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Thermal Conductivity of Monolithic Organic Aerogels 
X. Lu, M. C. ARDUINI-SCHUSTER, J. KUHN, 0. NILSSON, J. FRICKE, 
R. W. PEKALA 

The total thermal conductivity A of resorcinol-formaldehyde aerogel monoliths has 
been measured as a function of density p in the range fkom p = 80 to 300 kilograms 
per cubic meter. A record-low conductivity value in air at 300 K of A = 0.012 watt 
per meter per kelvin was found for p = 157 kilograms per cubic meter. Caloric 
measurements under variation of gas pressure as well as spectral infrared transmission 
measurements allowed the determination of solid conductivity, gaseous conductivity, 
and radiative conductivity as a function of density. The development of such low 
conductivity materials is of great interest with respect to the substitution of environ- 
mentally harmful insulating foams made from chlorofluorocarbons. 

0 PACIFIED M O N O L ~ C  SILICA AERO- heat transfer by determination of the spectral 
gels (1-3) have smaller thermal con- inErared (IR) optical extinction. 
ductivities than all other thermal insu- These RF aerogels were made by base-cata- 

lants at ambient conditions (4). The reasons lyzed aqueous polycondensation of resorcinol 
include: (i) the high porosity of the SiO, (1,3-dihydroxybenwne) with formaldehyde 
skeleton and thus the small solid conductivity (6, 7). In this polymerization, resorcinol serves 
(5);  (ii) the extremely small pore sizes, typically 
1 to 100 nm across, that cause a partial sup- 
pression of gaseous thermal conductivity (4); 
and (iii) a high specific extinction of thermal 
radiation if an opacifier (for example, carbon 
black) is integrated into the SiO, skeleton (4). 

The smallest conductivity value for an opac- 
ified SiO, aerogel with p = 120 kg mP3 in air 
was measured to be A = 0.013 W m-' K-' 
(4). Such aerogels thus have a large potential 
for applications in freezers and refrigerators as 
well as heat storage and transport systems. As 
nonporous organic materials in general have 
smaller solid thermal conductivities than non- 

as a nifimctional~monorner capable of adding 
formaldehyde in the 2-, 4-, and 6-ring posi- 
tions. This monomer is especially reactive be- 
cause of the attached hydroxyl groups. The 
substituted resorcinol rings agglomerate to 
form clusters 3 to 20 nm across in solution. 
The cluster size is regulated by the concentra- 
tion of the catalyst (for example, sodium car- 
bonate). The clusters have surface groups, such 
as -CH,OH, that react M e r  to form a dark 
red gel. The solution (basically water) in the 
pores of the RF gel is exchanged with an 
organic solvent (for example, acetone) and then 
with CO,. Supercritical drying with respect to 

porous inorganic materials under comparable CO, (temperature T = 31°C, critical pressure 
conditions, we surmised that organic aerogels p, = 74 bar) was performed. The resulting RF 
would provide an even higher thermal resis- aerogels show a considerable mechanical flexi- 
tance than SiO, aerogels. In order to venfy this bility in contrast to their SiO, counterparts, 
assumption we performed caloric measure- which in general are brittle. 
ments on resorcinol-formaldehyde (RF) aero- Aerogels of RF that are 1 cm thick pro- 
gels. In addition we quantified the radiative vide enough IR absorption to be treated as - 

optically thick. Thus radiative transport is a 
local phenomenon that can be described by 

X. Lu, M. C. Arduni-Schuster, J. Kuhn, 0. Nilsson, J. 
Fricke. Phvsikalisches Institut. Universitlt, Am Hu- the thermal 
 bland,'^-8900 Wiirzburg, ~ e r m a n ~ .  
R. W. Pekala, Chemistry and Materials Research Science 
Department, Lawrence Livermore National Laboratory 

Ar = (16/3)n2u~,3/ [e(~r)~1 (1) 

(LLNL), Livermore, CA 94550. where n is the mean index of refraction of the 

insulation (for low-density insulations, n is 
close to l) ,  u is the Stefan-Boltzmann constant, 
T, is the radiative temperature [calculated from 
the boundary temperatures T, and T, (1, p. 
96) as TP = ( 1 / 4 ) ( ~ ;  + T i ) ( T l  + T,)], and 
the product e . p = E is the extinction coeffi- 
cient, which is equal to l/lPh,,,, where lPh0,, 
is the photon mean free path. In optically thick 
insulations the photon mean free path is very 
small compared to the thickness of the speci- 
men. The temperature-dependent specific ex- 
tinction coefficient e(T,) is derived from the 
spectral specific extinction (Fig. 1) by proper 
spectral averaging (Rosseland mean) (8). 

The solid conductivity A, of monolithic aero- 
gels strongly depends on the density. For silica 
aerogels, the relation is (9) 

As a pa, where a = 1.5 (2) 

in the density range 70 to 230 kg mP3. The 
conductivity A,,,, for evacuated opacified 
and thus optically thick aerogels can be 
approximated by the arithmetic sum of the 
solid and the radiative conductivity: 

Aevac = As + Ar (3) 

In general A, is much less temperature- 
dependent than A,. If the specific extinction 
shows only a weak temperature dependence, 
an approximate value for e can thus be 
derived from the slope of the A,,,,(T,) 
versus T; curve. The extrapolation A,,,,(TP 
+ 0) yields an estimate for the solid con- 
ductivity. As the organic aerogels cannot 
withstand temperatures above -80°C, the 
available temperature range is too small to 
allow an accurate determination of e. In this 
case the specific extinction in the IR infrared 
must be derived from the specific spectral 
extinction (absorption) with subsequent 
Rosseland averaging (8). 

