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Small-angle x-ray diffraction of Kr in mesoporous silica: Effects of microporosity and surface
roughness
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Kr has been adsorbed in SBA-15, a template-grown mesoporous silica substrate. A volumetric adsorption
isotherm is presented. The Bragg peaks of the pore array have been measured by small angle x-ray diffraction
and analyzed as function of the filling fraction in terms of the electron density contrast, the radial position of
the liquid-vapor interface, and film roughness, both for the regime of film growth and capillary condensation.
The results are compared with the theory of Saam and Cole. It is shown that the microporosity of the matrix
leads to a delay of capillary condensation. The peculiar dependence of the film thickness on the filling fraction

points to a high fractal dimension of the pore walls.
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I. INTRODUCTION

Capillary condensation, the vapor-liquid transition in con-
finement, is not only a problem in its own right, but is also of
practical importance for the determination of pore size in
porous and granular media from adsorption isotherms.! The
fundamental aspects of this transition are known for a long
time, we refer in particular to the theory of Saam and Cole?
(SC), which not only covers capillary condensation but also
the preceding growth of the adsorbate on the pore walls.
More recently the interest has shifted to capillary condensa-
tion in disordered pore networks, as, e.g., realized in porous
Vycor glass or aerogels. Here collective effects lead to the
prevalence of metastable states.!?

The advent of template-based preparation techniques has
supplied us with substrates that have very regular pores. The
pores of SBA-15 are linear, nonramified, they are all parallel
and form a two-dimensional (2-D) hexagonal array, as has
been shown by electron microscopy and small angle
diffraction.* This material is expected to come close to an
ensemble of independent homogeneous cylindrical pores of
uniform cross section. We will study capillary condensation
and film adsorption by combining the measurement of a
volumetric adsorption isotherm with small angle x-ray dif-
fraction on the pore array. Kr has been chosen as adsorbent,
not only because it is a simple rare gas atom, but also be-
cause the Kr electron density is close to that of the silica
matrix. Thus the diffracted intensity mainly stems from the
contrast between the empty (=vapor filled) regions and the
Kr/silica composite. This will simplify the analysis of the
x-ray data. The present work was also stimulated by small
angle neutron diffraction results>® on N, in SBA-15.

II. EXPERIMENTAL

SBA-15 silica was synthesized according to the prescrip-
tion of Zhao et al.”® using the triblock copolymer PEO,,
—PPOs,—PEO;; (Pluronic P103 from BASF) as the
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structure-directing template and tetraethyl orthosilicate
(TEOS) as the silica source. A solution 4 g P103 and 23.9 g
H,SO, (97%) in 240 g pure water was mixed with 8.6 g
TEOS at 35 °C and kept at this temperature under constant
stirring for 5 h. The heterogeneous reaction mixture was then
submitted to hydrothermal treatment at 105 °C in the reac-
tion vessel for 24 h. The as-synthesized material obtained by
filtration and washing with pure water was dried, first at
105 °C and then at 180 °C, for several hours, and finally
calcined at 550 °C in air.’

A metallic cell equipped with two planar parallel Be win-
dows was stuffed with the SBA-15 powder. The gap between
the windows was 0.3 mm. The sample was outgassed at
120 °C at a pressure below 107 mbar. The cell was
mounted to a closed cycle He refrigerator and was cooled
down to 119 K. The temperature stability was better than
2 mK. High purity Kr gas was admitted into the cell, respec-
tively, removed from the cell in small, volumetrically con-
trolled portions via a heated fill line. The Kr vapor pressure
was measured with a membrane-type gauge with capacitive
read-out (Baratron, 1000 mbar full scale). For each such ad-
sorption or desorption step, the change of pressure with time
was monitored and the new asymptotic pressure value was
obtained by fitting a stretched exponential decay law to the
data.'® The resulting adsorption/desorption isotherm in re-
duced form, f, as a function of p, is shown in Fig. 1. The
fractional filling f is the mass uptake normalized to the com-
plete filling and p is the relative vapor pressure. (The satu-
rated vapor pressure at 119 K is 955 mbar). For most data
points the small angle x-ray diffraction pattern was recorded.
MoK, radiation emanated from a rotating anode was re-
flected from a graphite (002) monochromator, passed
through the sample, and exposed an image plate. The total
length of the x-ray path was 4 m, the exposure time 4 h. The
image has perfect rotational symmetry, the sample is a pow-
der, not only in the morphologic but also in the crystallo-
graphic sense. The distance from the center gives the mo-
mentum transfer modulus g. As can be seen from Fig. 2, the

