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Adsorption isotherms of H,, D,, and Ne have been measured in the temperature range from 15 K to
the corresponding critical points in samples of porous Vycor glass. From the Brunauer-Emmett-Teller
theory the surface layer coverages are determined. These are found to be temperature dependent. A
model-independent approach allows us to fit the data for coverages ranging from submonolayer to thin
film, below capillary condensation, for each adsorbate at all temperatures with a temperature-
independent curve. This characteristic curve represents the distribution of adsorption sites versus the
adsorption potential. In the intermediate coverage range, the isotherms exhibit the modified Frenkel-
Halsey-Hill (FHH) behavior. The adsorption saturates for low-adsorption potentials. The characteristic
curve is a useful universal curve since it is roughly the same for the three species investigated. We exam-
ine the relative strengths of the surface potentials and densities of the two isotopic modifications of hy-
drogen and of the more classical Ne adsorbed on porous Vycor glass. The characteristic adsorption
curve is compared with results from two models for the adsorbate: Dubinin’s isotherm for microporous
solids and its extension to rough surfaces which places importance on the porosity of the surface, and
Halsey’s model, which is an extension of the FHH isotherm that takes into account the long-range varia-
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tions of substrate adsorption potential.

I. INTRODUCTION

Recently, there has been considerable interest in the
physics of films of quantum fluids, molecular hydrogen,’?
and helium®* on porous substrates. Commercially avail-
able porous Vycor glass (PVG) is a prototype absorbent
often used in these studies. The adsorption isotherm is
the film equation of state. It has long been known that
the apparent surface density of helium, as measured by
adsorption isotherms, is temperature dependent.’ There-
fore, it is relevant to study the surface densities of hydro-
gen on this adsorbent to find out if the phenomena is
manifest for all light adsorbates. In addition to the in-
terest in light adsorbates as paradigms of quantum
behavior, another feature is that their adsorption poten-
tials are the largest, in comparison with the thermal and
lateral energies, of any adsorbate. This makes them a
suitable testing ground for models of adsorption. We
have measured the adsorption isotherms of H, and D, in
the temperature range from 15 K to the critical points,
roughly 33 K. Ne was also studied. The Brunauer-
Emmett-Teller (BET) method gives surface densities nggy
that are temperature dependent for the three gases stud-
ied.6 7An early account of these results has been present-
ed.”

Before discussing the experiments and the application
of the characteristic adsorption curve approach to the
data, we note that many elements of this model have ap-
peared previously in the literature. The adsorption iso-
therm is dependent upon the state of aggregation. H, ad-
sorption on homogeneous substrates such as MgO is usu-
ally interpreted in terms of homogeneous two-
dimensional phases or layers. As many as six layers are
distinguishable in the adsorption isotherms of H, on
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MgO at low temperatures from many inflection points
(“knees”) in the plot of material adsorbed as a function of
pressure.”> Adsorbate layers are known to exhibit a
hierarchy of structural phase transitions, as recent work
on Ar on graphite shows.® Also, the strength of the sur-
face adsorption potential ‘“‘compresses” the adsorbates, in
particular helium and hydrogen, leading to an increase of
the density of the first adsorbed layer.” Another way of
increasing the surface density has been proposed in which
the energy of a molecule in the second layer is appreci-
ably larger than in the bulk (rather than the model lead-
ing to a monolayer, e.g., the BET model).'° In Steele’s
model, or the bilayer model, a second layer counts as the
surface layer for most measurements, in particular
volumetric adsorption measurements. We have previous-
ly reported on infrared spectroscopy experiments which
seem to favor the bilayer model over the compressed
monolayer phase.!! We have also presented a study of
the adsorption isotherms of hydrogen at temperatures be-
tween 15 and 20 K for PVG where the adsorption data
were analyzed using the bilayer model.” In contrast to
the BET model, the bilayer model introduces hetero-
geneity by considering two distinct adsorption energies.
From the adsorption data the density and differential ad-
sorption energies of the first two adsorbed layers were
determined. Here, we examine a much wider tempera-
ture range, the simple picture of two layers breaks down:
a model with a wider distribution of adsorption energies
is needed in order to fit the data over a wider temperature
range.

