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A sol–gel biotemplating technique for the creation of a cellulose–silica com-
posite from Apium graveolens (Pascal celery) has been investigated. The sol–
gel biotemplating technique was inspired by pH catalyzed methods used for
the creation of hydrogels. This technique did not require the use of highly toxic
chemicals or an elevated temperature, and therefore is more environmentally
friendly than existing biotemplating techniques. The resulting cellulose–silica
composites were geometrically similar to the templated live celery, demon-
strating permeability under gas flow at elevated pressure, and the elastic
modulus and ultimate compressive strength (UCS) increased by 15.05 9 104%
and 3880%, respectively, when compared to live celery. The lack of toxic
chemicals or elevated temperature, and the dramatic increase in modulus and
UCS provide a low-toxicity alternative to harness the complex and multiscale
structure and porosity of organic tissues in bioinspired materials.

INTRODUCTION

Porous silica materials possess properties useful
for a range of applications, including drug delivery,1

carbon capture,2 and catalysis.3 The composition
and structure of these materials is responsible for
their many applications due to their high surface
area and framework-like structural composition.4

Manufacturing methods for fabricating porous silica
materials can generally be categorized as either
bottom–up self-assembly2,3,5 or templating.6 Bot-
tom–up self-assembly techniques are typically used
to create mesoporous silica materials, or materials
characterized by pore sizes confined to the nanos-
cale.5 This differs from templating techniques,
which are used to create macroporous silica mate-
rials, or materials characterized by pore sizes on the
macro- and microscale.7,8 The functionality of

porous silica materials can be improved through
the creation of an ordered porous structure contain-
ing pores at multiple length scales.3,5,7,8

The importance of multiscale porosity and mor-
phology to functionality is illustrated by biological
materials, which are composed of weak constituents
that outperform unstructured synthetic materials of
the same constituent composition in both mechan-
ical and functional properties.6,9,10 For example, a
gradient in porosity along the cross-sections of
vascular plants provides strength while minimizing
material,11,12 and a gradient in vessel diameter
along the plant’s height minimizes hydraulic resis-
tance.13 To capture the properties of biological
materials by duplicating their structure in an
inorganic material, a subset of templating tech-
niques, known as biotemplating, has emerged.6,14,15

Similar techniques have been described using var-
ious terminology, including biomorphous materials
and biomorphic mineralization.14,15 Therefore, for
the purposes of this article, the working definition of
biotemplating is: the direct transformation of a
biological material into a positive replica of the
original structure in a new material, as defined in
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Biotemplating is a three-step process6,13 in which
(1) the organic template is prepared (e.g., chemically
removing constituents of the biological struc-
ture16,17), (2) the inorganic material is deposited
into or onto the organic template, and (3) the
organic template is removed (e.g., thermally17 or
chemically15). Biotemplating for the creation of
highly ordered porous silica materials has relied
primarily on plants as templates, due to their
cellular structure, ability to withstand the templat-
ing process, and the wide range of functional
properties found in plants.6,17,18 These properties
range from fluid transport18 to actuation,19 and are
typically the result of the material’s structuring17–19

(i.e., the result of passive systems, not controlled by
living cells).

Previous macroscale biotemplating work for silica
materials has focused on templating functional
structures found in woody plants high in lignin.17

These plants are used because of the toughness of
the lignin, which can withstand template prepara-
tion without the erosion of their microstructure.6,20

These techniques have utilized a sol–gel process
with an alkoxide precursor such as tetramethyl
orthosilicate in which a plant structure was par-
tially eroded in the preparation phase (e.g., using
cyclohexane in a Soxhlet evaporator). The material
was subsequently infiltrated with a liquid precursor
solution, and the solution gelled when reacted with
a catalyst. These steps were followed by the removal
of the remaining biological material via heat, which
also calcified the gel into a monolithic and highly
porous solid.15,17,21 This method of biotemplating
silica materials has resulted in high degrees of
structural similarity between the original template
and the templated structure, including the ability to
create functional actuators.17 However, the result-
ing material is brittle, the sample preparation phase
relies on toxic chemicals, and only highly robust
template materials (e.g., pine cones high in lignin17)
can be used.

