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We study the adsorption and desorption of hexane in porous Vycor, as the ambient vapor pressure is
varied, through sorption isotherm, ultrasonic velocity and attenuation, and light scattering measure-
ments. On adsorption, we show that the fluid fills the pore space uniformly until capillary condensation
occurs; however, small, randomly distributed, vapor bubbles remain, as detected by a large increase in
the attenuation of the ultrasound. On desorption, the mismatch in the index of refraction between the
empty pores and the surrounding filled pores leads to intense scattering of light that reveals the presence
of long-range correlations in the pore space. These correlations have a fractal dimension of 2.6, which is
very near the value predicted for invasion percolation. Finally, we also investigate the time dependence
of the changes in the adsorbed fluid mass and use these measurements to identify three distinct regimes
with vastly differing mechanisms for mass transport. The results presented here provide information on
the differences in pore-space correlations on filling and drainage, and highlight the critical role of the
connectivity of the pores to the surface in determining the desorption behavior.

PACS number(s): 68.45.Da, 61.43.Hv, 68.10.Jy, 68.45.Nj

I. INTRODUCTION

The interaction of fluids with porous materials is
significantly different from that with smooth interfaces
[1,2]. Both the adsorption of the fluid as the pressure of
the ambient vapor is increased and the desorption as the
pressure is decreased are dramatically modified. On ad-
sorption, the large surface area per unit volume of a
porous material leads to a correspondingly large increase
in the amount of fluid that can be interfacially adsorbed
at low pressures of the ambient vapor. At higher pres-
sures, the small pores result in capillary condensation of
the fluid, causing a significantly larger amount of fluid to
be adsorbed at pressures well below the saturation vapor
pressure. On desorption of fluid from a completely sa-
turated porous material, the random structure of the pore
space plays a critical role, limiting the connectivity of
filled pores to the ambient vapor as its pressure is de-
creased, causing highly disordered pathways of empty
pores as they drain.

A fundamental understanding of the interactions of
porous materials with fluids has vast practical impor-
tance [1,2]. Porous materials are crucial to a wide
range of technologies, such as catalyst supports and
ultrafiltration membranes, and the adsorption and
desorption of fluids are critical in their performance. In
particular, the behavior on fluid adsorption and desorp-
tion is often used to characterize the pore space of the
material and to determine the distribution of pore sizes.
This is accomplished through a sorption isotherm, in
which the amount of fluid adsorbed in the porous materi-
al is measured as the pressure of the ambient vapor is in-
creased and then decreased. The basis for this methodol-
ogy is the pronounced change in the saturation pressure
of the ambient vapor for a small pore, due to capillary
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condensation of the fluid, and the strong dependence of
this saturation pressure on the radius of the pore, as de-
scribed by the Kelvin equation [2]. The reduction in the
amount of fluid in the porous material as the ambient
pressure is reduced is usually interpreted to yield a mea-
sure of the pore size distribution [1]. However, essential
to this interpretation is the assumption that all pores are
fully connected to the surface and the ambient vapor, so
that the Kelvin equation can be used to determine the
pore size distribution. If this connectivity is not estab-
lished, all the traditional interpretations of the pore size
measurements are highly dubious, and the whole metho-
dology must be reexamined [3]. The key to testing the
validity of these measurements is determining the corre-
lations in the empty pores as they drain [4]. If all the
pores of a given size empty at a given pressure, as is as-
sumed, then the empty pores should be randomly situated
as they drain, and there should be no correlations be-
tween them. By contrast, if the random geometry re-
stricts the connectivity of the pores to the surface, the
empty pores should exhibit long-range correlations as the
fluid is drained. Thus, a detailed investigation of the
behavior of a porous material on desorption of the fluid
as the pressure of the ambient vapor is reduced is essen-
tial to test the validity of these characterization tech-
niques.

The adsorption behavior of a porous material on filling
with fluid is very different, but also very interesting and
important. The critical behavior is determined by the
capillary condensation of the fluid to saturate the pores
fully. The geometry of the fluid as it fills the pore space is
thus markedly different from the case of drainage. There-
fore, the connectivity to the surface is also expected to be
different, and thus the possibility of long-range correla-
tions is greatly reduced. Nevertheless, recent theoretical
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work [5] has suggested that the filling of a porous materi-
al with fluid should not proceed completely uniformly but
should result in the formation of bubbles of vapor in the
fluid before it is completely filled. A careful investigation
of the behavior of a porous material as fluid is adsorbed
into the pores is required to test this assertion.

Vycor has long served as a prototypic porous material
[6,7]. The pore space in this borosilicate glass is formed
by a process of spinodal decomposition of a boron-rich
phase, which is then chemically etched out. This results
in a random, interconnected pore space, occupying about
30% of the total volume. The pores are roughly 30 A in
radius, separated by about 190 A, and have a short-range
correlation in position characteristic of a material formed
through spinodal decomposition. Vycor is a very impor-
tant material for technology, as it serves as the precursor
for the formation of many modern glassware products.
In addition, the high degree of uniformity, the small size,
and the large volume of its pores has made Vycor ideal
for studying the behavior of fluids within porous materi-
als.

In this paper, we present the results of a study of the
adsorption and desorption of hexane in Vycor. We com-
bine two independent experimental techniques, ultrasonic
propagation and light scattering, to elucidate the
behavior. We use ultrasonic measurements to probe the
nature of the fluid as it is adsorbed in the pore space.
The transit velocity of ultrasonic pulses provides a very
sensitive measure of the amount of fluid adsorbed in the
pore space; it also probes the small changes in the rigidity
of the Vycor itself as the pores are filled with fluid. The
ultrasonic attenuation probes the structure of inhomo-
geneities in the pore space as it is emptied or filled. The
light scattering measurements directly probe the long-
range correlations that are produced as the fluid is
drained from the Vycor.

We show that the correlations in the partially filled
pore space are dramatically different on filling than on
draining. On filling, we find no long-range correlations in
the filled pores; instead we find that the pore walls are ini-
tially coated uniformly with fluid until the pressure is
sufficiently large for capillary condensation to occur,
whereupon randomly distributed bubbles of vapor are
formed in the larger pores as the smaller pores become
completely filled. These uncorrelated vapor bubbles
shrink as the pressure is increased further, but are not el-
iminated until all the pores are completely filled. These
bubbles lead to a marked increase in the ultrasonic at-
tenuation. On draining, we observe extended fractal
correlations of the drained pores, with a fractal dimen-
sion of d r=~2.6, consistent with the value expected for
the analogous process of invasion percolation [8—11].

We also investigate the time evolution of the change in
the hexane absorption when the Vycor is subjected to a
step change in the pressure. From this, we extract the
diffusion coefficient of the hexane in Vycor; it is markedly
different depending on whether the transport process is
the relatively slow surface diffusion of interfacially ad-
sorbed hexane or the much more rapid diffusion of
changes in the liquid hexane density once capillary con-
densation of the fluid has completely filled the pores. At
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the point where the critical light scattering occurs, the
hexane desorption also exhibits a nonuniform behavior
and a large susceptibility to fluctuations, consistent with
the behavior expected near a critical point. The com-
bination of all these results provides a consistent picture
for the dynamics and structures formed when a single
fluid and its vapor coexist in a porous medium.

The paper is divided as follows: In Sec. II, we present
a description of both the ultrasonic and the light scatter-
ing experiments. This is followed by a more detailed dis-
cussion of the sorption isotherms of Vycor in Sec. III.
We then present details of the behavior of the Vycor on
adsorption in Sec. IV, followed by the behavior on
desorption in Sec. V. A discussion of the analysis of the
time dependence of the fluid and vapor flow in the Vycor
follows in Sec. VI. Section VII summarizes our most im-
portant results and conclusions.

II. EXPERIMENT
A. Ultrasonic measurements

The ultrasonic experiments were performed on a Vycor
rod, of diameter d=7.0 mm and length L=3.8 cm. The
ends of the sample were cut with a diamond saw and then
polished flat and parallel with aluminum oxide lapping
film. Ultrasonic transmission measurements were per-
formed by pressing the Vycor sample between two identi-
cal fused quartz delay rods, on the opposite ends of which
were bonded lead metaniobate transducers. The trans-
ducers and delay rods were both 0.5 in. in diameter.
Porous, compressible Teflon films, nominally 25 um
thick, were used to couple the ultrasonic energy across
the interfaces between the sample and the quartz delay
rods; this material was chosen over more conventional ul-
trasonic bonding agents since, unlike silicone fluids and
epoxies, it could not contaminate the porous Vycor sam-
ple by being sucked into the pores and it would neither
dissolve nor deteriorate in the presence of hexane vapor.
To ensure optimum ultrasonic transmission across the
Teflon bonding layers, a compressive stress was applied
to the delay-rod-sample—delay-rod sandwich with three
spring clamps, which also allowed the parallelism of the
transducers to be accurately aligned.