The characteristic curve aspect of our adsorption data
is also a feature of multilayer adsorption theories, such as
the Frenkel, Halsey, and Hill (FHH) isotherm.!? If the
long-range part of the gas-solid interaction is due to the
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dispersion interaction, the FHH adsorption isotherm is
n =nguybu ", with 8u the difference in chemical poten-
tial per molecule between saturated and unsaturated con-
ditions and v=%. However, most experimental data for
porous materials that have been fitted to a FHH give
v=0.38 or more.!> The data presented in this paper can
be fitted with a FHH isotherm for intermediate cover-
ages, and values for v in the high range are also obtained.
Following an original suggestion by Halsey, that the
discrepancy between theory and experiment can be un-
derstood in terms of surface heterogeneity,'* we have ex-
amined the sources of heterogeneity and existing models
for heterogeneous adsorption.

When analyzing the problem of adsorption on PVG,
several sources of heterogeneity need to be considered.
One is the variation in adsorption potential resulting
from different microscopic sites in the glass. This compo-
sitional disorder has been considered previously.!>
Also, geometrical effects can give rise to heterogeneous
adsorption over various length scales. Roy and Halsey!”
and Daunt!® have proposed that the long-range variation
of the substrate potential as a function of position on the
surface result in islands of adsorbate. This can explain
the complex temperature and coverage dependence of the
specific heat of helium on heterogeneous surfaces. Tait
and Reppy!® measured the effect for PVG and reviewed
the experiments for helium. Torii, Maris, and Seidel'®
have measured the specific heat of hydrogen on PVG and
observed similar behavior. They also discussed some pos-
sible sources of long-range variation of the substrate po-
tential for H,. They found that the effect of these hetero-
geneities is small; for example, the potential at the surface
of a 5-nm-diameter spherical pore would be greater than
the potential of a flat surface by about 20%. The long-
range adsorption potential variations are presumed to
give rise to islands of adsorbate in the regions of adsorp-
tion potential maxima. We have previously reported on
infrared-absorption measurements of the fundamental
band of physisorbed hydrogen on PVG which favor the
island model of adsorption.!! Short-range effects are also
important. If very small pores exist in PVG which are
commensurate with the size of the adsorbent molecules, a
strong, short-range heterogeneity follows, since sites of
different adsorption energies are possible depending on
the position of the molecule about the pore rims.?’

The field of characterization of porous materials has
been renewed by the introduction of the concept of frac-
tal dimension as a measure of surface roughness and mor-
phology.?"?? Clearly, the number of molecules that over-
lay a surface at monolayer coverage depends on the linear
size r of the probe used, and is n,,=(S, /r)%, where d is
the fractal dimension and S, is a substrate-dependent pre-
factor.??

The plan of this paper is as follows. In Sec. II we de-
scribe the experimental technique and the application of
the BET theory to the adsorption data. In this section
the adsorption data taken at various temperatures are
presented and the adsorption isotherms for H,, D,, and
Ne are compared. The characteristic isotherms are
presented in Sec. III, and their interpretation is discussed
in Sec. IV.
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II. SAMPLE PREPARATION AND EXPERIMENTS

The experimental technique has been described in de-
tail in Ref. 7. Briefly, the Vycor sample (Corning 7930)
consisted of seven rods 3.58 mm in diameter. The total
volume was 1.44+0.02 cm®. It was prepared by boiling
in solutions of 30% H,0,, rinsing in boiling deionized
water, and drying at 150°C in a vacuum for 2 h. After
this process the sample weight was 2.05 g. For hydrogen
and neon adsorption measurements the sample was con-
tained in a copper adsorption cell which was mounted in
a closed-cycle refrigerator capable of reaching 10 K.
Standard N, adsorption experiments to evaluate the sur-
face area and average pore size of the Vycor were done
by immersing the cell in a liquid N, bath. Cell tempera-
tures were measured with a calibrated germanium resis-
tance thermometer. Vapor pressures were monitored
with a small (0.5 cm?®) copper cell which was attached to
the adsorption cell. The temperature-dependent vapor
pressures of H, and Ne are given in Ref. 24. Adsorption
isotherms were measured by admitting portions of gas
from a known volume (453.010.5 cm®) into the adsorp-
tion cell through a special valve. This valve internal
volume does not change when opening or closing, and al-
lows precise amounts of gas to be admitted into, or re-
moved from, the adsorption cell. Pressures were mea-
sured with a temperature-stabilized capacitance gauge.?
Adsorption cell dead space, that is, space in the adsorp-
tion cell not occupied by the porous material, has to be
minimized. The volume of the dead space was measured
by admitting a charge of helium into the adsorption cell.
The reason for using “He is that it can be assumed to be
negligibly adsorbed at 77.4 K. At this temperature, the
dead space volume is 0.8 cm® at STP. Further correc-
tions, as for the thermomolecular effect, are described in
Ref. 7.

