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A B S T R A C T

Highly porous, 0.1–1.5mm thick fibrous amorphous silica (FAS) meshes with 500±200nm fiber diameters were
prepared from the precursor fibers made by a high-yield free-surface alternating field electrospinning (AFES)
process. A combination of mild thermal and pressure treatment of the fibrous precursor material before the calci-
nation step was used to tailor the mechanical and transport properties of the resulting FAS structures. Compres-
sion of the as-spun material determined the resulting porosity, effective fiber diameter, and microarchitecture of
the FAS structures when calcined between 600 and 1000 °C. Flexible FAS meshes and membranes revealed the
tensile strength and modulus up to 1.4MPa and 580MPa, respectively, and Darcy'S permeability coefficient in a
range of 1.2×10−12–1.6×10−11 m2. Taking into consideration the compression-dependent effective fiber diam-
eter, the permeability of compressed FAS membranes fitted the models developed for two-dimensional fibrous
layer architectures with partial fiber alignment within the stacked layers.

1. Introduction

Fibrous materials prepared by electrospinning have been demon-
strated as promising membrane materials for many demanding applica-
tions in filtration, separation, adsorption, catalytic, and other processes
[1–7]. Electrospun fibrous materials with fiber diameters ranging from
tens of nanometers to a few micrometers exhibit typically high porosities
(more than 80%) with relatively uniform sizes and high interconnectiv-
ity of pores. These materials can also be post-treated to modify their tex-
tural and mechanical properties or to induce specific surface functional-
ity for improved efficiency and performance [6,7].

Almost all polymeric, inorganic and composite electrospun fibrous
materials are prepared from polymeric liquid precursors [6–8]. While
the electrospun polymeric fibrous materials can be used directly as
membrane structures, the fabrication of inorganic membranes requires
thermal processing to remove the organic component. Thermal process-
ing adds more challenge to the development of fibrous inorganic mate-
rials with controllable structure, mechanical integrity, and desired func-
tionalities.

In recent years, many nano- and micro-fibrous inorganic membrane
structures have been fabricated for different purposes from electrospun
precursors, including ceramic [9–15], composite [16,17] and amor-
phous silica-based [10,18–26] fibrous materials. For example, nanofi-
brous ZrO2 [11] and Zr:TiO2 [12] ceramic membranes for efficient air
filtration and water purification, respectively, have been demonstrated.

Tang et al. [13] prepared high-flux fibrous ZrO2 membranes with pore
sizes in a range of 0.2–1.6μm and a high specific surface area for ad-
sorption and separation processes. Santos et al. [14] demonstrated the
efficiency of nanofibrous Ti4O7 membranes for water purification using
phenol as a model contaminant. Fu et al. [15] achieved 97.7% of oil/
water separation efficiency and 98% of organic dye capture with fibrous
TiO2/Al2O3 fibrous membranes. In another study, high oil/water sepa-
ration efficiency has been also shown with free-standing flexible fibrous
glassy carbon-silica composite membranes [16]. High-strength flexible
nanofibrous SiOC membrane structures have been demonstrated by Wu
et al. [17].

Amorphous silica and silica-based fibrous materials account for a
large fraction of research on inorganic membranes made from elec-
trospun precursors. For example, Wang et al. [18] developed fibrous
MnO2/SiO2 catalytic membranes for wastewater remediation, while Si
et al. [19] prepared multifunctional flexible and magnetic nanofibrous
NiFe2O4/SiO2 membranes with good mechanical strength. Very flexi-
ble and porous zirconia-doped silica 1mm-thick nanofibrous membranes
with 0.25MPa tensile strength were fabricated by Tang [20]. Mem-
branes made of pure fibrous amorphous silica have also been a subject
of a number of studies [21–25]. Nanofibrous amorphous silica usually
displays strong chemical resistance, high thermal stability, flexibility,
and good mechanical strength that can reach up to 5.5MPa in tension
[21–23]. Such glassy material has shown, for example, strong potential
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as high-flux oil-water [24,25], toluene-water and ethanol-hexane [26]
separation membranes.

