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ABSTRACT: We report a scalable melt blowing method for
producing porous nonwoven fibers from model cocontinuous
polystyrene/high-density polyethylene polymer blends. While
conventional melt compounding of cocontinuous blends typically
produces domain sizes ∼1−10 μm, melt blowing these blends into
fibers reduces those dimensions up to 35-fold and generates an
interpenetrating domain structure. Inclusion of ≤1 wt % of a block
copolymer compatibilizer in these blends crucially enables access to
smaller domain sizes in the fibers by minimizing thermodynamically-driven blend coarsening inherent to cocontinuous blends.
Selective solvent extraction of the sacrificial polymer phase yielded a network of porous channels within the fibers. Fiber surfaces also
exhibited pores that percolate into the fiber interior, signifying the continuous and interconnected nature of the final structure. Pore
sizes as small as ∼100 nm were obtained, suggesting potential applications of these porous nonwovens that rely on their high surface
areas, including various filtration modules.

Nonwoven fiber mats exhibit randomly dispersed fibers
held together by physical entanglements and/or surface

contact forces without any knitting or weaving.1,2 Nonwoven
products constitute a $50 billion industry with wide-ranging
applications such as disposable medical and safety products,
tissue engineering scaffolds, and filtration media, among
others.2,3 Melt blowing is a high-throughput and economical
approach widely used in the production of synthetic non-
wovens from polymer melts in a single step. Accordingly, this
process accounts for more than 10% of global nonwovens
production.4−8 During melt blowing, a polymer melt is
extruded through die orifices and drawn into molten polymer
filaments using heated high-velocity air jets. During flight, the
entrained ambient air rapidly cools the molten filaments below
their solidification temperature, either a glass transition
temperature (Tg) or crystallization temperature (Tc),

4−10 to
generate solid fibers that deposit on a collector. Typically,
linear semicrystalline thermoplastic polymers, such as poly-
ethylene, polypropylene, and polyesters, are used by virtue of
their low cost, suitable melt processability, and good thermal
and chemical resistance.1,4−7

Melt blown nonwovens with average fiber diameters ranging
from ∼2−30 μm are widely employed in applications where a
high specific surface area (i.e., surface-to-volume ratio) and
interconnected pores between fibers are of critical importance.
For example, air filtration modules require high surface area
and significant interconnected pore space to effectively capture
particulates with a low pressure drop.11−13 Fiber-based lithium-
ion battery separators also benefit from higher surface areas
and interconnected pore structures, which facilitate greater
electrolyte penetration for improved power performance.14,15

Since the specific surface area of a fiber scales inversely with
diameter, significant research efforts have been dedicated to
reducing fiber diameters, usually with the goal of producing
nanofibers.5,16−21 For instance, a reduction in average fiber
diameter from 5 μm to 500 nm results in 10-fold increase in
the specific surface area. Most of these efforts for producing
nanofibers focus on electrospinning and centrifugal spinning,
with significantly less emphasis on melt blowing.22

An alternative approach to enhancing fiber mat specific
surface area is to incorporate a pore structure into the fibers.
Previously reported approaches to produce porous fibers have
exclusively relied on electrospinning and centrifugal spin-
ning.23−29 For example, Doan et al. and Lu et al. spun fibers
from a polymer solution comprising a volatile solvent (e.g.,
polystyrene dissolved in dimethylformamide or tetrahydrofur-
an) under conditions that induced rapid solvent evaporation to
achieve porous fibers. The pore formation was attributed to a
combination of vapor-induced phase separation (VIPS) and
formation of breath figures by water vapor condensation due to
evaporative cooling during fiber spinning.28,29 Another
approach by Grena et al. involves thermally-induced phase
separation (TIPS) of a polyvinylidene fluoride dissolved in
propylene carbonate at 150 °C upon cooling below the upper

Received: July 12, 2021
Published: September 20, 2021

Letterpubs.acs.org/macroletters

© 2021 American Chemical Society
1196

https://doi.org/10.1021/acsmacrolett.1c00456
ACS Macro Lett. 2021, 10, 1196−1203

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
M

IN
N

ES
O

TA
 o

n 
M

ay
 2

, 2
02

2 
at

 2
1:

