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Aerogel materials exhibit superior thermal insulation characteristics due largely to their highly porous
internal structure. A recently developed class of montmorillonite clay-based aerogels provides the attrac-
tive thermal properties of traditional aerogel materials using constituents that are chemically benign and
abundantly available. Results are compared for aerogels made from clay alone and those with polyvinyl
alcohol introduced during processing. Results demonstrate that as well as strength advantages, the addi-
tion of the polymer also leads to a reduction in thermal conductivity. Experimental thermal conductivity
data as well as a model to describe the mechanisms involved in impeding thermal transport are

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Aerogels are a class of materials largely composed of air with
bulk densities in the 0.01-0.1 g/cm? range. These materials, among
the least dense forms of solid matter, were first described by Kis-
tler, who reported their preparation from silica [1]. On account of
their extremely porous nature, aerogels show great promise for
application in thermal insulation. Recent work has demonstrated
the use of silica-based aerogels for both terrestrial and extraterres-
trial insulation. Earth-based applications have focused on intro-
ducing solid [2] or granular [3] aerogel into building windows.
Aerogel placed between the panes of a typical window provides
an effective thermal barrier while still allowing for transmission
of sunlight. Aerogel materials have also been used by NASA for a
number of missions [4,5]. Aerogels can be formed in place from
the gel state so they can be used to fill around complicated struc-
tures. This fact, combined with their low weight, make aerogel
materials desirable for space-based applications. As a result of their
high porosity, the mechanical strength of aerogel materials is low
and these materials are quite delicate. This low strength is not a
problem when aerogels are used to fill around a more rigid struc-
ture. To use aerogels as actual structural elements more internal
rigidity is needed.

Though most aerogels are based on silica, recent work has
shown the ability to create similar porous structures with different
constituent materials. One promising substitute is clay. The abun-
dance of clay and its limited toxicity make it particularly attractive.
The earliest work detailing the freeze-drying of clay hydrogels was
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reported by Mackenzie [6] and Call [7]. The presence of opposite
surface and edge charges in clays has been proposed as the cause
of the unique structure created upon freeze-drying [8]. Individual
clay particles link edge-to-face in a manner akin to a “house of
cards.” Since these early studies, considerable work has been done
to stabilize these structures by varying solvents, surfactants, and
other processing conditions [9-12]. Nonetheless, the clay aerogel
(AeroClay®) samples in the present study achieve a stable structure
without solvents or surfactant. They are derived from a solution of
montmorillonite clay and water alone, minimizing toxicity con-
cerns about the aerogel and the procedure used to produce it.
Although the structure is stable, its mechanical strength is low.
The addition of a polymer during processing improves the mechan-
ical rigidity [11] to a point at which the clay-based aerogel sample
is capable of supporting pressures on the order of 200 Pa without
significant compression. In this work we investigate the thermal
conductivity of these clay aerogel materials in two different
orientations and further examine how the addition of the polymer
influences thermal transport. Experimental data of thermal con-
ductivity along with a complementary analytical model provides
insight into thermal transport in these aerogel systems and how
to tailor their structure to control their thermal properties.

2. Approach
2.1. Synthesis and structural characterization

The aerogel samples are made through a freeze-drying process
similar to that described in Ref. [11,12]. Sodium-exchanged mont-
morillonite clay (Nanocor, Inc. \PGW) is mixed with deionized
water in a Waring laboratory mixer for 1 min (3 wt% clay). This
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Nomenclature

A cross-sectional area

B sample depth

d clay sheet thickness

H distance between clay sheets
k thermal conductivity

K extinction coefficient

L thickness

n refractive index

Q rate of heat transfer

w clay repeat cell width
Greek symbols

AT temperature difference

p density

g Stefan-Boltzmann constant

Subscripts

0 reference material

a air

[ clay

eff effective value

H horizontally aligned sample

S sample

rad radiative

tot total values for effective conductivity model
\Y vertically aligned sample

solution is then placed in a 7.6 x 7.6 x 3.8 cm mold constructed of
poly(tetrafluoroethylene) sides/aluminum bottom, contacting the
bottom of the mold with liquid nitrogen until the sample is com-
pletely frozen. The frozen mold and sample is then placed on a Lab-
conco freeze drier, vacuum is applied, and the sample sublimed
over 36-48 h. The resulting structure, shown in Fig. 1, consists of
thin sheets of clay stacked in parallel with a limited number of
struts between the sheets. During freezing, the clay sheets align
with the direction of the ice front that propagates through the mix-
ture. The density of the aerogel samples is around 50 kg/m> com-
pared to 2350 kg/m> for bulk montmorillonite clay. The resulting
aerogel specimens employed in this study were 7.6 cm square
and approximately 0.6 cm thick.