The fabrication of inorganic fibrous membranes, in particular sil-
ica-based, from electrospun precursors faces many challenges associ-
ated with the preparation and calcination of precursor materials, con-
trol of mechanical and transport properties, structure modification and
functionality, as well as with fabrication productivity and cost. Both
the evaporation of solvent during the precursor fiber formation and
decomposition of the precursor components during calcination affect
the microstructure of the final inorganic fibers and can lead to porous
fibers and microcracks resulting in a brittle fibrous assembly with low
strength. Most precursor materials to prepare fibrous amorphous silica
have been made by using a capillary needle direct-current (DC) elec-
trospinning. The process provides good control of the precursor fiber
composition, diameter, textural properties, and assemblage but it is
very slow [6–8]. The assembly of precursor fibers into a fibrous con-
struct becomes very different when the process scales up. The precursor
fiber packing and interaction in as-spun fibrous constructs can strongly
impact calcination and the resulting microarchitecture of the final in-
organic membrane structure. In addition, some inorganic nanofibrous
meshes have been shown to be flexible and soft. This makes the in-
organic nanofibrous materials easily compressible, and it can decrease
their performance under increased pressure [27]. Understanding the im-
pact of this factor is also important for the process upscaling and devel-
opment of commercial nanofibrous membrane structures.

The current study presents the first results on the mechanical prop-
erties and air permeability of highly porous fibrous amorphous silica
(FAS) meshes and membranes fabricated from precursor fibrous mater-
ial prepared by a high-yield free-surface alternating field electrospinning
(AFES) process. This electrospinning technique generates dense fibrous
flows where the propagating fibers carry almost no electric charge [28].
Combined with a high rate of fiber production, the process also provides
more flexibility in the collection and handling of fibers. AFES has been
demonstrated for the fabrication of several types of polymers [29,30]
and ceramic [31,32] nanofibers. It has been shown that both nanofi-
brous polymeric and ceramic mesh structures with good mechanical in-
tegrity can be made from AFES precursor fibers. AFES silica precursor
fibers in this work were additionally post-processed using an uncommon
warm-pressing procedure to create, after a calcination step, FAS meshes
with different porosities. The fabrication process and the effect of the
precursor material compression on the porosity, compressibility, tensile
strength and modulus, and air permeability of FAS membrane structures
are analyzed and discussed in sections below.

2. Experimental

2.1. Preparation of fibrous amorphous silica (FAS) meshes

The precursor for nanofibrous silica was based on tetraethoxysilane
(TEOS, Si(OC2H5)4, 99%+, Alfa Aesar) and Polyvinyl butyral (PVB, Mw
~70,000, 80% butyral, Scientific Polymer Products, Inc). Hydrochloric
acid (5N) and ethanol (200 proof) were supplied by Fischer Scientific
and Decon Labs, Inc., respectively. DI water was produced on site. TEOS
was dissolved in ethanol and then DI water/HCl mixture was added un-
der magnetic stirring to prepare a sol with the TEOS/ethanol/H2O/HCl
molar ratio of 1.0/2.0/2.0/0.01 according to the procedure described in
[33]. Then, 15wt% PVB solution in ethanol was added to the obtained
silica sol to achieve the polymer concentration of 4.75±0.5wt%. The
precursor sol (silica yield ~100mg/mL) was stored at normal laboratory
conditions and it was stable for at least three months.

