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Adsorption of supercritical CO2 in aerogels as studied by small-angle
neutron scattering and neutron transmission techniques
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Small-angle neutron scattering �SANS� has been used to study the adsorption behavior of
supercritical carbon dioxide �CO2� in porous Vycor glass and silica aerogels. Measurements were
performed along two isotherms �T=35 and 80 °C� as a function of pressure �P� ranging from
atmospheric up to 25 MPa, which corresponds to the bulk fluid densities ranging from
�CO2

�0 to 0.9 g/cm3. The intensity of scattering from CO2-saturated Vycor porous glass can be
described by a two-phase model which suggests that CO2 does not adsorb on the pore walls and fills
the pore space uniformly. In CO2-saturated aerogels an adsorbed phase is formed with a density
substantially higher that of the bulk fluid, and neutron transmission data were used to monitor the
excess adsorption at different pressures. The results indicate that adsorption of CO2 is significantly
stronger in aerogels than in activated carbons, zeolites, and xerogels due to the extremely high
porosity and optimum pore size of these materials. SANS data revealed the existence of a
compressed adsorbed phase with the average density �1.07 g/cm3, close to the density
corresponding to closely packed van der Waals volume of CO2. A three-phase model �W. L. Wu,
Polymer 23, 1907 �1982�� was used to estimate the volume fraction �3 of the adsorbed phase
as a function of the fluid density, and gave �3�0.78 in the maximum adsorption regime around
�CO2

�0.374 g/cm3. The results presented in this work demonstrate the utility of SANS combined
with the transmission measurements to study the adsorption of supercritical fluids in porous
materials. © 2006 American Institute of Physics. �DOI: 10.1063/1.2202324�
I. INTRODUCTION

A supercritical fluid �SCF� is a substance at a pressure
and temperature above its liquid-gas critical point where the
coexisting �subcritical� liquid and gaseous phases become
indistinguishable. At high pressure, the density of an SCF
may become sufficient to provide substantial solvent power.
At the same time, the diffusivity of solutes in SCFs is higher
than in liquids due to a much lower viscosity, which facili-
tates mass transfer. The combination of tunable solvent
power, practically unlimited miscibility with gases as well as
advantageous mass transfer properties make SCFs an attrac-
tive alternative to subcritical �liquid� solvents for a variety of
technological applications such as heterogeneous catalysis,
adsorptive separations, regeneration of adsorbers, and SCF
chromatography.1 Simplified theoretical considerations of
heterogeneous processes are often based on an assumption
that supercritical solvents in porous media can be treated as a
continuum and thus the adsorption of the solvent molecules
by the surface of solid porous adsorbents can be ignored.2 It
is now being recognized, however, that when an adsorbate
gas or supercritical fluid is in contact with a solid adsorbent,
the attractive molecule-solid forces enhanced by strong mi-
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cropore field effects can create a region near the solid surface
where the local adsorbate density is different from that in the
homogeneous bulk phase.3,4 The adsorbed phase region is
believed to extend to a distance of few molecular diameters
from the surface far away from the critical point, and to
become long ranged as the critical point is approached.5 An
understanding of the structure and thermodynamic properties
of the adsorbed phase at different conditions is fundamental
to the successful development and optimization of reaction
and separation processes involving SCF-solid interactions.6

In this article we report the results of small-angle neu-
tron scattering �SANS� and neutron transmission measure-
ments of the adsorption of supercritical carbon dioxide �SC
CO2� on a nanoporous silica aerogel. We demonstrate that
the neutron transmission data can provide information on the
excess adsorption, which has traditionally been measured by
gravimetric, volumetric, total desorption, and other methods.
In turn, SANS can give complementary information on the
density of the adsorbed phase and may be used to determine
the volume fraction of this phase under certain conditions.
The results demonstrate that high-pressure adsorption of CO2

in aerogels is much stronger than in other porous materials
commonly used in a variety of heterogeneous processes, due

to the particular structure of these highly porous materials.

© 2006 American Institute of Physics11-1
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We argue that SANS in conjunction with transmission mea-
surements can be very effective characterization methods of
the adsorption behavior of various single-component fluids
and multicomponent-fluid mixtures in strongly adsorbing po-
rous media of practical importance.

II. EXPERIMENTAL METHODS AND PROCEDURES

A. Excess and absolute adsorptions

Consider a system with the total volume Vtotal which
consists of a solid adsorbent, unadsorbed fluid, and adsorbed
phase with the volumes Vsolid, Vfluid, and Vads, respectively,

Vtotal = Vsolid + Vfluid + Vads = Vsolid + Vvoid, �1�

where Vvoid is the void volume accessible to the supercritical
fluid. By definition, the excess adsorption �also known as the
Gibbs adsorption� is the excess material present in the pores
of the adsorbent over that corresponding to the density of the
fluid in the bulk phase at the same temperature and pressure.
Thus, in terms of the relative mass �n, g/g�, the excess ad-
sorption ne can be represented as7

ne = ntotal − Vvoid�fluid, �2�

where ntotal is the total amount �g/g� of supercritical fluid in
the volume occupied by the adsorbent, Vvoid is the pore vol-
ume in cm3/g, and �fluid is the fluid density in g/cm3. Equa-
tion �2� illustrates the physical meaning of the excess adsorp-
tion, which is calculated neglecting the volume occupied by
the adsorbed phase, i.e., as if the entire void volume Vvoid