The clay aerogel samples are frozen and subsequently sublimed
in two different orientations relative to the flat faces of the sam-
ples. These orientations are depicted in Fig. 2 (although not neces-
sarily drawn to scale). The horizontally aligned arrangement is
shown in Fig. 2a. In this orientation, the clay sheets are parallel
to the flat faces of the sample. Since thermal conductivity is mea-
sured across the thickness of the samples, the direction of heat
flow is perpendicular to the planar clay layers, and thermal trans-
port follows a complicated path through the thin struts connecting
the layers and/or through the air pockets within the material.
Fig. 2b illustrates a vertically aligned clay aerogel sample. Here,
the clay sheets span the thickness of the sample, and in addition

Fig. 1. Representative SEM image of clay aerogel structure.

to transport across air pockets and/or interfaces, the heat can also
flow uninterrupted along entire sheets within the aerogel. In both
configurations, the spacing between clay sheets is around 20 mi-
crons and the thickness of the sheets is 0.1-1 microns. The struts
are actually rarely observed under SEM since they are relatively
infrequent, suggesting an even more open structure than depicted
in Fig. 2. Lower magnification SEM images display no obvious
struts over spans greater than 2 mm. For modeling purposes, the
spacing between struts is assumed to be infinite.

In addition to varying the geometrical configuration, the effect
of polymer inclusion within an aerogel structure with a vertical
orientation (Fig. 2b) is also examined. The addition of 108,000 Da
molecular weight poly(vinyl alcohol) (PVOH) is made to the
water-clay mixture before freezing. In the dried sample, the poly-
mer infiltrates and/or coats the clay in the aerogel framework. The
presence of the polymer lends mechanical rigidity to the structure.
The amount of polymer in the clay-polymer blend, and thus the
resulting sample rigidity, can be controlled by changing the con-
centration of PVOH added to clay-water solution in processing.
The increasing rigidity can be seen in the reduced tendency of
the samples to break during handling. The rigidity also can be af-
fected, to lesser degree, by varying the molecular weight of PVOH
used.

air

Fig. 2. Structure of the aerogel samples: (a) horizontally aligned, (b) vertically
aligned.
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Table 1
Water content on a mass basis, density, and internal dimensions (layer thickness, d,
and interlayer spacing, H) of the clay aerogel samples

Configuration Water content (%) Density (kg/m?) d (um) H (pm)
Horizontal 7.7 ~50 0.33 15
Vertical 6.5 35 0.3 20
Polymer (vert.) 3.7 68 0.9 20

Each of the three aerogel samples was characterized in terms of
internal geometrical dimensions and water content. The internal
geometry is determined using a combination of scanning-electron
micrographs (Phillips XL-30 ESEM) and bulk sample density mea-
surements. The bulk density is determined by weighing the sam-
ples and measuring their external dimensions with a micrometer.
The water content in the samples is measured via thermogravimet-
ric analysis (Mettler-Toledo TGA-SDTA851e). It is assumed that the
internal pores of the clay aerogel are primarily open in character
such that the majority of any residual water is expelled during
thermogravimetric testing. Modeling the heat flow through these
materials requires knowledge of the internal dimensions as well
as the thermal conductivity of the clay. Clay thermal conductivity
tends to increase with the amount of absorbed water in the clay
[13] so a measurement of the water content is necessary to deter-
mine the conductivity of the clay forming the aerogel structure.

The results of the structural aerogel characterization are sum-
marized in Table 1. The level of water absorption measured in each
of the aerogel specimens is used to select a representative value for
the thermal conductivity of the clay based on previous data col-
lected by Penner et al. [13]. The clay thermal conductivity is a re-
quired input to the thermal model as discussed in more detail
later. The decrease in water content from ~7% to ~3.7% with the
addition of the polymer to the aerogel probably reflects the greater
hydrophilicity of clay than polymer in this system.