33
:5

8 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aditya+Banerji"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kailong+Jin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mahesh+K.+Mahanthappa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Frank+S.+Bates"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+J.+Ellison"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmacrolett.1c00456&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00456?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00456?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00456?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00456?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00456?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/amlccd/10/10?ref=pdf
https://pubs.acs.org/toc/amlccd/10/10?ref=pdf
https://pubs.acs.org/toc/amlccd/10/10?ref=pdf
https://pubs.acs.org/toc/amlccd/10/10?ref=pdf
pubs.acs.org/macroletters?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsmacrolett.1c00456?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/macroletters?ref=pdf
https://pubs.acs.org/macroletters?ref=pdf


critical solution temperature during thermal drawing from a
heated reservoir.30 These strategies are limited by their
dependence on dilute polymer solutions in organic solvents
that leads to low process-throughput as well as volatile organic
compound (VOC) emissions arising from significant solvent
evaporation during fiber spinning. Thus, it is highly desirable
to develop a melt-based approach for producing fibers with
internal porous networks.
In this study, we introduce a new approach to produce melt

blown nonwovens with interconnected, percolating porous
network morphologies within the fibers. This approach
leverages cocontinuous morphologies obtained by melt
blending two immiscible polymers as a template for the
porous structure. Cocontinuous morphologies, in which both
polymers form interpenetrating continuous phases, form in
immiscible binary polymer blends over small compositional
windows around the phase inversion point.31−34 On either side
of the phase inversion point, droplet-in-matrix morphologies
are observed where the isolated minority phase droplets are
dispersed in a continuous majority phase. The phase inversion
point and width of the cocontinuous composition window
depend on several factors, such as the melt viscosity, viscosity
ratio and interfacial tension.33−36 By considering these factors,
suitable compositions for generating a cocontinuous morphol-
ogy by melt blending have been identified for many model
binary polymer blends. As illustrated in Figure 1, melt blowing
transforms the cocontinuous morphology in the polymer blend
feed into slightly oriented and smaller percolating domains

within the fibers. Subsequent selective extraction of a sacrificial
polymer component by solvent washing thus generates porous
fibers.
Polymer blends of polystyrene (PS) and high-density

polyethylene (HDPE) were chosen as a model system, where
PS is the sacrificial component. Details of the materials and
experimental procedures are provided in the Supporting
Information and Figure S2. Multiple blend compositions
ranging from 35/65 to 65/35 wt % PS/HDPE were first
studied to identify the cocontinuity window. Accordingly, the
cocontinuous morphology obtained after melt blending 60/40
wt % PS/HDPE at 250 °C was chosen for all subsequent
studies reported here. The formation of a cocontinuous
morphology was corroborated by SEM imaging of cryofrac-
tured specimens that were subjected to selective extraction of
PS with tetrahydrofuran (THF) solvent at 50 °C (Figure 2a).

The cocontinuous nature was further confirmed by removal of
∼100% of the PS mass from the blend pellets by solvent
extraction without disintegrating the self-supporting HDPE
phase.
However, the PS/HDPE cocontinuous morphology is

inherently unstable and undergoes blend coarsening on static
melt annealing.37−40 The mobility of the polymer melt enables
the interfacial tension-driven retraction and coalescence of the
cocontinuous domains that concomitantly reduces the
interfacial area and progressively increases the domain size
during static annealing.41−44 In some instances, the cocontin-
uous morphology ultimately breaks up into a droplet-in-matrix
morphology, similar to the classical breakup of a Newtonian
fluid thread due to a surface tension-driven Rayleigh
instability.43,44 In our experimental apparatus, some degree of
unavoidable coarsening occurs because the polymer blend
resides for ∼10 min as a near static melt at elevated
temperatures prior to reaching the melt blowing die. Static
annealing experiments were thus performed at 250 °C to
mimic the melt blowing conditions in this study, revealing the
progression of blend coarsening. Figure 2b−d shows that the
PS/HDPE blend domain sizes increased by a factor of ∼25
after a static annealing time of 15 min. Such domain
enlargement is undesirable because larger domains in the
polymer melt feed will limit the smallest achievable pore sizes

Figure 1. Porous fiber fabrication by melt blowing an immiscible
binary polymer blend, in which the cocontinuous morphology of the
blend feed is transformed into smaller, slightly oriented, and
interconnected domains within the resulting fibers. Selective
extraction of the sacrificial polymer (red) then yields a network of
porous channels across the entire fiber cross-section.