The N, adsorption isotherm was measured at 77.4 K.
The analysis of the data involves fitting the experimental
points to the BET equation. From this fit we derive a to-
tal internal area of 194 m?/cm3. From the measured
filling factor of 0.31, and assuming cylindrical pores, a
pore radius of 3.2 nm is obtained. These values are con-
sistent with the average pore diameter and porosity given
by the manufacturer.

The results for H, adsorption are presented graphically
in Fig. 1. For clarity purposes, not all the experimental
points are shown (although all points were used when
analyzing the data). The isotherms are of type IV ac-
cording to Brunauer’s classification,'? and indicative of a
sample with micropores. The isotherms show hysteresis
at 18.2 K the saturation pressure is 372 mmhg, the
Vycor fills at x=P/P;,=0.82 and empties at
P/P,=0.63. The adsorption-desorption loop corre-
sponds to the type of behavior associated with the pres-
ence of “ink-bottle” pores or tubular capillaries of vari-
able cross section. Analogous adsorption isotherms for
D, are shown in Fig. 2.

The BET isotherm may be written as'>!?

n x c
— = l
n 1—x 1+(c—1x ’ ()

m
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FIG. 1. Adsorption (open symbols) and desorption (full sym-
bols) isotherms of hydrogen. The ordinate axis represents
amounts adsorbed per unit volume of the sample. The tempera-
ture of the measurements is indicated. P, is the saturation pres-
sure at the corresponding temperature. The solid lines
represent a calculation based on BET with the parameters of
Table I.

where n is the number of moles of gas adsorbed per cm?

of Vycor at pressure P. x is the reduced pressure P /P,
with P, the saturation pressure; n,, is the number of
moles of gas per cm® of Vycor sample adsorbed in a
monolayer. c is a constant related to the heat of adsorp-
tion per mole at the Vycor surface, E, 4, and the heat of
adsorption per mole E; at the free surface of the liquid at
temperature T:

c=(j,/jL)exp[(E 4 —E;)/kpT], (2)

where kjp is Boltzmann’s constant. j, and j; are the par-
tition functions of a molecule in the monolayer and in the
liquid, respectively, and they are assumed to be the
same.

Since the adsorption isotherms of H, and D, show hys-
teresis for high coverages, good fits to Eq. (1) can be ob-
tained only for low coverages. If reduced pressures larger
than x =0.6 are included, we obtain negative values for
c. The value obtained for n,, from the BET fit is rather
independent of the saturation pressure, yet larger values
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FIG. 2. Adsorption (open symbols) and desorption (full sym-
bols) isotherms of deuterium. The solid lines represent a calcu-
lation based on BET, with the parameters of Table 1.
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TABLE 1. Parameters obtained from a fit to the data in Figs.
1 and 2 to the BET equation [Eq. (1)].

T (K) n, (mmol/cm?3) c
H, 14.8 4.15 190
18.2 3.86 160
32 3.33 210
D, 18 4 100
23 3.68 100
32 3.44 96

are obtained at lower temperatures. The hysteresis loop
was also found to be larger at lower temperatures.

The BET fit to the adsorption data for H, and D, at
various temperatures is shown in Figs. 1 and 2. The pa-
rameters giving the best fits are listed in Table I. The
BET model fits the adsorption data rather poorly. We
have shown in Ref. 7 that a modified isotherm based on a
bilayer model fits the H, data better. Still, the adsorbate
density n,, obtained in Ref. 7 is also temperature depen-
dent. Ne adsorption isotherms are qualitatively similar,
and also indicate that the adsorbate density is tempera-
ture dependent. They are discussed more extensively in
Sec. I1I.

III. CHARACTERISTIC ADSORPTION CURVES

A model-independent approach is discussed which al-
lows us to fit the data for each adsorbate at all tempera-
tures to a characteristic curve. We also discuss the scal-
ing of the adsorption as a function of pressure and tem-
perature with molecular size and mass.