The measured bulk density values are consistent with measure-
ments of previous aerogel samples [12]. The increased density of
the PVOH sample is the result of the increased layer thickness, d,
with little change in the interlayer spacing, H. As seen in SEM
images (not shown), the polymer blends with the clay forming
an expanded structure that fills more of the interlayer void.

The distance between clay sheets is determined directly from
SEM images of each of the samples. For all of the aerogel speci-
mens, this spacing is around 20 pm. The thickness of the clay lay-
ers is found indirectly from the density measurements and the
interlayer spacing assuming an idealized geometry as in Fig. 2 with
the distance between struts tending to infinity. This calculation
leads to a layer thickness of around 0.3 pm for the polymer-free
samples. The incorporation of PVOH leads to a layer thickness
approximately three times larger.

2.2. Thermal measurement

The thermal conductivity of the aerogel is measured with a con-
ventional heat flow meter setup based on ASTM C 518 [14] as
shown in Fig. 3. This method provides a simple means of determin-
ing the integrated effective thermal conductivity of a sample of
realistic practical dimensions. It works well for relatively low
(<0.1 W/mK) thermal conductivity materials. The aerogel sample
(7.6 x 7.6 x 0.6 cm) is inserted between two plates of the same
known material, in this case poly(vinyl chloride) (PVC). The sample
is compressed slightly to minimize the effect of thermal contact
resistance. The measurement system was calibrated using three
low conductivity reference samples (cellulose, fiberglass, and
semi-rigid PVC foam insulation) in place of the aerogel. These
materials have thermal conductivities 1.3, 1.7, and 1.4 times larger
than air, respectively. The calibration resulted in an effective con-
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Fig. 3. Schematic of the heat flow meter setup for thermal conductivity
measurement.

ductivity for the PVC plates of 0.10 W/mK. Heat is sent through
these three layers in a one-dimensional manner by utilizing high
aspect ratio reference plates and samples (area to thickness is
maintained at least ten to one) and evenly distributing the heat
from the heater via a heater spreader. Further, the setup is ther-
mally insulated around the sides of the stack and over the heater
to encourage one-dimensional conduction through the stack. The
temperature drop across each of the three sections is measured
using four thermocouples, each located along the centerline of
the stack. Note that grooves were formed in the PVC plates into
which the thermocouples were placed to eliminate the gap that
would have otherwise formed due to the presence of the thermo-
couple bead. For one-dimensional heat flow, the rate of heat trans-
fer Q through each layer is given by Fourier’s Law,

AT
Q- ksl (1)

If conduction is truly one-dimensional (no heat is lost through the
sides), the heat transfer rate is identical for all three layers and
the temperature drop across both of the known plates would be
the same since they have the same thickness, Ly. For the actual test
device, the difference in these temperature drops (AT 1, ATy ) gives
a measure of the accuracy of the one-dimensional heat flow approx-
imation. In determining the thermal conductivity, the two temper-
ature drops across the known pieces are averaged. This gives a good
measure of the true heat flux through the aerogel sample; the actual
rate of heat transfer through the sample will be between the values
of the two reference materials.

The thermal conductivity of the sample ks is measured relative
to that of the known material, ko, and is given as a combination of
the thicknesses and temperature drops across the two different
materials as

ks _ ATO LS
k ~ AT, L’ @)

where ATy is the average of ATy 1 and ATy . Eq. (2) assumes that the
heat flux is the same through the sample and reference material.
A constant heat flux is applied until the four temperatures reach
steady-state values (about 12 h). After this time, the three temper-
ature drops are measured over a period of at least an hour. The dif-
ference in the temperature drops between each of the known
material sections was around 2% for the tests, ensuring that the
conduction is sufficiently one-dimensional. All measurements
were made at a mean sample temperature of approximately 30 °C.

2.3. Effective conductivity model

An analytical model was developed to provide insight into ther-
mal transport in these unique materials and to enable prediction of
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how various system characteristics might influence thermal trans-
port. Dimensions of conventional aerogels are typically in the
nanometer range, and therefore previous modeling attempts
[15,16] have included non-continuum effects. Nonetheless for this
modeling effort, the characteristic dimensions are at the micro-
scale, and consequently thermal conductivities for the individual
components of the aerogel (i.e. air and clay) are taken at their bulk
values; a continuum model is capable of predicting the heat flow
through the material.