was accessible to the unadsorbed �bulk� fluid.
Conversely, the absolute adsorption �nabs� is calculated

taking into account the reduction of the void volume acces-
sible to the fluid due to formation of the adsorbed phase,

nabs = ntotal − Vfluid�fluid. �3�

Equations �2� and �3� can be rearranged to give

ne = Vads��ads − �fluid� , �4�

and

nabs = ne� �ads

�ads − �fluid
� . �5�

Under supercritical conditions, the density of the fluid phase
increases monotonically with pressure, whereas the density
of adsorbed phase initially increases and then levels off at a
value corresponding to the maximal amount of adsorbate
which can be packed into the pores. Consequently, according
to Eq. �4�, the excess adsorption should initially increase, go
through the maximum, become zero at �ads=�fluid, and finally
become negative at higher pressures.8 All conventional meth-
ods �gravimetric, volumetric, total desorption, isotope ex-
change, etc.� measure ne as a function of temperature and
pressure.6 Equations �4� and �5� show that the calculation of
the absolute adsorption from ne requires information on the
density of adsorbed phase, which is not readily accessible by
existing experimental methods. The value of nabs can be es-
timated based on a model and/or on equation of state calcu-

9,10 abs
lations of �ads. Evidently, n can be determined directly
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from experimental data in the limit �ads��fluid when nabs

�ne �see Eq. �5��. It is important to note, however, that ex-
cess adsorption is the variable sufficient to describe the ther-
modynamics of the supercritical fluid adsorption and knowl-
edge of nabs is not absolutely necessary for technological
calculations.6

B. Neutron transmission of multicomponent systems

The neutron transmission is a parameter measured in
SANS experiments. It is one of the parameters used for con-
verting the intensity of scattering in counts per second into a
neutron cross section in units of cm−1.11 Here we demon-
strate that neutron transmission data can provide information
on the SCF adsorption at a variety of different conditions.
The attenuation of a neutron beam passing through a porous
adsorbent �e.g., silica aerogel� is due to scattering �coherent
and incoherent� and absorption of neutrons by silicon and
oxygen nuclei. The beam can be further attenuated if the
aerogel contains adsorbing and or scattering impurities such
as hydrogen containing alkyl groups �see discussion in Sec.
III B�. The transmission T1 of a blank aerogel is described by
Beer’s law,12

T1 	
I

I0
= T0 exp�− NSiO2

�SiO2
t� , �6�

where I0 and I are the incident and attenuated neutron inten-
sities, respectively, NSiO2

is the number of silica molecules
per unit volume �number density of SiO2�, �SiO2

is the total
neutron cross section of SiO2, and t is the sample thickness.
The prefactor T0�1 accounts for the additional attenuation
of the neutron beam due to impurities.

The saturation of an aerogel with a fluid �e.g., SC CO2�
should decrease the total transmission due to additional fluid
density-dependent attenuation of the beam caused by scatter-
ing and absorption of neutrons by CO2. The transmission of
the two-phase system representing aerogel matrix �phase 1�
homogeneously saturated with a nonadsorbing fluid �phase
2� is given by

T2 = exp�− NSiO2
�SiO2

t − NCO2
�CO2

t�

= T1 exp�− NCO2
�CO2

t� . �7�

The number density �NCO2
� and physical density ��CO2

� of
CO2 are related via

NCO2
= �CO2

NAv

MCO2

, �8�

where NAv is Avogadro’s number �6.017�1023�, MCO2
�44.01 is the molecular weight, and �CO2

=14.01
�10−24 cm2 is total neutron cross section of a CO2 molecule.

Combining Eqs. �6�–�8�, we obtain for the two-phase
system �with no adsorption�,

T2 = T1 exp�− C�CO2
t� , �9�

where C�0.19 cm2/g for �CO2
in g/cm3 and a total sample
thickness t=1 cm �as in our experiments�.
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In the presence of an adsorbed �third� phase, the trans-
mission will further decrease in comparison to that described
by Eq. �9� and the transmission of such a three-phase system
is given by

T3 = T1 exp − ��Nunads,CO2
+ Nads,CO2

��CO2
t� . �10�

Equation �10� has two unknown parameters: the number den-
sity of unadsorbed CO2 �Nunads,CO2

� and the number density
of adsorbed CO2 �Nads,CO2

� which cannot be independently
determined from the transmission measurements because
both the volume of the adsorbent phase and its density are
not known. Following the Gibbs model,6 we neglect the vol-
ume occupied by the adsorbed phase �Vads=0� which is
equivalent to the assumption that Nunands,CO2

=NCO2
. In this

case the first term in the right-hand side of Eq. �10� can be
approximated by Eq. �8� and the number density of CO2

molecules in the adsorbed phase should be substituted for the
number density of CO2 corresponding to the excess adsorp-
tion �Ne�. Thus, Eq. �10� becomes

T3 = T1 exp − �NCO2
�CO2

t + Ne�CO2
t�

= T2�exp − Ne�CO2
t� , �11�

and the value of Ne can be determined through the difference
between the transmission of the two-phase and the three-
phase systems,

Ne =
ln T2 − ln T3

�CO2
t

. �12�

The excess adsorption ne can be calculated for an aerogel
sample with a known aerogel density �aerogel,

ne =
MCO2

Ne

�aerogelNAv
. �13�

C. SANS from multicomponent systems

The coherent cross section I�Q� in units of cm−1 of a
two-phase system �e.g., a porous silica matrix with homoge-
neously distributed SC CO2� is proportional to the neutron
contrast between SiO2 and CO2 molecules.13