The precursor solution was delivered to the fiber-generating elec-
trode of a free surface alternating field electrospinning (AFES) appara-
tus [30,31]. A precursor fiber productivity of ~12g/h was achieved

with a 25-mm diameter and 1.5-mm deep dish-like electrode head, a
precursor delivery rate of ~60mL/min, and 25kV rms voltage. The gen-
erated precursor fibers were collected on a rotating 10-cm diameter plas-
tic drum until a 1.0–2.0mm thick fibrous layer (or mesh) was spun. The
collected meshes were stabilized at 60 °C overnight and then cut into
3.0×14.0cm2 sheets. Those meshes were placed on a hot plate and
warm-pressed at 200 °C for 4h. Ceramic blocks were used as the load,
and Teflon spacers with different thicknesses between 0.1 and 1.5mm
controlled the limit of compression. After the compression step, the load
was removed and the fibrous meshes were moved to a programmable
furnace (Isotemp, Fisher Scientific), where they were heated at 5 °C/min
and calcined at 600, 800, and 1000 °C for 2h. The resulting FAS meshes
with thicknesses in a range of 0.17–1.5mm were cut into small strips
and circular FAS membranes for tensile and permeability tests, respec-
tively. The dimensions and mass were measured for each FAS specimen
to obtain accurate data for the characterization.

2.2. Characterization techniques

Fourier Transform Infrared (FTIR) spectra of calcined amorphous sil-
ica fibers were recorded with Vertex 70 FTIR spectrometer (Bruker Op-
tics) in transmission mode using an average of 32 scans and a resolution
of 4cm−1 for each sample.

X-ray diffraction (XRD) patterns of nanofibrous amorphous silica
were obtained using a PANalytical X'Pert Pro MPD diffractometer (Cu
Kα tube operated at 40kV and 45mA, the Bragg–Brentano geometry,
PANalytical X'Celerator detector). Data were acquired over the range of
5–90° 2θ using the step of 0.0167° and dwelling time of 27s. Crushed
samples were pressed into zero-background silicon holders and rotated
during the measurements to minimize the possibility of preferred orien-
tation effects. The Scherrer equation [34] was used to calculate the size
of ordered silica domains.

The fiber diameter, surface morphology, and arrangement in cal-
cined FAS meshes were investigated by scanning electron microscopy
(field-emission scanning electron microscope FEI Quanta 650 FE-SEM).
SEM imaging was done in secondary electron mode, at an accelerating
voltage of 15kV, electron probe current 2μA, and a chamber pressure of
1×10−4 Pa. SEM samples were made by cleaving the FAS meshes frozen
with liquid nitrogen. The samples were sputter coated with ~5nm AuPd
layer to reduce electric charging. SEM images were analyzed using Im-
ageJ image processing program to determine the fiber diameter. At least
50 fibers in 2–3 images were analyzed for each sample.

Tensile moduli and strength of FAS meshes were determined using
a custom made microtensile tester based on DFG35-10 force gauge (1.0
mN resolution, 1N load cell, Omega Engineering, Inc.) and motorized
ThorLab MT1-Z8 precision stage (100nm minimum step). The data were
corrected for the load cell deflection and initial position of the stage. At
least 5 specimens were cut from random locations along and across each
FAS mesh (~2.5×11cm2 size) with different thicknesses and calcina-
tion temperatures. The same measurements were also performed using
ADMET eXpert 4000 microtester (ADMET, Inc.) equipped with 5N load
cell and MTESTQuattro controller. In both cases the specimens with the
4–6mm width and gauge length of 10–20mm were tested at 0.05mm/s
loading rate. The data were corrected for the load cell deflection and ini-
tial position of the stage. The dimensions and mass of each sample were
determined individually using a digital micrometer, caliper and preci-
sion balance.

Porosity of FAS meshes was evaluated according to the formula.

(1)

where ρexp is the apparent density of the fibrous material and ρsil
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ica =2.196g/cm3 is the density of non-porous amorphous silica. To de-
termine the mass density, the thickness of the samples was measured
by a calibrated clamping micrometer with the spring removed to reduce
the sample deformation and by an optical microscope with a calibration
grid. The thickness data were based on five tests at different locations
of each of five ~25×25mm2 samples cut of a larger mesh. Lateral di-
mensions of the samples were assessed using a caliper, and the mass was
determined by a digital Sartorius Entris 90mm precision balance with
0.1mg resolution.