To create porous biotemplated materials from
plants under mild synthesis conditions (i.e., without
highly toxic chemicals or high heat21), while retain-
ing the structure of the templated material across
length scales, the research presented here used
plants high in another common biopolymer, cellu-
lose, in an environmentally friendly sol–gel biotem-
plating process. This biotemplating technique was
inspired by methods used to create silica hydrogels
that catalyze the gel transition by a change in pH
and exposure to water.3,22,23 The templated mate-
rial was Apium graveolens (Pascal celery), a vascu-
lar plant composed primarily of cellulose. Celery
petioles have an elliptical cross-section containing
vascular bundles, which are supported by structural
parenchyma, a cellular structure.24 The vascular
bundles are composed of xylem and transport fluid
from the plant roots to leaves and phloem, and
transport nutrients from the leaves to cells.13,24

This material was chosen because celery is common,

inexpensive, and the cellular structure of the struc-
tural parenchyma and vascular structure of the
xylem exist on the millimeter and micron scale,
respectively. The biotemplating technique described
in this article has four distinct and important
features: (1) no highly toxic chemicals were used
in the sample preparation phase, (2) geometrical
similarity was retained on multiple length scales in
functional structures, (3) the biotemplated material
showed permeable porosity in gas flow testing, and
withstood a sustained pressure drop, and (4) the
mechanical strength of the final biotemplated mate-
rial was increased compared to the original celery.

MATERIALS AND METHODS

As shown in Fig. 1a, biotemplating cellulose–
silica composite materials was accomplished by
sectioning samples of live celery, soaking the celery
samples in acetic acid, placing the samples in a
silica precursor, tetraethyl orthosilicate (TEOS;
Acros Organics, Fair Lawn, NJ, USA), that intro-
duced the inorganic phase and formed a network
silica gel, which resulted in the final, cellulose–silica
composite. Samples averaging 6.67 mm3 in volume
were cut from stalks of celery procured from a local
retailer and placed in 1% v/v glacial acetic acid
(LabChem, Zelienople, PA, USA). The celery sec-
tions were allowed to soak for 72 h to break down
the cellulose and acidify the sample (i.e., lower the
pH from 6 to approximately 3). After the acetic acid
soak, samples were removed from the acid and
rinsed with tap water to remove excess acetic acid
from the sample surface. The samples were then
placed in TEOS (98%) to soak for 48 h, after which
they were allowed to dry at room temperature for
72 h. This procedure was inspired by previous work,
creating keratin–silica hydrogels using acetic acid
and TEOS for the fabrication of dressing materials
for biomedical applications,22 and created samples
referred to as cellulose–silica composites. This pro-
cess was used to manufacture 16 cellulose–silica
composites, 10 were used for mechanical testing, 4
for imaging, and 2 were used for single gas perme-
ability testing.

Sections of approximately
5 mm 9 5 mm 9 10 mm from 4 cellulose–silica
composites were removed for scanning electron
microscopy (SEM) imaging in a vacuum environ-
ment (FEI Quanta 600 FG; Hillsboro, OR, USA).
Control samples from the live celery stalk were
taken from a location adjacent to those that under-
went the biotemplating process to collect images of
the pore structure. Live celery was used from an
adjacent location to ensure that the imaged pore
structure was as similar as possible in the cellulose–
silica composites and the live celery samples so as to
facilitate comparisons. Live samples were collected
from celery stalks immediately before imaging, and
were fully hydrated before being examined by SEM.
The cellulose–silica composite materials were
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imaged 8 times each. Four images of the structure of
the cross-section on the millimeter scale were taken
together with four images of the identifiable xylem
on the micron scale. Measurements of the pore sizes
were taken from both sets of imaged regions. These
two scales were imaged due to their unique func-
tions: the cell structure of the structural parench-
yma provides structural strength to the celery
stalks, and the xylem transports fluids through
the stalk. Each of these structures are displayed
in vivo in Fig. 1b, along with images of live celery
cross-sections and cellulose–silica composites. Mea-
surements of the area of the cells and xylem and
their effective diameter (i.e., diameter calculated
from their area assuming they were perfectly circu-
lar) and circularity (i.e., the ratio of the area and the
perimeter squared multiplied by 4p) of all the
collected images were carried out using ImageJ
(National Institutes of Health, Bethesda, MD,
USA). In total, 120 area and diameter measure-
ments and 40 circularity measurements were col-
lected from the cellular structure and xylem of the
live celery and the templated cellulose–silica com-
posites, respectively. The pore area measurements
of the templated cellulose–silica composites were
compared to the pore areas measured in the control
live celery by a Tukey’s Honest Significant Differ-
ence (HSD) test to quantify if statistically

