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Effects of physisorption of xenon on the thermal conductivity
of resorcinol-formaldehyde aerogels
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The effects of adsorption of xenon to the thermal conductivity of a resorcinol-formaldehyde aerogel were
investigated in a temperature range from 20 to 120 K. It was found that at temperatures below 75 K, the
adsorbed xenon has little effect on the thermal conductivity. Rapid rises of the thermal conductivity develop at
temperatures around 75–80 K with magnitudes roughly proportional to the amount of xenon adsorbed. The
effect is explained as due to adsorbed xenon atoms that enhance the neck connection between aerogel particles.
@S1063-651X~99!09411-8#

PACS number~s!: 82.70.Rr, 61.43.Gt, 44.30.1v
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I. INTRODUCTION

Aerogel materials have extraordinarily low thermal co
ductivity due to their unique microscopic structures and m
phology, which can be characterized as consisting
nanometer-sized particles which form tortuous chains in
connected into an open skeleton@1–14#. The low-volume
fraction of the material reduces the number of passage c
nels available to transport thermal energy@3,4,11#. The tor-
tuous nature of the solid paths and the smallness of the
ticles that form the paths limit the propagating speed and
mean free path of thermal excitation@15#. The smallness of
the pore sizes also limits the mean free path of gas molec
existing in the pore structure, further reducing the ove
thermal conductivity@11,16,17#. These factors make thi
class of materials one of the best thermal insulators w
various potential applications.

However, due to the extraordinarily large surface ar
adsorption of atoms or molecules onto an aerogel sur
might significantly influence its thermal conductivity an
other properties. In particular, adsorption might increase
connection between aerogel particles by forming menisc
bridges between them. Since the size of the aerogel part
is typically on the order of tens of nanometers, adsorption
a few equivalent layers of atoms or molecules could res
in significant changes in the tortuosity and connectivity, a
thus the thermal conductivity of the system.

The thermal conductivity of aerogels has been previou
studied as a function of gaseous pressure@6,8,11#. Presum-
ably the presence of gas molecules would not only introd
the gaseous conductance, but also cause a certain degr
adsorption on the surface of aerogels. These studies w
however, focused on the effect of the smallness of pore
on the gaseous conductance. The influence of adsorptio
gas molecules on the surface of an aerogel upon its the
transport properties has not yet been systematically inve
gated. Considering the extremely low thermal conductiv
of aerogels, any modification of the structure and morph
ogy due to adsorption of atoms or molecules might prod
a measurable change in the thermal conductivity. T
change, when incorporated with results from other
proaches, will in turn provide information leading to a bet
PRE 601063-651X/99/60~5!/5778~5!/$15.00
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understanding of the structures and the properties of the
terials. The purpose of this study is to investigate the effe
of physisorption of xenon atoms on the thermal conductiv
of an organic aerogel. Xenon is a noble gas and its ads
tion on other surfaces, i.e., graphite, has been studied q
extensively@18#. The effects of adsorption on the therm
conductivity were investigated in this study in a temperat
range from 20 to 120 K. At these temperatures, the radia
conductance is very small, so the possible change of
specific extinction coefficient of the aerogel@8# should not
interfere with the effects caused by changes in the mic
scopic morphology of the material due to adsorption. T
vapor pressure of xenon at these temperatures is low, so
the thermal conductance due to gaseous flow would not
nificantly contribute to the thermal conductivity of the sy
tem.

It should be noted that the study of gas adsorption
aerogel thermal conductivity is important to potential app
cations of the material, as many such applications are in
ambient environment where the material’s large surface a
will be exposed to many different substances. Even tho
the adsorption of air molecules at room temperature may
be significant, a continuous accumulation of adsorbates, s
as water, may gradually cause a deterioration of the ther
insulating properties of the material.