Air flow permeability of nanofibrous amorphous silica membranes
was determined according to Darcy's law [35]:

(2)
where h is the membrane (mesh) thickness in meters, Q is the air flow
rate in m3/s, A is the area in m2, μ is the viscosity (1.847×10−5 Pa·s for
air at 25 °C), and ΔP is the pressure drop across the membrane. A cus-
tom, 10-mm diameter open area, membrane capillary flow test cell sim-
ilar to those described in [36,37] was used for these tests.

3. Results and discussion

The preparation of fibrous assemblies in AFES process differs from
traditional constant voltage DC-electrospinning. The propagation of gen-
erated precursor fibers in AFES relies on a strong ionic wind phenom-
enon [38]. It results in a dense, frequently tubular and slowly mov-
ing (0.2–1.2m/s) flow of precursor fibers that carry almost no electric
charge. Such fibrous flow can be easily captured on any substrate, like
in the case of silica/PVB precursor fibers accumulated on a plastic drum
(Fig. 1a). The resulting fibrous precursor meshes can be annealed in
a range from 600 °C to 1000 °C with little change in the material ap-
pearance (Fig. 1b). Calcination step reduces the mass of initial fibrous
mesh approximately two times. The calcined FAS meshes shrunk both
20±3% along each side and 10±2% in thickness and remained flexi-
ble. The areal density of calcined FAS meshes was in the range 25–30g/
m2, depending on the variations in the speed of both the flow and col-
lector.

It has been noticed that by applying ~10kPa pressure to as-spun
fibrous precursor meshes they can be compressed to ~12% of their
initial thickness. When pressure is removed, the material recovers to
~65% of its initial thickness. It required at least twice as much pres-
sure to obtain the same compression of the 600 °C calcined FAS

Fig. 1. (a) AFES generated flow of precursor fibers is collected on a plastic drum; (b)
Non-compressed 1.5mm thick FAS mesh calcined at 600 °C; (c) Mass density of the cal-
cined FAS meshes vs thickness of the compressed material (Note the difference in the ini-
tial thickness and areal density of the FAS meshes).

meshes. However, calcined fibrous meshes recover to 85% of their ini-
tial thickness. When the fibrous precursor material was warm-pressed,
the compressed meshes showed much smaller thickness recovery when
the load was removed. This allowed a series of FAS meshes with mass
densities between 0.015±0.004 and 0.22±0.002g/cm3 (correspond-
ing porosity is ~99.3–90%) to be prepared for each calcination tempera-
ture (Fig. 1c). Because the thickness of denser amorphous silica meshes
can be measured quite accurately, the density vs thickness graphs pro-
vided verification of the thicknesses for the least dense meshes.

XRD patterns of calcined fibrous material revealed a broad char-
acteristic peak that indicates an amorphous silica structure with the
presence of a short-range order in atomic clusters (Fig. 2a). The 2θ
peak position changes from 21.7° to 21.1° and the apparent cluster
size slightly increases, respectively, from 0.9nm for 600 °C to 1.2nm
for 1000 °C calcined silica. Such trends have been associated with the
structural rearrangement in a cristobalite-like structure of a SiO2 clus-
ter network [39]. FTIR spectra (Fig. 2b) indicate the presence of silanol
groups (Si-OH) in the FAS calcined at 600 °C. Otherwise, there is lit-
tle difference in the absorption peak position and intensity for FAS cal

Fig. 2. (a) XRD patterns and (b) FTIR spectra of fibrous amorphous silica after calcination
at 600, 800, and 1000 °C. The arrow indicates infrared absorption due to Si–OH group.
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cined at all used temperatures. This further confirms the structural sim-
ilarity of fibrous amorphous silica calcined between 600 and 1000 °C.