The sample—delay-rod assembly was inserted into a
transparent glass cell that had vacuum-tight seals be-
tween the glass cell and the cylindrical sides of the quartz
delay rods. This allowed hexane vapor to be admitted to
the sample while the transducers remained untouched by
the vapor outside the cell, thus preventing the hexane
from coming into contact with the epoxy bonds between
the transducers and the delay rods. The cell was connect-
ed via a third port to a large ballast tank (3800.37 cm?), a
hexane reservoir, and a pumping system. Two Baratron
gauges (dead volume 2.66 cm? each) were used to mea-
sure the pressure inside the ballast tank and the sample
cell (dead volume 14.19 cm?®). The hexane reservoir was
immersed in a temperature-controlled bath to control the
vapor pressure in the sample cell. The gas handling sys-
tem also allowed volumetric isotherm measurements to
be made concurrently with the ultrasonic measurements.
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This was accomplished by isolating the hexane reservoir
from the cell and admitting (or extracting) hexane vapor
to (or from) the ballast volume in precisely determined
amounts as measured by the Baratron gauges. The tem-
perature of the sample was 22.6 °C and was stabilized to
better than 0.01°C by immersing the cell in a second
temperature-controlled bath.

Because of considerable attenuation in the Vycor sam-
ple and in the Teflon bonding layers, the ultrasonic mea-
surements were performed in transmission rather than
reflection by generating a short 3 us pulse in one trans-
ducer and detecting the arrival time and amplitude of the
transmitted pulse in the second transducer. The mea-
surements were performed at four frequencies between 3
and 15 MHz by exciting the transducers either at their 2
MHz fundamental frequency or at one of their three
lowest odd harmonics. Longitudinal waves were used ex-
clusively in the present experiments. The sound velocity
in the sample, 3.53 km/s, was determined from the tran-
sit time through the sample by using a simple pulse-echo
overlap technique in which corrections for phase shifts at
the sample delay-rod interfaces were taken into account.
Changes in the velocity and attenuation were measured
with a quadratic phase detector, which enabled changes
in phase to be determined to better than 1 part in 10° and
changes in amplitude to better than 0.02 dB.

As the ambient hexane vapor pressure was varied, the
time evolution of the velocity and attenuation in the sam-
ple were monitored continuously in response to a small
change in the pressure. However, transient inhomo-
geneities in the fluid distribution inside the pores of the
Vycor limited the accuracy with which these dynamic
measurements of changes in attenuation could be per-
formed. As the pressure is varied, the hexane enters or
leaves the sample rod radially, starting from the outer
surface. Thus, while a new equilibrium configuration of
fluid in the pores is being established, there is a radial
concentration gradient of fluid in the sample, leading also
to a radial gradient in the ultrasonic velocity and wave-
length. Since the transducers have a larger diameter than
the sample, the entire sample is irradiated with sound,
but sound paths near the outside of the sample will have
different wavelengths than those near the center; thus the
relative phases of the waves arriving at different positions
across the detecting transducer will no longer be the same
as when the fluid distribution is uniform. This causes in-
terference effects at the detecting transducer, leading gen-
erally to a decrease in the detected signal; this occurs be-
cause the measured voltage from the transducer is pro-
portional to the spatial average of the ultrasonic field
across its surface, and the variation in phase causes par-
tial cancellation of this signal.

B. Light scattering measurements

The light scattering measurements were performed on
a different piece of Vycor, which was shaped as a disk,
about 2.5 cm in diameter and 6 mm thick. The disk was
mounted in a sealed container connected to a reservoir
tank of liquid hexane that was immersed in a
temperature-controlled bath, allowing the pressure of the

2765

hexane vapor in the system to be set by varying the tem-
perature of the bath. The sample cell had two flat win-
dows, which allowed visual observation of the Vycor as
the pressure was changed and also allowed a laser beam
to be directed through the sample to measure both the
transmission through the sample and the scattered light
intensity. The 5145-A line from an Ar™ laser was used
for these measurements.

The transmission of light through the sample was mea-
sured by placing a detector in the transmitted beam and
measuring the intensity. Apertures were used to prevent
scattered light from impinging on the detector, ensuring
that only the unscattered transmitted intensity was mea-
sured. Because of the large number of interfaces in the
beam, both those of the sample and those of the two win-
dows, the transmission was reduced to 0.8, even when
there was no scattering of the light within the Vycor.

The scattered light intensity was measured by placing a
lens of a relatively large focal length in the beam immedi-
ately before the sample cell. This lens focused the laser
beam through a small hole in a semitransparent scatter-
ing screen placed on the other side of the sample, in the
focal plane of the lens. A beam absorber, made by draw-
ing out a small piece of glass pipette and painting it
black, effectively absorbed all the light transmitted
through the hole in the screen. Because the screen was
placed at the focal plane of the lens, it represents a
Fourier transform plane with respect to both the lens and
the sample, so that the scattering at the screen is
equivalent to that in the far field. This scattered light in-
tensity was measured by imaging the screen onto a
charge-coupled-device (CCD) TV camera placed behind
the screen. The image was digitized by a computer, aver-
aged to improve the signal to noise ratio, and corrected
for the background and the response of the screen and
scattering system. The results were radially averaged to
obtain I (q), the dependence of the scattered intensity on
wave vector, ¢ =4mn sin(68/2)/A, where n is the index of
refraction of the Vycor, A is the wavelength of the light in
vacuum, and 0 is the scattering angle.

The CCD camera was operated in the linear response
mode, and the digitizer recorded 1 byte/pixel. Thus, the
effective dynamic range for each image was limited to
about two decades in intensity. To increase this dynamic
range, several images were recorded with the incident
laser adjusted to different power levels. At the low power
levels, there was no saturation of the camera, but the in-
tensities in the pixels at higher values of g were below the
noise level and could not be measured reliably. By con-
trast, at the higher incident power levels, the intensities
of the pixels at lower values of g were sufficient to satu-
rate the digitizer and could not be measured. The unreli-
able pixels of each image were discarded, and the data
sets were scaled by the relative incident power, allowing
the calculated I(g) to be combined to extend effectively
the accessible dynamic range in intensity to over four de-
cades. Similarly, the dynamic range in scattering angle
was increased by recorded data separately, using lenses
with two different focal lengths. The first had a focal
length of 35 cm, providing better resolution of the high-g
data, while the second had a focal length of 192 cm, pro-
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viding better resolution, of the low-g data. The curves
for I(q) were again combined by scaling them so that the
data matched in the overlapping regions of gq. This
effectively extended the dynamic range in ¢ to about two
and a half decades.

Over a small range in pressure of the ambient vapor,
the Vycor scattered light very strongly, causing it to turn
white in appearance. At this point, the scattering was so
intense that the light was multiply scattered, precluding
determination of its angular dependence. Thus scattering
data were collected only when the transmitted light was
reduced by no more than 10-15 %, limiting the range of
pressures over which reliable data could be obtained.

III. SORPTION ISOTHERMS

The adsorption and desorption of fluid in a porous ma-
terial such as Vycor are often characterized by means of a
sorption isotherm, which is a measure of the mass uptake
in the solid as the pressure of the ambient vapor is varied.
This can be measured gravimetrically; the weight of the
Vycor sample is measured as a function of the pressure of
the ambient vapor. The sorption isotherm can also be
measured volumetrically; a ballast tank of known volume
is evacuated and then connected to the sample container.
The pressure of the vapor in the ballast tank is measured
both before and after it equilibrates with the sample, ena-
bling both the change in volume of adsorbed gas and the
ambient pressure to be determined.