I�Q� � ��1
* − �2

*�2 = � bSiO2

MSiO2

�SiO2
−

bCO2

MCO2

�CO2�2

. �14�

Here Q=4��−1 sin 	 where 2	 is the scattering angle, � is
the neutron wavelength, �1

* and �2
* are the scattering length

densities of silica and CO2, respectively, and bSiO2
=1.58

�10−12 cm and bCO2
=1.825�10−12 cm are the scattering

lengths of silica and CO2, respectively. MSiO2
=60.08 is the

molecular weight and �SiO2
is the density of SiO2. Equation

�14� predicts that for a two-phase system �e.g., porous silica
matrix with homogeneously distributed CO2 molecules�, the
square root of I�Q� should be proportional to the fluid den-
sity I�Q�1/2��CO2

and thus the formation of a third phase
corresponding to the adsorbed fluid will result in deviations
from the linear variation of I�Q�1/2 versus �CO2

. Furthermore,
Eq. �14� can be used to calculate the zero average contrast

�ZAC� condition at which the neutron contrast between the
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matrix and the fluid becomes zero and thus I�Q�	0.14 It may
be shown that the ZAC condition can be reached at �CO2
=1.39 g/cm3 if the density of silicon walls of the porous
material is taken to be equal to the density of amorphous
silica �SiO2

=2.2 g/cm3 �which is the case for porous Vycor
glass15�. The skeletal density of silica in aerogel strands is
smaller than that of the amorphous silica ��SiO2

�2.0 g/cm3

�Ref. 16�� and the calculated ZAC condition in this case
corresponds to �CO2

=1.27 g/cm3.
The fluid density-dependent invariant Z0��CO2

� for a
two-phase system �aerogel homogeneously saturated with
CO2� is given by

Z0��CO2
� = 


0




Q2I0�Q,�CO2
�dQ

= 2�2�1�1 − �1���1
* − �2

*�2, �15�

where I0�Q ,�CO2
� is the coherent cross section in case of

zero adsorption and �1 is the volume fraction of silica in
aerogel. If a third �adsorbed� phase is present, the volume
fraction can be estimated using a formalism initially
developed by Wu17 to model scattering from microvoids in
binary composite materials. For three-phase systems �phase
1=aerogel, phase 2=unadsorbed CO2, and phase
3=adsorbed CO2� the scattering invariant is given by17

Z��CO2
� = 


0




Q2I�Q,�CO2
�dQ

= 2�2��1�2��1
* − �2

*�2 + �2�3��2
* − �3

*�2

+ �1�3��1
* − �3

*�2� , �16�

where �i and �i
* are the volume fractions and scattering

length densities of the ith phase, respectively. Thus, the vol-
ume fraction of the adsorbed phase can be calculated from

�3 =
Z − Z0

2�2��2��2
* − �3

*�2 + �1��1
* − �3

*�2 − �1��1
* − �2

*�2�
.

�17�

The derivation of Eq. �17� is based on the assumption that
the structure of the aerogel matrix does not change when the
adsorbed phase is formed. The volume fractions of all three
phases should satisfy the following relation:

�1 + �2 + �3 = 1. �18�

D. Materials

A cylindrical rod of porous Vycor glass 7930 was ob-
tained from Corning Glass Works. The voids in porous Vycor
glass are interconnected cylindrical pores with a diameter of
40 Å.15,18 Base-catalyzed silica aerogels with a nominal den-
sity �aerogel=0.1 g/cm3, corresponding to �96% porosity,
were obtained from Oscellus Technologies, Livermore, CA.
The aerogels are composed of thin silica strands with the
mesh size of 60–70 Å and a highly developed surface area
�700 m2/g.16

The Vycor porous glass and aerogels were shaped into

cylinders of 17 mm outside diameter �o.d.�, which corre-
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sponds to the inside diameter �i.d.� of a SANS stainless steel
high-pressure cell fitted with optically polished sapphire win-
dows, which are virtually transparent to neutron radiation.
The lengths of the Vycor and aerogel cylinders were chosen
to be 6 and 10 mm, respectively, based on the transmission
considerations. The optical path of the cell was adjusted to
be equal to the length of the aerogel or Vycor glass by in-
serting sapphire plugs of required thickness. Thus, the inter-
nal volume of the cell was completely occupied by the ab-
sorber and these experimental conditions correspond to the
canonical ensemble versus grand canonical ensemble condi-
tions where the absorber is in a contact with large excess
volume occupied by supercritical fluid. The cell was pressur-
ized with CO2 �Matheson Gas Products, Inc, SFC purity of
99.99%� using a screw-type pressure generator �HIP model
62-6-10�. The pressure was measured using a precision digi-
tal pressure indicator �Sensotec, model AG-100� and the tem-
perature of the cell was controlled to better than ±0.2 °C
using band heaters �Omega�. The surface of native �nonoxi-
dized� aerogels is covered by abundant methoxy groups
�=Si–O–CH3� formed during supercritical drying of the pre-
cursor gel in supercritical methanol. The alkyl groups can be
removed by heating the aerogel to �500 °C for 2 h, and this
process is referred to as “oxidation.”16 Experiments were
performed with two aerogel samples, one of them heat un-
treated �nonoxidized� and the other one heat treated �oxi-
dized�. The Vycor glass cylinder was pretreated following the
routine described in Ref. 15.