II. EXPERIMENTAL METHODS

The aerogel used in this study is a piece of resorcin
formaldehyde~RF! aerogel derived from the base-catalyz
aqueous polycondensation of resorcinol with formaldehy
The microscopic structure of the RF aerogel has been
subject of recent studies using various techniques and s
lations @19–21#. Many properties of RF aerogels, such
density, particle size, mechanical strength, and microsco
structure, are influenced by the initial resorcinol to catal
ratio (R/C) @19,20#. As the catalyst increases, the structur
of the aerogels vary from colloidal-like to well-connecte
polymericlike @19,20#. The specific surface area of RF aer
gels is found to be comparable to silica-based aerogels@20#.
RF aerogels have a lower radiative conductivity, are m
durable, and thus have been suggested as an alternative
insulator to their silica-based counterparts@11,19,20#.
5778 © 1999 The American Physical Society
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Thermal conductivity measurements with adsorption
xenon were conducted in a closed-cycle refrigerator. The
perimental sample was a piece of cylindrical shaped mo
lithic RF aerogel synthesized with anR/C ratio of 200 and
density of 0.195 g/cm3. Electron microscopy results sho
that, at thisR/C ratio, the structure of the RF aerogel co
sists of interconnected chains formed mainly by colloid
like particles@19,20#. The total surface area of the samp
was 530 m2, as determined from measurements of vap
pressure isotherms. A resistance heater was fitted into a
drilled along the axis of the sample, as shown in Fig. 1. T
sample was then tightly fitted into a copper tube anchore
a temperature stage inside an adsorption cell through a
per block. The axis of the cylinder was oriented so that
temperature gradient was perpendicular to the gravitatio
field. This configuration was used to eliminate the possibi
of xenon convection between the central heater and the
per tube when the center of the sample was heated.

The thermal conductivity of the aerogel was measu
using a steady-state method. A constant heating poweQ
was applied to the resistance to create a temperature gra
along the radial direction. The heating powerQ was deter-
mined by measuring the applied voltage and the curr
through the heater. Two thermocouple joints embedded
distancesR1 andR2 from the central axis of the sample we
used to measure the temperature differenceDT at the two
positions. The temperature drop created by the heating po
from the heater to the copper cylinder was typically co
trolled at about one degree. The thermal conductivity of
sample is determined by

k5@Q/2pL~DT!# ln~R1 /R2!. ~1!

whereL is the height of the cylinder. Due to the low therm
conductivity of the aerogel, thermal equilibrium time of th
adsorption cell is quite long. For the evacuated sample
equilibrium time is about 20 min at 80 K. We found that th
equilibrium time increases with temperature. When the ae
gel sample was adsorbed with xenon, the equilibrium ti

FIG. 1. Experimental setup: The shaded region represen
piece of monolithic RF aerogel. The aerogel was placed insid
copper cylinder that was anchored to a temperature stage insid
adsorption cell. Two thermocouple joints were inserted to
sample and different radius distances. A resistance heater
placed in the center of the sample to generate temperature gra
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increased slightly. We typically waited for twice the equilib
rium time before recording a data point after the heat
power was applied to the sample.

The aerogel sample was first evacuated to 1027 torr at a
temperature of 350 K over a period of one week. The sam
was then cooled in the vacuum to low temperatures, and
thermal conductivity of the evacuated RF aerogel was m
sured. Figure 2 shows the measured thermal conductivit
the evacuated RF aerogel. The magnitude and the temp
ture dependence of the RF aerogel’s thermal conducti
appear to be very close to that of a silica aerogel in
temperature range studied@3,7#. The thermal conductivity of
the evacuated RF aerogel measured in this study is also
sistent with that previously measured at room tempera
@11#.

After the initial thermal conductivity measurements of t
evacuated RF aerogel, a known amount of xenon gas
dosed into the cell at a temperature close to the bulk mel
temperature of xenon~161 K!. The sample was then slowl
cooled down to 20 K over a period typically of 12–24 h. Th
thermal conductivity of the aerogel adsorbed with xenon
was then measured.