An example of a gravimetrically determined sorption
isotherm of hexane in Vycor is shown in Fig. 1, where we
plot the change in mass of the sample relative to the mass
of the empty sample, AM /M, as a function of the pres-
sure of the ambient vapor relative to the saturation pres-
sure, P/P;. The data obtained on adsorption are plotted
as open points, while the data obtained on desorption are
plotted as solid points. This isotherm was obtained by
using the piece of Vycor used in the light scattering mea-
surements. The sorption isotherm exhibits a pronounced
hysteresis [12], which is characteristic of this class of
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FIG. 1. Gravimetric sorption isotherm for hexane in the

Vycor sample used in the light scattering experiments.
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porous material. The data obtained on adsorption rise
monotonically from the lowest pressures until the max-
imum fluid uptake is achieved at a reduced pressure,
p =P/P, of about 0.6. By contrast, the data obtained on
desorption remain nearly constant as p is reduced from 1
all the way to about 0.4, whereupon they exhibit a precip-
itous drop, with more than half the fluid being desorbed
over a span of about 0.02 in reduced pressure. As the
pressure of the ambient vapor is decreased still further,
the data for adsorption and desorption overlap.

The origin of the hysteresis in the isotherm can be un-
derstood by considering the behavior of a single, straight
pore of radius r. If the fluid is wetting, as in the case for
hexane in Vycor, the ends of the pores become curved as
p is reduced. The smallest radius of curvature is that of
the pore itself, 7, so that the average curvature is 2/7, the
sum of the two principal radii of curvature of the end
cap. Because of the surface tension, the pressure on the
vapor side is greater than that in the fluid, with the pres-
sure difference given by the Laplace equation,

ap=22 (1)
r
where o is the surface tension of the fluid. As p is de-
creased still further, the pore is drained; the decrease in
condensation energy of the fluid due to this pressure
difference across the curved interface results in a lower-
ing of the saturation pressure, as given by the Kelvin
equation [2],

P —oV,, /rkgT
—_— = m , 2
P, e (2)

where V,, is the molar volume of the fluid, kp is
Boltzmann’s constant, and T is the temperature. The
behavior on adsorption is markedly different. As the
pressure of the ambient vapor is increased from zero, up-
take of the fluid by the Vycor initially occurs through ad-
sorption of the hexane molecules onto the interfaces of
the pores of the Vycor. Thus, the average curvature of
the interface is only 1/7, necessitating a higher pressure
of the ambient vapor to cause capillary condensation
than was needed to start the pore drainage.

This difference in the radii of curvature on filling and
emptying, due to the different geometries of the liquid-
vapor interface, is the origin of the hysteresis in the sorp-
tion isotherm. Any real porous material will have a dis-
tribution of pore sizes and shapes, resulting in a more
gradual increase in the rise of the sorption isotherm.
Nevertheless, this method is extremely sensitive to the
shape and distribution of pores; thus the sorption iso-
therms of different pieces of Vycor can be noticeably
different, reflecting slight differences in the pores. For
this reason, we measure the separate sorption isotherms
for each piece of Vycor used in these experiments.

This sensitivity is also the basis for measurements of
the distribution in pore sizes [1]. Because of the uncer-
tainty in the shape of the interface as the fluid is adsorbed
onto the solid, these measurements are normally done on
desorption. The Kelvin equation is used to relate the
pressure of the ambient vapor to the pore size, while the
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amount of fluid desorbed determines the distribution of
pores of each radius. Of course, this interpretation impli-
citly assumes that each pore is connected to the surface,
so that at each pressure all pores of the radius determined
by the Kelvin equation can be drained. Thus, verifying
this assumption of connectivity is essential in confirming
the reliability of this method of determining the pore size
distribution.

IV. FLUID ADSORPTION

In this section, we show how ultrasonic velocity and
attenuation measurements can be used to obtain informa-
tion on the behavior of the fluid in the pores during ad-
sorption, concentrating especially on the final stages of
filling. These experiments probe the geometrical config-
urations of the liquid and vapor on filling and test the
predictions of some current models for the adsorption
process. In addition to providing information on the
fluid mass uptake, these ultrasonic data also allow us to
infer the presence of uncorrelated vapor voids that form
over the range of ambient pressures over which at least
some of the individual pores become completely filled by
capillary condensation. This behavior contrasts strongly
with our observations during desorption and is an impor-
tant manifestation of the dramatic differences that are
found on filling and drainage.

The velocity of longitudinal ultrasonic waves in Vycor
is determined by its longitudinal elastic modulus 8 and
density p via the relation

v=VB/p . 3)

Thus, as fluid is added to the pore space by increasing the
ambient vapor pressure, the change in the sound velocity
reflects a competition between the increase in modulus
(which tends to increase the velocity) and the increase in
total density due to the mass of the adsorbed fluid (which
tends to decrease the velocity). Rewriting Eq. (3) in
terms of changes in the ultrasonic transit time ¢t =L /v
and solving for the relative change in the sample mass
due to the adsorbed fluid gives

AM _Ap_,Ar [Ac) A, A [Ac]
M, po Lo Iy 0 to Iy
~2At BB @)
to Bo

where the subscript O denotes values in empty Vycor, and
the second approximate relation holds for small changes
in the transit time and modulus. When the longitudinal
modulus is unaffected by the adsorbed fluid, as would be
expected at least for low adsorbate concentrations, the
change in the relative mass is equal to twice the change in
the relative transit time. Then the relative transit time
provides an accurate and sensitive measure of the adsorp-
tion isotherm [13]. Conversely, if the relative mass
change is determined independently by a separate mea-
surement of the adsorption isotherm, Eq. (4) can be used
to obtain the variation of the modulus.

Figure 2(a) shows a comparison of At/t, with
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FIG. 2. (a) Comparison of the relative change in the mass,
AM /M, and ultrasonic transit time, At/t,, on adsorption.
Note the difference of a factor of 2 in the vertical scales. (b)
Relative change in the longitudinal modulus, AB/f,, calculated
from the data shown in (a).

AM /M, which was measured simultaneously from the
volumetric isotherm. The ultrasonic data were taken at a
frequency of 6.2 MHz, which corresponds to a wave-
length of 570 um. Note that the y-axis scale for the iso-
therm data is twice that of the transit time data. This
figure clearly shows the remarkable fact that, for pres-
sures all the way up to p =0.7, the increase in the relative
transit time is almost exactly equal to half the increase in
the relative mass; the slight discrepancy between these
two quantities for 0.5 <p<0.7 is entirely accounted for
by the quadratic terms in Eq. (4). Thus, the modulus is
unaffected by adsorbed layers of fluid until the pores be-
come completely filled. This is shown in Fig. 2(b), where
we plot the relative change in the longitudinal modulus
that is calculated directly from our ultrasonic transit time
and volumetric isotherm data, using Eq. (4). There is no
significant variation in the modulus until p=0.7, al-
though the fluctuations in the calculated modulus are
greater than those in either the transit time or isotherm
data because calculating the modulus from the data in-
volves taking the difference of two nearly equal quanti-
ties. At p=0.7, there is a very sudden increase in the
modulus of about 5%, followed by a gentle rise to a final
value, at p=1, that is nearly 6% larger than the modulus
of empty Vycor.

Before discussing in greater detail the novel features of
these data, we first use a conventional analysis of our iso-
therm measurements to determine the surface area and
porosity of our Vycor sample. The surface area of porous
materials is frequently determined from measurements of
the fluid mass uptake at low pressures by using the ad-
sorption model of Brunauer, Emmett, and Teller (BET)
[14]. Applying this model to our combined ultrasonic
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and volumetric isotherm data shows that complete mono-
layer coverage occurs at AM /M ;=0.036, corresponding
to 27% of the total fluid mass uptake. Using an estimat-
ed value for the cross-sectional area of a hexane molecule
of 40 A%, we find that the surface area for our sample is
~ 100 m?/g, in good agreement with other measurements
[7,13]. We note that this assumes that the anisotropic
hexane molecule is preferentially oriented with its long
axis parallel to the surface; any model that assumes that
the long axis is oriented perpendicular to the surface
gives an area that is not consistent with our isotherm
data. The net change in mass of the Vycor when the
pores are completely filled with hexane (density
p=0.6603 g/cm? [15]) is 13.4%, allowing us to determine
the porosity, $~0.309. This number agrees well with a
value of the porosity, ¢ =0.304, calculated from the mea-
sured density of the dry Vycor sample (p=1.54 g/cm?),
assuming that the density of solid glass matrix is the same
as fused quartz (p=2.20 g/cm? [16]).