E. SANS and neutron transmission measurements

SANS experiments were performed on the KWS-2
SANS facility at the FRJ2 reactor in Jülich, Germany. The
neutron wavelength was �=6.3 Å ��� /�=0.10% �. Two
sample-detector distances �SDDs� of 4 and 1.4 m were used
for measuring scattering from the empty aerogel to give an
overall range of momentum transfer of 0.01�Q�0.2 Å−1.
The scattering from bulk and confined CO2 was measured in
the appropriate Q range �0.01�Q�0.07 Å−1�. The transmis-
sion at each pressure and temperature was measured continu-
ously in situ using He3 straight beam monitor positioned in
the center of the beam stop. The monitor radius was 1 cm
which corresponded to solid angles of 2�10−5 and 1.6
�10−4 sr at SDD=4 and 1.4 m, respectively. The solid angle
covered by the monitor is small with respect to a solid
angle in which most of the SANS signal was observed
��2.8�10−3 sr�. This minimized level of “contamination”
of attenuated neutron intensities by neutrons scattered within
the straight beam spot and no systematic deviation in trans-
mission values measured at SDD=4 and 1.4 m at the same
pressure and temperature was observed despite more than an
order of magnitude larger solid angle “seen” by the monitor
at shorter SDD. The SANS data sets were corrected for in-
strumental backgrounds and normalized to an absolute
�±5% � differential cross section per unit sample volume
�I�Q� in units of cm−1� by means of precalibrated secondary

19
standards.
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III. EXPERIMENTAL RESULTS

A. Bulk CO2

SANS data and transmission values of bulk CO2 were
measured along isotherms T=35 °C and T=80 °C as a func-
tion of pressure in the range of 7.6� P�18 MPa which is
equivalent to the fluid density range of 0.3��CO2
�0.6 g/cm3 �see Fig. 1�. The fluid density was calculated at
each pressure/temperature combination using NIST-12

software.20 Representative SANS data as a function of den-
sity are shown in Fig. 2. The Ornstein-Zernike �OZ� formula

I�Q� =
I�0�

�1 + Q2
2�
�19�

was used to extrapolate the cross section at zero angle I�0�,
which is proportional to the fluid compressibility, and deter-
mine the correlation length of the density fluctuations 
. Data
taken at T=35 °C, i.e., close to the gas-liquid critical tem-
perature of CO2 �TC=31.1 °C�, reveal maximum in both
I�0,�CO2

� and 
��CO2
� near the critical density of CO2 �C

=0.468 g/cm3 �critical pressure PC=7.38 MPa� where
Imax�0,T=35 °C��1 cm−1 and 
max�T=35 °C��25 Å. The
variation of I�0� and 
 with pressure at T=80 °C is more
subtle because of the smaller density fluctuations far away

FIG. 1. Coexistence curve of bulk CO2 calculated using NIST-12 software
�Ref. 20�. Lines show thermodynamic paths studied in this work.
FIG. 2. Density variation of I�Q� from bulk CO2 at T=35 °C.
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from the critical point �see Figs. 3 and 4�. This behavior is
qualitatively similar to that observed in previous x-ray ex-
periments on critical phenomena in CO2.21 Figure 3 also
demonstrates that experimental transmissions of bulk CO2 at
different pressures agree within experimental error with
transmissions calculated via Eq. �9� in which T1 is set equal
to unity �there is no aerogel-related attenuation of neutron
beam and thus T2Þ1 as �CO2

Þ0�.

B. Blank aerogels

I�Q� obtained from nonoxidized and oxidized aerogels is
shown in Fig. 5. We determined that in the intermediate Q
range of 0.01�Q�0.2 Å−1 I�Q� is best described by the
following function:22

I�Q� =
I�0�

�1 + Q2
G
2 ��Df−1�/2

sin��Df − 1�tan−1�Q
G��
�Df − 1�Q
G

, �20�

where 
G is the gel correlation length, which represents the
large length scale limit of the fractal correlations, and Df is
the fractal dimension. At Q�0.1 Å−1 a crossover from the
Guinier regime �Q�0.1 Å−1� to the Porod law behavior
is observed. The values of fit parameters are 
G=87±8 Å,

FIG. 3. Density variation of I�0� at two temperatures specified in the inset.
Experimental and calculated via Eq. �9� transmissions of bulk CO2 at dif-
ferent fluid densities �sample thickness of t=1 cm� are also shown.

FIG. 4. Density variation of the correlation length at two temperatures

specified in the inset.
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Df =1.9±0.1 and 
G=56±6 Å, Df =2.2±0.1 for nonoxidized
and oxidized aerogels, respectively, in agreement with the
values of 
G and Df from base-catalyzed aerogels of similar
density.23 Measurements of the “empty” aerogel, with �CO2
=0, were repeated after each pressure scan and revealed no
changes in either the structural parameters of the aerogel or
the transmission after exposure to CO2.

The effective thickness of silica in aerogels with a den-
sity �aerogel=0.1 g/cm3 and density of silica in aerogel
strands �SiO2

=2.0 g/cm3 is 0.05 cm. Using the attenuation
factor for SiO2 of �SiO2

=0.013 cm−1 for �=6.3 Å, we calcu-
late the transmission of the blank aerogel to be T1=0.9994
�1, which indicates that the silica in the aerogel strands is
virtually transparent to neutrons. However, the measured
transmissions of blank nonoxidized and oxidized aerogels
�T1=T0=0.749 and T1=T0=0.796, respectively� are smaller
than unity �see Eq. �6� and Figs. 11 and 12 in Sec. III D�. The
relatively low values of T1 are due to attenuation of the beam
by hydrogen nuclei contained in adsorbed moisture and
methoxy groups on the aerogel surface.16 The transmission
of oxidized aerogel is higher because of the much lower
concentration of alkyl groups, most of which are removed
from the surface during high temperature oxidation.