©2005 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.72.064122

HOFMANN et al.

® Krin SBA 15 at T=119K

10| —— theory SC 1
| — — - theory SC 2
0.8 ’_
L
w 0.6 -
L
0.4 -
e T L O
02" *
1 o®
[ 4
0.0 L& I i I — I
0.0 0.2 0.4 0.6 0.8 1.0

FIG. 1. Volumetric adsorption isotherm of Kr in SBA-15 at
119 K. f is the fractional filling, p the relative vapor pressure. The
solid lines are two fits of the SC model to the data.

radial distribution of the scattered intensity I(g) shows five
peaks. The width of these peaks was studied for various
cross sections of the x-ray beam. The intensity 7, of the
direct beam after the sample was monitored. [, decreases
exponentially with increasing Kr uptake f of the porous ma-

trix, Iy(f)=1y(f=0)exp(-uf), u=1.52.

III. DATA ANALYSIS

Gaussian profiles sitting on a smooth background have
been fitted to the peaks of the diffraction patterns. The peak
positions are consistent with a 2D triangular lattice with the
lattice parameters a=b=(10.80+0.05) nm, y=120°. The
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FIG. 2. The intensity profile of the small angle scattering experi-
ment. ¢ is the modulus of the scattering vector. The selected filling
fractions f are indicated. The top four curves refer to the adsorption,
and the bottom curve to the desorption branch of the isotherm. The
curves are shifted vertically by one decade with respect to each
other.
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peaks are indexed (10), (11), (20), (21), (30). All peaks have
the same intrinsic width that translates into a coherence
length of the 2D lattice of 200 nm. This is about the size of
the powder grains. Referring to the transmission data, the
integrated peak intensities have been corrected for the
f-dependent absorption. This means that there is a common
scale factor C for the complete set of Bragg intensities ob-
tained at different values of ¢ and f.

The size of the lattice parameter combined with a rough
estimate of the pore diameter as derived from the character-
istics of the template, the reduced vapor pressure of the cap-
illary condensate, and electron microscopy images suggest
that the 2D unit mesh hosts just one pore. We assume that the
pores are cylinders, aligned along the z direction, perpen-
dicular to the 2D lattice. The extension of the pores in the z
direction is large compared to the lattice parameter. Other-
wise, the Bragg peaks would have an asymmetric shape with
a longer tail on the high-¢g side, thereby approaching the
Warren lineshape!! in the limit of zero extension along z.

For the values of g probed in a small angle scattering
experiment, the atomistic structure of the sample is irrel-
evant; the wall material and the Kr pore filling can be repre-
sented by average electron densities p. The problem is to find
a radial electron density profile p(r) that fits the Bragg inten-
sities, as measured at different filling levels with a minimum
number of adjustable parameters.

The adsorption/desorption isotherm consists of an initial
part that is reversible on adsorption and desorption. Here an
adsorbed liquid film grows on the pore walls, the thickness 7
of which increases with increasing p. Eventually at a critical
thickness #** (or equivalently at a critical filling fraction f°%
and at a critical value % of the radius r; of the empty core
in the pore center), the cylindrical vapor-film interface turns
instable and biconcave parcels of capillary condensate form.
Complete filling is then achieved by the further condensation
of vapor onto the menisci such that they advance along the
pores toward the pore mouths. On desorption the capillary
condensate evaporates, the menisci retreat, and the capillary
condensate finally disappears at 2. At this moment the
thickness of the adsorbed film on the pore walls is 72,73
<*®. The SC theory? describes these events, including the
hysteresis of capillary condensation on adsorption and de-
sorption.