The changes in the Vycor modulus observed in Fig. 2
directly reflect the dramatic changes that occur in the
effective hexane modulus. This can be shown from the
effective medium model for sound propagation in a fluid-
filled porous solid that was developed by Biot [17,18].
There are two important frequency regimes in Biot’s
theory, depending on the ratio of the mean pore radius »
to the viscous penetration depth §=(2u/pyw)!’2. Here
p and py are the fluid viscosity and density and w /27 is
the ultrasonic frequency. At high frequencies, § <<r, the
fluid and solid are only weakly coupled together, with the
result that a second, slow, longitudinal mode is predicted.
However, for our range of ultrasonic frequencies,
$=22000 A >>r, so that the fluid is viscously locked to the
Vycor matrix and only a single longitudinal mode can
propagate. In this limit, Biot’s theory predicts that the
change in the Vycor modulus due to the fluid is given by

A5 (Ko=KoVBu/Bo 1| Ko |'Bu
Bo  ¢KZ+HI(1—9)Ko—KoBy ¢ | Ko | Bo’
(s)

1_

where ¢ is the porosity, K is the bulk modulus of the
amorphous quartz glass that makes up the Vycor matrix,
and K, is the bulk modulus of empty Vycor. The second,
approximate expression is valid when the modulus of the
fluid is much less than that of the solid; for hexane in
Vycor, the error involved in this approximation is no
more than a few percent. Thus, to a good approximation,
the change in the Vycor modulus is proportional to the
effective fluid modulus By, enabling the latter to be inves-
tigated under the very unusual conditions to which the
fluid is subject in porous media.

Biot’s theory also gives a prediction, in terms of B, K,
By, Ko, and ¢, for the total change in the Vycor modulus
when the pores are filled at the saturated vapor pressure.
Using our measured values of the longitudinal and shear
wave velocities for the empty Vycor sample, v;=3.53
km/s and v,=2.11 km/s, we determine that B,=pv?}
=1.92X10"° Pa and K;,=B,—%G,=1.01X10" Pa,
where G,=pv?=6.86X10° Pa is the shear modulus.
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Combining these results with literature values of the
quartz modulus, K, =3.03X 10'° Pa [16], and the liquid
hexane modulus, ; =8.03 X 10® Pa [19,20], we find that
Eq. (5) predicts that AB3/B,=0.0584, which is in excep-
tionally good agreement with our experimental value of
0.059. This excellent agreement at p=1, where the hex-
ane modulus is known from other measurements, demon-
strates that Biot’s theory can be used quantitatively to in-
vestigate the behavior of the hexane modulus in the
Vycor matrix at low pressures, where other effects cause
it to be reduced.

A second effective medium theory can be used to gain
insight into the remarkable observation that the modulus
of Vycor is unaffected by the adsorption of vapor until
the pores are virtually all filled with liquid. The origin of
this behavior is the presence of vapor voids, which persist
in the pores right up to the final stages of filling. At low
pressures, a liquid layer builds up on the pore walls and
the voids form a continuous network connected to the va-
por reservoir outside the sample. Above p~0.45, the
necks and small pores begin to fill by capillary condensa-
tion, thus forming vapor bubbles, which shrink in size as
the ambient vapor pressure is increased further. The
bubbles do not disappear, however, until the pore space is
completely filled with liquid. For bulk liquids, the pres-
ence of these vapor voids has a dramatic effect on the
modulus of the fluid, as can be seen from Wood’s approx-
imation [21] for the effective modulus of a liquid-vapor
mixture:

1 _1-dy 4 ©
By BL By’

where By, B;, and B are the moduli of the hexane fluid
mixture, the liquid, and the vapor, respectively, and ¢ is
the volume fraction of vapor in the pores. In this approx-
imation, the compressibilities (1/8) of the liquid and va-
por are added in proportion to their volume fractions, so
that the effective modulus of the fluid mixture is dominat-
ed by the very weak modulus of the vapor voids. Thus
this simple effective medium approximation predicts that
the modulus of the fluid-vapor mixture is so small for
éy > 1073 that it makes a negligible contribution to the
total Vycor modulus. The sharp rise in A3/, at p ~0.7
is therefore a direct measure of the dramatic increase in
the hexane-bubble modulus as the vapor bubbles in the
remaining 1% of the pore space are filled.

Additional information on the presence of vapor mi-
crobubbles during filling by capillary condensation is pro-
vided by the ultrasonic attenuation. As shown by the
open circles in Fig. 3, the excess attenuation relative to
empty Vycor exhibits a large, asymmetric peak that is
centered near p =~0.7, where the sudden increase in the
modulus is observed. At higher pressures there is a sharp
cutoff in the attenuation as all of the pores become com-
pletely filled; at lower pressures the attenuation decreases
more gradually, extending down to p =~0.45, where capil-
lary condensation first occurs in the smallest pores. Thus
the attenuation is a maximum when the bubbles occupy
about 1% of the pore space, and attenuation is observed
over the entire range of pressures for which vapor bub-
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FIG. 3. Change in the ultrasonic attenuation during filling
(open symbols) and drainage (closed symbols) at a frequency of
6.2 MHz.

bles are present. This strongly suggests that the attenua-
tion is caused by the vapor bubbles. From the Laplace
and Kelvin equations, Egs. (1) and (2), we estimate }hat
the average radius of these vapor bubbles is » =50 A at
the attenuation peak; this is somewhat larger than the ra-
dius of pores and is consistent with the last vapor bubbles
remaining the larger pore spaces; for example, where
several pores meet. The frequency dependence of the at-
tenuation indicates that the dominant interaction mecha-
nism is absorption and not scattering; the attenuation
varies approximately as o'* for frequencies between 3
and 15 MHz. Although these data do not extend over a
very large range of frequencies, they are clearly sufficient
to rule out any scattering mechanism since in this case
the attenuation would vary as w*, as the ultrasonic wave-
lengths are much larger than the size of possible scatter-
ing sites in Vycor. By contrast, absorption mechanisms
usually have a quadratic or lower frequency dependence,
the exact power law depending generally on the proximi-
ty of the inverse frequency to the relevant time scales in
the system. Thus only an ultrasonic absorption mecha-
nism is consistent with our data.

We believe that this large attenuation is caused by an
additional form of motion of the fluid that is possible
when the pores are partially filled with liquid [22]. We
assume that, in response to the pressure fluctuations
created by the sound, the pore space in the Vycor
“breathes” so as to sinusoidally squeeze the liquid and va-
por contained in the pores. There are two possible
responses of the liquid to this “breathing” of the pore
space; it can be compressed, thereby accommodating all
the change in volume of the pore space; or it can flow axi-
ally along the pores, thereby compressing the vapor to
accommodate the change in volume. When the pores are
completely filled with liquid, the liquid must be
compressed and no significant axial flow can occur. By
contrast, for partially saturated porous media, the vapor
is significantly more compressible, and thus one might ex-
pect that all of the volume change is taken up by the va-
por, resulting in appreciable viscous flow of the liquid
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along the pores. This is, in fact, true for low frequencies
and leads to a much larger dissipation (and concomitant
large attenuation of the sound) then would be observed at
the same frequency if only compression of the liquid were
possible. Furthermore, at higher frequencies, the viscous
resistance in the liquid can become large enough that it is
easier to compress the liquid than to make it flow along
the pores. The crossover between these two flow regimes
yields a complicated frequency dependence of the at-
tenuation. This can account for the frequency depen-
dence observed in our experiments.

V. FLUID DESORPTION

The behavior on draining the hexane from the Vycor is
markedly different than that observed during filling. We
summarize this behavior in Fig. 4, where we compare the
volumetric desorption isotherm with the change in the
relative transit time and the calculated change in
modulus. All three sets of data exhibit pronounced drops
over a very narrow range in pressures, around a reduced
pressure of p =0.5. This pressure is significantly less than
the pressure at which the pores are filled because of the
capillary condensation on adsorption, reflecting the hys-
teresis in the isotherm. Moreover, the pronounced max-
imum in the transit time observed on filling [cf. Fig. 2(a)]
is absent on draining. These dramatic differences reflect
the different physics on desorption as compared to ad-
sorption.