C. Two-phase system: Porous Vycor glass+SC CO2

The SANS from Vycor porous glass saturated with SC
CO2 was measured at T=35 °C and T=80 °C as a function
of fluid density. The SANS data reveal a characteristic maxi-
mum �“correlation” or “Vycor” peak� at Qmax�0.02 Å−1

�Ref. 24� �Fig. 6�. The amplitude of the maximum I�Qmax�
was determined and plotted in I�Qmax�1/2 versus �CO2

coordi-
nates in Fig. 7, where it may be seen that I�Qmax�1/2 is a
linear function of �CO2

. A fit to Eq. �14� may be used to
calculate the ZAC condition, which is reached at �CO2
=1.36
±0.06 g/cm3. This value corresponds to a scattering length
density of 3.39�1010 cm−2, in good agreement with
�1

*=3.35�1010 cm−2, measured by Wiltzius et al.24 at the
Vycor match point. This density also coincides within experi-

3

FIG. 5. Neutron cross section of empty aerogels. The lines are fits to
Eq. �20�.
mental error with �CO2
=1.39 g/cm , calculated assuming the
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density of the solid phase of Vycor glass to be equal to the
density of amorphous silica �SiO2

=2.2 g/cm3 �see Sec. II C�.
Thus, the data demonstrate that in the range of temperatures
and fluid densities studied, the porous Vycor glass saturated
with SC CO2 represents a two-phase system, with no ad-
sorbed phase present.

D. Three-phase system: Aerogel+SC CO2

SANS and transmission measurements of oxidized and
nonoxidized aerogels saturated with SC CO2 were performed
along two isotherms �T=35 and 80 °C� as a function of pres-
sure in the range of 0� P�25 MPa, which corresponds to
the bulk fluid densities in the range of 0��CO2
�0.9 g/cm3 �see Fig. 1�. Unlike for Vycor+SC CO2 system,
the variation of I�Q� versus pressure �or fluid density� for
both oxidized and nonoxidized aerogel is nonmonotonic, i.e.,
the cross section first increases with P and �CO2

, reaches a
maximum, and decreases at higher density �see Fig. 8�. The
values of I�0� at different pressures determined using the
Guinier formula as well as the variation of I�0�1/2 versus
�CO2

for CO2 in oxidized and nonoxidized aerogels are
shown in Figs. 9 and 10, respectively. A significant positive
deviation from the straight line corresponding to the two-

FIG. 6. Neutron cross section of Vycor porous glass saturated with CO2 at
T=35 °C. Fluid densities are shown in the inset.

FIG. 7. I�Qmax�1/2 vs density of CO2 at two different temperatures specified

in the inset.
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phase model with �SiO2
=2.0 g/cm3 �Eq. �14�� is observed

which is quite different from the linear variation of I�0�1/2

versus �CO2
for SC CO2 in porous Vycor glass �Fig. 7�. The

deviation is temperature dependent and is larger at T�TC

than at T�TC. At T=35 °C the maximal values of I�0� ex-
ceed those from bulk SC CO2 by more than two orders of
magnitude at the same fluid density, and by more than a
factor of 3 of the I�0� from blank aerogels �compare Figs. 2,
5, and 8�. The trajectories of curves plotted as I�0�1/2 versus

FIG. 8. I�Q� from CO2 saturated nonoxidized aerogel at T=35 °C as a
function of density.

FIG. 9. �A� I�0� as a function of the pressure at T=35 °C. �B� I�0�1/2 vs
�CO2

at two temperatures specified in the inset �CO2 saturated oxidized

aerogel�.
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�CO2
for both oxidized and nonoxidized aerogels tend to

cross the straight line at an extrapolated fluid density of
�CO2

=1.07±0.05 g/cm3. We note that the experimental tra-
jectories in Figs. 9�b� and 10�b� converge with the straight
lines very slowly. The above error bar corresponds to the
accuracy of the linear extrapolation of the three high density
points and the actual error bar may be much larger because
the real function of I�0�1/2 versus �CO2

at �CO2
�0.9 g/cm3 is

not known. The positive deviation from a two-phase model
indicates the presence of the third phase �adsorbed CO2� with
an extremely high average scattering length density. The ad-
sorbed CO2 not only compensates for the decrease of the
neutron contrast caused by filling aerogel voids with CO2

�Eq. �14��, but actually results in the higher contrast between
the silica aerogel matrix and the confined fluid, leading to an
increase in the scattering cross section. The maximum devia-
tion from a two-phase model is observed at near-critical con-
ditions characteristic of the highest fluid compressibility. It
rapidly decreases with pressure due to a suppression of the
fluid susceptibility far away from the critical point.