SEM analysis of the both non-compressed and compressed FAS
meshes (Fig. 3) showed a predominantly random in-plane arrange-
ment of fibers (Fig. 3c,f). The fibers are aligned almost parallel to the
plane of mesh across the thickness of material (Fig. 3b,e), regardless
of whether the material was compressed or not. It was still possible to
split the meshes into 10–50μm thick flakes, which indicates relatively
weak out-of-plane bonding between the fibers, especially in non-com-
pressed material. Hence, such microarchitecture can be described as a
layered two-dimensional random fibrous network. Fiber diameters of
500±200nm were measured from the SEM images of 600 °C calcined
non-compressed FAS material. There was only slight reduction of the
fiber diameters observed after the calcination at 800 and 1000 °C. How-
ever, the fiber diameters were seemingly larger (700–1200nm) inside
the fibrous layer (Fig. 3b) and when the material was compressed (Fig.
3e,f). This is associated with the fact that the precursor fibers become
more bundled and partially fused inside the fibrous layer during collec-
tion and warm-pressing. Partial bundling of precursor fibers can also oc-
cur in the dense fibrous flow generated by AFES [29–32]. The presence
of residual solvent in the fibrous layer collected at a high rate induces
some additional bundling and fusion of fibers. The softening of the poly-
mer component of the fibers during the warm-pressing also promotes
these effects.

Uniaxial tensile tests of FAS meshes indicated a strong dependence
of the tensile strength on the material density (Fig. 4). However, the
effect of calcination temperature was not obvious. For all calcination
temperatures, the stress-strain curves show a slippage effect in non-com-
pressed low-density material (Fig. 4a), whereas a more brittle behavior
in denser meshes is observed (Fig. 4b.c). A noticeable difference was
found when the measurements were done along and across the direc-
tion of collection of precursor fibrous meshes during the AFES process.
Although it was not readily observable in SEM images, this can be
related to some level of a macroscopic preferential fiber orientation
within the layer [40]. Similar effect has been observed in nanofibrous
ceramic meshes derived from AFES precursor fibers [32]. The differ-
ence between the behavior of stress-strain curves and magnitudes of
strength for those distinct directions for FAS meshes becomes smaller
as the density of the material increases. Higher strength, more brittle

behavior and smaller effect of the fiber orientation can be explained by
a larger number of fusion points between the fibers within the plane and
through the thickness of the mesh, as well as by increased inter-fiber
friction within the layer. When the nanofibrous network fails due to high
stress at the fusion points at 0.7–3.0% strain, the relatively long fibrous
segments are released and continue to be pulled out, which leads to a
long tail in the stress-strain curves.

The behavior of FAS meshes during the tensile tests is demonstrated
in Fig. 5. The samples in photographs were clamped in the direction of
the dominant orientation of fibers. Swelling in the through-thickness di-
rection of the FAS sample can be seen around the breakage area even
in the densest sample (Fig. 5a,b), which is a consequence of comminu-
tion of the fibrous network during deformation, similarly to that ob-
served in ceramic fiber/matrix and woven-fabric/polymer-matrix com-
posites [41,42]. Swelling of the material becomes more pronounced in
less dense samples as the material stretches because of little binding be-
tween the fibers through the membrane thickness. The buckling, bend-
ing, and rotation of longer fibrous segments become easier when the
fibers break at high stress points and are pulled out under the load.

The tensile moduli of FAS meshes were calculated from the linear
section of the stress-strain curve to establish the scaling relationship
between the modulus and density of the material calcined at different
temperatures. Similarly, the tensile strength-density scaling relationship
was determined from the experimental stress-strain curves using tensile
stress at the failure. The results (Fig. 6) reveal a relatively clear trend
(Pearson's R=91.0–98.0) within the range of tested mass densities that
can be described by a simple power law relationship between the tensile
modulus/strength and density in porous and cellular materials [43–45]:

(3)