To describe saturation it is convenient to identify a
variable that takes temperature into account. A con-
venient variable is 8u=u, —up, the difference in chemi-
cal potential per molecule between unsaturated and sa-
turated conditions. p, is the chemical potential per mol-
ecule of the gas at temperature T and pressure P. up and
P, are the chemical potential and vapor pressure of the
bulk phase at temperature 7. 8u can be calculated from
the properties of the gas by using

du=—"T1In(py/p)+2(B/R)P —P,) , 3)

where R is the gas constant and B is the second virial
coefficient.?® For the gas densities at temperature T and
pressure P,p, and at temperature T, and pressure P,p,
we use the virial equation of state. Pertinent data for H,
and D, are presented in Ref. 27. We note that the depar-
ture of Eq. (2) from the ideal gas result,
Su=—T1In(P,/P), is less than 10%. For neon we use
the ideal gas approximation.

When adsorption isotherm data are expressed as a
function of the adsorption potential 8u, the result is
roughly temperature independent for coverages below the
hysteresis loop. The thermodynamic meaning of the ad-
sorption potential is discussed in Ref. 28. The chemical
potential also has microscopic significance. In the thick-
film limit, where the density of the adsorbate is equal to
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FIG. 3. The characteristic adsorption curve of hydrogen on
PVG. 8pu is the chemical potential difference between the ad-
sorbed state and the bulk at the same temperature. The dotted
line represents a calculation based on the FHH equation, Eq.
(4), for nggy = 16.41 mmol/cm? and v=0.375.

that of the bulk, and for regular surfaces it can be shown
that Su=V(z), with ¥ (z) the average substrate potential
at the gas-adsorbed phase interface. A discussion is given
in Ref. 12. The experimental characteristic adsorption
curves are shown in Figs. 3, 4, and 5 for H,, D,, and Ne,
respectively. As shown in these figures, the coverage at
various temperatures coalesce into a characteristic ad-
sorption curve n =n(8u). To a close approximation, a
single curve can be obtained at all temperatures. As evi-
denced by Figs. 3-5, the characteristic adsorption curve
concept does not work for coverages and temperatures at
which hysteresis sets in; that is, in the region of capillary
condensation.

Shown in Figs. 3-5 are the best fits obtained of the
FHH equation:?

n(ﬁ#)anHH(SIJ«)_‘V ’ 4)

where ngyy is a constant. For hydrogen the best fit is ob-
tained for 7 pyy =16.41 mmol/cm® and v=0.37510.03.
For deuterium the best fit is obtained for ngyy=19.32
mmol/cm® and v=0.395+0.03. For Ne we obtained
N gy = 24.5 mmol/cm? and v=0.4710.06.

The plots of n vs Su in Figs. 3—5 show a slight temper-
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FIG. 4. The characteristic adsorption curve of deuterium on
PVG. The dotted line represents a calculation based on the
FHH equation for 7 gy = 19.3 mmol/cm® and v=0.395.
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FIG. 5. The characteristic adsorption curve of neon on PVG.
The dotted line represents a calculation based on the FHH
equation for npyy =24.5 mmol/cm® and v=0.47.

ature dependence for large adsorption potentials. This is
best seen in Fig. 3, the characteristic adsorption curve for
hydrogen. Coverages at 32 K are larger than those at 18
K for the same adsorption potential. A similar slight
temperature dependence is exhibited by D, and Ne. This
could be due to a number of reasons. One possible cause
is a lack of equilibrium between the adsorbate and pres-
sure gauge. We have repeated the measurements a num-
ber of times, and obtained the same results. Surface
compression is another effect to be considered.!? It is im-
portant to note here that the compressibility is very
different for the three gases studied (being very large for
H,). From the similarity of the characteristic curves, we
can infer that the compressibility is not a determining
factor in the state of the adsorbed layer.

IV. DISCUSSION

In this discussion we consider the BET isotherm, the
Dubinin isotherm and its extension to fractal surfaces,
and Halsey’s interpretation of the modified FHH adsorp-
tion isotherm. We also put forward some scaling rules
for the characteristic adsorption curves as an aid in relat-
ing the adsorption properties of the three gases studied,
and as a way of extending the temperature range of appli-
cability of our results. The comparison between adsorp-
tion isotherms, n versus P /P, of different adsorbates on

- PVG is arbitrary because the isotherms are temperature

dependent. Instead, the scaling of the (temperature in-
dependent) characteristic adsorption curve is a powerful
predictive tool. It can also be used as a basis for under-
standing the isotopic and quantum effects of adsorbates
in PVG.