Figure 2. Representative SEM images of the cocontinuous
morphology obtained by melt blending 60/40 wt % PS/HDPE at
250 °C for 15 min and annealing at 250 °C for (a) 0 min (as-
blended), (b) 5, (c) 10, and (d) 15 min.
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in the fibers after melt blowing, which dictate their potential
applications.45,46

Generally, blend domain sizes can be reduced by addition of
high molecular weight compatibilizer agents, such as block
copolymers, that localize at interfaces between polymer phases
reducing interfacial tension and promoting domain breakup
during blend formation.40,47,48 Furthermore, blend domain
coarsening during subsequent annealing (e.g., in the melt
blowing feed) is expected to be suppressed by the addition of a
block copolymer compatibilizer through steric stabilization.
Theoretical treatments indicate that the domain coarsening
rate, Γ, can be defined as,39,43

blend

β γ
η

Γ =
(1)

where γ is the interfacial tension between two polymers, ηblend
is the blend zero-shear viscosity and β is a dimensionless
factor.49 Equation 1 indicates that reducing the interfacial
tension by inclusion of a compatibilizer will lower the
coarsening rate. In summary, the combination of these two
effects (i.e., smaller domains after initial blend formation and
suppressed domain coarsening) is expected to template smaller
internal pore sizes in the melt blown fiber.
A triblock copolymer of polystyrene-block-poly(ethylene-

ran-butylene)-block-polystyrene (SEBS) was chosen as a
compatibilizer, where the polyolefin midblock is miscible
with HDPE. Figure 3 shows the time-dependent morphology
evolution of cocontinuous PS/HDPE blends with different
SEBS contents after static annealing at 250 °C. These results
indicate that addition of as little as 0.25 wt % SEBS,
significantly minimizes blend coarsening. The results presented
in Figure 2 and Figure 3 are quantitatively summarized in
Figure 4 by measuring the characteristic domain size, ξ (t), for

the different blend compositions. ξ for a cocontinuous domain
can be defined as,50−52

A
Lint

ξ =
(2)

where A is the total area, and Lint is the total interfacial length
determined by SEM image analysis (see Supporting
Information and Figure S1 for analysis details). Figure 4a
demonstrates that the characteristic domain size ξ (t = 0 min)
of the “as-blended” PS/HDPE after melt blending decreased
from 9.2 μm with no SEBS to 2.5 μm for 1 wt % SEBS. This
observation directly reflects the role of lower melt interfacial
tension that enables more efficient domain size reduction
during melt blending. Furthermore, Figure 4b shows that the
addition of SEBS significantly suppresses domain coarsening
during static sample annealing. Γ values for different blend
compositions were obtained from the slopes of the linear fits of
ξ (t), as shown in Figure 4b. Γ decreased from 16.8 μm/min
for PS/HDPE to 1.6, 1.4, and 1.1 μm/min for blends with
0.25, 0.5, and 1 wt % SEBS, respectively. As a result,
cocontinuous domains with much smaller ξ values were
obtained even after 10−15 min of annealing at 250 °C. Figure
4 also indicates that ξ can be easily modified based on the
SEBS content in the binary blends. For example, ξ (t = 10
min) decreased from 176 μm with no SEBS to 31 μm with
0.25 wt % SEBS, with a further 2-fold domain size reduction at
1 wt % SEBS loading in the PS/HDPE blends. The ability to
tune the domain sizes in the polymer feed is of considerable
importance because it potentially translates into a similar
tunability of the internal pore sizes in the resulting melt blown
fibers.
Melt blowing experiments were performed to understand

how the cocontinuous domains of the various binary blends
transform upon drawing in the melt state in the absence and