Figures 11 and 12 show the variation of transmission �T�
of SC CO2 saturated oxidized and nonoxidized aerogels as a
function of pressure and density. A strong negative deviation
from the transmission calculated for the two-phase model
�Eq. �9�� is observed, both in oxidized and nonoxidized aero-

FIG. 10. �A� I�0� as a function of the pressure at T=35 °C. �B� I�0�1/2 vs
�CO2

at two temperatures specified in the inset �CO2 saturated nonoxidized
aerogel�.
gels. The minima of T�P� and T��CO2
� at T=35 °C corre-
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spond to the same pressure and density �P�7.5 MPa and
�CO2

�0.374 g/cm3� at which maxima in I�0�1/2 versus �CO2
are observed �see Figs. 11 and 12�. The transmission of con-
fined SC CO2 is lower than that calculated using Eq. �9� for
zero adsorption at the same pressure and temperature, which
provides independent confirmation that an adsorbed phase
with significantly higher density is present. The minimal val-
ues of the transmission are Tmin�0.665 and Tmin�0.627 for
oxidized and nonoxidized aerogels, respectively, and at
higher fluid densities �CO2

�0.6 g/cm3 the transmission of
both aerogels saturated with SC CO2 becomes higher than
that for the two-phase system. Possible reasons for this be-
havior are discussed below.

As discussed above, the difference between the transmis-
sion of two- and three-phase systems can be used to deter-
mine the excess adsorption parameter ne �Eqs. �12� and �13��,
the variation of which as a function of �CO2

is shown in Figs.
13. As expected, ne��CO2

� at T=35 °C initially increases,
goes through a maximum, and then decreases between 0.3
��CO2

�0.4 g/cm3. Values of ne for �CO2
�0.4 g/cm3 are

not shown for reasons discussed below. The excess adsorp-
3

FIG. 11. Transmission of oxidized aerogel vs �A� fluid pressure and �B�
density of saturating CO2 at two temperatures specified in the inset. As is
pointed out in the text, the total transmission of blank oxidized aerogel
�T=0.796� is lower than that of silica in aerogel strands �T�0.99� due to
additional attenuation of neutron beam by hydrogen nuclei contained in
adsorbed moisture and methoxy groups on the aerogel surface. Dashed line
is transmission of the imaginary two-phase system �no adsorbed phase�
calculated using Eq. �9�. Arrows show calculated transmission of the three-
phase system at maximal adsorption �see explanations in the text�.
tion is maximal at �CO2
�0.374 g/cm , i.e., at the fluid den-
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sities at which extrema in transmission and I�0�1/2 are ob-
served �see Figs. 9–12�. The variation of ne at T=80 °C
�TC is much more moderate although qualitatively similar
to that near the critical temperature.

The volume fraction of the adsorbed phase ��3� at dif-
ferent temperatures and pressures can be estimated using the
theory of scattering from three-phase systems by Wu17 �see
Eqs. �15�–�17��. Typical plots of Q2I�Q� versus Q, based on
SANS data from CO2 saturated oxidized aerogel at different
fluid densities, are shown in Fig. 14. The evaluation of the
scattering invariant Z corresponding to the area under each
curve in Fig. 14 was carried out by the numerical integration
in three parts, as the SANS data are only measured between
the minimum and maximum Q values, Qmin and Qmax. The
contribution to the invariant from the �unmeasured� cross
section between 0 and Qmin was estimated via the Guinier
approximation �I�Q��exp�−Q2Rg

2��, extrapolated from the
measured cross section at the lowest Q values. Similarly,
the contribution to the invariant from the Q range between

FIG. 12. Transmission of nonoxidized aerogel vs �A� fluid pressure and �B�
density of saturating CO2 at two temperatures specified in the inset. As is
pointed out in the text, the total transmission of blank nonoxidized aerogel
�T=0.749� is lower than that of silica in aerogel strands �T�0.99� due to
additional attenuation of neutron beam by hydrogen nuclei contained in
adsorbed moisture and methoxy groups on the aerogel surface. The trans-
mission of blank nonoxidized aerogel is lower than transmission of blank
oxidized aerogel �T=0.796� as oxidation removes a fraction of methoxy
groups from the aerogel surface at high temperature. Dashed line is trans-
mission of an imaginary two-phase system �zero adsorbed phase� calculated
using Eq. �9�. Arrows show calculated transmission of the three-phase sys-
tem at maximal adsorption �see explanations in the text�.
Qmax and 
 was estimated via the Porod approximation
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�I�Q��Q−4�, which was used to extrapolate from the mea-
sured cross section at the highest Q values.25 Typically, the
low-Q Guinier extrapolation contributed �1% of the total
invariant integral, as this component is weighted by Q2 in a
region where QÞ0. The higher-Q �Porod� extrapolation
contributed a larger fraction �3%–20%� of the invariant, de-
pending on the pressure, but this approximation generally
gave reasonable fits to the data in this region, as expected for
systems with sharp interfaces between the phases. A cross-
check on the validity of these widely used approximations is
that measured invariants are consistent with the calculated
invariants for the two-phase model in the limit of �CO2

Þ0
and �CO2

Þ1.07 g/cm3 �see Fig. 15�.
Figure 15 also shows the scattering invariant Z0��CO2

�
calculated for a hypothetical two-phase system �CO2 in aero-
gel, no adsorption� using Eq. �15� with the following values
of parameters: volume fraction of silica in aerogel �1=0.04,
scattering length density of silica in aerogel strands �assum-
ing physical density of silica �SiO2

=2.0 g/cm3� �1
*=3.16

�1010 cm−2, and scattering length density of CO2 �2
*

=�CO2
2.49�1010 cm−2.

According to Wu,17 the difference between the experi-
mentally measured scattering invariant Z��CO2

� and Z0��CO2
�

FIG. 13. Excess adsorption of CO2 in oxidized and nonoxidized aerogels as
a function of the fluid density at two temperatures specified in the inset.
Data for �CO2

�0.4 g/cm3 are not shown for reasons explained in the text.