As the ambient vapor pressure is first reduced from the
saturation value to about 0.5 of P, the desorption iso-
therm shows that the mass of sample decreases only a
small amount. By comparison, as shown in Fig. 4(a),
over the same range in ambient pressure, the transit time
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FIG. 4. (a) Relative change in the mass, AM /M,, and ul-
trasonic transit time, At /t,, on desorption. (b) Relative change
in the longitudinal modulus, AB3/f3,, calculated from the data
shown in (a).
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increases by a small but noticeable amount. For P
greater than about 0.75, the change in transit time mea-
sured on draining exactly matches that measured on
filling. However, the sharp rise at slightly lower pres-
sures evident in the adsorption data is completely absent
from the desorption data. Moreover, as shown by the
solid symbols in Fig. 3, the large increase in the sound at-
tenuation caused by the vapor microbubbles at p =0.7 is
also completely absent from the attenuation data. Thus,
we conclude that no vapor bubbles are formed in the hex-
ane within the pore space on draining for pressures all
the way down to p=0.48. Instead, the decrease in the
mass must reflect the lowering of the hexane density due
to very large negative pressures in the fluid within the
pores and a concomitant drainage of hexane that still
leaves the pores completely filled. These negative fluid
pressures are caused by the curvature of the interface as
the ambient vapor pressure is reduced. They can be cal-
culated with the Laplace and Kelvin equations, and are
as low as —130 atm.

Over this range of pressures, from p =1 to p =0.5, the
decrease in the mass of the sample should, by itself, cause
the relative transit time to decrease with p. Instead, how-
ever, the relative transit time increases by about 0.007.
Thus, to account for both the decrease in mass and the
increase in transit time, the modulus must exhibit a
significant decrease, by ~0.02, as shown in Fig. 4(b).
This decrease in modulus can only result from the very
large negative pressures in the fluid within the pores,
which can affect the modulus of both the hexane and the
solid Vycor. We can estimate the change in modulus of
the hexane by extrapolating pressure-dependent measure-
ments of the velocity to negative pressures. This can ac-
count for roughly half of the total decrease in modulus.
The larger decrease in the modulus observed here may re-
sult from a further softening of the modulus of the hex-
ane as it approaches the spinodal line where 8 goes to
zero. Although this stability limit has not been directly
observed for hexane because of the extreme technical
difficulties of achieving the required large negative pres-
sures, we estimate that it is likely to be reached in the
range of pressures between —200 and —500 atm based
on investigations of other liquids [23,24]. Thus it is quite
conceivable that this effect is important at the largest
negative pressures reached in Vycor. In addition, the
large negative pressure may also reduce the modulus of
the Vycor matrix.

The very sharp decrease in relative mass observed in
the desorption isotherm occurs over a range of reduced
pressures of less than 0.03, around p =0.47. In the first
part of this range as p decreases, the transit time does not
vary at all, while the reduced mass decreases sharply, in-
dicating that about 30% of the total hexane has been
drained. At this point, the relative transit time becomes
equal to AM /2M, and begins to decrease with decreasing
D, directly reflecting the decreasing mass as the remainder
of the hexane is drained. Over this range the relative
change in the transit time measured on desorption is
identical to that measured on adsorption. The sharp
drop in mass just above p =0.47, along with the lack of
change in the transit time, means that the modulus must
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decrease precipitously, reflecting a substantial softening
of the medium. By analogy to the behavior observed on
filling, this suggests that large voids are formed in the
pore volume as soon as the hexane drainage begins. By
the time p=0.47 and 30% of the total hexane has
drained, the modulus has been reduced to the value of the
empty Vycor, as seen in Fig. 4(b). In fact, the figure indi-
cates that the modulus actually decreases below that of
the empty Vycor. This behavior is unphysical and must
reflect large inhomogeneities in the Vycor as the drainage
proceeds from the outer surface in toward the central
core of the sample. Because of phase cancellation at the
detector, these inhomogeneities can produce somewhat
larger changes in the measured transit time than actually
occur.

Further evidence for these large-scale inhomogeneities
is seen in the ultrasonic attenuation data. As shown in
Fig. 3, the attenuation exhibits a very sharp peak when
the relative mass of the sample begins to change because
of the draining of the hexane. This peak in the attenua-
tion is not as large in magnitude as that observed during
the filling of the Vycor; however, it is considerably more
narrow. That this peak is caused by large-scale inhomo-
geneities is evident from the highly unusual frequency
dependence. We illustrate this in Fig. 5, where we plot
the attenuation measured at several pressures as a func-
tion of frequency. No trend whatsoever is observed; in-
stead, the data are completely random, increasing or de-
creasing, or even going through a peak, with frequency.
Thus, the value of p at which the peak occurs depends
somewhat on the frequency used to measure the attenua-
tion; however, a peak is observed for each frequency at a
pressure within the narrow range of p over which rapid
drainage occurs. The origin of this attenuation is again
the large spatial inhomogeneities in the Vycor as the hex-
ane is drained and voids are formed, leading to interfer-
ence effects at the detector, which manifest themselves as
an increase in the observed attenuation, with large and
erratic frequency variations rather than the usual
behavior expected for absorption or scattering.

To characterize these inhomogeneities better, we mea-
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FIG. 5. Frequency dependence of the ultrasonic attenuation
near the sharp peak on desorption.
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sure the amount of light scattering by the Vycor. On
filling, the transmission is essentially constant, although a
small dip is observed when capillary condensation first
begins to occur. The behavior of the transmission on
draining is dramatically different. Over the range in pres-
sures at which the hexane drains, the transmission exhib-
its a very sharp and narrow dip, as shown in Fig. 6. The
beginning of the dip corresponds to the pressures at
which the hexane just begins to drain, while the
minimum transmission occurs at pressures at which a
large fraction, but not all, of the hexane has drained.
When the pressure is first decreased, the transmission
varies somewhat across the sample; however, eventually
the transmission becomes uniform across the sample as it
is held at the new pressure. The time to achieve uniform
transmission can be many hours. All the data shown in
Fig. 6 were collected after the sample had equilibrated
and the transmission was spatially uniform.

The origin of this sharp dip in the transmission is very
strong scattering of light within the Vycor. This causes
the Vycor to turn white and allows the scattering regions,
and the spatial inhomogeneities, to be directly observed
visually. When p is adjusted to the value where the rela-
tive mass just begins to decrease, the white regions ap-
pear initially as spots on the surface of the Vycor. This is
illustrated in Fig. 7, which is a picture of the Vycor sam-
ple viewed through the windows of the cell and recorded
by imaging the surface of the sample onto the CCD cam-
era and digitizing the image. The sample is illuminated
from behind, and thus the white spots on the surface
scattering light and appear as darker regions. Some re-
gions toward the center appear even darker because of
white regions at both interfaces. If the sample is main-
tained at a constant pressure, the scattering regions ex-
pand to cover uniformly the surface of the sample. How-
ever, large inhomogeneities do persist, as the scattering
regions are clearly confined to the surface and do not ex-
tend all the way into the Vycor. It is only when the pres-
sure is further lowered by a small amount that the white
regions appear to extend all the way into the sample.
Thus, the Vycor clearly drains in from the surface. Simi-
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FIG. 6. Transmission of light through Vycor on adsorption
(open symbols) and desorption (closed symbols).

2771

‘S;ﬂ.m;e Holder )

<1 mm-»

FIG. 7. Picture of Vycor as p is lowered to a value near the
edge of the sharp drop in the desorption isotherm where the
sample begins to turn white. The sample is illuminated from
behind so that the white spots that scatter light appear dark.

lar behavior will occur for the rod-shaped sample used
for the ultrasonic measurements. Initially, only the outer
ring will drain, while the center will remain saturated.
The resultant inhomogeneity will lead to the observed at-
tenuation and will cause the dip in the calculated
modulus.

This intense scattering of the light must be caused by
the draining pores. When the Vycor is empty, there is a
relatively large mismatch in the index of refraction be-
tween the empty pores and the surrounding glass; howev-
er, the size of each pore is very small, and, over length
scales comparable to the wavelength of light, their densi-
ty appears homogeneous. Thus, there is relatively little
scattering of light. When the pores are completely sa-
turated with fluid, there is virtually no mismatch in the
index of refraction, and the scattering is reduced even
further. However, when the Vycor drains, only some of
the pores are emptied. All the surrounding pores are still
filled with fluid and are thus index matched to the glass
so that they do not contribute any scattering. By con-
trast, the empty pores can form structures with much
larger range correlations; the size of these can be larger
than the wavelength of light. This will result in very
strong light scattering, much stronger than that of either
the empty or the filled Vycor.