An essential feature of the BET isotherm is an
inflection, occurring for du=E; —E_;, which identifies
the formation of a monolayer in the isotherm. No such
inflection is observed in the experimental curves in Figs.
3-5, except for a broad feature at the adsorption poten-
tials, indicating that E, 4 and n,, are not well defined for
the hydrogens and Ne on PVG.

The isotherm equation originally proposed by Dubi-
nin?® for porous materials turns out to be a better starting
point. Dubinin’s treatment, as modified by Kaganer,?
yields a method for calculating the adsorbate density.
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This isotherm is confined to the monolayer and submono-
layer region. It assumes a Gaussian distribution of ad-
sorption sites on the surface, which can be represented by

n =ngexp[ —B(du)?1, (5)

with a characteristic adsorption potential Vy=—p"1/2
Kaganer?® discussed this equation and interpreted ny as
the number of molecules in a monolayer. Note that the
formation of a monolayer, as identified from a bend in the
characteristic adsorption isotherm, occurs for Su=Vyg.
The Dubinin isotherm is useful to describe adsorption on
heterogeneous surfaces such as flat (nonporous) glass.
Pyrex glass is formed of the same components that con-
stitute PVG and is therefore useful for comparative pur-
poses. We have found that the characteristic curves of
hydrogen and neon on Pyrex glass measured by Keesom?°
are remarkably well represented by Eq. (5), for coverages
in the monolayer and submonolayer regions. This is
shown in Fig. 6 for H,. Best fits are obtained for
Vg=—135%£15 K and —79+£10 K, for hydrogen and
neon, respectively. A modified FHH isotherm with
v=0.38+£0.03 also fits Keesom’s hydrogen data for inter-
mediate coverages.

Equation (5) fits the characteristic curves of Figs. 3, 4,
and S, only over a very limited range of coverages. Best
fits are presented in Figs. 7 and 8. The characteristic ad-
sorption potential Vi and the monolayer coverages ng
obtained from the fit to our experimental data are
presented in Table II. Note that the characteristic ad-
sorption energies for PVG are larger than for Pyrex. One
possible reason for this is that pores have larger adsorp-
tion energies than flat surfaces.!>?® At high coverages,
multilayer adsorption occurs, and this is not considered
in Dubinin’s approach. At submonolayer coverages, in
contrast to the adsorption isotherms of H, and Ne on flat
Pyrex, the adsorption isotherms on PVG are poorly
represented by Eq. (5). The low-coverage region will be
examined further below.

The relation between ng and Vi for H,, D,, and Ne,

(]
o
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o
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FIG. 6. The characteristic adsorption isotherm of H, on

Pyrex glass. The data are from Keesom and Schweers (Ref. 30).

For clarity, not all experimental points are shown. The solid

line represents a calculation based on Dubinin’s equation [Eq.

(5)] with B=5.42X107° K2 and ng=19.8 mmol/cm? The

short-dashed line represents a calculation based on the FHH
equation, Eq. (4), for nggy =85.8 mmol/cm? and v=0.41.
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FIG. 7. The characteristic adsorption curve of H, at low cov-
erages. The solid line represents a calculation based on
Dubinin’s equation [Eq. (5)] with 8=2.0X107° K~? and
ng =3.88 mmol/cm®. The short-dashed line represents a calcu-
lation based on the FHH equation. The long-dashed line
represents a calculation based on a fractal distribution of micro-
pores, Egs. (7) and (8), for x;;, =0.2 nm, x,,, =0.8 nm, d =2.3,
n;=3.8 mmol/cm3, and m =6.6X 107> K2 The dotted line
represents Halsey’s isotherm, Egs. (9) and (10), with ny=3.33
mmol/cm® and AE,, =300 K.

