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ABSTRACT: Ultralight nanofiber aerogels (NFAs) or nano-
fiber sponges are a truly three-dimensional derivative of the
intrinsically flat electrospun nanofiber mats or membranes
(NFMs). Here we investigated the potential of such materials
for particle or aerosol filtration because particle filtration is a
major application of NFMs. Ultralight NFAs were synthesized
from electrospun nanofibers using a solid-templating techni-
que. These materials had a tunable hierarchical cellular open-
pore structure. We observed high filtration efficiencies of up to
99.999% at the most penetrating particle size. By tailoring the
porosity of the NFAs through the processing parameters, we were able to adjust the number of permeated particles by a factor of
1000 and the pressure drop by a factor of 9. These NFAs acted as a deep-bed filter, and they were capable of handling high dust
loadings without any indication of performance loss or an increase in the pressure drop. When the face velocity was increased
from 0.75 to 6 cm s−1, the filtration efficiency remained high within a factor of 1.1−10. Both characteristics were in contrast to
the behavior of two commercial NFM particle filters, which showed significant increases in the pressure drop with the filtration
time as well as a susceptibility against high face velocities by a factor of 105.
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1. INTRODUCTION

Particle or aerosol filtration was one of the first applications of
nanofiber mats or membranes (NFMs).1−6 These nonwovens
obtained from electrospun nanofibers with typical diameters
between 50 and 1500 nm exhibit well-suited characteristics,
such as relatively low air resistance, because of the gas-slip
effect, as well as small pore size and high specific surface area,
for efficient particle removal.7−13 NFMs were also an integral
part of the Petryanov−Sokolov particle filters that had been
used in the cleanup phase of the Tschernobil site.14,15 Later
developments include multilayer setups,16−21 and a recent
approach is nanonetting, where the pores in NFMs are covered
with nets of even smaller nonwoven nanofibers.20−23 They
show high filtration efficiency but also a relatively large pressure
drop. When multiple electrospun mats are stacked over each
other, three-dimensional (3D) filters can be obtained. The
elongated flow path through the 3D construct results in higher
filtration efficiency but also in higher pressure drop, as is
understood empirically and by simulations.16,17 A similar
dependence of the filtration efficiency and pressure drop is
found when investigating the nanofiber packing density and
mat thickness.6,24 Such NFM filters are restricting the gas flow.

Furthermore, they still suffer from further significant draw-
backs: inadequate filtration performance, weak mechanical
properties, and short service life caused by accumulated
particles on the filtration surface. The challenge, therefore, is
to construct a nonwoven mat capable of outperforming
common NFM filters. In our opinion, a 3D fibrous filter
should meet the following criteria: (i) high filtration efficiency,
but at the same time an undesirable increase in the pressure
drop should be avoided; (ii) a robust and mechanical scaffold
allowing easy handling; (iii) capability of handling high particle
loadings and maintaining high filtration efficiency. To satisfy
these requirements, we present a robust nanofiber aerogel
(NFA) based on electrospun nanofibers. Our material is based
on recent developments on solid-templated NFAs, where the
porosity and microstructure can be tuned on a large
scale.7,25−34 We herein demonstrate the high filtration efficiency
of such NFAs. The NFAs can handle very high face velocities
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without significant loss of efficiency, and they show very high
dust-holding capacities compared to commercial NFM filters.

2. EXPERIMENTAL DETAILS
2.1. Fabrication of NFM. The composite pullulan/poly(vinyl

alcohol) (Pul/PVA) composite nanofibers were prepared by dissolving
4 g of Pul (food grade, Hayashibara Co. Ltd., Japan) and 6 g of PVA
(Mw = 89000−98000 Da; DH = 99%; Sigma-Aldrich) in 90 g of water.
The solution was electrospun by free surface electrospinning with a
Nanospider NS Lab 500, Elmarco s.r.o. Nanofibers were spun onto
baking paper at a high voltage of 80 kV using a cylindrical electrode
and at a collector distance of 16 cm. The temperature and relative
humidity (RH) during electrospinning were 26 ± 3 °C and 26 ± 4%,
respectively. Uniform nanofibers with a diameter of 240 ± 55 nm were
obtained.
2.2. Preparation of NFAs. For the NFA with an apparent density