We determine the structure of these correlated regions
by measuring the angular dependence of the scattered
light. This can only be done at values of p between about
0.39 and 0.40 for this sample. At higher pressures, the
scattering is too weak to exhibit any significant angular
dependence, while at lower pressures, the scattering is so
intense that multiple scattering significantly distorts the
observed behavior.

We show the angular dependence of the scattered light
when p =0.39 in a logarithmic plot in Fig. 8. The exhibit
a power-law behavior over an extended range. Thus the
structure of the correlated regions of drained pores must
be fractal. The slope of the data in Fig. 8 provides a mea-
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FIG. 8. Variation of the scattered light intensity with wave
vector, showing the fractal correlations of the empty pores. The
fractal dimension is d;=2.6, as indicated by the slope of the
solid line.

sure of the fractal dimension, d 2.6, as illustrated by
the solid line beside the data. At values of g around 0.1
um 1, the data saturate and become independent of g for
smaller values. If the pressure is reduced slightly, the
scattering at large g remains identical to that shown in
Fig. 8, while the crossover shifts to somewhat smaller
values of g. We emphasize that it is only the drained
pores, which are surrounded by filled pores, that exhibit
these fractal correlations; when the pore space is com-
pletely empty, the pores themselves do not have fractal
correlations, as indicated by the isotropic scattering from
the dry Vycor.

The correlations must result from the restricted con-
nectivity of the pore space to the surface of the Vycor.
Even though a larger number of pores can be drained at a
given value of p according to the Kelvin equation, not all
of these are actually drained because the access to the
surface of many of these pores is blocked by smaller pores
that still cannot drain. It is only those pores that are
connected to the surface through even larger pores that
drain as the appropriate value of p is reached. This re-
sults in the fractal correlations of the empty pores.

Further insight into this behavior can be obtained by
the recognition that, at least initially, the drainage pro-
cess is analogous to invasion percolation [9]. Invasion
percolation occurs when a nonwetting fluid is forced into
a porous medium containing a wetting fluid and when the
rate of injection is so slow that all motion is dominated
by capillary effects. Then, the invading fluid can only be
injected into a pore if the applied pressure is larger than
the Laplace pressure across the interface at the pore.
However, a pore will only be filled with the injected fluid
if it is connected to the source of this fluid, and this can
only occur if all the pores connecting it to the source
have larger diameters. This process can be mapped onto
bond percolation and leads to a fractal structure for the
flooded pores. In three dimensions, the fractal dimension
is predicted to d,~2.5.

In the case of the draining of the Vycor, the hexane
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wets the surface of the Vycor, while the vapor represents
the nonwetting fluid. At the early stages of the drainage,
the process is identical to invasion percolation, account-
ing for the fractal correlations of the emptied pores. The
measured value of the fractal dimension is in excellent ac-
cord with that expected for invasion percolation. As the
drainage proceeds, the range of the fractal structures
grows, and their correlation length becomes larger. Bar-
ring any large-scale inhomogeneities in the sample, the
correlation length should ultimately extend to the full
thickness of the Vycor. As further drainage proceeds,
the pores between the fractal structures are drained,
causing the correlation length to begin to decrease. At
this point, the direct analogy to invasion percolation
breaks down; ultimately all pores are drained, whereas,
by contrast, not all pores are filled with an injecting fluid.

Fractal correlations in draining Vycor have been re-
ported previously [25,26]. The value of the fractal di-
mension obtained in the neutron scattering experiments
was d »=~1.75, substantially less than that obtained in our
experiments. However, these observations were based on
small angle neutron scattering results, which probed
structures at much larger values of ¢ and limited the ob-
servations to the early onset of the fractal correlations.
Thus, it is possible that the neutron scattering results
were still susceptible to effects due to short-range correla-
tions in the pore structure, masking the true fractal
correlations in the drained pores.

Our results clearly show that connectivity plays a criti-
cal role in the drainage process of a fluid from a porous
medium. Thus any determination of the distribution of
pore sizes using the sorption isotherm and the Kelvin
equation that ignores the consequences of this connectivi-
ty will be invalid. This calls into question many com-
monly used methods. The importance of the connectivity
in the measurements of pore size distributions in porous
materials has been considered previously, but there is, as
yet, no satisfactory method to incorporate these effects
properly. This remains a key challenge in the study of
porous materials.

VI. TIME-DEPENDENT BEHAVIOR

To learn more about the physics of adsorption and
desorption, we also measured the time for fluid to diffuse
into or out of the pores in response to a step change in
the external vapor pressure. This was investigated during
the ultrasonic and concurrent volumetric isotherm exper-
iments by recording the time dependence of the changes
in adsorbed fluid mass, ultrasonic transit time, and at-
tenuation as the external pressure was varied. Because
the pore space of Vycor is so narrow and tortuous, the
characteristic time for fluid to enter or leave the sample is
generally extremely long. Remarkably, it also varies by
several orders of magnitude during filling and drainage as
the dominant mechanism for mass transport changes. Of
particular interest is the desorption behavior in the criti-
cal regime, where substantial amounts of fluid first begin
to leave the sample and fractal correlations in the empty
pore space are observed; in this regime, the flow of fluid
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from the pores does not reach an equilibrium
configuration on a time scale of days and is extremely
sensitive to very small fluctuations in the ambient condi-
tions.

Apart from the behavior in the critical desorption re-
gion, the transport of fluid into or out of the pores is ex-
pected to be well described by using a diffusion model.
For the cylindrical sample used in these experiments, the
fluid diffuses radially, and the solution of the diffusion
equation for the mass of fluid, m (¢)—m,, that has en-
tered or left the sample after a step change in the pressure
at time =0 is given by [27]

- < _4 2
m(t)=my+8m [1— ¥ ——exp(—Dayt)|, (7

n=1 4 n

where m is the mass of fluid present uniformly in the
sample at t=0, 8m is the total change in fluid mass after
infinite time, a is the sample radius, aa, are the roots of
the zeroth order Bessel function of the first kind, D is the
diffusion coefficient, and ¢ is the time. Thus the diffusion
coefficient D can be obtained by fitting this expression to
time-dependent adsorption data; D can also be obtained
from changes in ultrasonic transit time and attenuation
with time, provided that the variation in these quantities
is proportional to the change in the mass of adsorbed
fluid.’ At long times, ¢ > a’/5D, the behavior is dominat-
ed by the first term in the sum over n, and a single ex-
ponential decay is observed.

It should be noted that Eq. (7) is the solution of the
diffusion equation, under the assumption that the final
pressure after the step change remains constant. For
volumetric isotherm measurements, this condition cannot
be strictly met because of the finite size of the ballast
reservoir. However, in our experiments, the large ballast
volume used ensured that the variation in the ambient
pressure following a step change in p was an extremely
small fraction of the total pressure change, and this small
variation resulted in an insignificant distortion of the ob-
served time dependence. The only exception occurred
during the sharp drop in AM /M, on desorption, when
the quantities of fluid leaving the Vycor sample were so
large that, even using our very large ballast volume, the
resulting pressure increase after the step was actually
found to exceed the initial step change in p; in this re-
gime, volumetric isotherm measurements of the time
dependence were not feasible, and meaningful data could
only be obtained with the sample connected to a liquid
hexane reservoir maintained at constant temperature.
Thus, in this regime, we were only able to investigate
time-dependent behavior by using measurements of the
ultrasonic transit time and attenuation.