significant changes in pore area had occurred. For
all statistical analyses, a confidence interval of 95%
was used, i.e., a p value less than 0.05 indicated a
statistically significant difference existed between
groups. These comparisons served as a quantitative
metric of how well the biotemplating process
retained structural similarity in the final cellu-
lose–silica composites as compared to the original
live celery.

In addition to imaging, 4 cellulose–silica compos-
ite sections and 4 live celery sections were subjected
to energy-dispersive x ray spectroscopy (EDS). This
allowed for the identification of the elements pre-
sent in the imaged area to verify that a change in
composition had occurred. EDS maps and spectra
were collected in areas of the cellulose–silica com-
posites and of the live celery samples composed of
the xylem and the cellular structure. The spectra
measured the composition of the imaged area as the
atom% of elements present and the maps displayed
the location of the elements identified by colored
pixels. These measurements and maps provided
quantitative proof of the composition change under-
gone in the biotemplating process and the distribu-
tion of the constituent elements. The EDS
measurements were supplemented by x-ray diffrac-
tion (XRD) to identify any crystal structure present

Fig. 1. (a) Process flow of the sol–gel biotemplating process. (b) Macroscale images of a cellulose–silica composite and a cross-section of live
celery. The cellular structure of the structural parenchyma, the vascular bundle (black dashed line), the xylem (red dot-dashed line) and phloem
are highlighted. The xylem transport fluid from celery plant roots to their leaves. Typical measurements for both the cellular structure and the
xylem area are highlighted by (c) and (d), respectively.
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in the final biotemplated material. XRD measure-
ments were performed using a Rigaku Miniflex 600
x-ray diffractometer (Rigaku, Tokyo, Japan).

The ultimate compressive strength (UCS) and
elastic modulus (E) of the cellulose–silica compos-
ites was investigated via compression testing. Cel-
lulose–silica composite samples and live celery
samples (n = 10 each) with an elliptical cross-sec-
tion with an effective diameter of 15 mm and height
of 4 mm were compressed to failure in an Instron
5967 load frame (Instron, Norwood, MA, USA) at a
crosshead speed of 1 mm min�1. The UCS and E
data collected from the cellulose–silica composites
and the live celery samples were compared by a
Tukey’s HSD test to establish if a significant
difference existed between the measurements. The
stress–strain data and the material density was
used to calculate the specific strength, specific
stiffness, and energy absorption of the live celery
and the cellulose–silica composites. This data was
critical as an increase in mechanical properties of
macroscale biotemplated materials has not been
reported in previous biotemplating research.17,25

