
and surface pores result in higher surface area. As discussed
earlier, increasing humidity causes an increase in fiber size
and gives rise to the formation of surface features, which are
two opposing factors affecting surface area.

Table 4 shows the specific surface area of PAN and PSU
nanofibers spun at different RH. There is a decreasing trend

TABLE 2 Average PAN Fiber Diameter at Different RH

RH (%)

Average

Diameter (lm)

Standard

Deviation (lm)

Standard

Deviation (%)

0 0.15 0.04 27

10 0.21 0.05 24

20 0.28 0.06 21

30 0.33 0.05 15

40 0.43 0.08 19

50 0.53 0.14 26

60 0.63 0.14 22
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FIGURE 3 SEM images (magnification 2500�) and fiber diameter distribution of PSU nanofibers spun at different RH: (a) 0% RH;

(b) 20% RH; (c) 40% RH; and (d) 50% RH.
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of surface area for PAN from about 10 m2/g at 0–20% RH to
about 4 m2/g at 60% RH, whereas for PSU, there is a dramatic
increase from about 2.5 m2/g at 0–20% RH to 21.7 m2/g at
40% RH. The difference in surface area between the two poly-
mers is caused by their different surface morphology. For
PAN, increased fiber size at higher RH outweighs the
increased fiber roughness, resulting in an overall decrease in
specific surface area. For PSU, the surface area remains low or
even decreases due to increased fiber size until nanopores
form on the surface. When this occurs, of the presence of
nanopores outweighs the effect of increased fiber size, thus
resulting in an almost 10-fold increase in surface area.

These findings suggest that fiber nanoporosity can be
induced in PSU nanofibers by simply adjusting RH during

spinning. This method is simpler and arguably achieves bet-
ter results than other reported methods. McCann et al. pre-
pared nanoporous PAN fibers by electrospinning a solution
into liquid nitrogen, followed by drying in vacuum. They
found a three-fold increase in surface area compared to the
smooth fibers.36 Gupta prepared porous nylon-6 fibers by
electrospinning a Lewis acid–base complex solution of nylon-
6 and gallium trichloride (GaCl3) followed by GaCl3 removal.
They reported a six-time increase in surface area upon for-
mation of pores.37 In comparison to these studies, the
method shown here results in a larger increase in surface
area, is broadly applicable to more polymers and is easily
implemented into most existing electrospinning systems.

Effects of Humidity on Mechanical Properties of
Elctrospun Fiber Mats
Electrospun nanofiber mats are highly porous but their me-
chanical strength is generally poor. Mechanical properties, of-
ten measured as tensile strength and Young’s modulus, are
dependent on both the strength of the individual fibers as
well as bonding between fibers. The results below elucidate
how the nonwoven’s mechanical properties are affected by
the RH during spinning.

Representative stress–strain curves of electrospun PAN fiber
mats spun over a range of RH (0–40%) are shown in Figure
6. The average tensile strength and Young’s modulus (both
averaged from three separate samples) as a function of RH

FIGURE 4 FESEM images of PAN nanofibers spun at different RH: (a) 0% RH; (b) 20% RH; (c) 40% RH; (d) 60% RH. The magnifica-

tion of (a), (c) and (d) is 30,000� and of (b) is 45,000�.

TABLE 3 Average PSU Fiber Diameter at Different RH

RH (%)

Average

Diameter (lm)

Standard

Deviation (lm)

Standard

Deviation (%)

0 1.15 0.46 40

10 1.61 0.40 25

20 2.29 0.90 39

30 3.19 1.57 49

40 3.26 2.08 64

50 3.58 3.00 84
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are shown in Figure 7(a,b), respectively. Results show that
the PAN fiber mat was the strongest at 20% RH where it
had the highest tensile strength (�6.25 MPa) and Young’s
modulus (�95 MPa). The mat exhibited the lowest tensile
strength (�1.2 MPa and Young’s modulus (�5 MPa) when
spun at 40% RH. Both tensile strength and Young’s modulus
first increased with increasing RH then precipitously
decreased.

Representative stress–strain curves of electrospun PSU fiber
mats over a range of RH (0–40%) are shown in Figure 8.
The average tensile strength and Young’s modulus as a func-
tion of RH are shown in Figure 9(a,b), respectively. Results
show that PSU fiber mat was strongest at 10% RH where it
had the highest tensile strength (�1.65 MPa) and Young’s

modulus (�20 MPa). The mat exhibited the lowest tensile
strength (�0.05 MPa) and Young’s modulus (�1 MPa) when
spun at 40% RH. Generally, these results mimicked those

FIGURE 5 SEM images of PSU nanofibers spun at different RH: (a) 0% RH; (b) 10% RH; (c) 30% RH; (d) 50% RH. The magnification

of (b), (c) and (d) is 24,000� and of (a) is 15,000�.