FIG. 14. Typical Kratky plots for CO2 saturated oxidized aerogel at T

=35 °C and different fluid densities specified in the inset.
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is due to the formation of a third phase which in our case
corresponds to strongly adsorbed CO2. The volume fraction
of the adsorbed phase �3 was calculated based on a constant
adsorbed-phase-density assumption ��ads=1.07 g/cm3� using
Eqs. �17� and �18� for the density range up to the maximal
adsorption regime at �CO2

�0.374 g/cm3 �see Fig. 16�. As
with measurements of ne, values of �3 for �CO2
�0.4 g/cm3 are not shown for reasons explained below.

IV. DISCUSSION AND CONCLUSIONS

SANS has been widely used for characterizing the struc-
ture of porous materials as well as investigating the adsorp-
tion of liquids in small pores.14,26–32 This paper describes a
new methodology which can be used for studying adsorption
of supercritical fluids in porous media by the combination of
SANS and neutron transmission techniques. This methodol-
ogy was applied for the evaluation of the adsorption of SC

FIG. 15. Scattering invariant of CO2 saturated oxidized aerogel as a func-
tion of the fluid density. Solid line is the scattering invariant of an imaginary
two-phase system �zero adsorption� calculated using Eq. �15�. Dashed line is
extrapolation to �CO2

�1.07 g/cm3 at which scattering invariants of the two-
and three-phase systems become identical.

FIG. 16. Variation of the volume fraction �3 of the adsorbed phase in
oxidized and nonoxidized aerogels as a function of �CO2

. Calculations are
made using Eqs. �17� and �18� under an assumption that the density of
adsorbed phase �ads is 1.07 g/cm3 and does not depend on �CO2

. Data for
3
�CO2

�0.4 g/cm are not shown for reasons explained in the text.
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CO2 in Vycor porous glass as well as in oxidized and non-
oxidized aerogels at constant temperature as a function of
pressure.

The variation of the adsorption of SC CO2 in porous
materials exhibiting different pore features has been studied
by several groups using a variety of experimental
methods.3,4,7,33–40 One of the most common observations is
an anomalous peak or “hump” in the adsorption isotherm
near the critical point of the bulk fluid. This effect is usually
explained as due to the increased compressibility of the flu-
ids in the critical region leading to their high susceptibility to
perturbations induced by attractive interactions with the pore
surface �critical adsorption�. The increased compressibility
of the bulk CO2 in the critical region manifests itself as a
maximum in I�0,�CO2

� and 
��CO2
� around the critical fluid

density most pronounced at �CO2
Þ�C and TÞTC �see Figs.

3 and 4�.41 The SANS intensity from CO2 in Vycor porous
glass is temperature independent �see Fig. 7�, probably be-
cause the critical temperature of confined CO2 is shifted to a
much lower value ��−13 °C �Ref. 40�� and thus density
fluctuations in Vycor pores are essentially suppressed at
35 °C, i.e., �48° above the TC of the confined fluid. Con-
versely, the SANS from CO2 in aerogels varies differently at
T=35 °C�TC and T=80 °C�TC because in this case TC of
CO2 is essentially unaffected by confinement in the aerogel
voids.42 From the point of view of SANS, critical adsorption,
which is accompanied by the formation of the dense ad-
sorbed phase, is manifested as a positive deviation of I�0�1/2

from the two-phase model �Eq. �14��. The three-phase model
reduces to a two-phase model when the density of the ad-
sorbed phase becomes equal to the density of saturating
fluid, which provides an estimate for the density of adsorbed
phase: �CO2

=�ads=1.07 g/cm3 �see Figs. 9 and 10�. We note
that this value corresponds to the average density of the ad-
sorbed phase with the highest density at the silica surface
gradually diminishing with distance towards the pore core.
This average density of the adsorbed phase is higher than the
saturated liquid density of CO2 at 7 °C �0.68 g/cm3� and is
similar to the density of close-packed molecules with a di-
ameter corresponding to the van der Waals volume ��vdW

�1.03 g/cm3 �Refs. 3 and 4��. This result is consistent with
high densities of the adsorbed phase reported by Humauyn
and Tomasko for CO2 adsorbed in activated carbon with the
average pore size of 17 Å ��ads�1.03 g/cm3� �Ref. 3� as
well as in NaY zeolite with the pore sizes in the range of
25 Å ��ads�1.27 g/cm3�.4 The formation of an adsorbed
CO2 phase with a density far exceeding that of the bulk fluid
��ads�1.1 g/cm3� was documented in porous silica with
pore diameters in the range of 20–150 Å by Schneider et al.
using Fourier transform infrared �FTIR�.39 The evidence for
the formation of densified CO2 layers formed in microporous
carbon at near-critical conditions was provided by means of
neutron powder diffraction �Steriotis et al.36,38�. The signifi-
cant influence of confinement on liquid-gas phase equilibria
of helium, neon, nitrogen and some other fluids was repeat-
edly demonstrated in experiments by Chan and
co-workers,43–45 Tan and Beamish,46 and Herman and

47–49
Beamish.
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We identify the pressure and density ranges of 0� P
�7.4 MPa and 0��CO2

