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Capillary Condensation in a Fractal Porous Medium
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Small-angle x-ray and neutron scattering are used to characterize the surface roughness and porosity of
a natural rock which are described over three decades in length scales and over nine decades in scattered
intensities by a surface fractal dimension D = 2.68 £ 0.03. When this porous medium is exposed to
a vapor of a contrast-matched water, neutron scattering reveals that surface roughness disappears at
small scales, where a Porod behavior typical of smooth interfaces is observed instead. Water-sorption
measurements confirm that such interface smoothing is due predominantly to the water condensing in the
most strongly curved asperities rather than covering the surface with a wetting film of uniform thickness.
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Sedimentary rocks are one of the most extensive frac-
tal systems found in nature [1]. The surface roughness
and porosity of these natural porous media are in many in-
stances adequately described, over length scales that may
range from the nanometer to a few microns, by a single,
nonuniversal fractal dimension D (2 < D < 3), where D
approaches 2 for smooth, clay-free rocks, while values
close to 3 are typical of strongly argillaceous sandstones
[1-3]. Organic porous media such as coals also exhibit
surface fractality [4]. The complex geochemical processes
that lead to such remarkable self-similar properties are not
yet understood [3].

These observations hold for dry porous media. The
present Letter addresses the situation, relevant to hydrol-
ogy and petroleum reservoir engineering applications,
where the fractal porous rock is partially invaded by a
wetting fluid (e.g., water), the third, nonwetting phase be-
ing the vapor. This Letter presents a series of small-angle
scattering experiments on wet fractal rocks that provide,
for the first time, a direct visualization (in the Fourier
reciprocal space) of fluid distribution within the fractal
rock substrate. These experiments unambiguously show
that the presence of the wetting fluid has for effect to
smooth the substrate on the smaller length scales. The
new lower limit of fractality is identified as the maximum
radius of filled surface concavities.

There are basically two limiting regimes for wetting
fluid distribution within the pore space (for a review, see
Ref. [5]). When capillary forces are important, as it turns
out to be the case for the experimental system of this
study, the wetting fluid is primarily located in the most
strongly curved surface concavities. Such a capillary
wetting regime is encountered for significant substrate
irregularity (as quantified, for fractals, by D), high enough
wetting fluid content, and large enough surface tension.
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In this regime, the relevant length scale is the maximum
radius of curvature of filled concavities (denoted R be-
low). In the other limiting regime, corresponding to strong
fluid/substrate interactions, the wetting fluid is primarily
located in wetting films covering the whole substrate and
having homogeneous thickness. This substrate-controlled
wetting regime is encountered for smooth substrates (small
D), low wetting fluid content in the porous medium, and
strong substrate/adsorbate interactions. The characteristic
length in this case is the film thickness (denoted d below).

Small-angle scattering experiments with a wetting fluid
contrast matched with the porous substrate have been pro-
posed and discussed in the 1980s by de Gennes [6] for sys-
tems in the capillary wetting regime and by Cheng, Cole,
and Pfeifer [7] for systems in the substrate-controlled wet-
ting regime. These authors anticipated a crossover for the
scattered intensity from a fractal behavior at large length
scales (small scattering vectors ¢g) identical to that of the
dry material, to a Porod-like behavior typical of smooth
surfaces at small length scales (large ¢), with the crossover
scattering vector corresponding to the inverse characteris-
tic length ¢* = 1/R or 1/d, depending on the fluid distri-
bution regime.