To create the analytical model, a specific repeating geometric
representation of the clay aerogel structure is considered as
shown in Fig. 4. For horizontally aligned samples heat flow is
from top to bottom in the sketch as shown by Qu. From the per-
spective of the geometrical representation, heat effectively flows
from left to right in consideration of the vertically aligned sam-
ples, denoted Qy. Since the aerogel structure is periodic, it is suf-
ficient to consider a single repeat cell when calculating the
effective thermal conductivity. One such cell is highlighted in
Fig. 4. This repeat cell is clearly non-symmetrical leading to dif-
ferent thermal conductivities in each of the two alignment
directions.

The effective thermal conductivity of the aerogel sample is
found by summing the thermal resistances in each dissimilar re-
gion of the cell. The heat fluxes for each unique heat transfer path
are added assuming a single temperature difference AT across the
cell thickness in a manner following Ref. 16. By Fourier’s law, the
effective thermal conductivity keg is given in terms of this total
heat transfer rate Q. and the cell area perpendicular to heat flow
Aor and thickness Ly as

_ QrotLeor
— AAT @)

In the horizontal configuration (vertical heat flow Qy in Fig. 4), there
are two unique heat paths: one that includes the struts connecting
the clay sheets, one that does not. The sum of these two heat flows
gives the total heat transfer rate Qy for horizontally aligned samples

RkAT o kekAT "
(2d + H)k, + Hk, 2dk, + 2Hk:’

where B is the depth of the sample (into the plane) and k. and k, are
thermal conductivities of the clay and air, respectively. The first
term in Eq. (4) corresponds to the heat flow that includes the struts.
The second terms describes the heat flow through the clay sheets
and air pockets away from the struts. The effective thermal conduc-
tivity for horizontally aligned samples, ky, in terms of the air con-
ductivity is then

keff

Qy = 2Bd W —d)B

Fig. 4. Theoretical idealization of the aerogel structure.

4(k/ka)
H/d+2)+(H/d)(kc/ka)

ky H/d+1 {( L W/d-1)

(ke/ka)
k. Wjd+1 }

(H/d)(ke/k) + 1
(5)

based on an area At = (W + d)B and a total thickness Ly, = 2(H + d).
An identical procedure in the other direction leads to the effec-
tive conductivity for vertically aligned samples, ky.

ke W/d+1 1 H/d
k  H/d11 [(k‘/k”) wias1 " %k e ke = 1} (6)

In the horizontal alignment, an additional term is added to account
for radiation that contributes to the experimentally measured con-
ductivities. Radiation is modeled using the diffusion method with a
Rosseland mean absorption coefficient [17]. This method formu-
lates the radiative heat flux vector as a temperature gradient multi-
plied by a radiative thermal conductivity, k..q4. For porous materials,
the radiative conductivity is given by [18],

_16n%0T., )

3perK/ e

where n is the refractive index, ¢ is the Stefan-Boltzmann constant,
T:aq is the mean temperature in the aerogel, pes is the effective den-
sity of the clay aerogel, and K/p. is the specific extinction coefficient
of the clay. A representative value of 60 m?/kg is taken for the spe-
cific extinction coefficient from those listed in Ref. [14]. A value of
one is used for the refractive index. The effective density is mea-
sured directly and is related to the internal geometry (Fig. 4) as

_pAW+d+H)+p,HW (8)
Pt == Wid(H+d)

rad

3. Results and discussion

Using the heat flow meter described above, the thermal conduc-
tivity of three different aerogel samples was measured. These mea-
surements are shown in Fig. 5 as a function of clay layer spacing to
the clay layer thickness ratio, H/d. The experimental results are
plotted together with the corresponding curves from the effective
conductivity model. The samples consisted of: one horizontally
aligned, one vertically aligned, and one vertically aligned with

Horizontal

0.8 . . . ‘ : . . . .
0 100 20 30 40 50 60 70 8 9 100

H/d

Fig. 5. Thermal conductivity of aerogel samples normalized by the conductivity of
air as a function of the clay layer spacing to clay layer thickness ratio, H/d.
Experimental results represented by the data points. Curves indicate the results
from the effective conductivity theory for an infinite cell width, W. Sample
configurations include horizontal (circle, solid line), vertical (square, dashed line),
and vertical with PVOH added during aerogel processing (triangle, dotted).
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PVOH added. Multiple data points correspond to repeated tests of
the same sample. The error bars account for the experimental
uncertainties in the sample thickness, the thermocouple readings,
and the value of the thermal conductivity of the reference material.

