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ABSTRACT: Porous oxide hollow fiber membranes are
broadly useful for filtration and chemical separation. They are
traditionally formed by phase inversion-sintering above 1200
°C, which is expensive limiting their large-scale applications.
Inspired by the natural wood petrification process, we report
fabrication of porous oxide hollow fiber membranes via
petrification of polymer hollow fiber templates at a much
lower temperature (600 °C). These novel petrified hollow fiber
membranes reproduce the asymmetric macropore structure of
their polymer hollow fiber templates, thereby allowing rejection
of macromolecular solutes without a secondary coating layer.
They have a unique hierarchical micro-/meso-/macroporous
structure with simultaneous high surface area and large pore
volume. The findings of this work pave the way for wider applications of porous oxide membranes. More broadly, they allow
simple and inexpensive control of the geometry of hierarchically porous oxides.

Porous oxides (e.g., silica, metal oxides) are broadly used
as membranes1,2 and adsorbents3 for chemical separa-
tions. While tunable surface area and pore volume are

crucial to provide attractive transport and adsorption proper-
ties, controlling the geometry of porous oxide membranes and
adsorbents is often important for large-scale applications. For
example, hollow fiber is the industry-preferred geometry for
porous oxide membranes, which can be used as pressure-driven
filtration membranes4 or supports of thin molecularly selective
membranes (e.g., zeolite membranes,2,5,6 ion-transport perov-
skite membranes7). Compared with polymer hollow fibers,
oxide hollow fibers are more thermally stable and chemically
resistant. Unlike most porous polymer hollow fibers that can
be inexpensively solution-processed at room temperature,8

porous oxide hollow fibers are traditionally made by expensive
phase inversion-sintering,9 tape casting-sintering,10 or melt
processing,11 which often occur above 1200−1500 °C.
Notably, phase inversion-sintering12 relies on sintering of
polymer hollow fibers consisting of preformed nonporous
oxide (e.g., α-alumina) particles.9 Porous oxide hollow fibers
made by phase inversion-sintering can be abundant in
macropores, however, often have few mesopores and micro-
pores and low surface area. A number of soft-templating and
hard-templating approaches13−16 were developed to fabricate
hierarchically porous oxides with tunable surface area and pore
volume; however, none have been able to form porous oxide
hollow fibers suitable for separation applications. There is

significant value to develop novel methods that can
inexpensively fabricate porous oxide hollow fibers while
providing both tunable surface area and pore volume.
Inspired by petrified wood,17 we developed an innovative

petrification method to fabricate porous oxide hollow fiber
membranes at moderate temperatures using macroporous
polymer hollow fibers as templates. These novel porous oxide
membranes, which we name “petrified hollow fiber mem-
branes”, have hierarchical pores with simultaneous high surface
area and large pore volume. Wood petrification occurs in
nature by exchange of wood organic cell tissues with
surrounding siliceous precursors, which forms silica monoliths
preserving both the macroscopic geometry and microscopic
cell structure of the wood templates. Asymmetric macroporous
P84 polyimide hollow fibers (Figure 1a) were fabricated by
dry-jet/wet-quench spinning and used as polymer hollow fiber
templates.18 To imitate wood petrification, the polymer hollow
fiber templates were soaked in a siliceous precursor (vinyl-
trimethoxysilane) followed by exposure to water vapor at room
temperature,19 which provided treated polymer hollow fiber
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templates. While wood petrification usually takes thousands or
millions of years in nature, the treated polymer hollow fiber
templates were heated in air at 600 °C to accelerate polymer
template decomposition. After air heating for 2 h, white-
colored petrified hollow fiber membranes (Figure 1a) were
formed preserving the geometry of the yellow-colored polymer
hollow fiber templates. The hollow fiber length and diameter
both shrunk by ∼30% following air heating. Energy dispersive
X-ray analysis (EDX, Figure S1) suggests the petrified hollow
fiber membranes are fully inorganic comprising silicon and
oxygen. Thermogravimetric analysis (TGA, Figure S2) shows
∼23% weight of the treated polymer hollow fiber template was
retained following air heating at 600 °C. According to X-ray
diffraction (XRD, Figure S3), the petrified hollow fiber
membranes consist of amorphous silica.
Like wood cell structure is preserved in petrified wood, the

macropore structure of polymer hollow fiber templates (Figure
1b) was preserved in the petrified hollow fiber membranes