Single gas flow tests were performed using argon
to measure the permeability and investigate the
porosity of the cellulose–silica composites. A dia-
gram of the gas flow fixture is shown in Fig. 2. Two
samples of cellulose–silica composites were fixed on
a membrane holder composed of a 3D-printed ABS
plastic disc using a silicone adhesive (Loctite 59530,
IDH 160809 Superflex� RTV Silicone Adhesive
Sealant). The membrane holder was then placed in
a filter holder (25 mm In-Line Filter Holder; Delrin
Plastic, Pall), which was connected to the flow
system. A digital mass flow controller (Alicat
MCRQS 100SLPM-D Controller) was used to con-
trol the face velocity of the gas and a digital mass
flow meter (Alicat MQS 100SLPM-D Mass Flowme-
ter) was used to observe the resulting flowrate and
pressure from the sample. Gas flow tests were run
with an empty filter holder and a filter holder with
an empty membrane holder to isolate the pressure
drop caused by the cellulose–silica composites from
that of the filter holder and membrane holder,
respectively. These data were used to calculate the
permeability of the samples using Darcy’s Law
(Eq. 1)26

Q ¼ kADP
lL

ð1Þ

where Q is the flow rate measured in m3 s�1, k is
the permeability measured in m2, A is the cross-
sectional area of the sample exposed to gas mea-
sured in m2, DP is the effective pressure drop across
the sample, l is the dynamic (absolute) viscosity of
the carrier gas (Ar), and L is the thickness of the
sample. The permeability data provided three
insights into the cellulose–silica composites: (1) the
nature of their porosity (as either open-cell or
closed-cell), (2) the permeability of the porous
structure, and (3) their mechanical resistance to
pressure. These properties are important for poten-
tial filtration applications.27

RESULTS AND DISCUSSION

Figure 3 displays SEM images comparing the
microstructure of the cellulose–silica composite and
the live celery. In Fig. 3b, an inset provides a
detailed view of the cellulose–silica composite
microstructure in an area in which the structure
is not obscured by the conductive coating to confirm
the templating process filled microscale cavities.
The cellulose–silica composite qualitatively shows a
high degree of similarity to the structure of the
celery in both the cellular structure and xylem on
the macro- and microscale. The results of the
collected area, effective diameter, and circularity
measurements are presented in Table I. The mea-
surements for both the cellulose–silica composites
and the live celery were collected in either the
cellular structure of the material cross-section or in
the xylem. In both cases, the cellulose–silica com-
posites and the live celery, the area and effective
diameter measurements collected in the xylem were
an order of magnitude smaller than those collected
in the cellular structure. These measurements
agree with intuition and previous literature, as the
xylem in live celery are much smaller than the
cellular structure due to their functional properties
of fluid transport and strength, respectively.11,13

The area measurements collected from the cellular
structure of the cellulose–silica composite and the
live celery show no statistically significant differ-
ences in mean value (i.e., p = 0.0542). This pairwise
comparison does have a p value very near statistical
significance (i.e., p< 0.05), where the live celery
cellular structure displays a lower mean value
(Table I). This is likely due to dehydration of the
live celery samples caused by the vacuum environ-
ment of the SEM. The cellulose–silica composite

Fig. 2. The single gas flow testing apparatus composed of an argon supply, a digital mass flow controller used to control the face velocity of the
gas, a filter holder, and a digital mass flow meter used to observe the resulting flowrate and pressure from the cellulose–silica composite.
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materials underwent dehydration in the templating
process, therefore the dehydration caused by the
vacuum environment of the SEM ensured that the
measurements were collected from materials in the
same state of hydration, as hydration is known to
effect the properties of natural materials.10 The
area measurements of the xylem structure of the
cellulose–silica composite and the live celery do not
show statistically significant differences (i.e.,
p = 0.9899). It is noteworthy that the measure-
ments of the xylem and cellular structure do vary by
a statistically significant amount for both the live
celery and the cellulose–silica composites (i.e.,
p> 0.05). The effective diameter measurements
for both the cellular structure and xylem reflect

the same lack of statistically significant difference
between similar structures as was observed in the
area measurements. The lack of statistically signif-
icant difference is quantitative evidence of the
ability of this templating technique to template
structures on multiple length scales, and preserve
the structure of the templated material in the final
cellulose–silica composite on these length scales.
These properties have been identified in previous
biotemplating work as critical for the retention of
functional properties.6,14,17 The circularity mea-
surements provide quantitative insight into the
deformation of the geometry of the cellular struc-
ture and xylem in the templating process. When
compared to the cellulose–silica composite cellular

Fig. 3. SEM images of the structure of (a) live celery, (b) a biotemplated cellulose–silica composite and, inset, higher magnification of the
biotemplated celery microstructure. The filled-in appearance of some of the cells in (b) is due to a conductive coating used to prevent charging
during imaging.