The combination of this scenario with the approxi-
mate electron density matching of liquid Kr and silica sug-
gests a radial profile p(r) of the form p=p, for r>r; with
p2= pr: = Psio, and p=p; for r<r; with p;=0 in the regime
of film growth (f<f,.) and with 0<<p, <p, in the regime of
capillary condensation (f> f,.). Apart from the common scale
factor C, there are two parameters, r;, and the contrast,
Ap=p,—p;, that have to be adjusted for each value of f.

For film growth on smooth walls, the geometric relation
f=1—(r;/R)? should hold. R is the radius of the empty pores
(f=0). In the regime of capillary condensation, r; should be
independent of f. In the case of perfect density matching, the
Bragg peaks should disappear for complete filling. This situ-
ation is, in fact, approached in the experiment. The intensity
ratio of the Bragg peaks at f=1 and f=0 is of the order of
7% when correcting properly for absorption.
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It is necessary to include an additional parameter that ac-
counts for the decrease of the Bragg intensities with increas-
ing g. In a first model (model A) this effect is considered by
introducing a Debye-Waller-type parameter u, the rms dis-
placement of the pore centers from the regular lattice posi-
tions. The integrated intensities (corrected for absorption) of
the (k) powder lines (=Debye-Scherrer rings) are then given
by*

J
Ape=Apr; l(rlq), (1)
q
_ A_’zlk 22
L= CM p exp(=qu’/2). (2)

J is the first-order Bessel function, M, is the peak mul-
tiplicity (=12 for the (21) peak, =6 for the others).

In the alternative model B, the “corona” model of Ref. 4,
u, is set to zero and the density step at r; is replaced by a
linear ramp extending from p, at r,— §to p, at r;+ 8. This has
a similar effect on the g dependence of the Bragg peaks.
Both models fit the data well. The f dependence of the pa-
rameters is shown in Fig. 3. Table I compares the experimen-
tal and calculated peak intensities for some selected values of
f. The quality of the fit is also documented in Fig. 4, which
compares the radial electron density profile as obtained from
a fit of model B to the f=0.31 data, with the result of a
Fourier transformation of the Bragg amplitudes 112,{5 into real
space. In a centrosymmetric structure, the phase problem of
crystallography is reduced to unknown signs of the Bragg
amplitudes. The signs have been taken from the fit of the
models to the data. For f=0.31, the nodes of the pore form
factor are well separated from the g positions of the Bragg
peaks. Hence the choice of the signs is robust.

The reliability of the fit is also documented by the follow-
ing consistency check, which shows that the filling fraction
[y as derived from the fit parameters Ap, &, and r; of the
diffraction experiment, is proportional to the volumetric
filling fraction f. For f<f.,Ap is equal to p, and f, is di-
rectly obtained from the change of the integral of p(r) over
the unit mesh of the pore array with respect to the empty
state (f=0). For f>f,, we made the plausible assumption
that the further changes of Ap as a function of f are entirely
due to an increase of p, caused by the spreading of the cap-
illary condensate along the pores.

The low-f limit of r; is considered the best measure of the
nominal pore radius R,R=(4.15+0.05) nm. In the regime of
capillary condensation r; is approximately constant, but is
different for adsorption and desorption, ri%=3.2 nm and
r}ifS=3.5 nm. The limiting thickness ¢,r/=R-r;, of the ad-
sorbed film in coexistence with the capillary condensate is
slighty larger on adsorption, but only by less than one mono-
layer, than on desorption. The porosity of a SBA-15 grain as
calculated from R and the lattice parameter a is 0.55. The
wall thickness along a line from one pore center to the next
is a—2R=2.4 nm. The values of R, u, and & are close to
those of sample P123 BC of Ref. 4 that has, in fact, been
prepared in a very similar way.