(4)

where E⁎, σ⁎, ρ⁎ and Edense, σdense, ρdense are the moduli, strength, and
density for porous and dense states of the material, respectively. The pa-
rameters C and C′ are the dimensionless constants frequently selected
as 1.0, and the exponents n and m vary depending on the cell geom-
etry (e.g., n=2 for open cell, and n=3 for closed cell structures, re-
spectively [43]). For example, Patil et al. found that the modulus of

Fig. 3. SEM images of (a) non-compressed and (d) compressed FAS mesh, and the (b,e) corresponding fiber arrangement in the cross-section and (c,f) on the surface of the meshes.
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Fig. 4. Tensile stress-strain curves of (a) ~10% compressed (ε=98.7%), (b) ~50% com-
pressed (ε=94.8%), and (c) ~85% compressed (ε=91.4%) 1000 °C calcined FAS meshes
along and across the preferred direction of fiber alignment.

amorphous silica aerogels with densities above 0.2g/cm3 can be de-
scribed by the relationship (3) at n=3.3±0.4 [46], whereas for differ-
ent sol-gel porous amorphous silica structures the exponent n was in a
range of 2.27–2.8 [47]. The present results show that the tensile mod-
ulus (Fig. 6a) and strength (Fig. 6b) of AFES derived FAS meshes in-
creased from 2.0 to 580.0MPa and from 0.05 to 1.4MPa, respectively,
when the density of the material changed from 0.015 to 0.2g/cm3

(93.3 to 90.9% total porosity reduction). Using the Young's modulus of
73GPa, tensile strength of 48MPa, and the density of 2.196g/cm3 for
amorphous silica, the modulus and strength data were fitted according
to Eqs. (3) and (4) with n=2.2–2.3, C=0.77–1.09 and m=1.45–1.52,
C′=0.78–0.83, respectively. According to Ashby [48], the relationships
with n=2 and m=1.5 describe the bending-dominated behavior of
open-cell foam structures that collapse predominantly by buckling. Al-
though the constants C and C′ in Ashby's model were lower (0.2–0.3)
than those for FAS meshes, it can be related to the cell shape and cell
wall thickness. The latter parameters are determined by the diameter
orientation of fibers within the mesh, and the distance between the fu-
sion points within the fibrous structure. From the mechanical perspec-
tive, the AFES derived compressed FAS meshes calcined at 600–1000 °C
can be realistically described as a mostly open cell porous structure
with the properties dominated by bending and buckling. The established
tensile property-density relationships in Fig. 6 correlate with the den-
sity-dependent swelling behavior of FAS meshes during the tensile tests
(Fig. 5). The effect of calcination temperature on the tensile modulus
and strength was small, although the denser, 1000 °C calcined samples
appear to show slightly higher numbers than those calcined at lower
temperatures.

Air transport properties of circular FAS membranes cut from fi-
brous meshes also strongly depended on the degree of compression of
the precursor material. Low-density FAS membranes (porosity above
98.0%) can withstand a maximum pressure gradient ΔP in a range of
18–30kPa, which correlated with the increase in the calcination tem-
perature from 600 to 1000 °C. Higher density membranes (e.g., porosity
ε=92.8–94.8%) usually ruptured in the range of 8–12kPa, 20–28kPa,
and 15–18kPa after the calcination at 600, 800, and 1000 °C, respec-
tively. Regardless of the calcination temperature, the mechanism of the
membrane rupture seems to be determined mostly by its microarchi-
tecture at a given density. Fig. 7 shows the photographs of the FAS
membranes made from fibrous precursor meshes with different levels of
compression after the air permeability tests. The shape of the non-com-
pressed FAS membrane after the rupture (Fig. 7a-c) is consistent with its
tensile behavior (Fig. 5e,f) and with the deformation behavior of rather
elastic fabric membranes [49]. Compressed membranes with porosity
less than 94.8% show brittle fracture (Fig. 7g-i), and the compressed
membranes with porosity between 95 and 98.5% exhibit the transition
from brittle-to-ductile failure mode (Fig. 7d-f) [50].