The experiments consisted in first characterizing the
fractal nature of the dry porous medium by means of
both small-angle x-ray and neutron scattering. The wet-
ting fluid (a H;O/D,0 mixture with a minimum neu-
tron contrast with the rock) was then introduced into the
porous medium to various controlled degrees by exposure
to undersaturated vapors. These wet samples have been
analyzed by small-angle neutron scattering (SANS), thus
characterizing the wetting fluid distribution in the porous
structure. In order to assess the fluid distribution regime,
conventional water-sorption measurements have also been
performed.
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The porous rock is a Vosges sandstone of porosity ¢ =
0.17 and permeability k = 5 X 107 m?. All its con-
stituents (with the exception of 1% hematite) [8] have
nearly identical scattering length densities for both x rays
(=0.8 ¢~ /A3) and neutrons (=4 X 10~° A~2), which en-
sures the validity of the two-component (i.e., rock and air)
approximation for interpreting the data. The SANS instru-
ment used (from Laboratoire Léon Brillouin, CEA/Saclay)
covers a range of scattering vectors, 3 X 1073 < ¢ <
0.2 A~!. The x-ray instrument used is a double crys-
tal Bonse-Hart camera designed for measurements at ul-
trasmall angles (3 X 107* < ¢ < 0.2 A~!). The range
of sizes 1/q probed by these instruments thus extends
from =5 A to around 0.03 wm with SANS and 0.3 um
with small-angle x-ray scattering (SAXS). Rocks being
much more adsorbent to x rays than to neutrons, slices
with thicknesses much larger for SANS (1.6 mm) than for
SAXS (0.23 mm) were used.

Figure 1 shows the measured SAXS and SANS ab-
solute intensities, normalized by the respective contrast
terms (i.e., by the squared scattering length densities of
the rock). These intensities display over the whole range
of g a power-law behavior typical of surface fractals [9]:

I(q) =Aq “ + B, ey

where the exponent « is related to the surface fractal di-
mension D: @ = 6 — D; A is related to the quantity of
interfaces present in the rock material [see below Eq. (2)];
and B represents the incoherent background (for neutrons
only).

Excellent agreement between the SAXS and SANS data
is found in the overlap region (¢ > 3 X 1073 A~"). The
exponent & = 3.32 and therefore D = 2.68. The SAXS
data cover nearly three decades in length scales and over
nine decades in intensities. SANS spectra were obtained
for five different rock slices. A nonlinear least-squares
analysis of these spectra using Eq. (1) yields values for «

8L %

7 b

108 F
10%F
104 F
103 F QQ%
102 F
10" F
10°°F
107"

3 alq),cm?

slope=-3.32

|

0.100

0.001 q, A 0.010

FIG. 1. SAXS (circles) and SANS (triangles) intensities of a
Vosges sandstone, normalized by the relevant contrast term.
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ranging from 3.31 to 3.35, from which we estimate that
a =332 *0.03and D = 2.68 = 0.03.

The coefficient A in Eq. (1) can be related directly to
the quantity of interfaces present in the porous material,
by [10]:

A=mo,pl'(5 — D)sin[3 — D)7 /2]/3 — D), (2)

where p is the mass density (=2.3 g/cm?), I' the gamma
function, and o, the prefactor relating the specific surface
area of the surface fractal, o, to the length scale R
of the measurement, i.e., ¢ = o,R>"?. From the small-
angle scattering data, we find o, =~ 0.8 cm” /g, which
would correspond to a specific surface area for coverage
with krypton gas (molecular cross-sectional area R? =~
202 A of o = 7 m?/ g. We have carried out a Brunauer-
Emmett-Teller (BET) adsorption measurement with
krypton gas and obtained a specific area of ~3.5 m?/g.
Small-angle scattering thus provides the correct order of
magnitude for o. The difference between the two values
might be due to multiple scattering effects: Radlinski
et al. [1] have shown that for similar sedimentary rocks
it is necessary to reduce the thickness of samples to
below 1 mm in order to have negligible multiple neutron
scattering. On the other hand, some of the pores might be
inaccessible to the gas molecules, leading to a lower area
in the BET adsorption measurements.

Subsequently, the SANS experiments on wetted porous
media were carried out by using a wetting HO/D,0 mix-
ture, the composition of which (68.6 wt. % D,0) mini-
mizes the scattering contrast with the rock. Therefore, the
rock-water interfaces are invisible to the scattering pro-
cess. The water was introduced in the porous medium as
follows. The rock slices, initially imbibed with the wet-
ting fluid, were left in contact (in a dessicator) for a few
days with the vapor of a water liquid phase saturated with
a given salt. In this process, some of the liquid water in the
porous medium evaporated, down to an equilibrium value
Sw (S, is the proportion of the porous space occupied by
the wetting fluid). The salts used, NaCl, KNO3, or K;SOy,
allowed us to lower the vapor pressure P below that of pure
water Pg,; in a controlled fashion and thus to impose within
the rock slices the Kelvin capillary pressure,