III. EXPERIMENTAL RESULTS

Figure 2 shows the thermal conductivity of the RF aero
adsorbed with different amounts of xenon atoms toget
with that of the evacuated aerogel. An apparent feature d
onstrated in Fig. 2 is that the adsorption of xenon had li
effect on the solid thermal conductivity of the RF aerogel
temperatures below 75 K. Above that temperature the th
mal conductivity rises rapidly. Figure 3 shows the therm
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FIG. 2. Thermal conductivity of RF aerogel adsorbed with x
non.~d! Evacuated RF aerogel;~,! adsorbed with 1.731021 xenon
atoms; ~h! adsorbed with 2.431021 xenon atoms;~s! adsorbed
with 7.731021 xenon atoms;~n! adsorbed with 1.0431022 xenon
atoms. The capacity of an effective single layer on the RF-aero
sample is equivalent to 3.231021 xenon atoms. The dashed line
the thermal conductivity of a silica aerogel with density 0.2
g/cm3 ~Ref. @3#!.
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conductivity increase versus the adsorbed amount of xe
atoms at different temperatures. The increases at temp
tures below 75 K are similar to that plotted forT560 K. It is
clear that the increase in the thermal conductivity in t
temperature range is very small when compared to that
served at 90 and 110 K. The slopes of the increases of
thermal conductivity at 90 and 110 K appear to be similar
each other.

IV. DISCUSSIONS

Several mechanisms can contribute to the increase in
thermal conductivity of an aerogel adsorbed with xen
First, the increase may be simply due to gaseous con
tance of the xenon vapor. The vapor pressure of xenon
creases with temperature and is close to one atmosphere
bulk melting temperature. However, the vapor pressure
bulk xenon at 75 K is on the order of millitorr@22#. The
estimated gaseous heat conduction, determined for xeno
free space and from the temperature dependence of the
non vapor, is too small to account for the increase in
measured thermal conductivity of the aerogel@24#. The
smallness of the open pore in the aerogel further limits
mean free paths of gaseous molecules and thus reduce
thermal conductance. It has been found that the gaseous
ductance becomes significant in aerogels only when the
por pressure is above about 10 torr@6,8,11#. That agrees very
well with the results of a calculation taking into account t
limited mean free path of gaseous molecules inside an a
gel @16,17#. Using the same equation we find, again, that
contribution due to the conduction of gaseous xenon is n
ligible in the temperature range we have measured@24#.

Another scenario that could cause an apparent increa
the thermal conductivity is the desorption-and-readsorp

FIG. 3. The thermal conductivity increases of the RF aero
due to the adsorption of xenon at different temperatures.~h! T
560 K; ~s! T590 K; ~n! T5110 K. The dotted and dashed line
are the results of a calculation described in the text for ther
conductivity increase due to formation of menisci of xenon at
and 110 K, respectively. The lines stop at the maximum size
menisci allowed for the given size of particles.
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process of the adsorbate. When the temperature gradie
first established across the sample, the equilibrium va
pressure on the warmer side is higher than that on the co
side, causing the adsorbate to desorb from the warmer
and readsorb on the colder side. Thermal energy is carrie
the adsorbate in the process generating an additional
transfer. Such an effect is transient because as the adso
is transported to the lower temperature side, the thicknes
the adsorbed layer in that region increases. Correspondin
the vapor pressure in that region increases as well.
desorption-and-readsorption process eventually diminis
when a dynamic balance, in which the local vapor press
throughout the sample reaches equilibrium, is reached.
excess heat transfer due to desorption and readsorption m
be quite significant shortly after the heating power w
turned on, but the temperature gradient appeared to appr
a stable value after that heating power was turned on
about half an hour. Since the experimental data were ta
1 h after turning on the heating power, we believe this tra
sient effect is not significant in the data presented in Fig

We suspect that the increase is due to changes of
connectivity of aerogel particles at the microscopic lev
caused by adsorption of xenon. As mentioned above, e
tron microscopy images indicate that the structure of
aerogels with anR/C ratio of 200 is colloidallike and con-
sists of small particles connected to form the open struc
@19,20#. For evacuated aerogels, their conductivity depe
strongly on the connections between neighboring aero
particles that form the skeleton structure of the material. T
thermal linkage of the structure is determined by the size
the neck between adjacent particles. The contact size in
neck area can be increased if the adsorbed molecules
menisci at the connecting neck. The increase depends on
total amount molecules adsorbed as well as the wetting p
erties of the substance on the surface. In order to elucid
this mechanism, we carried out the following model calcu
tion.