of 48.91 mg mL−1 and a porosity of 96.64% after thermal cross-linking,
approximately 10 mg of the previously prepared NFM was cut into
small pieces of approximately 1 × 1 cm2 and dispersed in 100 mL of
1,4-dioxane. The NFM pieces were further cut and dispersed by an
IKA T25 homogenizer for 20 min at 13000 rpm to obtain fibers with a
fiber-length distribution of 48.8 ± 30 μm. The homogeneous
dispersion was subsequently poured into a mold, degassed, and frozen
at a specific rate (here 11 μm s−1). The frozen solid was then freeze-
dried for 48 h, and the pristine NFA was finally thermally cross-linked
at a temperature of 180 °C for 40 min. Aerogels with apparent
densities of 23.2 and 88.5 mg mL−1 and final porosities of 98.40 and
93.91% were prepared equally. NFAs with an identical apparent
density of 49.1 ± 0.88 mg mL−1 and a final porosity of 96.85 ± 1.8%
but different secondary pore sizes between 15.2 and 122.6 μm were
prepared by controlling the freezing conditions. Detailed information
on the fiber-length distribution after cutting and controlled freezing
conditions is given in the Supporting Information of work by Deuber
et al.25,26

2.3. Characterization. 2.3.1. Scanning Electron Micrsocopy
(SEM) Images. Cross sections of electrospun nanofiber-based aerogels
were gold-coated (Quorum Q150RS sputter) for 30 s at 20 mA. SEM
images of the species were then acquired using an FEI Quantum
FEG250 scanning electron microscope with an acceleration voltage of
5 kV and a secondary electron detector spot size of 2.5.
2.3.2. Pore Size, Pore-Wall Thickness, and Fiber Diameter

Determination. To determine the mean pore size of the final
aerogels, the samples were cut perpendicularly to the freezing direction
at a height of 0.5 cm. The pores were determined based on the SEM
images of three cross sections by two different human operators by
measuring the lengths and widths of 200 arbitrarily selected pores to
obtain a mean pore size. The same procedure was applied to
determine the pore-wall thickness. Fields of view of the SEM images
were 800 and 400 μm, respectively.
The fiber diameter was estimated based on SEM images from the

NFMs before homogenization. According to Stanger et al.,35 each fiber
was only measured once to reduce the bias for bigger fibers. Following
the suggested magnification and rules for fiber diameter determination,
a field of view of 3 μm was selected.35,36

2.3.3. Porosity of the NFA. The porosity of the NFA was
determined using a standard approach for cellular materials. This
method is also known as Archimedes principle:

Φ = × =
−

×ρV

V

V

V
100% 100%

m
p

(1)

where Φ is the porosity, V is the total bulk volume of the aerogel, Vp is
the pore volume, m is the mass, and ρ is the density of the polymeric
material (40 wt % Pul, ρ = 1.85 g mL−1; 60 wt % PVA nanofibers, ρ =
1.19 g mL−1).
2.4. Filtration Efficiency and Filtration Behavior. To character-

ize the filtration behavior of the prepared NFAs, a setup for aerosol
filtration constructed and validated by the Incident Response and
Individual Protection Branch of Federal Office for Civil Protection was
used. A certificate aerosol atomizer was used to generate di-2-

ethylhexyl sebacate (DEHS) aerosol with a mass concentration of 29.0
mg m−3 and a count mean aerodynamic diameter of 208 nm. To
analyze the particle size and distribution, an ultrahigh sensitivity
aerosol spectrometer (type UHSAS) from Droplet Measurement
Technologies was used.

From the original mold, which had a diameter of approximately 260
mm, NFA samples were cut into cylinders with a diameter of 60 mm
and a height of 15 mm. These cylinders were taken from the center of
the mold to ensure a minimal pore gradient, which could result from
different temperature gradients at the edge of the mold during the
freezing process. Similar to the ASTM D3574-11, the pieces were
radially compressed to approximately 90% of their original surface
area. To avoid edge-slipping effects, all of the edges were sealed using a
regular high-vacuum lubricant. All NFAs were prepared in duplicate,
and each measurement was duplicated. The filtration efficiency was
studied at the following face velocities vf: 0.75, 1.5, 3.0, and 6 cm s−1.