Table I. Microstructural measurements of live celery and cellulose–silica composites

Cell area (lm2) Xylem area (lm2)

Live celery 6612.88 ± 3148.27a 325.42 ± 194.43b

Cellulose–silica composite 7579.94 ± 4983.19a 442.63 ± 227.47b

Cell diameter (lm) Xylem diameter (lm)

Live celery 89.24 ± 21.43a 19.54 ± 5.72b

Cellulose–silica composite 92.82 ± 32.29a 22.93 ± 6.13b

Cell circularity Xylem circularity

Live celery 0.9605 ± 0.0389a 0.9313 ± 0.0742b

Cellulose–silica composite 0.9667 ± 0.0630a 0.9264 ± 0.0638b

Measurements are provided as the mean ± one standard deviation. Statistically significant differences are denoted by non-matching
superscript letters.
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structure, the cellular structure of the live cells
showed no statistically significant difference (i.e.,
p = 0.9696), indicating that no appreciable defor-
mation of the cellular structure geometry occurred.
Similarly, when the circularity of the xylem in the
cellulose–silica composites were compared to those
of live celery, no statistically significant difference
was observed (i.e., p = 0.9840). Collectively, the
results of the area, diameter, and circularity mea-
surements prove a lack of deformation caused by the
templating process and demonstrate that live celery
was templated without the warping usually
observed due to the residual stresses of the chemical
processes associated with biotemplating. It is note-
worthy that the difference in size observable in
Fig. 1 is due to the dehydration of the cellulose–
silica composites in the last step of the templating
process. The lack of difference in the collected
measurements is due to the dehydration of the live
sample in the vacuum environment of the SEM.
This highlights another advantage of this biotem-
plating process, specifically, the deformation which
occurs is only due to dehydration and not to damage
caused by the templating process, which does not
rely on highly toxic chemicals. In previous biotem-
plating work that retained the functional properties
of the template, macroscale shrinking of 30% was
observed.17 It is important to note that this size
change was caused by the templating process and
not by dehydration, as the initial material was not
hydrated.17

EDS data provided quantitative evidence of the
change in material composition after the templating
process. EDS maps along with the measured atom%
and the results of the XRD measurements are
presented in Fig. 4. The live celery displayed a
composition of 51 at.% carbon and 45 at.% oxygen,
and only trace levels of silicon (i.e.,< 1 at.%). This
ratio of carbon and oxygen aligned with expecta-
tions, as the cell walls of vascular plants are
primarily composed of cellulose, a biopolymer com-
posed of carbon, hydrogen, and oxygen (C6H10O5).11

The EDS spectra of the templated cellulose–silica
composite materials revealed a composition of
21 at.% carbon, 61 at.% oxygen, and 16 at.% silicon.
The presence of silicon and oxygen was indicative of
the presence of silica,28 and the carbon indicated
that some cellulose had remained in the final
material. Assuming all the measured silicon present
is in the form of silica (SiO2), approximately 59% of
the oxygen present in the scans is bonded in the
silica. Cellulose monomers (C6H10O5) are much
larger molecules, and are composed of a higher
number of oxygen atoms. The relative percentage of
oxygen atoms bonded in silica suggests a composi-
tion of approximately 49% silica and 51% cellulose
in the cellulose–silica composite. The EDS maps
presented in Fig. 4 display the distribution of the
constituent elements found in both the live celery
(Fig. 4a and b) and in the templated cellulose–silica
composite (Fig. 4c and d). The EDS maps of the