For all of the samples, the measured thermal conductivity is
much closer to that of air than clay or PVOH as a consequence of
the high porosity in the clay aerogel materials. Bulk clay and PVOH
would have magnitudes of 29 and 8, respectively, when normal-
ized by the conductivity of air. The results are consistent with mea-
surements of conventional aerogels in that that they approach the
thermal properties of air. Conventional aerogel materials have con-
ductivities close to air and in some cases below air if their internal
dimensions are small enough to limit the mean free path of air
[15].

As expected, the vertically aligned aerogel specimen has a
higher thermal conductivity than the horizontally aligned sam-
ple. In the vertical configuration the sheets of the aerogel struc-
ture are aligned with the applied heat flux. These sheets provide
a continuous, relatively high thermal conduction path for the
heat to flow. The conduction along the sheets leads to a signifi-
cant increase over conduction through the air pockets alone. In
contrast, heat flows perpendicular to the planar structure of
the aerogel for the horizontally aligned sample. Heat is forced
to flow either through the low conductivity air pockets between
the sheets or through the thin, sparse struts connecting the
sheets. The effective conductivity model shows that heat flows
preferentially through the air pockets even for modest, rather
than infinite, strut separation. Despite the higher thermal con-
ductivity in the struts, their narrow width and discontinuous
nature lead to a thermal resistance that is larger than in the
air pockets. In the model, this is evidenced by the fact that the
effective conductivity in the horizontal configuration is un-
changed by changes to the clay thermal conductivity value as
large as 10%. Lacking a significant conduction path through the
clay, the thermal conductivity in the horizontally aligned aerogel
is dominated by the conductivity through the air. This leads to a
lower measured conductivity relative to the vertically aligned
specimen. The effective conductivity theory fits well with the re-
sults from both of the samples without PVOH.

The thermal conductivity in the aerogel sample with embedded
PVOH is unexpectedly lower than both the vertically aligned and
horizontally aligned specimens without polymer. The presence of
the polymer was expected to increase rather than decrease the
thermal conductivity by filling voids that would have otherwise
have been filled by air. Effective density measurements (Table 1)
support this picture as the layer thickness of the aerogel specimen
increases with polymer addition without significant change to the
interlayer spacing. Moreover, the thermal conductivity of PVOH is
0.2 W/mK, a value between that for clay and air. Assuming that the
clay-polymer blend has an effective conductivity between that of
clay and PVOH, the effective conductivity model would predict a
decrease in thermal conductivity compared to the vertical sample
without polymer for a fixed H/d ratio. Even if the layer thickness
was unaffected by polymer addition, the decrease in the conductiv-
ity of the clay-polymer blend would not be enough to match the
reduction seen in the experimental data. The dotted effective con-
ductivity curve in Fig. 5 is plotted using the conductivity of PVOH
as the value for the clay-polymer blend. This value represents the
limiting case of blending, but still fails to capture the reduction ob-
served in experiments. Thus, the combination of clay and PVOH

that makes up the aerogel structure must be such that the conduc-
tivity becomes lower than either of the constituents. This would be
the case if the hybrid structure is more porous than either the clay
or polymer alone. Future effort will focus on how varying concen-
trations of PVOH affect the structure and conductivity of the clay-
polymer blended structure.

4. Conclusions

The physical and thermal properties of surfactant-free, clay-
based aerogels were determined. SEM images show that the struc-
ture of these clay aerogels consists of a series of parallel clay sheets
interconnected by sparse struts. The thermal conductivity of the
clay aerogel samples was measured for two distinct geometrical
configurations and with and without added poly(vinyl alcohol)
during processing. The polymer enhances the mechanical strength
of the clay aerogel. It was found that rather than increasing the
thermal conductivity, the polymer actually decreases conductivity.
Changes with sample orientation are well predicted by an effective
thermal conductivity, whereas the model fails to predict the con-
ductivity drop in the polymer sample. The cause of this conductiv-
ity reduction may be related to a more complex interaction
between the polymer and clay than assumed in the current effec-
tive conductivity model.
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