Figure 3. Representative SEM images of the time-dependent cocontinuous morphologies developed during static annealing obtained by melt
blending 60/40 wt % PS/HDPE at 250 °C for 15 min, followed by cryofracturing and PS extraction with THF, containing (a−d) 0.25 wt % SEBS,
(e−h) 0.5 wt % SEBS, and (i−l) 1 wt % SEBS. In each case, the images presented from left to right represent blends annealed at 250 °C for 0 min
(as-blended), 5, 10, and 15 min, respectively.
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presence of the block copolymer additive. Three blend
compositions: 60/40 wt % PS/HDPE, 60/40/0.25 wt % PS/
HDPE/SEBS, and 60/40/1 wt % PS/HDPE/SEBS were melt
blown using a lab-scale apparatus equipped with a single-hole
die having a 400 μm orifice.9,17 The melt blowing temperatures
(Tmb) of the different blends were selected such that ηblend =
150−200 Pa·s, a range considered necessary for melt blowing
(Figure S3).5,8 Accordingly, Tmb values were determined to be
250, 260, and 280 °C for PS/HDPE, PS/HDPE/0.25 wt %
SEBS, and PS/HDPE/1 wt % SEBS blends, respectively
(Figure S3). Additional details of the melt blowing apparatus
and experimental conditions are provided in the Supporting
Information. The porous nonwoven mats after PS extraction

obtained from the three blends display uniform fiber
morphologies without any fiber fusion or surface undulations
(Figures 5a−c). Statistical analyses of the fiber diameters,
which are based on fitting a log-normal distribution function to
at least 100 fiber diameter measurements for each sample (see
Supporting Information for details), are provided in Figure S5.
Additionally, the fiber surfaces exhibited open channels formed
on THF extraction of the PS domains (Figure S4). Notably,
the porous fiber mats were sufficiently flexible to be easily
wrapped around a glass scintillation vial and did not appear to
be brittle during handling.
To study the internal fiber morphology, SEM images of fiber

cross sections were obtained by cryofracturing the fibers
embedded in an epoxy matrix followed by selective extraction
of PS by soaking in THF at 50 °C for 30 min. Figure 5d−i
shows the formation of porous channels across the entire fiber
cross-section after PS extraction at all the blend compositions.
To ensure appropriate comparison of the average pore sizes,
SEM image analyses were performed on fibers of similar
diameters (∼32 μm). As expected, fibers obtained from PS/
HDPE blends (Figure 5d, g) exhibited the largest average pore
size of 1.1 μm because of the significant amount of coarsening
prior to reaching the melt blowing die. In contrast,
considerably smaller average pore dimensions were observed
in fibers obtained from the SEBS-containing PS/HDPE blends
(Figure 5e, f and 5h, i) with sizes of 189 and 136 nm in the
presence of 0.25 and 1 wt % SEBS, respectively. The reduction
in the average pore size with increasing SEBS content validates
our hypothesis that the pore sizes can be tuned by suitably
varying the compatibilizer content in the polymer blend feed.
Figure 5 also shows that for all blend compositions, larger
pores are found near the center of the fiber cross-section with
relatively smaller pores near the periphery. This distribution of
pore sizes may arise due to the radial shear stress gradient
generated in the polymer melt extrudate during fiber drawing.
As compared to the center of the fiber, the expected higher
shear rates near the fiber surface drive enhanced domain
elongation to produce smaller pore sizes. In contrast, lower
shear rates at the center of the fiber produces a less domain
elongation, yielding larger pores. Notably, these pore sizes are
situated within the characteristic pore size ranges of both
microfiltration (100 nm to 10 μm) and (5−500 nm)
ultrafiltration systems.45,46 Figure 5g also shows evidence of
nanofibers dispersed within the larger pores of PS/HDPE
fibers. This observation indicates that a small fraction of the
HDPE phase in the neat blend feed transforms into droplets
dispersed in the PS matrix during coarsening, possibly due to
domains that did not incorporate into the cocontinuous
structure and/or surface tension-driven Rayleigh instabilities of
some fraction of highly elongated structures. Subsequent
drawing of these droplets during melt blowing yields
nanofibers, in a manner similar to that reported by Zuo et al.
and Wang et al.17,53 In contrast, dispersed nanofibers were not
present in the melt blown fibers obtained from compatibilized
blends. This observation reiterates the deleterious effect of
coarsening and highlights the importance of stabilizing the
cocontinuous morphology template to produce porous melt
blown fibers.
Figure 6a, c shows the internal axial sections of the melt

blown fibers after PS extraction obtained from two PS/HDPE
blends containing 0.25 and 1 wt % SEBS. Both cases exhibited
∼150−300 nm wide pores along the fiber axis, suggesting that
the internal channels are interconnected throughout the length