cellulose–silica composites also show silicon evenly
distributed throughout the imaged area. Figure 4e
displays the results of the XRD measurements, the
lack of distinct peaks indicating that the silica
phase is entirely amorphous. The XRD measure-
ments are similar to those collected from previous
biotemplated silica materials.6 As no crystal struc-
ture was detected by the XRD measurements, no
other imaging techniques were employed to attempt
to measure the crystal structure of the cellulose–
silica composites. A crystal structure has been found
in biotemplating processes that incorporate high
heat.29 The combination of the EDS, XRD, and the
measurements of the pore area, circularity, and
effective diameter make it clear this new method of
biotemplating successfully created cellulose–silica
composite materials with an amorphous crystal
structure and without significant deformation.

The measurements of both the E and UCS
collected from compression testing are presented
in Fig. 5, along with representative stress–strain
curves from three live celery and three cellulose–
silica composite samples. The cellulose–silica com-
posite materials exhibited statistically significant
increases (p< 1 9 10�8) in both E and UCS. The
modulus of the cellulose–silica composites increased
by 15.05 9 104% when compared to live celery. The
UCS also increased by 3880% between the live
celery and the cellulose–silica composites. The
stress–strain data and the material density were
used to calculate the specific strength and stiffness
of the live celery and the cellulose–silica composites.
The specific strength and stiffness are represented
graphically in a Wegst–Ashby plot30 in Fig. 6, in
which it is shown the cellulose–silica composites
have a higher specific strength than previously
biotemplated Ni-coated luffa sponges31 and most
natural ceramics.30 The density of the cellulose–
silica composites and the live celery were calculated
to be 1.0534 ± 0.4269 g/cm3 and 1.0363 ± 0.0609 g/
cm3, respectively, and were not different by a
statistically significant amount (p = 0.902). The
energy absorption of the cellulose–silica composites
and live celery were calculated to be
9.93 ± 7.27 MPa and 9.18 ± 5.29 MPa, respec-
tively, and did not vary by a statistically significant
amount. Both the cellulose–silica composite and the
live celery absorbed more energy than other highly
porous biotemplated materials.31 The specific
strength of cellulose–silica composites and live
celery were calculated to be 3.573 9 104 ± 1.56 9
102 MPa/(g/mm3) and 912.44 ± 156.00 MPa/(g/
mm3), respectively, an increase of 3815%, which
was statistically significant (p = 0.0018). The speci-
fic strength of cellulose–silica composites and live
celery were calculated to be 2.391 9 105 ± 2.064 9
105 MPa/(g/mm3) and 161.46 ± 129.18 MPa/(g/
mm3), respectively, which was statistically signifi-
cant (p = 1 9 10�8). The increases in specific
strength and stiffness are intuitive, based on the
significant increases in E and UCS observed in the
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cellulose–silica composites. These results provide
quantitative evidence that this biotemplating tech-
nique results in an exceptionally stiff and strong
material when compared to live celery and other
biotemplated materials.25 This result is intuitive, as
the cellulose–silica composite is similar to other

mineralized biopolymers observed in natural mate-
rials, which are known to exhibit high mechanical
strength.12,32

The Ar permeability of cellulose–silica composites
was calculated from Eq. 1 at 6 different pressure
differentials and was averaged from three sets of

Fig. 4. Energy-dispersive x-ray spectroscopy (EDS) maps of (a) live celery xylem, (b) live celery cells, (c) cellulose–silica composite xylem, and
(d) cellulose–silica composite cells displaying the constituent elements present and their distribution in the structure. The filled-in appearance of
the cells in (c) and (d) is due to a conductive coating used to prevent charging during imaging. A table detailing the measured atom percentages
of the material composition of the EDS maps is presented below the images. (e) Plot of the results of the XRD measurements; the top curve is the
live celery and the bottom curve is the cellulose–silica composite.
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measurements that resulted in a mean value of
3.8 9 10�13 ± 0.3 9 10�13 m2. A representative plot
of the pressure drop as a function of flow through a
membrane formed by a cellulose–silica composite is
presented in Fig. 7. The linearity of the plot is
indictive of sample durability (i.e., the sample did
not deform significantly enough during testing to
influence the flow characteristics).27,33 The non-zero
offset indicates that there was no gas leakage in the
apparatus. It is noteworthy that none of the control