shown in Table II, is worth discussing. To explain this
relation, in a first approach, one may use rather general
molecular and surface properties, without reference to
specific statistical mechanics models of adsorption.
Hoinkes®! has presented a simple phenomenological form
for the surface potential minimum Vg, Vg=Ca/ rg3,
where a is the molecular polarizability, C is a constant,
and r, is the molecular radius. Values for the molecular
radii and molecular polarizabilities of the relevant mole-
cules are given in Refs. 32 and 33, respectively. We as-
sume that Vy is proportional to V. This is validated by
the experimental observation that Vi is the same for the
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FIG. 8. The characteristic adsorption curve of D, at low cov-
erages. The solid line represents a calculation based on
Dubinin’s equation [Eq. (5)] with B=1.85X10"° K2 and
ng =4.08 mmol/cm®. The short-dashed line represents a calcu-
lation based on the FHH equation. The long-dashed line
represents a calculation based on a fractal distribution of micro-
pores, Egs. (7) and (8), for x,;; =0.2 nm, X,,, =0.8 nm, d =2.3,
n;=4.2 mmol/cm?, and m =6.54X 1075 K~2. The dotted line
represents Halsey’s isotherm for n;=3.64 mmol/cm’® and
AE,, =300K.
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TABLE II. Adsorption energy and coverage of the hydro-
gens and Ne obtained from a best fit of Dubinin’s equation [Eq.
(5)] to the characteristic isotherms of porous Vycor glass. The
neon data do not extend to sufficiently low coverages to allow
for a fit of Eq. (5) to the data. Values of Vg and ng for neon
were obtained by scaling the data of deuterium to neon (Figs. 4
and 5).

Vi (K) ng (mmol/cm?)
H, —223+10 3.9+0.1
D, —232+10 4.1+0.1
Ne —90+10 5.5+0.2

two hydrogen isotopes. Hoinkes’ expression gives the
same result for the two isotopes since they have the same
polarizability and molecular radius. For Ne we obtain

Vi(Ne/Vi(H,)=(a(Ne)/a(H,))(r,(H,) /r,(Ne))?
=0.60 . (6)

This theoretical estimate for the ratio of surface potential
minima can be compared with the ratio of characteristic
adsorption potentials Vg (Ne)/Vg(H,) determined from
our adsorption isotherms. From Table II we obtain
Vg (Ne)/Vi(H,)=0.39, in fair agreement considering
that the Ne data do not extend to sufficiently low cover-
ages to allow for a good fit of Eq. (4) to the data. For
Keesom’s data we obtain Vi (Ne)/V(H,)=0.58, in very
good agreement with the theoretical estimate.

The adsorption at low coverages and high adsorption
energies is very interesting. The formation of a mono-
layer, as identified from a knee in the isotherm at
du="Vk, is not clearly marked in the data in Figs. 7 and
8. We can consider several explanations for the
indefinition of the monolayer in our experimental data.
As discussed in Sec. III, this could be from lack of equi-
librium of the sample for low coverages, yet experiments
were repeated a number of times and the same results
were obtained. Another possible explanation is that PVG
has a distribution of micropores of different sizes. The
effect of a distribution of pore sizes was recently con-
sidered theoretically by Jaroniec et al.* In this case the
adsorption isotherm is

X
n(du)=n; §_""J (x)exp[ —mx?/(8u)*)dx , (7)
where n; is the number of moles of gas adsorbed per cm?
of Vycor. J(x) is the normalized micropore size distribu-
tion function, x is the half-width of the slitlike micro-
pores, X .., and x_; denote the maximum and minimum
values of x, and m is a parameter related to 5. As indi-
cated by Pfeifer and Avnir,>® the pore size distribution of

a fractal surface is

J(x)=Jyx27¢, (8)

where d is the fractal dimension of the surface, and J is
a normalization constant.

As shown in Refs. 36 and 37, the fractal form of the
FHH equation [Eq. (4)] can be obtained from Eq. (7) for
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Xmin=0 and x_,, =, with v=3—d: n(8u)
=npaa(8u) "%, From the fit of Eq. (4) to our inter-
mediate coverage data, an average value of v=0.39+0.03
is obtained for the three gases investigated. We obtain
that the fractal dimension of the pore distribution of
PVG is d =2.6110.03. This has been investigated with
other methods, such as small-angle neutron (SANS) and
x-ray (SAXS) scattering. The fractal dimension probed
by SAXS and SANS refers to surface irregularities in the
1-10-nm length scale, which covers the range probed by
adsorption isotherms. Recent SANS experiments give
d =2.4 for dry samples.’®* "Analysis of the small-angle
x-ray scattering (SAXS) is more involved;?? a value of
d =2.40%0.01 is obtained from this technique.