RT
P.(Sy) = _Tlog(P/Psat) s (3)

with T the temperature, R = 8.314 J/K, and v the lig-
uid water molar volume. Then, using literature values
for relative humidities P/Pgy, capillary pressures at the
temperature of the experiment (7 = 21 = 1 °C) are calcu-
lated to be P. = 383 bars (NaCl), 100 bars (KNOs), and
35.9 bars (K;SOy4). The corresponding final fillings S,,,
measured by weighing, were, respectively, S,, = 5.0% =
0.6%, 12.0% = 1.2%, 14.2% = 1.4%. These values for
P, vs S,, have been complemented by more precise water-
vapor physisorption measurements, presented below.

The SANS spectra of the wetted rock samples are de-
picted in Fig. 2, together with the SANS spectra of the
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FIG. 2. SANS intensities of Vosges sandstones filled with a
contrast-matched H,O/D,O fluid under a Kelvin capillary pres-
sure (triangles), compared to the intensity of the dry medium
(circles). From bottom to top, P. = 36, 100, and 383 bars.
Continuous lines have a slope of —4 (Porod) and dotted lines a
slope of —3.32 (D = 2.68). The flattening at large ¢ is due to
the incoherent background, denoted B in Eq. (1).

corresponding dried samples. All wetted samples exhib-
ited at large enough g a Porod scattering regime (g~ %)
typical of flat (smooth) interfaces. This Porod regime
crosses over at small g to the fractal scattering curve of
the dried material. This crossover ¢* is observed to move
towards lower scattering vectors when the fluid content
S,, increases, or, equivalently, when the capillary pressure
in the medium decreases. For the sample containing the
largest quantity of water (i.e., that obtained with a vapor
of water saturated with K,SQy), the crossover lies outside
the experimental window.

We find from these experiments that P./q" is of the
order of twice the surface tension of water (=73 dyn/cm),
so that the Young-Laplace equation,

P. =2y/R, “)

applies to our system, R being identified here to
1/g*. More precisely, P./2q" is equal to 72, 90, and
110 dyn/cm for S,, = 14%, 12%, and 5%, respectively.
This is evidence of a capillary wetting regime, with pos-
sibly increasing departure as S,, decreases. The wetting
fluid occupies pores or surface concavities with radii of
curvature smaller than R =~ 1/¢", while all pores with
radii >R remain empty (except for some wetting films
that make a negligible contribution to S,,). This threshold
R = 1/q" increases with increasing fluid content in the
porous medium. The pore space structure of the wetted
porous medium has the same (fractal) distribution as the
dried medium, but with a modified lower limit R (all pores
with radii <R being invisible in the scattering process).
It is worth mentioning here the results of recent model
calculations [11] for a fractal distribution of pores with a
lower cutoff at some radius R: For small ¢ (>¢* = 1/R),
scattering is identical to that of the uncut distribution;
while for large g (>g") scattering decreases similar to
g~*. In our experiments, the crossover scattering vector ¢*

between the fractal and Porod regimes can be identified
with the curvature 1/R delineating large, empty asperities
from small, filled asperities.

The wetting fluid distribution regime and the roughness
(or fractal dimension) of the underlying porous medium
are often inferred from measurements of capillary pres-
sure or sorption isotherms. The existing models predict for
these parameters very specific scaling dependences with
the (low) porous medium filling S,,. In the capillary wet-
ting regime, the capillary pressure behavior is deduced
from Eq. (4) and from the relation between §,, and the
characteristic length R, S,, = R37? [6,12], leading to

2 _ _
P.(S,) ~ % ~ §;1/6-D), (5)

In the substrate-controlled wetting regime, capillary
pressure obeys a different scaling behavior, even though
there is a similar relation between fluid content and film
thickness, S,, = d~P [13]. In this regime, capillary pres-
sure is dominated by the disjoining pressure of the film,
i.e., if one assumes dominant van der Waals interactions

Pe(Sy) = —% ~ §,Y6D), (6)
where H > 0 is the Hamaker constant of the wetting film.
Theoretical expressions for the sorption isotherms in both
regimes are obtained by replacing P, in Eqgs. (5) and (6)
by the Kelvin pressure [Eq. (3)].