If air or any other gas is introduced into 
the porous aerogel, the conductivity in- 
creases due to the gaseous conductivity as 
(10): 
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Fig. 1. Spectral specific extinction (absorption) 
e(A) of organic RF aerogel (-), inorganic pure 
SiO, aerogel (- - -), and opacified (5% carbon 

. black) SiO, aerogel (. .). 

where Il is the porosity and A,, is the 
gaseous conductivity of a free gas. The 
parameter p takes into account the energy 
transfer between gas moiecules and the lim- 
iting structure. For air in aerogel p = 2 (lo). 
The Knudsen number Kn is 

where 1, describes the mean free path of the 
gas particles and 0 the pore diameter. Be- 
cause Kn is of the order of 1 for aerogels at 
atmospheric pressure (p, = 1 bar and 1, = 
70 nm), the gaseous conductivity A, remains 
considerably below the value A,,. As a rule 
of thumb A, < 0.01 W mp' K-' at 1 bar 
for aerogels. The total conductivity of air- 
filled monolithic aerogels thus becomes 

Equation 6 can only be used for systems in 
which the coupling between the different 
heat transfer modes is negligible. 

We measured A, by squeezing a Pt hot 
wire between a pair of identical aerogel 
blocks, each 2 cm by 3 cm by 10 cm in size. 
In order to reduce contact resistances the 
surfaces adjacent to the wire were diamond- 
turned. The elasticity of the organic aerogel 
then allows proper embedding of the wire 
into the aerogel, and virtually no slit be- 
tween the blocks remained. The conductiv- 
ity of the specimens is derived in the usual 
way (11) by feeding a constant power per 
unit length into the wire and evaluating the 
increase of the wire temperature with time. 
In addition, I R  optical transmission mea- 
surements were performed in order to de- 
termine the specific spectral extinction (ab- 
sorption) of the specimens over the 
wavelength range from 2.3 to 45 km. 

The spectral specific absorption of RF 
aerogels was drastically different from that 
for pure and opacified SiO, aerogels (4) in 
the near IR  (Fig. 1). By Rosseland averag- 
ing, we derived the temperature-dependent 
specific extinction e needed for Eq. 1 (Fig. 
2). Typically e was 50 m2 kg-' at 300 K for 
RF aerogels, 20 m2 kg-' for pure SiO, 
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Fig. 2. Rosseland-averaged specific extinction 
e ( T )  of RF aerogels (-) versus T, for compari- 
son, data for pure SiO, aerogels (- - -) and opac- 

. ified (5% carbon black) SiO, aerogels (. .) are 
also depicted. 

aerogels, and 80 m2 kgp1 for the opacified 
SiO, aerogels. For RF aerogels the estimated 
radiative conductivity at room temperature 
was 0.001 W mp' Kp' for p = 250 kg mp3. 

The thermal conductivity of the RF aero- 
gels varied with gas pressure (Fig. 3). At 
300 K and atmospheric pressure, total con- 
ductivities were between A, = 0.012 and 
0.018 W m-l Kp ' but were between A,,,, 
= 0.004 and 0.014 W mpl Kp' for the 
evacuated samples. A plot of A as a function 
of density p (Fig. 4), shows that A, under- 
goes a flat minimum of -0.012 W mp' Kp' 
around p = 160 kg mP3. The various con- 
ductivity components A,, A,, and A, also 
varied as a function of density; A, increased 
from about 0.002 to 0.014 W mp' Kp', 
whereas A, decreased from about 0.010 to 
0.003 W mp' K-' as the density increases 
from 80 to 300 kg mP3. The accuracy of A, 
is about ? 0.5 x lop3 W m-' K-'; the 
components A, and A, are reliable within 
?1 x lop3 W mp' K-' and the relative 
error of A, is estimated to be ?15%. 

The data show that monolithic organic 
aerogels at ambient temperatures have low 
conductivities in air. The lowest value mea- 
sured was 0.012 W m-l Kp' at a density of 
157 kg mP3, which is slightly lower than 

1 10 100 1000 
Gas pressure (mbar) 

Fig. 3. Total thermal conductivity A, of vari- 
ous RF aerogels versus gas (air) pressure pg 
at room temperature; (a), 82 kg m-3; (A), 
157 kg m-3; and (m), 303 kg I I - ~ .  The solid lines 
through the points are guides to the eye. 

Density (kg ma) 

Fig. 4. Total conductivity A, (m), calculated radi- 
ative conductivity A, ( -  - -), gaseous conductivity 
kg (@), and solid conductivity A, (A) of RF 
aerogels as a function of density p at ambient 
conditions. The solid lines through the points are 
guides to the eye. 

conductivities of opacified SiO, aerogels, 
for which the smallest measured conductiv- 
ity was 0.013 W m-' K-l for p = 120 kg 
mP3 (4). The low conductivity values 
achieved open a vast potential for practical 
applications if such aerogels can be pro- 
duced cheaply. Evacuation to 10 mbar is 
sufficient to suppress gaseous thermal con- 
duction and to achieve thermal conductivi- 
ties as low as 0.006 W mp' K-' for the 
80-kg mp3 specimen. 

Similar A, values have been determined 
for SiO, aerogels as for RF aerogels (Fig. 
4), although the thermal conductivities of 
the nonporous basic material is much higher 
than that for RF aerogels. For vitreous 
silica, A, = 1.4 W m-l Kp ' and for organic 
polymers it lies between 0.15 and 0.3 W 
mpl K-1 (12). An explanation may be the 

lower porosity and thus the larger solid- 
volume fraction of RF aerogels compared to 
SiO, aerogels at the same density. 
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