A typical set of data, taken during desorption as the re-
duced pressure p was changed from 0.331 to 0.299, is
shown in Fig. 9. These data are representative of the
behavior observed at reduced pressures up to about 0.7
on adsorption and below about 0.45 on desorption. Fig-
ure 9(a) shows the variation with time of the relative mass
AM /M, of hexane in the Vycor sample, calculated from
the variation in the pressure of the hexane vapor sur-
rounding the sample during the volumetric isotherm
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FIG. 9. Time dependence of (a) the relative mass, AM /M,;
(b) the ultrasonic transit time; and (c) the ultrasonic attenuation
as the relative pressure is lowered from 0.331 to 0.299 at time
t=0s. The solid lines show the results of fitting Eq. (7) to the
data, as described in the text.

measurements. As is the case for all the time-dependent
graphs presented in this section, the zero of the time axis
coincides with the time at which the pressure was
changed abruptly to its new value. The solid curve in
Fig. 9(a) shows the best least-squares fit of Eq. (7) to these
data, with D as an adjustable parameter but with ém
fixed by the condition that the total variation in m (¢) be
given by the difference between m and the infinite time
limit of m (¢) as determined directly from the data. In
the fit, only the first eight terms is the sum were included
since the terms for higher n fall to zero so quickly that
their contribution even to the first data point for >0 is
negligible; these higher-order terms do, of course, make a
small contribution (=5%) at t=0 to the second term in
Eq. (7), and this was correctly taken into account by
determining &m as outlined above. It can be seen from
this figure that the diffusion model gives an excellent
description of the measured time dependence of AM /M,
implying that accurate values of the diffusion coefficients
can be determined from these data. For the data shown
in this figure, we obtain D =1.52X 1075 cm?/s.

Figures 9(b) and 9(c) show the variation in the ul-
trasonic transit time and attenuation measured at 6.2
MHz, due to the change in the mass of absorbed fluid
shown in Fig. 9(a). Because of the diffraction and in-
terference effects discussed in Sec. II, the time depen-
dence of At/t;, does not track the time dependence of
AM /M exactly, allowing only approximate values of the
diffusion coefficient to be obtained by fitting Eq. (7) to the
transit time data. In particular, the measured transit
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time underestimates the initial distribution of fluid in the
sample just after the pressure has been changed, although
it follows the later time behavior (when the fluid has
penetrated further into the sample) quite closely. To ac-
count for this, the first couple of data points were exclud-
ed from the fit of Eq. (7) to the transit time data. The
solid curve in Fig. 9(b) shows the result of this fit, giving
a value for D of 1.3 X 107> cm?/s, which is within 20% of
the value found from the isotherm data. The change in
the attenuation, shown in Fig. 9(c), further confirms that
the discrepancies in the time dependence of At /t, arise
from subtle phase interference effects resulting from the
fluid nonuniformity. As can be seen from the figure, the
attenuation initially undergoes a very small increase just
after the pressure is lowered, followed at later times by a
somewhat larger decrease as the final equilibrium value is
reached. Thus, the attenuation is greatest when the fluid
inhomogeneity is largest and is not a direct measure of
the total change in fluid concentration. Therefore, a
diffusion coefficient cannot be determined from these at-
tenuation data.

The variation of the apparent diffusion coefficient with
pressure on both filling and drainage is shown in Fig. 10.
Except for the data at the highest pressures, which are
discussed in more detail below, these diffusion coefficients
were determined from the isotherm data for AM /M.
Data taken for increasing pressure are indicated by open
circles and for decreasing pressure by closed circles, with
the dashed and solid lines serving as guides to the eye.
For reduced pressures up to about 0.6 on filling and
below 0.4 on draining, the diffusion coefficient is relative-
ly independent of pressure, having values varying from
6X107%to 2X 107> cm?/s, with D typically being on the
order of 1X107° cm?/s for most pressures in this range.
We identify these values of D with surface diffusion,
which is the dominant transport mechanism in the pres-
sure range where the pore walls are covered with an ad-
sorbed film, but where none of the pores are filled by

DIFFUSION CONSTANT (cm’/s)

P/P,

FIG. 10. Pressure dependence of the diffusion coefficient for
fluid mass transfer in Vycor on adsorption (open symbols) and
desorption (closed symbols). The lines are guides to the eye.
Note the gap in the data for 0.48 > p> 0.45 on desorption, where
the diffusion model fails to describe the fluid drainage.
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capillary condensation. It is interesting that these values
of the surface diffusion coefficient are comparable to mea-
sured values (ranging from 9.9X107% cm?/s to 1.24
X 1073 cm?/s) of the self-diffusion coefficient of liquid
hexane in Vycor [28]. Also, these values of the surface
diffusion coefficient are approximately smaller by a factor
of 5 than the surface diffusion coefficient of toluene in
Vycor at the same temperature [29].

On adsorption, above a reduced pressure of about 0.45
(corresponding to the lowest pressure at which hysteresis
is observed in the isotherm) we expect that surface
diffusion is combined with capillary condensation flow,
since some of the pores are likely to become completely
filled above this pressure. However, no dramatic change
in the diffusion coefficient is observed until p> 0.6,
whereupon the diffusion coefficient increases rapidly as
the majority of the pores finally become filled. Once the
pores are completely filled, the diffusion coefficient has in-
creased by more than two orders of magnitude, reflecting
a completely different mechanism for fluid transport in
the pores. In this range of external pressures, above
p =~0.7 on adsorption and down to p =~0.5 on desorption,
the fluid mass changes only because of a change in the
fluid pressure inside the pores. This occurs because the
fluid pressure becomes less negative as the curvature of
the meniscus of the surface pores is reduced at higher
external pressures, thereby increasing the fluid density.
Since the pore volume remains fixed, this also increases
the mass of fluid in the pores. Thus the relevant time
scale for fluid mass transport is now determined by the
time for the fluid pressure in the pores to reach a new
equilibrium value when the external pressure is varied.
This time is very short (=10 s) compared with the
diffusion time found at lower pressures (=1 h) as can be
seen from the typical data for this pressure range shown
in Fig. 11. These data on the time response were deter-
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FIG. 11. Time dependence of the relative transit time change
as p is lowered from 0.6968 to 0.6636 in the pressure range
where the pores remain full. The solid line shows a theoretical
fit in which the rapid response is described by diffusion, with a
diffusion coefficient Dp=2.3X 1073 cm?/s. In addition, there is
a slower relaxational response with a time constant of 370 s.
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mined from the ultrasonic velocity, rather than from the
volumetric isotherm, because of the greater sensitivity of
the velocity measurements to very small changes that
occur in this pressure range. Although the transit time
change does not directly measure the change in adsorbed
fluid mass at these pressures, reflecting rather the change
in elastic modulus, the transit time does directly probe
the evolution inside the sample of the negative fluid pres-
sure that drives the variation in the fluid concentration.
Thus we expect that the equilibrium time can be mean-
ingfully determined from the ultrasonic velocity data.

The initial rapid increase in transit time, shown in Fig.
11 for measurements immediately after the relative pres-
sure was lowered from 0.6968 to 0.6636 during the
desorption branch, was fitted by Eq. (7). This is reason-
able since the fluid flow inside the tortuous pore network,
once the fluid pressure and density are changed at the
surface of the sample, is also a diffusive process, as we
show in the following paragraph. At later times, there is
evidence of a second, slower mechanism that delays the
final approach to equilibrium. Although the microscopic
basis of this additional mechanism is not known at
present, it may reflect a slow relaxation of the Vycor
frame in response to the large change in the negative fluid
pressure in the pores. This slower relaxation was fitted
by a single exponential decay since this is the simplest
phenomenological expression that gives a satisfactory
description of the data. The results of fitting these two
expressions to the data are shown by the solid curve in
Fig. 11; the rapid variation is well described by diffusion,
giving a value for the diffusion coefficient of 2.3X 1073
cm?/s, while the exponential fit to the long tail gives a
time constant of 370 s.

To see why the change in the fluid pressure diffuses
into the filled Vycor when the external pressure is abrupt-
ly varied, we consider the following simple argument,
which also gives an estimate of the diffusion coefficient.
The flow resulting from the pressure change at the sur-
face is governed by Darcy’s law

i=—Xgp, (8)
"

where # is the flow velocity, k is the permeability of the
Vycor sample, and p is the viscosity of hexane. The flow
of the hexane must also obey the continuity equation

9 _

%-l-v-p,,ﬁ:O , ©)
where py is the local value of the density of the liquid
hexane in the pore space. By using the chain rule to
write the first term in Eq. (9) in terms of the compressibil-
ity B, ~'=(1/p)(dp/dP), substituting for # from Eq. (8)
and neglecting the small term involving the product
(Vp)(VP), Eq. (9) can be rewritten as

k
%?——fivzpw. (10)

Equation (10) shows that because of compressibility
effects, the pressure change diffuses into the sample with
a diffusion coefficient Dp =kpB; /u. Using the literature
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values k =4.2X107!% cm? [28], ©=0.0031 poise [28],
and B; =8.03X10° dyne/cm?® [19,20], we estimate that
Dp=1.1X107"3 cm?/s. This value is within a factor of 2
of our experimental value, supporting the view that the
relaxation observed is due to the rapid “diffusion” of the
pressure pulse into the sample. In fact, the numerical
discrepancy between the theoretical estimate and our ex-
perimental value may simply reflect a difference in the
permeability of our sample and that of the one used by
Lin et al. [28].