Figure 4. Variation of the characteristic domain size, ξ (t), of different
PS/HDPE/SEBS blends as a function of (a) SEBS content (obtained
after melt blending) and (b) annealing time at 250 °C. The dashed
lines represent the best fit line through all data points. Error bars are
standard deviations from at least three independent measurements.
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of the fiber. Figure 6b, d also reveals the existence of porous

channels ∼200 nm in size at the fiber surfaces that appear to

percolate into the fiber interior. These two observations

strongly suggest the continuous nature of the porous domains

within the fibers, which was corroborated by ∼100% PS mass

extraction on soaking the fibers in THF without disintegrating

the resulting porous HDPE fibers. Such quantitative extraction

of the PS component would not be possible if the PS domains

Figure 5. Representative SEM images of (a−c) porous melt blown fibers and (d−i) associated cross sections of cryofractured fibers obtained from
(left) 60/40 wt % PS/HDPE, (middle) 60/40/0.25 wt % PS/HDPE/SEBS, and (right) 60/40/1 wt % PS/HDPE/SEBS blends. SEM images in
panels g−i are magnified views of the areas marked by red dotted rectangles in panels d−f. The area marked by the red circle in panel g shows
evidence of internal nanofibers. All the fiber specimens were imaged after selective extraction of PS.

Figure 6. Schematic representation and corresponding SEM images of the internal axial sections (top) and outer surfaces (bottom) of the melt
blown fibers obtained from (a, b) 60/40/0.25 wt % PS/HDPE/SEBS and (c, d) 60/40/1 wt % PS/HDPE/SEBS blends.
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were not continuous throughout the fibers. Differential
scanning calorimetry (DSC) and proton nuclear magnetic
resonance (1H NMR) spectrometry analysis (see Supporting
Information, Figures S6 and S7) also validated the complete
removal of PS from the fiber mat after solvent extraction. The
Tg of PS at ∼105 °C and 1H NMR peaks corresponding to the
PS aromatic rings (6.4−7.4 ppm) are both absent after soaking
the fiber mats in THF. An enticing aspect of the porous
nonwovens reported here is the formation of hierarchical pore
structures, by virtue of combining larger micrometer-sized
pores from the inter-fiber spacing in the mat with smaller
nanometer-sized pores available due to the porous nature of
individual fibers. Such nonwoven mats with hierarchical pores
could be a potential alternative to the asymmetric config-
uration commonly used in nonwoven-based products, which is
obtained by stacking multiple nonwoven mats of different fiber
diameters and porosities.2,54,55

In summary, we have demonstrated an approach to produce
porous nonwoven fibers by melt blowing a cocontinuous
binary polymer blend. To the best of our knowledge, this is the
first report of porous nonwoven fibers produced by any
polymer melt-based fiber processing technique. The cocontin-
uous morphology obtained by melt blending two immiscible
polymers was used as a template to generate interconnected
domains after melt blowing. The domain size and extent of
coarsening could be controlled by the addition of small
amounts of a block copolymer compatibilizer. Selective
extraction of the sacrificial polymer component yielded
interconnected porous channels across the entire fiber cross-
section with pore sizes as small as ∼100 nm, suggesting the
ability to produce porous nonwovens with hierarchical pore
structures within and between fibers. While we chose the PS/
HDPE model blend out of convenience, one can envision that
porous fibers could also be obtained using a binary blend
comprising a water-soluble polymer where the pore structures
can be revealed by washing with water instead of organic
solvents.21,53 Significant research opportunities exist to fully
understand and exploit the potentially unique capabilities of
these nonwovens for numerous applications. For example, we
anticipate that the hierarchical porosity of the fiber mats may
offer improved performance as active layers in biofiltration, air
filtration, and fuel/oil filtration modules.
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