2.5. Dust-Holding, Long-Term Filtration. The dust-holding
capacity was determined using the same filtration efficiency test setup.
A face velocity of 1.5 cm s−1 with a corresponding aerosol particle
loading of 2 × 106 aerosol particles per second was used. Penetration
measurements were conducted in a 2 min interval until either the
pressure drop of the sample was too big (>2500 Pa) or a time limit of
45 min was reached. For comparison, two commercial NFMs with and
without nonwoven microfiber toppings were studied under the same
conditions.

3. RESULTS AND DISCUSSION
3.1. Synthesis of NFAs with Tailored Porosity. The

principal processing steps for our NFAs are shown in Figure 1.

After electrospinning to obtain a NFM, the NFM was cut into
small pieces, suspended in a wetting nondissolving liquid, and
homogenized to obtain a slurry with short electrospun
nanofibers. Finally, the slurry was cast into a mold and frozen
at a controlled rate, and the solid-templated 3D network of
short nanofibers was generated. By sublimation of the frozen
nonsolvent, the freestanding NFA was obtained. Furthermore,
we used a thermal cross-linking procedure to render the
nanofiber polymers water-insoluble while increasing their
mechanical resilience.
The freezing process of the slurry was crucial for the final

architecture of the NFA: during freezing, the short nanofibers
in the slurry had been rejected from the moving solidification
front. Thus, the growing solvent crystals were pushing the fibers
away, and thereby they created nanofiber-rich and nanofiber-
sparse areas. Upon solvent removal by sublimation, only the
nanofibrous skeleton was retained. The former nanofiber-rich

Figure 1. Main processing steps for the synthesis of a NFA: (a)
fabrication of nonwoven Pul/PVA nanofibers by electrospinning; (b)
cutting and homogenization of electrospun nanofibers in 1,4-dioxane
using a high-speed homogenizer to obtain dispersed short nanofibers
(also called slurry); (c) solid templating by freeze-drying to obtain the
3D network of short nanofibers. The pristine NFA can be
postprocessed to introduce new functional groups on the fiber surface
or to consolidate the structure. Using thermal cross-linking, we were
able to render the fibers water-insoluble and to improve the
mechanical stability of the NFA.
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areas were now the cell walls, and the large cellular pores were
replicas of the solvent crystals. This natural segregation
phenomenon is crucial in the freeze-casting of many different
materials but was only recently used to synthesize NFAs from
electrospun nanofibers.7,27,29,33,34,37−48 Because of this effect, it
was possible to tailor the architecture of the NFA. In-depth
discussions for the underlying solid-templating mechanism in
general49−55 and for aerogels from electrospun fibers in
particular can be found elsewhere.26,31,37 The microscopic
architecture of the aerogel revealed a hierarchical pore system,
as displayed in Figure 2a,b. Larger cell-like secondary pores

were formed by freezing solvent crystals as stated above. These
pores were in the range of 50−100 μm. In the close-up image
of a coarse secondary pore, fine pores, between tangled
nanofibers, with sizes of 2−5 μm are distinctly visible (Figure
2b). These primary pores were the same size as those for the
electrospun NFM (Figure 2c,d). These primary pores
interconnect the larger secondary pores, thus yielding a truly
open-pore network of nanofibers with regular cellular character-
istics.
By increasing the solid loading inside the slurry, it was also

possible to alter the microstructure of freeze-casted structures
on multiple levels. Because the solvent initially present in the
slurry was converted first into a solid, which was later
eliminated by sublimation to generate the porosity, the pore
content could be adjusted.53,56 Increasing the solid loading
resulted in a higher volume fraction of nanofibers inside the
slurry and, consequently, in a lower porosity of the NFA. Here,
we produced NFAs with three different porosities: 98.40, 96.64,
and 93.91%.
In contrast to the 3D NFA structure, electrospun NFMs that

are applied for particle filtration are often ultrathin and show

randomly deposited nanofibers (Figure 2c,d). The morphology
of electrospun NFMs is also accessible from short nanofibers
using a so-called wet-layering technique, as demonstrated by
Greiner et al.57,58