(Figure 1c) with remarkable resemblance. Scanning electron
microscopy (SEM) suggests both the polymer hollow fiber
template and petrified hollow fiber membrane have asymmetric
pore morphology, i.e., pore size gradient is seen in the hollow
fiber radial direction with smaller pores at the hollow fiber top
surface and larger pores at the hollow fiber bore side. Also, the
hollow fiber pore size was reduced following petrification. The
polymer hollow fiber template had top surface pore diameter
∼84 nm (Figure 1b), while the petrified hollow fiber
membrane had top surface pore diameter ∼49 nm (Figure
1c). Remarkably, even the slight eccentricity of the polymer
hollow fiber template was reproduced in the petrified hollow
fiber membranes. Transmission electron microscopy (TEM)
indicates the macropore walls (Figure 1d) of petrified hollow
fiber membranes consist of randomly aggregated nanoparticles
(Figure 1e), which appear to be nonporous under high-
resolution TEM (Figure 1f).

Figure 1. The hierarchical micro-/meso-/macroporous structure of petrified hollow fiber membranes. (a) Photo showing a polymer hollow
fiber template (top) and a petrified hollow fiber membrane (bottom). The tape measure (unit given in inch) is shown to indicate the fiber
length. (b) SEM images showing the morphology and pore structure of polymer hollow fiber templates. (c) SEM images showing the
morphology and pore structure of petrified hollow fiber membranes. TEM images showing (d) macropore structure of petrified hollow fiber
membranes, (e) macropore wall consisting of aggregated nanoparticles, and (f) nonporous nanoparticles inside the macropore wall. (g) Pore
size distribution measured by mercury intrusion porosimetry (solid lines). The micropore−mesopore size distribution (dashed line)
obtained by NLDFT (from N2 physisorption) is also shown for the petrified hollow fiber membranes. (h) N2 physisorption isotherms at 77
K. The adsorption branch is shown by solid symbols. The desorption branch is shown by hollow symbols. (i) Merged cumulative surface
area and cumulative pore volume of petrified hollow fiber membranes. The dashed lines represent data obtained by NLDFT (from N2
physisorption). The solid lines represent data obtained from mercury intrusion porosimetry.
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Mercury intrusion porosimetry (MIP, Figure 1g) suggests
the pore structure of polymer hollow fiber templates was
dominated by macropores (d > 50 nm), whereas both
macropores and mesopores (2 nm < d < 50 nm) were seen
in petrified hollow fiber membranes. In agreement with SEM,
MIP indicates the macropore structure of the polymer hollow
fiber templates was reproduced in the petrified hollow fiber
membranes with almost identical shape of macropore size
distribution curves. The petrified hollow fiber membranes have
higher porosity (79.9 vs 75.2%), skeletal density (1.8 vs 1.3 g/
cm3), and tortuosity (4.1 vs 3.1) than the polymer hollow fiber
templates (Table S1).
Nitrogen physisorption (77 K) shows that the polymer

hollow fiber templates have a low Brunauer−Emmett−Teller
(B.E.T.) surface area (23 m2/g) and the Type II N2
physisorption isotherm (Figure 1h and Figure S4) typical for
macroporous materials.20 The petrified hollow fiber mem-
branes have the Type IV isotherm and a considerably higher
B.E.T. surface area (755 m2/g). Analysis of the N2
physisorption isotherm by the non-local density functional
theory (NLDFT, Figure 1g) suggests the petrified hollow fiber
membranes comprise a small amount of micropores (d < 2
nm). Thus, the petrified hollow fiber membranes have a unique
hierarchical micro-/meso-/macroporous structure. In addition
to nitrogen physisorption (77 K), argon physisorption (87 K)
was carried out on the petrified hollow fiber membranes. The