TABLE 4 BET Surface Area of PAN and PSU at Different RH

Polymer RH (%) BET Surface Area (m2/g)

PAN 0 8.00

20 10.19

60 4.21

PSU 0 2.72

20 2.31

40 21.74

FIGURE 6 Representative stress–strain curves of PAN nanofib-

ers spun at different RH.
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obtained with the PAN fibers, though the mechanical
strength of the PSU mats was noticeably lower when spun at
the higher humidity.

Both results of PAN and PSU indicate that RH plays an im-
portant role in determining the mechanical properties of the
nanofiber nonwoven. In general, electropsun fibers have bet-
ter mechanical properties when spun at lower RH than those
at high RH. This could be visually observed after the spin-
ning was complete. At low RH, the fiber mat could be
handled by hand and seemed uniform and well integrated.
At high RH, the mats exhibited a fluffy, cotton-like texture
indicating poor fiber–fiber bonding. The reason for this poor
bonding at high RH is due to the phase separation promoted
by the presence of water. A skin layer forms shortly after the
polymer jet comes into contact with the surrounding
environment. As the skin is formed, the amount of residual
solvent on the skin surface is reduced. Therefore, fiber–fiber
adhesion will be weaker as residual solvent is necessary to
solder fiber junctions together.27 This reduced strength is
most acute in the PSU fiber mats spun at higher humidity.

FIGURE 7 Mechanical properties of PAN nanofibers spun at dif-

ferent RH: (a) Tensile strength and (b) Young’s modulus.

FIGURE 8 Representative stress–strain curves of PSU nanofib-

ers spun at different RH.

FIGURE 9 Mechanical properties of PSU nanofibers spun at dif-

ferent RH: (a) Tensile strength and (b) Young’s modulus.
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As discussed earlier, PSU undergoes phase separation more
quickly than PAN, thus resulting in faster skin formation.
Furthermore, the nanoporous structure of the individual
fibers also contributes to the lower strength due to a weaker
individual fiber.

CONCLUSIONS

This investigation has demonstrated that the level of mois-
ture in the air affects the diameter, surface morphology,
and mechanical properties of electrospun PAN and PSU
fibers. The fiber size of both PAN and PSU increased with
increasing RH. However, the changes in fiber size distribu-
tion were quite different. PAN fibers were relatively uni-
form throughout the range of RHs examined. PSU, while
maintaining uniformity at lower RH, formed both very large
and very small fibers at higher RH and the resulting fiber
size distributions were broad and bimodal. This difference
results from the relative tolerances of these polymers to
water. Dissolved PSU has less tolerance to water and thus
experiences a faster phase separation. Higher RH during
electrospinning also resulted in different surface morpholo-
gies of the PAN and PSU fibers. PAN fibers exhibited sur-
face roughness when spun at high humidity while PSU
fibers contained nanopores. The resulting morphology is
dependent on the polymer chemistry (hydrophilicity), toler-
ance to water, and the fiber size. Nitrogen adsorption analy-
sis indicated that both fiber size and nanopores affected
specific surface area of the nonwoven mats spun from both
polymers.

Humidity was also shown to impact the mechanical prop-
erties of both the PAN and PSU fiber mats. Generally, elec-
trospun fibers at low RH had higher strength than those
at high RH. Fibers spun at high RH underwent partial
phase separation, resulting in a skin layer which hindered
fiber–fiber bonding in the mat. This impacted PSU nanofib-
ers to a greater extent due to PSU’s rapid demixing in the
presence of water vapor. The formation of nanopores on
the fibers also has resulted in weakening of the PSU
fibers.

These insights provided by this paper provide a stronger
fundamental understanding of the electrospinning process
over a range of humidity for a commercially available hydro-
phobic and hydrophilic polymer. This work indicates that hu-
midity can be tuned to tailor fiber surface morphology and
mechanical properties. These results are broadly applicable
across many polymer materials and thus provide an addi-
tional independent variable for controlling fiber properties.
This may enable electrospun fiber mats to be customized for
a growing number of specific applications in filtration, nano-
composites, and tissue engineering.
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