3.2. Filtration Theory and Performance Evaluation.
Classical nanofibrous filters act as thin mats, which are capable
of capturing small particles from an air stream. Because of their
fibrous character and small porosity, even the smallest particles
can be deposited on the surface of the nanofibers. This, on the
other hand, leads to decreasing permeability and ultimately to a
filtration failure due to high pressure. This trade-off is a very
usual situation because filtering aerosol particles by fibrous
filters is a complex physical process, exceeding the simple
sieving principle. The filtration efficiency, φ, can be described
by

φ =
−n n

n
up down

up (2)

where nup is the particle concentration before the filter and
ndown is the particle concentration after the filter.59,60 The filter
is restricting gas flow, and the pressures before and after the
filter are not the same. The pressure after the filter is lower by
Δp. This is known as the pressure drop, which depends on the
face velocity vf and other parameters such as the temperature
and air permeability of the filter.59 The filtration efficiency can
be used to calculate penetration of the aerosol particles through
the filter. The penetration P is defined by P = 1 − φ. The
dependence of P on the filter thickness and fiber diameter can
be expressed by the empirical formula

α
π α

η=
−

⎡
⎣⎢

⎤
⎦⎥P

h
D

exp
4

(1 ) f (3)

where α is the filter solidity (also called the filter packing
density), h the thickness of the filter, Df the fiber diameter, and
η the single fiber efficiency.59

The principle of particle capture by a single fiber is depicted
in Figure 3a. The three major mechanisms for particle capture
are by (1) diffusion, (2) interception, and (3) impact. The first
mechanismdiffusion is caused by the Brownian motion of
small aerosol particles and their collision with the surface of the
fiber. Increasing the internal surface of a filter by using
nanofibers has a tremendous influence on diffusion-driven
particle capture. Alternatively, nanofibers can be stacked on
each other but at the cost of an increased differential pressure.
NFAs, with their hierarchical pore structure, on the other hand,
could fulfill both requirements: free air flow through the
secondary pores while offering an increased internal surface
through the cell walls of the nanofibers.
To simplify the complex manner of the filtration mechanism

of fibrous filters, Lee and Lui59,61 suggested a semiempirical
correlation of the single fiber efficiency

η α α= − + −
+

−⎜ ⎟ ⎜ ⎟⎛
⎝

⎞
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⎛
⎝

⎞
⎠Ku
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Ku

R
R

2.6
1 1

1exp

1/3
2/3

1/3 2

(4)

where K is the Kuwabara hydrodynamic factor and Pe denotes
the Peclet number, which can be calculated by Pe = uDp/D. Dp
is the particle diameter, u the interstitial gas velocity within the
filter, and D is the diffusion coefficient of the aerosol particle.
The variable R is the interception parameter (R = Dp/Df). On
the basis of this model, we fitted our data to the experimental
filtration curves, as shown in Figure 4. By a reduction of the

Figure 2. SEM images illustrating the morphological difference
between NFAs and classical electrospun NFMs: (a) cross section and
(b) close up of the NFA illustrating the hierarchical pore architecture
with cells of coarse secondary pores and thin cell walls containing fine
primary pores. These fine primary pores are similar in size to the pores
of the electrospun NFMs (c and d), which served as the starting
materials for the NFA.
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porosity of the nanofiber-based aerogel from 98.40 to 93.91%,
the filtration efficiency was increased from 98.2% to reach
99.998%. In terms of permeated particles, this means an
improvement by a factor of 1000. The most penetrating particle
sizes (MPPSs) of the NFAs remain similar regardless of their
porosities. This suggests an interception system and not a
diffusion-limited system, like for other fiber-based filters. The
pressure drop, however, increased at the same time from 60 to
550 Pa at a face velocity of vf = 1.5 cm s−1 (Table 1). The

interception parameter R in the model of Lee and Lui is related
to the apparent fiber diameter, Df, or, in the case of the aerogel,
to the pore-wall thickness of the secondary cell like pores in the
NFA. When the fit parameter Df is compared with the
experimentally measured pore-wall thickness, dw, such a
correlation is observed. Yet, the indirectly measured pore-wall
thickness through the fitted filtration data is systematically
lower (by a factor of approximately 2), indicating that the
model by Lee and Lui cannot be used to fully approximate the
filtration process within the NFAs with their hierarchical pore
structure.
To further evaluate the filtration performance, a so-called

quality factor (QF) can be calculated

φ= − −
Δp

QF
ln(1 )