PHYSICAL REVIEW B 72, 064122 (2005)

model A adsorption
model A desorption
model B adsorption
model B desorption

omp»

4.5

35

up O>
op>
o>

LA U B I S B M B B B B

0.10

Id
3
TTTTT I TT T T PTTT T

2f

= F Eog O "R
S 10 Aard A sa A
= kK r- 3

e r ‘Aé‘é A A a "

A

Eltllﬂﬂl:h

L 1 L [ L 1 L I 1 1 1 i 1 1 1 [ L 1. 1
.0 02 04 06 08 Lo

f

©

FIG. 3. The fit parameters of models A and B as a function of
the filling fraction f. r; is the (average) radial position of the step of
the density contrast Ap between the pore center and the pore walls,
including the adsorbed film; & and u are measures of the smearing
of the step. The symbols indicate whether the data refers to adsorp-
tion or desorption, or to model A or B. For the contrast Ap, the
results of the two models are indistinguishable. The lines of the top
frame are two examples for the geometric relation that describes the
growth of an adsorbed film on a smooth wall. The solid and dashed
lines of the center frame are the linear and square-root-type depen-
dence expected for the coherent and incoherent summation of
Bragg amplitudes.

Figure 5 shows the radial density profile pg.(r) of Kr for
some values of f. It has been obtained from the profile as
given by the fit parameters Ap,r;, § of model B, subtracting
the f=0 profile. The results shown in this figure demonstrate
how the Kr filling spreads out in pore space. The kinks of the
profiles result from the subtraction, but should not be over-
interpreted. The most surprising aspect is perhaps that for the
first adsorption steps the Kr molecules enter into the silica
matrix, thereby increasing its electron density rather than
forming adsorbate film on the pore walls. This behavior is
also apparent from the fact that r; is about constant at low f
(Fig. 3), in clear contradiction to the geometric r;—f relation
expected for film growth on smooth walls. Of course, we
wondered whether these results are artifacts arising from an
oversimplified model of the radial density profile. Therefore
we repeated the fits with p(r) profiles that distinguish be-
tween the Kr density pg, and the matrix density Psio,- In
order to keep the number of fit parameters in balance with
the number of Bragg intensities, we had to impose con-
straints such as that these two densities as well as the pore
radius R are independent of f. Fits of this type turned out to
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TABLE I. The integrated Bragg intensities (including absorption) of the diffraction experiment. The
numbers in brackets are the values calculated from a fit of model A to the data. “ad” and “de” refer to data

obtained on adsorption and desorption, respectively.

Peak

f (10) (11) (20) (21) (30)
0.00 9185 (9177) 763 (763) 479 (478) 50 (33) 24 (38)
0.10 9719 (9712) 827 (827) 484 (483) 45 (38) 17 (36)
0.16 9222 (9215) 703 (702) 442 (441) 29 (25) 21 (31)
0.31 7380 (7378) 304 (304) 301 (301) 0 (0) 11 (14)

0.35 6894 (6892) 223 (223) 258 (258) 0 (1) 6(9)

0.49 4659 (4656) 27 (27) 107 (108) 31 (30) 0 (0)

0.79 ad 1055 (1054) 0 (0) 11 (11) 12 (12) 0 (0)

0.72 de 474 (474) 4 (4) 12 (12) 3(3) 0 (0)

be inferior compared to those presented above. In particular,
there is no way to reconcile the dependence of r; on f with
the geometric relation.

The adsorption isotherm is compared with the predictions
of the SC theory. This phenomenological theory deals with
the liquid-vapor transition in a cylindrical pore with smooth
walls. It is based on a nonretarded van der Waals interaction
between the matrix and the molecules in the pore. The inter-
molecular interaction enters via the liquid-vapor surface ten-
sion. The reduced isotherms (f vs p) of this model depend on
two parameters (the quantities Ry/R and R;/R of Ref. 2).
Two examples of SC isotherms are included in Fig. 1. Here
the parameters of the model have been adjusted to reproduce
the lower closing point of the hysteresis loop. This implies
that p3* is the equilibrium vapor pressure of the capillary
condensate. This is likely to be so, since on desorption there
is no need of nucleating vapor bubbles, the pore can empty
via the retreat of menisci that already exist at the pore mouth.
Variations of the pore diameter along the pore may lead to
metastable states on desorption, due to the pore blocking
mechanism. See, however, Ref. 10 for the absence of pore
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FIG. 4. The radial density profile of Ap(r) for f=0.31 as ob-
tained from the fit of model B compared with the transformation of
the Bragg amplitudes into real space.