We have fitted the isotherm in Egs. (7) and (8) to our
adsorption data at low coverages. Best fits are obtained
for a restricted range of pore sizes from x;, =0.2 nm to
X ax —0.8 nm. These fits are shown in Figs. 7 and 8. As
shown in Ref. 34 the pore size distribution cannot be
unambiguously determined from adsorption data alone.
Moreover, we have not been able to fit the entire range of
coverages with a single fractal distribution. At low cov-
erages, Jaroniec’s treatment suggests a very restricted dis-
tribution. However, a much wider pore size distribution,
roughly between 1 and 100 nm, is required to fit the inter-
mediate coverages where the FHH works well. There-
fore, we were not able to obtain a single distribution that
fits at low and intermediate coverages simultaneously.
This, coupled with disagreement between the value of d
obtained from the modified FHH behavior and previous
determinations, leads us to disfavor the fractal form of
the adsorption isotherm by Jaroniec et al.

We have also fitted the experimental data to Halsey’s
isotherm for heterogeneous surfaces.!* This isotherm is
based on the assumption that the adsorbate-solid interac-
tion is due to the dispersion interaction and that the dis-
tribution of energies over a site in each layer obeys an ex-
ponential distribution. Then,

n :nH 22(73) b (9)
r=1
where
z=(P/Py)" "Em (10)

Here AE,, is the modulus of the energy distribution, and
ny is a parameter that adjusts the scale of the number of
sites. We assume here that the energy distribution is
unrestricted. At intermediate coverages, Halsey’s iso-
therm behaves like a FHH isotherm, Eq. (4), with
v=0.37, independently of the AE,, value. Comparison
with the experimental data in Figs. 7 and 8 reveals good
agreement for intermediate coverages and low energies.
Halsey’s isotherm fails to fit the data well at low cover-
ages. The discussion of Halsey’s theorem can be im-
proved to account for a more realistic distribution of ad-
sorption sites and to reproduce the cutoff for low adsorp-
tion potentials, but this is outside the scope of this work.
It is interesting that the isotherms follow a power law
at intermediate coverages, and that the same exponent
works for hydrogen, deuterium, and Ne on PVG and
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nonporous pyrex glass. Furthermore, the molecular
masses of hydrogen, deuterium, and neon range from 2 to
22. This indicates that the physical phenomenon that
leads to the FHH isotherm is not related to quantum
effects. In this context, the study of the temperature
dependence of the adsorption of a classical adsorbate
such as nitrogen on PVG is of interest. The similarity of
the power-law behavior of the characteristic adsorption
curves for nonporous and porous glass for intermediate
coverages seems to bring further support to Halsey’s
treatment of the problem. Of course, it could be that the
pyrex glass utilized in those studies is microporous. It is
conceivable that some surface treatments which induce
microporosity were perhaps used, and this should be
better investigated.

V. SUMMARY

We have performed adsorption isotherm measurements
of hydrogen, deuterium, and neon on porous Vycor glass
over a wide temperature range. We find that the BET ad-
sorption isotherm description is unsuitable for this sys-
tem. We discuss a characteristic adsorption curve ap-
proach which can be used to describe the adsorption over
wide temperature and coverage ranges. This approach
does not work under conditions of capillary condensa-
tion, but is very adequate at lower coverages. The
temperature-independent characteristic adsorption curve
allows for the estimation of adsorption isotherms in the
range from submonolayer to multilayer coverages at any
temperature in a model-independent way. Overall, the
extension of the Dubinin-Kaganer characteristic adsorp-
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tion curve to heterogeneous surfaces with a pore size dis-
tribution of a fractal nature gives the best fits to our data
over restricted coverage ranges, but fails to provide a
unified picture of the experiments. Also, the fractal di-
mension obtained from our fits at intermediate coverages
is in disagreement with the fractal dimension of the sur-
face of PVG obtained from SAXS and SANS experi-
ments. Halsey’s model for heterogeneous adsorption
gives remarkably good results considering that it has only
two adjustable parameters. In this model, the fluctua-
tions of the adsorption potential are not distributed ran-
domly across the interface, but grouped together so as to
give rise to long-range variations of the adsorption poten-
tial. These long-range variations can result in large la-
teral pressures that force the hydrogen to form islands.
In this context, our adsorption measurements corro-
borate the model of adsorption on islands which has been
proposed to explain the specific heat of helium and hy-
drogen on PVG, and which explains some features of the
infrared absorption of hydrogen on PVG.
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