On desorption, as the relative pressure is lowered
below p =~0.48, corresponding to the onset of the sharp
drop in the isotherm on drainage, the behavior of fluid
transport in the pores becomes dramatically different.
The drainage of fluid from the pores can no longer be de-
scribed by diffusion; in Fig. 10 there is a gap in the data
when 0.48 > p>0.45. The breakdown of equilibration by
diffusion is most clearly seen in the variation of the ul-
trasonic velocity and attenuation with time, both of
which are extremely sensitive (because of the interference
effects) to the drainage of fluid from the pores. Typical
data for the relative transit time are shown in Fig. 12.
Although the pressure was maintained constant at
p=0.47991+0.0001 and the sample temperature was main-
tained constant to better than 0.01 °C, there is no indica-
tion over the 100000 s time interval shown that the dis-
tribution of fluid in the pores is approaching equilibrium.
Also the evolution of the transit time undergoes fluctua-
tions and undulations as some of the pores suddenly emp-
ty in response to minute fluctuations in the local pressure.
Thus the fluid distribution is extremely unstable, and in
this sense it is very similar to a disordered system about
to undergo a phase transition at the critical point. Both
systems are extremely sensitive to critical fluctuations. In
the case of fluid drainage from Vycor, it appears from our
data that this sensitivity to fluctuations persists until vir-
tually all the pores have opened and prevents true equi-
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FIG. 12. The variation of the relative transit time measured
at two ultrasonic frequencies after the relative pressure was
lowered to p=0.4799. This illustrates the behavior during the
sharp drop in the desorption isotherm, where an equilibrium
configuration of fluid in the pores cannot be reached on a time
scale of days and the drainage is extremely susceptible to small
fluctuations.
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librium from being attained at all pressures correspond-
ing to the sharp knee of the desorption isotherm. These
data add further support to the analogy between the
drainage of the Vycor and invasion percolation; near the
percolation threshold, critical behavior is expected, and
the dynamics of the Vycor drainage are a direct manifes-
tation of it.

VII. CONCLUSIONS

In this paper, we have studied the adsorption and
desorption of hexane in a prototypic porous medium,
Vycor. We have combined several techniques to probe
the behavior; we measured the amount of fluid adsorbed
into the pore space by using either volumetric or gra-
vimetric techniques, we measured the presence of the
fluid and vapor in the pore space by determining both the
ultrasonic velocity and the attenuation, and we measured
the large length scale correlations in the empty pores on
draining by using light scattering techniques. The com-
bination of all these methods enables us to develop a con-
sistent picture for the filling and draining of a fluid in
Vycor.

We find that on adsorption, the pores of Vycor initially
fill uniformly as the ambient vapor pressure is increased.
However, once capillary condensation begins, the filling
is no longer uniform, but instead the pore space contains
regions of vapor bubbles, interspersed with the capillary
condensed fluid. Because the vapor is so compressible,
the longitudinal modulus of Vycor does not change at all
until the pores are almost completely filled with fluid.
Thus for all pressures at which the pores are partially
filled, the longitudinal ultrasonic velocity is sensitive only
to the change in the sample density, providing an ex-
tremely accurate probe of the sorption isotherm. The
presence of vapor bubbles also has a dramatic effect on
the ultrasonic attenuation, which exhibits a pronounced
peak just before the Vycor is completely filled with fluid.
We believe that this attenuation peak is caused by viscous
dissipation of the fluid as it flows in the pores between the
highly compressible bubbles. The sensitivity of these ex-
periments to bubbles in the pores enables us to estimate
the size of the largest pore spaces in the Vycor. Using
the Kelvin and Laplace equations, these are found to
have a radius of about 50 A.

The behavior on desorption is markedly different. As
is often observed in porous materials, the sorption iso-
therm exhibits pronounced hysteresis, with most of the
fluid being desorbed over a very narrow range of pres-
sures that is substantially lower than the pressures at
which the fluid is adsorbed. Initially, when the Vycor is
fully saturated and the ambient pressure is lowered, only
a very small amount of fluid is desorbed from the pores.
While this small change in mass should lead to an in-
crease in the ultrasonic velocity over this range; it is in-
stead observed to decrease. This must reflect a decrease
in the modulus of the fluid-filled Vycor, which we believe
results from the large negative pressures in the pores
caused by the interfacial tension of the fluid. As the pres-
sure of the ambient vapor is decreased still further, the
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amount of fluid adsorbed in the pores of the Vycor de-
creases very sharply over a very narrow range of pres-
sures. Right when this decrease occurs, the ultrasonic ve-
locity also drops suddenly, until it matches the velocity
measured on filling, whereupon no further hysteresis is
observed as the pressure of the ambient vapor is de-
creased further. However, most of the fluid has been
drained from the pores by the time the hysteresis has
ended. At the same point that the modulus decreases
sharply, the ultrasonic attenuation exhibits a sharp peak,
indicating the presence of large-scale inhomogeneities in
the draining Vycor.

We have elucidated the physics of the drainage process
by measuring the small angle light scattering at pressures
just before the amount of fluid in the Vycor drops precip-
itously. At these pressures, the Vycor has begun to
scatter light strongly, indicating the formation of the
larger structures in the emptying pores. The scattered
light exhibits a power-law dependence on the scattering
wave vector g, indicating that the structure of the drained
pores is fractal, with d;~2.6. The drainage of the Vycor
can be described by percolation invasion of the vapor into
the pores; the measured fractal dimension is very close to
that predicted by models of invasion percolation in three
dimensions.

Finally, we also measure the time dependence of both
the adsorption and the desorption of the fluid in the pores
of the Vycor as the pressure of the ambient vapor is
changed. We identify three dramatically different mecha-
nisms by which fluid can enter or leave the porous ma-
terial as the ambient pressure is changed abruptly to a
new value. At low pressures, the fluid transport is dom-
inated by surface diffusion of fluid molecules adsorbed on
the pore walls, since the much larger concentration of ad-
sorbed fluid compared with the vapor ensures that Knud-
sen vapor phase transport is negligibly small. In this re-
gime, the transport is characterized by a surface diffusion
coefficient that we find to be of the order of 1X107°
cm?/s for hexane in Vycor. At high pressures, when the
pores are completely filled with liquid, there is a small but
measurable flow of fluid due to the change in the fluid
density as the negative fluid pressure in the pores changes
rapidly in response to the variation in the external vapor
pressure. This process is also diffusive and is character-
ized by a diffusion coefficient that is approximately 200
times larger than that for surface diffusion. Finally, on
desorption, there is a third regime in the narrow range of
pressures over which the sharp drop in the desorption
isotherm occurs; here the desorption process cannot be
described by diffusion, and true equilibrium cannot be at-
tained for a macroscopic sample on a time scale of days.
Instead, the drainage rate is extremely sensitive to small
fluctuations in the local pressure inside the pores, a result
that strongly supports our interpretation of the drainage
as being analogous to invasion percolation.

The results in this paper illustrate the rich range of
phenomena that can occur when a fluid is adsorbed into a
porous medium. Because of the randomness of the
porous material and because of the large volume of very
small pores, neither the adsorption process nor the
desorption process is uniform. The presence of vapor
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bubbles on adsorption directly reflects the interactions of
the fluid with the pore walls; the presence of the long-
range, fractal correlations directly reflects the nonuni-
form connectivity of each pore to the ambient vapor.
The knowledge gained by this work is essential in devel-
oping a complete understanding of the interactions be-
tween a fluid and a porous medium. The effects of the va-
por bubbles that persist on adsorption can dramatically
alter the propagation and attenuation of sound in the
porous medium; the effects of the restricted connectivity
and the randomness of the pore space, which result in the
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long-range, fractal correlations of the draining pores, can
dramatically and adversely affect the traditional tech-
niques for measuring the size distribution of the pore
space.
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FIG. 7. Picture of Vycor as p is lowered to a value near the
edge of the sharp drop in the desorption isotherm where the
sample begins to turn white. The sample is illuminated from
behind so that the white spots that scatter light appear dark.