(5)

where φ is the filtration efficiency and Δp is the pressure
drop.62 Our NFAs had QFs between 0.020 and 0.096 Pa−1.
These values correspond well with the QF of electro-
spun1,17,19,63,64 and melt-spun1,2,65−67 nanofiber filters (0.01−
0.001). Significant performance advantages of NFA filters
compared to those of NFM filters are found in their dust-
holding capacity and their tolerance of high face velocities, as
shown in the following sections.
A linear dependence between the pressure drop and face

velocity vf was observed upon measurement of the face velocity

Figure 3. Schematic illustration of particle filtration mechanisms by (a) a single nanofiber, (b) a NFM, and (c) a cellular 3D NFA (c). The three
major mechanisms for particle capture are by (1) diffusion, (2) interception, and (3) impact. Upon incorporation into a thin NFM (b), dead-end
filtration will be applied with short diffusion times and rapid cake formation on the primary pores in the case of high particle loadings. Filtration
through a NFA can be described as a kind of cross-flow filtration with large diffusion channels through the secondary pores, allowing one to reduce
the pressure drop and to increase the capacity. Part a was adapted with permission from ref 58. Copyright 2016 John Wiley and Sons.

Figure 4. Particle filtration efficiency, φ, of NFAs with tailored
porosity [93.91% (a), 96.64% (b), and 98.40% (c)] using a face
velocity vf of 1.5 cm s−1 and a particle loading of 29 mg m−3. The data
were fit according to the semiempirical filtration efficiency model by
Lee and Liu.58,60

Table 1. Filtration Performance Measured at the MPPS with
a Face Velocity of vf = 1.5 cm s−1a

porosity
Φ (%)

filter
efficiency
φ (%)

pressure
drop Δp
(Pa)

fitted
pore-wall
thickness
Df (μm)

measured
pore-wall

thickness dw
(μm)

permeability
κ (×10−12

m2)

93.91 99.998 550 1.40 2.7 ± 1.6 57.7 ± 01.1
96.64 99.56 115 2.01 5.5 ± 3.1 330 ± 18
98.40 98.2 60 4.22 7.8 ± 6.4 531 ± 17

aThe effective wall thickness is compared with that indirectly
measured via fit.
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as a function of the pressure drop (Figure S1). Assuming
proportionality between vf and the reciprocal height of the
NFA, 1/L, the effective permeability κ can be calculated
according to the Hagen−Poiseuille equation68

ν
κ
η

= −
Δp
Lf

(6)

where Δp is the pressure drop and η is the viscosity of air
[ηair(25 °C) = 18.6 μPa s]. Depending on the porosity of the
NFA, a permeability between 57.7 × 10−12 and 531 × 10−12 m2

was found (Table 1).
3.3. Dust-Holding Capacity of NFA and NFM Filters.

The performance of a filter as expressed by the QF may change
significantly upon deposition of the first aerosol particles. This
is in particular true for NFM filters, which offer a large free
filtration area when clean but are rapidly filled with aerosol
particles followed by cake formation on the surface of the
filter.69 Increased pressure drop and often reduced filtration
efficiency70 shorten the service life or require special cleaning
cycles such as backpulsing and backblowing.71,72 In contrast,
the here-investigated NFA filters in contrast provide a large
internal surface where particle adsorption should be dominated
by deep-bed filtration without significantly affecting the
hierarchical pore structure of the NFA. Figure 5 shows the

long-term performance of our NFA filter compared with
commercial NFM filters with and without toppings (123 ± 52
and 106 ± 37 nm mean fiber diameters; 1.0 and 1.2 g m−2

weight areas; for further characterization, see the Supporting
Information). The NFM filter (Δpclean = 324 Pa; QF = 0.013)
shows the characteristic increase in the pressure drop with time

with deep-bed filtration behavior at the beginning (capillary
filling followed by binding, also referred to as the skin effect)
with the transient to cake formation, where the pressure drop
increases linearly with time.69 This skin effect was also observed
when the NFM was equipped with a topping of nonwoven
microfibers (Δpclean = 454 Pa; QF = 0.018), but it was less
pronounced. This contrasts with the NFA filter that maintained
its initial pressure drop (93.91% porosity; Δpclean = 538 Pa; QF
= 0.020) throughout the whole filtration experiment, even
though bridging and cake formation will also happen at higher
particle loadings. More importantly, the ultrahigh filtration
efficiency of 99.998% at MPPS was maintained for the
complete experiment (corresponding to more than 4 × 1011

aerosol particles), while the commercial NFMs showed an
enormous decrease in their filtration efficiency from 99.97% to
99.91% for the NFM with topping and from 98.55% to 77.86%
for the NFM without topping (Figure 5b).