Assuming that all the aerogel particles have spher
shape with identical size, and that the adsorbate condens
the neck region, as illustrated in Fig. 4, the total amount
adsorbate formed in a single neck region would be

N52E
0

a

p~d22R2 sin2 w!R sinw dw, ~2!

whereR is the radius of the sphere,d is the distance betwee
the adsorbate-vapor interface and the axis that connects
centers of the two neighboring spheres determined by
contact angle and the sphere radius, anda is the angle that

l
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0
f

FIG. 4. Schematic diagram of the structure of a hypothetical
aerogel~from Ref.@19#!. The shaded regions represent xenon ato
adsorbed on the aerogel. The maximum amount of xenon that
be adsorbed in the neck region depends on the contact angle.
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spans between the line connecting the centers of the sph
and that connecting the center of the sphere with
adsorbate-vapor-sphere contact point. The adsorbate-v
interface can be approximated by a section of an arc
intersects with the sphere with the contact angleu. Over a
small segmentdx along the axis that connects the centers
the two sphere, the changedR in thermal resistance can b
considered as due to an additional thermal energy pathwa
parallel to the connected spheres due to the meniscus. T

dR5
dx

kXeAXe1kRFARF
, ~3!

where kXe and kRF are the solid thermal conductivities o
solid xenon@23# and RF aerogel, respectively@24#, andAXe
andARF are the cross-sectional areas of the solid xenon
niscus and the aerogel overdx. The thermal conductivity of
RF aerogel used here is properly scaled to that with no m
ing volume@24#. Ignoring the thermal boundary impedan
@25#, the total change of the thermal resistance between
centers of the two neighboring spheres is

DR52E
0

a R sinw dw

pkXe~d22R2 sin2 w!1pkRFR
2 sin2 w

12E
a

p/2 dw

pkRFsinw
. ~4!

The second term vanishes if the neck region is comple
filled with adsorbate. But if the adsorbate does not co
pletely wet the aerogel, the maximum radius of the menis
formed would be smaller than that of the sphere@24#. As-
suming a cross sectional areaAa for a unit aerogel cell con-
sisting of the aerogel particle and an averaged pore size@3#,
the increase in the thermal conductivity due to adsorptio

Dk5
L

A0DR
, ~5!

whereL is the distance between the center of the two nei
boring spheres. Combining Eqs.~2!, ~4!, and ~5!, a relation
of the thermal conductivity increaseDk versus the amount o
adsorbate that forms the meniscus can be obtained. In Fi
we plot the results obtained by choosing the radius of
aerogel particles to be 5 nm, averaged pore size to be 10
~which determines porosity!, and a contact angle of 15°. Th
values for the sizes of aerogel particles and the averaged
are close to those determined using electron microsc
,
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@19–21#. The contact angle chosen here appears to give
best description of the data at temperatures above 90 K,
this should not be considered as an indicator of the wet
behavior of xenon on RF aerogel. The maximum size of
meniscus depends on aerogel particle size. With the par
size chosen here, the maximum size is equivalent to ab
two atomic layers. A more realistic model should probab
include the distribution of the particle sizes and the bridg
formed between particles that are originally not in conta
Nevertheless, this simple calculation can account for, at le
qualitatively, some basic features of the thermal conductiv
rises at temperatures above 75 K.

At temperatures below 75 K the experimentally observ
increase in the thermal conductivity is too small compared
that calculated using the model. We believe that at temp
tures below 75 K, xenon would not predominately adsorb
the neck region. The changes of the behavior of the ther
conductivity of aerogel adsorbed with xenon might indica
different wetting properties of xenon on RF aerogel at te
peratures above and below 75 K. However, the phenome
remains intriguing and requires further exploration. We ho
the results reported here will stimulate further studies of
system using other techniques.

V. SUMMARY

We have measured the thermal conductivity of xeno
adsorbed RF aerogel at temperatures from 20 to 120 K.
low 75 K, the thermal conductivity exhibits little change du
to the adsorption of xenon. Above that temperature, the th
mal conductivity increases with the amount of xenon a
sorbed. The dependence of the increase on the amoun
xenon adsorbed indicates that adsorbed xenon provided
ditional heat transfer channels to the aerogel. The mec
nisms that cause the different behaviors in the thermal c
ductivity below and above 75 K remain to be furth
explored.
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