Examples of the dependence of air permeability of FAS membranes
on the pressure gradient are given in Fig. 8. The maximum Darcy's per-
meability coefficient KD in a range of 1.6×10−11–1.2×10−12 m2 was
observed at ΔP=1.5–2.5kPa. It showed gradual reduction with the in-
crease in ΔP for all membranes with porosities above 93.5%. Such be-
havior of KD is associated with the compressibility of the fiber network
within the electrospun membrane [27]. Indeed, calcined FAS materials
can be compressed by applying pressure in a kPa range, as discussed
above. The compressibility reduces when the density of membrane in-
creases, and KD becomes less dependent on pressure, as observed for
600 °C calcined membrane with ε=93.1% (Fig. 7b). The measured per-
meability coefficients for FAS membranes are about an order of mag-
nitude higher than those (KD =(1.8–3)×10−13 m2) reported for fibrous
(160–350nm fiber diameter) alumina ceramic membranes with simi-
lar porosities (92.9–94.5%) calcined from AFES precursor fibers [31].
This can be related to the larger diameters of silica fibers [51] and
specifics of the membrane's microarchitecture. The rupture pressures
for FAS membranes were also higher when compared to AFES de-
rived nanofibrous alumina membranes [31]. The present results are
also consistent with the air permeability data for AFES polyacrylonitrile
(PAN)-based polymer fibrous membranes [30] and the results of Kok
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Fig. 5. Photographs of the front and side view of tested samples of (a,b) ~85% compressed, (c,d) ~50% compressed, and (e,f) ~10% compressed fibrous amorphous silica.

and Gostick [52] for DC-electrospun PAN meshes with similar thick-
nesses, porosities and fiber diameters.

The Darcy's permeability coefficient KD is related to both the pore
and particle (fiber) diameters, and it is normally between 10−13 to
10−9 m2 for many gel-cast and fibrous membrane materials with 50–75%
porosity [27,36,53–55]. The relationship between the Darcy's perme-
ability coefficient, porosity, and particle size is set, under numerous as-
sumptions, by Ergun's relationship [56,57] as

(5)

where dparticle is the effective diameter of a particle in the porous media,
and the particle diameter is related to the pore diameter as.

(6)

Combining these two equations and using the experimental maxi-
mum KD numbers for all tested FAS samples of known porosity (Fig.
8), the effective pore and fiber diameters have been estimated and plot-
ted in Fig. 9. Although the physical average fiber diameter in cal-
cined FAS is approximately 500nm, as measured from SEM images,
the effective diameter doubles when the porosity of compressed mem-
branes is reduced from ~99 to 93%. This can be associated with the
observed fiber bundling and partial fusion in warm-pressed precursor
fibers, which can also be seen in SEM images of the resulting FAS meshes
(Fig. 3). Although the apparent increase in diameter should lead to
higher permeability numbers, the simultaneous pore size reduction pre-
vails when the total porosity decreases. The effect of the warm-pressing
procedure on the resulting FAS mesh microarchitecture can explain the
relatively higher KD coefficients when compared to other electrospun
materials with similar fiber diameters and porosities [27,30,31,52]. It
appears that the increase of the effective fiber diameter (particle size)

diminishes at a higher degree of fibrous mesh compression. It can be
predicted further that the reduction of KD of FAS membranes at higher
ΔP across the membrane is related mainly to the pore closure when the
parallel stacks of two-dimensional fibrous layers come closer.