blocking in ink-bottle pores. In order to fix the second free
parameter of the model, we refer alternatively to the value
r‘}'ceS of the scattering experiment (curve SC1) or to the value

of fjes of the experimental isotherm (curve SC2).

IV. DISCUSSION

The topics of interest are the thermodynamics of adsorp-
tion and capillary condensation and the partition of the pore
space in empty and filled regions. Referring to the regime of
capillary condensation first, one notes that hysteresis is not
only observed in the adsorption/desorption isotherms but
also in the f dependence of the structural parameters Ap and
r; (Fig. 3). r; is about constant in this regime; the contrast Ap
decreases with increasing f, the pore obvious fill and empty,
while the adsorbed film on the pore walls is kept at a con-
stant thickness. For a given value of f,Ap is lower and r; is
larger for desorption than for adsorption. On desorption there
is more capillary condensate and less film condensate. This is
consistent with the theoretical model. The SC model overes-
timates, however, the width (p?ds— pfes) of the hysteresis
(Fig. 1). Irregularities of the pore space and fluctuations are
expected to induce the nucleation of the capillary condensate
before the system has reached the theoretical end point of
supersaturation.

r [nm]

FIG. 5. The radial profile of the Kr density pg.(r) for some
filling fractions f.
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There is a marked difference of the f dependence of Ap
between adsorption and desorption. On desorption, Ap varies
approximately linearly with f, whereas the adsorption data
follows a nonlinear, almost square-root-like dependence. The
linear dependence refers to the “coherent” case, p;=p,(f
—f.)/(1-f.), where the density p, of the pore center region
takes the same value in every coherence volume (=SBA-15
grain). The “incoherent” square-root behavior describes the
other limiting case, where the macroscopic filling fraction f
is realized by a coexistence of grains with different filling
levels, including the extreme case that some grains are com-
pletely filled and others have just an adsorbed film of maxi-
mum thickness on the pore walls. The simplest explanation
of the coherent behavior observed on desorption refers to
independent pores, all having the same size, that empty via a
retreat of the menisci at the equilibrium vapor pressure of the
capillary condensate. The filling process, on the other hand,
is a collective process extending over the whole grain. If
once a liquid parcel has nucleated somewhere in the grain,
the menisci not only propagate along this pore, but also man-
age to find their way into neighboring pores, most likely via
pore, junctions or cross-links that are due to growth defects
of the template lattice that has been used to prepare the po-
rous matrix. For disordered pore networks as, e.g., of Vycor
glass, it is usually argued that the situation is reversed. Pore
emptying is a collective percolation-type process that in-
volves metastable states, but that on adsorption a pore seg-
ment of radius R fills independently of other segments at a
pressure that is close to the equilibrium value.! For bundles
of carbon nanotubes, it has been proposed that the collective
nature of the filling process can be due to the fact that the
substrate potential in one pore depends on whether neighbor-
ing pores are filled or empty.'>!> We doubt that this view
applies given the rather thick interpore walls of the present
matrix.