results of argon physisorption agree with nitrogen physisorp-
tion in that the petrified hollow fiber membranes consist of
both micropores and mesopores (Figure S4). According to
TEM (Figure 1e), the micropores and mesopores were
possibly provided by the space between aggregated nonporous
nanoparticles inside the macropore walls.
It is worthwhile to note that MIP underestimates the

amount of mesopores in petrified hollow fiber membranes
(Figure 1g). Hence, the cumulative surface area and pore
volume curves obtained by NLDFT (Figure S5) and MIP
(Figure S6) were merged (Figure 1i and Table S2) to provide
the NLDFT-MIP surface area (651 m2/g) and NLDFT-MIP
pore volume (2.5 cm3/g). The hierarchical micro-/meso-/
macroporous structure of petrified hollow fiber membranes
gives simultaneous high surface area and large pore volume.
While the high surface area is attributed to the mesopores, the
macropores are responsible for the large pore volume.
Consisting of only three steps of silane soaking, moisture
exposure, and air heating, the novel petrification method
provides a simple and catalyst-free route to fabricate
hierarchical micro-/meso-/macroporous oxides with high
surface area and large pore volume.
To elucidate the formation mechanism of petrified hollow

fiber membranes, the treated polymer hollow fiber templates
were air heated to 100−600 °C and characterized by Fourier-
transform infrared spectroscopy (FT-IR, Figure 2a) and N2

Figure 2. Elucidating the formation mechanism of petrified hollow fiber membranes. (a) FT-IR spectra showing the effects of air heating
temperature on the chemical structure of treated polymer hollow fiber templates. The FT-IR spectra of the bare polymer hollow fiber
template are shown for reference. (b) The effects of air heating temperature on B.E.T. surface area of treated polymer hollow fiber template.
(c) Water isosteric heats of adsorption of polymer hollow fiber templates (burgundy circles), treated polymer hollow fiber templates (red
triangles), and petrified hollow fiber membranes (blue squares). (d) Schematics illustrating the hypothetical formation mechanism of
petrified hollow fiber membranes.
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physisorption (Figure 2b and Figure S7). As the air heating
temperature increased, the fibers became darker (Figure S8)
possibly due to polymer template decomposition, which is
evidenced by progressively weaker polyimide peaks in the IR
spectra. As the temperature reached 600 °C, the fibers became
white and the IR spectra showed well-defined silica peaks21

with all polyimide peaks22 disappeared. The B.E.T. surface area
stayed under 30 m2/g as the air heating temperature was below
450 °C and dramatically increased as the temperature was
raised to above 450 °C. The increase in surface area was due to
enhanced microporosity and mesoporosity, with mesoporosity
becoming more dominant as the temperature reached 600 °C
(Figure S9). It is worthwhile to note this temperature overlaps
with the decomposition temperature of the P84 polyimide
(∼400−450 °C, Figure S2). Water vapor sorption (Figure 2c
and Figure S10) was used to determine water isosteric heats of
adsorption using the Clausius−Clapeyron equation.23 The
treated polymer hollow fiber templates showed isosteric heats
of adsorption higher than the bare polymer hollow fiber
templates and lower than the petrified hollow fiber
membranes.
The hypothetical formation mechanism of petrified hollow

fiber membranes is illustrated in Figure 2d. Silane molecules
are first infiltrated into the macropore space of polymer hollow
fiber templates during soaking. Following exposure to water
vapor, silane hydrolysis and condensation occur in the
macropores of polymer hollow fiber templates forming silica.
The silica formation is evidenced by increased water isosteric
heat of adsorption (Figure 2c) and the appearance of the Si−
O−Si peak in the IR spectra (Figure 2a). As the surface area
remains low (Figure 2b), the silica is likely nonporous. As the
temperature is increased to 400−450 °C, rapid weight loss of
the polymer hollow fiber template occurs, causing the
formation of silica nanoparticles and an increased surface
area. As the temperature further increases, the silica nano-
particles fill in the space left by the progressively removed
polymer template. The space-filling is possibly accompanied by
continuing hydrolysis and condensation reactions at the
interfaces of neighboring silica nanoparticles, which is assisted
by water vapor produced as a result of polymer template
decomposition.24 The continuing hydrolysis and condensation
are evidenced by strengthening of the Si−O−Si peak in the IR
spectra. The space-filling allows the petrified hollow fiber
membranes to reproduce both the geometry and macropore
structure of the removed polymer hollow fiber template.