�0.4 g/cm3 as a strong adsorption
regime in which the pressurizing of aerogels with CO2 leads
to formation of the adsorbed phase until the majority of
small aerogel pores with sizes 60–70 Å are filled. This be-
havior is accompanied by an increased deviation from the
two-phase model as documented in variations of both
I�0,�ads� and the transmission T��ads� �see Figs. 9–12�. It is
usually assumed in the literature that after maximum adsorp-
tion is reached, the density of the adsorbed phase does not
change significantly with pressure3,4 and thus �ads corre-
sponding to the maximal adsorption can be set equal to
�ads=1.07 g/cm3 which is supported by the following con-
siderations. The data shown in Fig. 16 demonstrate that 78%
of the void volume in the maximal adsorption regime is filled
with the adsorbed phase and thus �18% of Vvoid is acces-
sible to unadsorbed SC CO2. Using Eq. �9� with �CO2
= �0.78�1.07+0.18�0.347� g/cm3 we calculate the trans-
mission of the aerogel T=0.670 which correlates well with
the measured value of T=0.665 �see Fig. 11�. Similarly, the
calculated transmission agrees with the experimental result
for the nonoxidized aerogel �see Fig. 12�.

The variation of transmission at �CO2
�0.4 g/cm3 is

somewhat puzzling. As observed in Figs. 11 and 12, in this
range of fluid densities the T��CO2

� of CO2 saturated aerogels
starts to increase and finally exceeds the transmission of a
two-phase system at �CO2

�0.6 g/cm3. This effect is repro-
duced for both nonoxidized and oxidized aerogels, but was
not observed for propane-saturated aerogels where the trans-
mission always remained lower than that of the two-phase
system with zero adsorption.50 The physical origin of such
behavior is not completely clear and we tentatively ascribe it
to the depletion of the �highly developed� surface of aerogel
strands with CO2 molecules at elevated pressures. If this as-
sumption is valid, the initially three-phase system can de-
velop a fourth phase at elevated densities ��CO2
�0.4 g/cm3�. In this regime, the values of ne and �3 calcu-
lated based on the three-phase model may be incorrect, and
because the variation of the volume of the depleted near-
surface layer with �CO2

is not known, we are not able to
calculate the transmission to a better approximation. Thus,
the values of ne in Fig. 13 and �3 in Fig. 16 are presented
only in the strong adsorption regime where the depletion
effect is zero or negligibly small.

Analysis of the available literature on adsorption of SC
CO2 �Ref. 3, 4, 7, and 33–39� demonstrates that the maximal
values of the excess adsorption in the near-critical conditions
vary generally in the range between 5 mmol/g �zeolites� and
20 mmol/g �superactivated carbon� which translates into
0.2�ne�g/g��0.9. It follows, then, from the data shown in
Fig. 13, that the maximal excess adsorption of SC CO2 in
aerogels at T=35 °C�ne�5.74 g/g� far exceeds ne for CO2

in different adsorbers, and this is related to extremely high
porosity �large values of Vvoid� and optimum pore sizes of
aerogels investigated in this study. Using �ads=1.07 g/cm3

and ne=5.74 g/g for a CO2 saturated oxidized aerogel in the
maximal adsorption regime we calculate from Eq. �5� the

abs
corresponding value of absolute adsorption n =8.8 g/g. An
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independent cross-check of this value can be performed as
follows. Using the value of Vaerogel=Vcell=2.27 cm3 and
�ads=1.07 g/cm3, we calculate the mass of adsorbed CO2

mCO2
=1.94 g. The mass of silica in the aerogel cylinder with

density �aerogel=0.1 g/cm3 is maerogel=2.27�0.1=0.227 g.
Thus, the absolute adsorption value corresponding to the
maximal adsorption regime is nabs=mCO2

/maerogel�8.5 g/g
which agrees well with the value nabs=8.8 g/g obtained
based on the SANS data and transmission measurements.

In conclusion, SANS and neutron transmission tech-
niques were applied for the first time to characterize the ad-
sorption of SC CO2 in nonoxidized and oxidized aerogels as
a function of pressure. The results demonstrate the formation
of a highly densified adsorbed phase with a density
�1.07 g/cm3 �T=35 °C�, which is close to the density cor-
responding to close-packed CO2 molecules with the van der
Waals volume. The excess adsorption of CO2 is found to be
virtually independent of oxidation, though it depends
strongly on the proximity to the critical point of the bulk
fluid. CO2 molecules do not adsorb on the pore walls of
Vycor porous glass due to significant suppression of the criti-
cal temperature of the confined fluid. In CO2-saturated aero-
gels, the maximal adsorption is reached at the bulk fluid
density �CO2

�0.374 g/cm3. The volume fraction of the ad-
sorbed phase here reaches �78% and the values of the ex-
cess and absolute adsorptions are ne=5.74 and nabs

=8.8 g/g, respectively. Such a high capability of aerogels to
absorb significant amounts of SC CO2, as compared with
other adsorbents, may be of interest in CO2 separation and
storage technology applications. The methodology described
in this paper can be used for studies of high-pressure adsorp-
tion of various individual supercritical fluids in different ad-
sorbents of practical importance. It can also be extended to
adsorption studies of supercritical fluid mixtures in porous
materials using deuterium labeling methods on one of the
components.42 One of the interesting applications of the de-
scribed methodology might be the investigation of the ad-
sorption of carbon dioxide, methane, and their mixtures in
various coals at different temperatures and pressures. The
results of such studies could be important for the sequestra-
tion of CO2 in deep coal seams as well as for the methane
drainage industry.51,52
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