For a film growing on a smooth wall and density matched
to the wall material, one expects that Ap is constant (and
equal to p,), and that the radial position r; changes with f
according to the geometric relation f=1-(r;/R)>. As has
been mentioned already above, the experiment is by no
means consistent with this relation. At low f,r; rather ap-
proaches a constant value and it is the contrast Ap that
changes with f. The adsorption of Kr does not lead to a film
on the pore walls of increasing thickness #,7=R—r;, but the
Kr molecules rather penetrate into the matrix material,
thereby increasing its electron density p,. The matrix obvi-
ously has a spongelike morphology with a lot of pores. For
ease of discussion we refer to them as “micropores,” without
implying that all of them are smaller than the mesopores that
form the hexagonal pore array. It has been argued that the
microporosity of the pore walls is a consequence of the
preparation technique.*

One can estimate the porosity Py of the walls in two
alternative ways that, in fact, give similar results but that are
both based on the questionable assumption that the filling of
the micropores is completed at some low value of f,f<f..
The first model postulates that the walls, which is the me-
dium at distances r from the pore centers with »> R, consist
of compact SiO, and voids. At f=0.2, Ap is maximum, and
we assume that this is due to a complete filling of these voids
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with liquid Kr. The change of Ap from f=0 to f=0.2 trans-
lates into a porosity Py of about 0.3. The second approach
refers to the comparison of the experimental and the geomet-
ric r; vs f relation. The relation is modified by replacing R by
an effective pore radius R, that is meant to include the void
space within the walls. From the experimental value of r; at
f=0.2, one obtains R.;=4.70 nm, which again translates into
a porosity Py, of about 0.3. Note, however, that neither the
original nor the modified geometric r;—f relation fits the ex-
perimental data in an acceptable way. Considering meso as
well as micropores, the total porosity of a SBA-15 grain is
0.70. About 20% of a complete filling resides in the mi-
cropores.

The theoretical isotherms (SC1 and SC2) of Fig. 1 are
chosen in order to agree with the experimental result on the
lower closing point of the hysteresis loop. As mentioned al-
ready previously, the model overestimates the range of meta-
stability on adsorption. More importantly, the model fails to
fit the regime of film growth in an acceptable way. Isotherm
SC1 largely underestimates the f width of the film growth
regime, the theoretical isotherm starts at about f=0.2 on the
experimental f scale. This agrees with the conclusions of the
last paragraph. The theoretical isotherm SC2 provides, at first
glance, a somewhat better fit of the initial reversible part of
the isotherm, but a closer look reveals that the monolayer
capacity is overestimated. Therefore the values of R and of
the critical film thickness 7. derived from SC2 deviate from
the results of the diffraction experiment. The geometric rela-
tion between f and r; (or 7) is part of the model, the model
has to fail in case the walls are not smooth but contain voids.

Nevertheless the experimental isotherm of Fig. 1 is close
to ideal in the sense that the adsorption branch is almost
vertical, much steeper compared to what we and others have
observed for porous glasses, porous Si, and MCM-41
samples. In fact, we only know of one isotherm that looks
more ideal, the O, isotherm of Awschalom et al.'* on an
early example of a template-grown substrate. We have cal-
culated an SC isotherm from the parameters given in this
article. The p width of the calculated hysteresis loop is nar-
rower than observed experimentally, in contrast to the
present case. The fit to the regime of film growth is poor,
quite similar to the quality obtained with curve SC2 in our
study. We therefore think that the conclusions of these au-
thors concerning the radii R, 7%, i are incorrect.

The walls are obviously not smooth but rough. It is the
corona model B with the parameter & that considers the
roughness in a natural way, 6/ R=0.25, even though the dif-
fraction experiment cannot discriminate between the rough-
ness 6 of model B and the displacement u of the pores from
the lattice sites of model A. The u values obtained are well
below the thickness of the interpore walls. This means that
the pores rarely touch or overlap. The smearing of the den-
sity step could also come from a pore size distribution with a
finite variance AR/R. Note, however, that the rather steep
slope of the branches of the hysteresis loop suggests values
of AR/R of 0.025, only.

0 and u change little as a function of f, nevertheless
there is a slight drop at the onset of capillary condensation at
f.=0.5. At the onset, the adsorbate-vapor interface has ad-
vanced to an average distance r;. from the pore center that
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coincides with R— 6. Obviously capillary condensation starts
right at the moment when the filling of the micropores in the
walls is completed. This is an interesting point. According to
the SC theory, capillary condensation is induced by
undulation-type fluctuations of the cylindrical liquid-vapor
interface. The critical mode is that with an infinite wave-
length since it has the largest amplitude. The roughness of
walls suppresses long-wavelength modes with the result that
capillary condensation is delayed. It is only after the mi-
cropores are filled that long-wavelength fluctuations can de-
velop. This explains qualitatively why the f width of the film
growth regime is larger than expected theoretically for ad-
sorption on smooth walls.