To validate the trends observed in Fig. 8 and Fig. 9, the effect of
porosity on the dimensionless permeability parameter KD/d2 was ana-
lyzed using several empirical fitting models for transverse flow through
fibrous structures [58,59]. The KD/d2 numbers were obtained using the
calculated effective fiber diameter for FAS meshes, and the results are
displayed in Fig. 10 together with the fitting curves. The best fitting
curve was obtained by using Kozeny-Carman equation in the form pro-
posed for random fiber structures [58] as follows:

(7)

where d is the particle diameter and Kc is the Kozeny constant. The fit-
ting curve was obtained using Eq. (7) at Kc =9.5. This number com-
pares reasonably well with the predictions for the Kozeny constant for
2-D (7.1–8.9) and 1-D (8.4–12.5) fibrous structures, with porosities be-
tween 80 and 100%, when the flow is directed perpendicular to the
plane or fiber in a fibrous layer. Although the obtained magnitude of
Kozeny constant is a little larger than those based on Johnson's transport
parameter-based predictions for a random 2-D fibrous network [58],
it is reasonable because some degree of 1-D fiber alignment is present
in the tested FAS structures (Fig. 4). Alternatively, both the Johnson
[58] and Tamayol-Bahrami [59] models can provide the same match for
the experimental data when the empirical constants 0.0065 (instead of
0.01064) and 0.0107 (instead of 0.008) are used, respectively. Neither
model was able to provide a good fit if the change in the effective fiber
diameter associated with compression of FAS structures was not consid-
ered.
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Fig. 6. Tensile modulus (a) and strength (b) vs mass density data, and fitting parameters
for the scaling law of FAS meshes at different magnitudes of compression and calcination
temperatures.

4. Conclusions

The results of this study demonstrate that the highly porous fibrous
amorphous silica meshes and membranes with controlled mechanical
strength and air permeability can be efficiently prepared from the pre-
cursor fibers produced by a high-yield free-surface AFES process. Both
the high density of the propagating fibrous flows and fiber bundling
can influence the structure of the collected fibrous assemblies and their
subsequent processing into the fibrous amorphous silica. It has been
shown that the mechanical and transport properties of FAS membranes
can be tailored by using a combination of mild thermal and pressure
treatment of the precursor fibrous meshes before the calcination step.
The degree of the precursor material's compression determines the re-
sulting porosity, effective fiber diameter, and microarchitecture of the
calcined FAS meshes and membranes. The 0.1–1.5mm thick FAS mem-
branes are flexible and tend to compress further under the flow of
gas, which results in lower air permeability numbers when the pressure
drop across the membrane increases. The latter effect is reduced when
the membranes were below 93% porosity. When the porosity-depen-
dent change in effective fiber diameter is considered, the permeability
of fabricated membranes follows the models developed for two-dimen-
sional fibrous architectures with some degree of fiber alignment within
the stacked layers. The calcination temperature of the FAS membrane

seems to have both a moderate effect on the mechanical performance
and little effect on air flow permeability.

The attained porosity, tensile modulus, strength, and flow permeabil-
ity numbers of the prepared FAS membranes make them suitable for
many microfiltration applications. Furthermore, a combination of the
high-yield AFES process with an appropriate intermediate thermal and
pressure treatment procedure of as-spun materials can be a promising
approach for the fabrication of many porous nano- and micro-fibrous
glass, ceramic, and other structures.
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Fig. 7. Photographs of the fibrous amorphous silica (FAS) membrane failure (side, front, and back view) during the air permeability tests of (a-c) ~10%, (d-f) ~50%, and (g-i) ~85%
compressed FAS membranes.
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Fig. 8. Darcy's air permeability coefficients of FAS membranes with (a) less than 30% and
(b) more than 70% compression from the initial thickness after calcination at different
temperatures.

Fig. 9. Effective pore and particle (fiber) size vs porosity of FAS meshes.

Fig. 10. Dimensionless permeability vs porosity of FAS membranes. Fitted curves include
Davies (KD/d2 =[64ε3/2(1+56ε2)]−1), Johnson (KD/d2 =0.01064[ε (1+ ε)/(1 – ε)]−1),
Tamayol-Bahrami (KD/d2 =0.008ε0.5[(0.25π/(1 – ε))2–0.5π/(1 – ε)+1]), and Kozeny-Car-
man at Kc =9.5.
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