For the particular porous rock used for this study, pre-
vious measurements of the capillary pressure by mercury
intrusion are consistent with a capillary wetting regime and
a fractal dimension of the underlying rock D = 2.7; i.e.,
they verify Eq. (5) with D = 2.7 at low wetting phase (i.e.,
mercury vapor) content [14]. Sorption measurements usu-
ally display at low S,, a power-law behavior of the type
described by Egs. (5) and (6), with P, the Kelvin pres-
sure. However, the interpretation of such measurements is
not straightforward, as the range of observed length scales
[15] is often limited (usually not exceeding one decade),
and as the fluid is often in an intermediate regime be-
tween capillary and substrate-controlled wetting [16]. In
fact, crossover effects appear to be responsible for the ob-
served lower fractal dimension D in sorption experiments
[as inferred by Eq. (5)] as compared to D determined by
small-angle scattering [17].

We have carried out water-vapor sorption measurements
using the same porous media as those used for the small-
angle scattering experiments. The whole adsorption and
desorption cycles lasted more than two weeks, and the
measurements were repeated twice. The results, depicted
in Fig. 3 (where measured weights have been converted
into §,,), exhibit a hysteresis between the adsorption and
desorption cycles characteristic of capillary condensation.
In addition, the behavior of both the adsorption and de-
sorption branches at high relative pressure or coverage (P
close to Pgy), plotted in the inset of Fig. 3, are consis-
tent with an equation of the Frankel-Halsey-Hill -type, i.e.,
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FIG. 3. Sorption data for water on the porous (crushed) sand-
stone. The inset is a representation to test Eqs. (5) and (6), with
P, given by Eq. (3).

log(P/Pg) = CSw”, with p = 2.4 and C being some-
what larger for desorption than for adsorption.

The use of Eq. (6) leads to an unphysical value for
D (D = 1.75 < 2). The use of Eq. (5), on the other
hand, leads to a fractal dimension D = 2.58, somewhat
below the value determined from small-angle scattering
data (=2.68 = 0.03). While this confirms that capillary
wetting controls fluid distribution within the pore space,
the underestimation of D, consistent with recent obser-
vations, shows the existence of crossover effects towards
substrate-controlled wetting [17].

The length scales or distances [15] probed by these sorp-
tion experiments extend up to around 5000 A (P /Py =
0.995), which overlaps the domain investigated by SANS
and SAXS. As is apparent in the inset of Fig. 3, the local
slope p of the adsorption curve reaches the value 2.4 very
progressively as P /Py, increases, while there is a marked
variation in the desorption curve for S,, = 5% (corre-
sponding to relative pressures P/Pg, =~ 0.75, or equiva-
lent distances =80 A), both curves merging for S,, = 1%
(P/Pg < 0.25 and distances R < 15 A, corresponding
to the onset of capillary condensation). Departures from
the capillary wetting behavior at low §,, are also apparent
in the SANS results reported above, as well as in some
other published desorption measurements in natural clay
sandstones [18]. Such departures have been attributed to
the dominance of films (substrate-controlled wetting); in
this case, the dominant contribution to the film disjoining
pressure cannot be van der Waals’ 1/ d? term [cf. Eq. (6)],
since one then would expect a steeper decay of P, for
Sy < 5% than for S,, > 5% (the opposite trend is ob-
served experimentally) [12].

In conclusion, the contrast-matched SANS experiments
presented in this Letter provide a direct visualization of
wetting fluid distribution within a natural fractal porous
medium. For this particular porous medium, both SANS
and adsorption data indicate that capillary wetting is the
dominant mechanism governing fluid (water) distribution,
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while some wetting film effects are present, especially for
low fluid content (below around 5%). The wetting fluid
has for effect to “defractalize” [7] the porous medium on
the smaller length scales, in the sense that there is a new
lower limit of the length scale of fractality, corresponding
to the size of the largest filled pores. The fractal approach
shows great promise in describing situations and quantities
of engineering interest.
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