V. FRACTAL APPROACH

Rough surfaces are characterized by the Hausdorff
dimension'®> D,D>2. Theories have been developed that
treat adsorption on fractal surfaces. It has, e.g., been
suggested'® that the exponent of the FHH isotherm of the
multilayer regime gives access to D. Unfortunately such
models cannot be applied directly to the present system since
the capillary condensation in the mesopores interferes with
the multilayer growth on the pore walls. The initial part of
the present isotherm, up to about f=0.4, can be nicely fitted
with a BET isotherm. The fit supplies a monolayer capacity
of f=0.21. The theoretical curve SC2 (Fig. 1) suggests a
similar value. The experimental value is about 0.12, and the
value estimated from the size of the Kr molecule in relation
to the substrate surface of 2R (per unit pore length) is 0.17.
The different values can be reconciled by introducing the
fractal dimension D of the surface of the order of 3.

The diffraction experiment supplies direct information on
the dependence of the adsorbing area 27rr; (per unit pore
length) as a function of f. This information is, of course,
model dependent, but the structural model appears to be re-
liable and consistent. f is the fraction of pore space occupied
by Kr molecules. Hence the r;,—f data establishes a relation
between a surface and a volume, which should follow the
geometric relation from above generalized to D dimensions,
f=1=(r,/R)P, D=log(1-f)/log(r,/R). At very low f, there
is little if any change of r;, and accordingly D is very large.
It is only in a very high-dimensional space that the adsorbed
volume can increase without a noticeable increase of film
thickness. Even at higher f values within the regime of film
growth, 0.3<f<0.5, the change of r, (and equivalently ¢)
with f is not consistent with D=2, but with D values be-
tween 4 and 5. The fractal concept may not be very informa-
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tive, but it nevertheless demonstrates that the film growth on
the pore walls of the present SBA-15 sample is incompatible
with D=2 for any f.

VI. CONCLUSIONS

Adsorption isotherms are a standard tool for the determi-
nation of the average pore diameter and even distributions of
the diameter. The pore radius is calculated from p*® or pd*
in terms of the Kelvin equation or from the “t approach” that
corrects for the finite thickness of the adsorbed film in coex-
istence with the capillary condensate. Fits of the SC model
are perhaps the most sophisticated approach (apart from den-
sity functional calculations and computer simulations), but
the problem of metastable states remains, in particular, in
disordered pore networks, and it is by no means obvious
whether for a given porous substrate p** or p* is closer to
the equilibrium vapor pressure of the capillary condensate.
For the present sample such network effects appear to be
negligible, but complications arise from the microporosity of
the matrix material. Fitting the SC model directly to the iso-
therm gives a pore diameter that strongly deviates from the
diffraction result. Thus, even for a sample that is considered
close to perfect, the extraction of geometric information from
adsorption isotherms is questionable.

Apart from these practical aspects, the present study has
given a detailed insight into the radial distribution of the
condensate in the mesopores. The model of Saam and Cole
obviously grasps the essentials of adsorption and capillary
condensation. Some results are unexpected, namely, the r;
—f relation of film growth, the delay of capillary condensa-
tion, which presumably results from the roughness of the
pore walls, and the “coherent” versus “incoherent” behavior
of the Bragg intensities of the capillary condensation regime.
For a more detailed understanding of these effects, the dif-
fuse scattering had to be analyzed, which in turn, would re-
quire stronger x-ray sources than just laboratory equipment
or light scattering experiments on a single grain. Such ex-
periments could give information on the spatial correlation
of the roughness of the pore walls and of the adsorbed film,
as well as on the correlations of the menisci of the capillary
condensate.
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