3.4. Effect of the Face Velocity vf on the Filtration
Efficiency. The filtration efficiency of common electrospun
thin NFMs depends not only on the dust loading but also on
the face velocity.13 Therefore, we investigated the dependence
of the filtration efficiency on the face velocity. Figure 6 shows
the typical behavior of NFA filters compared to a commercial
NFM filter. For both filter types, the filtration efficiency drops
with increasing face velocity and the MPPS moves to lower
particle diameters. Both effects are well understood from
filtration theory when taking into account that the diffusion
particle capture mechanism, which is the dominating
mechanism for the smaller particles, depends on the face
velocity. However, the degree to which the filtration efficiency
depends on the face velocity is very different for the NFA and
NFM filters. When the face velocity increases from 0.75 to 6 cm
s−1, the three NFA filters with different porosities show a drop
of the filtration efficiency by a factor of 1.5−10, whereas the
commercial NFM filter showed a high efficiency drop from
99.99 to 98.95%, corresponding to a drop by a factor of 105
(Figure 7a). In a previous study, we investigated the
dependence of the filtration efficiency on the pore architecture
of the NFA.26 Therefore, we produced NFAs with equal
porosity but different sizes of the secondary pores from 15.2 to
122.6 μm diameter. The observed trends are very similar to
those for the NFAs investigated before: a modest dependence
of the filtration efficiency on the face velocity, which is more
pronounced for the high efficiency NFA filters with smaller
pores, underlining the importance of the diffusion particle
capture mechanism for those filters (Figure 7b). The tolerance
of NFA filters for high face velocities extends the design space
for particle filters because the artificial enlargement of the
inflow area, e.g., by pleating, is no longer mandatory.

4. CONCLUSIONS
NFAs show high particle filtration efficiency at a wide range of
face velocities in combination with the ultrahigh dust-holding
capacity. They have significant application potential in personal
protection, clean-room and building management, as well as
emission control. We studied the performance characteristics
and morphological features of these filters and compared them
with commercial electrospun NFM filters. We found that the
number of permeated particles can be decreased by a factor of
1000 by simply tailoring the porosity of the NFA. By the
introduction of a hierarchical open-pore structure into these 3D
filtration media, diffusion captor was no longer the perform-
ance-limiting mechanism. Therefore, they show little depend-

Figure 5. Long-term changes in the (a) pressure drop and (b)
filtration efficiency at the MPPS with high aerosol particle loading. The
NFA (blue ○) with a porosity of 93.91% showed neither a change in
the filtration efficiency nor an increase in the pressure drop during the
complete measurement cycle, whereas the commercial NFM filters
with toppings (orange ◇) and without toppings (red □) showed a
significant increase in the pressure drop due to bridging and cake
formation. This, in turn, is locally increasing the face velocity at still
open sites and thus decreasing the overall filtration efficiency.
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ence on the face velocity. Their superior capacity was
demonstrated by long-term filtration tests with high particle
loadings in which the NFA filters remained within the deep-bed
filtration regime while NFM filters already showed cake
formation with the need for a service interval or a dedicated
cleaning procedure. Because the individual processing steps of
these NFA filters are already employed in different industrial
settings, we expect rapidly growing interest in such materials for
filtration applications. Furthermore, considering the possibility
of composite media consisting of NFAs and other materials,
even a wider range of applications can be embraced.
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Figure 7. Effect of the face velocity (0.75, 1.5, 3, and 6 cm s−1) on the filtration efficiency of NFA and NFM filters with (a) different porosities and
(b) an equal porosity of 96.85% but different pore architectures with secondary pore diameters between 15.2 and 122.6 μm.
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