Single-component helium and nitrogen permeation was
carried out at room temperature (Figure 3a). The polymer
hollow fiber templates were highly permeable with helium
permeance ∼4.4 × 10−5 mol/m2·s·Pa and helium/nitrogen
selectivity ∼1.7. The petrified hollow fiber membranes showed
lower helium permeance (∼1.1 × 10−5 mol/m2·s·Pa) and
negligible change in helium/nitrogen selectivity. Notably, the
petrified hollow fiber membranes remained highly permeable
and hence are attractive as supports for molecularly selective
inorganic membranes. The lower helium permeance of
petrified hollow fiber membranes can be attributed to smaller
macropores. While micropores and mesopores were found in
petrified hollow fiber membranes, they do not form a
continuous barrier. Hence, molecular transport in petrified
hollow fiber membranes is dominated by the interconnected
macropores. By varying the transmembrane pressure (TMP) of
helium permeation, the hollow fiber average pore diameters
were determined (Figure 3b) by deconvoluting the contribu-
tions of Knudsen diffusion and viscous flow (Supporting
Information).25 The results suggest the polymer hollow fiber
templates have larger average pore diameter (378 nm) than the
petrified hollow fiber membranes (94 nm), which is consistent
with the trend observed by MIP (Figure 1g). Notably, the
permeances increased linearly with TMP up to 7 bar,
suggesting petrified hollow fiber membranes are mechanically
strong to withstand the applied pressure difference.
The asymmetric macropore structure of petrified hollow

fiber membranes makes them promising for pressure-driven
filtration (e.g., ultrafiltration). Porous oxide ultrafiltration
membranes are traditionally based on sintered alumina
supports.26 Because of the difficulty to precisely control pore
sizes in sintered alumina, a secondary slip or sol−gel coating
layer27 must be applied to reject sub-100 nm macromolecular
solutes. As petrified hollow fiber membranes reproduce the
asymmetric macropore structure of their polymer hollow fiber
templates, they can provide attractive rejection of macro-
molecular solutes without slip or sol−gel coating. We carried
out cross-flow filtration measurements28 on the petrified
hollow fiber membranes using a 0.5 g/L bovine serum albumin
(BSA, molecular weight ∼66 kDa) solution at 1 bar TMP.
Following 3 h filtration, the petrified hollow fiber membranes
showed outstanding BSA rejection above 99% (Figure 3c). It
should be noted that BSA molecules (∼11 nm) are much
smaller than the top surface pore diameter (Figure 1c) of the
petrified hollow fiber membranes. The high BSA rejection was

Figure 3. Transport properties of petrified hollow fiber membranes. (a) Helium and nitrogen permeation results of petrified hollow fiber
membranes and polymer hollow fiber templates. (b) Determination of hollow fiber average pore diameters by helium permeation
(Supporting Information). (c) Water flux and rejection of petrified hollow fiber membranes under cross-flow filtration test of a BSA solution
(0.5 g/L).
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likely facilitated by formation of a fouling layer, which is
indicated by the water flux decline over time.
In conclusion, for the first time, we show that petrified

hollow fiber membranes with hierarchical pores can be made at
a moderate temperature of 600 °C. To our best knowledge,
this is the lowest fabrication temperature reported for porous
oxide hollow fiber membranes. Like the geometry and cell
structure of organic wood are reproduced in petrified wood,
the geometry and macropore structure of organic polymer
hollow fiber templates are reproduced in petrified hollow fiber
membranes. Albeit inorganic, these petrified hollow fiber
membranes have asymmetric pore structure closely resembling
polymer hollow fiber membranes.29 The asymmetric pore
structure allows petrified hollow fiber membranes to provide
high rejection of macromolecular solutes without a secondary
coating layer. The results of this work open the door to a new
paradigm of porous oxide hollow fiber membranes widely
useful for filtration and separations. More broadly, the novel
petrification method allows simple and catalyst-free fabrication
of hierarchically porous oxides with controlled geometry and
simultaneous high surface area and large pore volume.
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