samples (i.e., desiccated native celery) were capable
of maintaining a pressure differential without frac-
turing; however, the cellulose–silica composites
were able to sustain the maximum allowable pres-
sure for 15 min without fracture. The permeability
is similar to that of other porous ceramics with low
permeability (e.g., silica aerogel).26,34 The low per-
meability can be attributed to the structure of celery
(Fig. 2). While the vascular bundle, composed of
xylem and phloem, has a higher permeability due to
its role in transporting fluids through the plant, the
cross-sectional area of celery is dominated by
parenchyma, which has a structure similar to that
of a closed-cell foam (Table I).35 While the perme-
ability is low, it is notable that any use of the
complex structure of celery as a membrane for gas
flow is only made feasible by the enhanced strength
of the cellulose–silica composite provided through
biotemplating.

This new method of biotemplating has three
attractive features distinguishing it from other
biotemplating techniques. By employing non-toxic
chemicals in the first phase, this process eliminates
many of the safety concerns of residual toxicity in
the final samples, and it produces little toxic waste,
making this process ecologically friendly. The use of
inexpensive and safe materials (i.e., celery, acetic
acid, and TEOS) also makes this process scalable.
Second, the geometric measurements of the cellu-
lose–silica composites provide quantitative evidence
that this biotemplating process retains a high
degree of geometric similarity between the live
celery material and the cellulose–silica composite,
and what deformation that does occur is caused by
dehydration and not structural degradation, as has
been observed in previous biotemplating
reports.6,14,17 Finally, the mechanical properties of

Fig. 5. Three representative stress–strain curves for both live celery
and cellulose–silica composites, as well as a table of the modulus
and ultimate compressive strength of live celery and cellulose–silica
composites. It is noteworthy that, due to the differences in the
stress–strain response, the data are presented on a logarithmic axis.
Measurements are provided as the mean ± one standard deviation
(n = 10). Statistically significant differences are denoted by
nonmatching superscript letters.

Fig. 6. A Wegst–Ashby plot of the specific strength (MPa/Mg m�3)
relative to the specific stiffness (GPa/Mg m�3) of both live celery and
cellulose–silica composites. For comparison, biotemplated Ni
sponges,31 crystalline cellulose,30 and natural ceramics30 are
presented.

Fig. 7. Plot of the pressure drop as a function of flow through a
membrane formed by a cellulose–silica composite. The linearity of
the plot indicates the permeability of the membrane did not change
with increasing differential pressure, as described in Ref. 25.
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the cellulose–silica composite materials created in
this research were orders of magnitude larger than
those of the live celery and those reported in other
biotemplating research.25 These cellulose–silica
composites are also strong enough to maintain a
pressure differential at different gas flow rates,
opening up new applications for biotemplated mate-
rials as filtration membranes.

CONCLUSION

It has been shown that cellulose–silica composites
biotemplated from live celery using a sol–gel tech-
nique retained the structure of the template mate-
rial on multiple length scales, and exhibited both
UCS and E orders of magnitude higher than the
template material without the use of highly toxic
chemicals. These materials have potential applica-
tions as catalysts and for filtration.2,3 This work has
the following conclusions:

� Catalyzing a sol–gel biotemplating process using
a pH transition has resulted an ecologically
friendly biotemplating technique for cellulose–
silica composite materials with a pore and cell
structure geometrically similar to live celery.

� It has been demonstrated that biotemplated
cellulose silica composites possessed an elastic
modulus and UCS 15.05 9 104% and 3880%
higher than live celery, respectively.

� The resulting cellulose–silica composites demon-
strated a permeability of 3.8 9 10�13 ± 0.3 9
10�13 m2 under argon gas flow at elevated
pressure.
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