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Abstract. The well-known simple adsorption methods used to evaluate the micropore size distribution from low
pressure adsorption isotherms were examined by employing model isotherms for slit-like graphite micropores
obtained from nonlocal density functional theory. It was shown that in the range of pore sizes from about 0.4 to
0.9 nm, the Horvath-Kawazoe (HK) method satisfactorily reproduces the shape of the micropore size distribution, but
the pore sizes are underestimated. In the case of micropores wider than 0.9 nm, the method fails as the formation
of the monolayer on the pore walls produces a peak corresponding to 0.6 nm micropores on the HK pore size
distribution. Therefore, the HK method indicates the presence of microporosity even for nonporous samples. The
Dubinin-Astakhov adsorption isotherms were also examined and it was shown that their application to represent
local adsorption isotherms for homogeneous pores is questionable. However, the adsorption potential distributions

seem to be promising for micropore analysis.
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Introduction

Porous materials such as carbon blacks, active car-
bons, zeolites and silica gels, are widely applied in
many areas of modern science and technology such as
mixture separation, removal of trace impurities, catal-
ysis, fuel storage (Bansal et al., 1988; Bergna, 1994;
Bonneviot and Kaliaguine, 1995; Jansen et al., 1994;
Vansant et al., 1995). The usefulness of porous ma-
terials often results from their remarkable adsorption
properties. These in turn depend on the surface prop-
erties (i.e., the structure of surface layers, the presence
of heteroatoms, functional groups and surface irreg-
ularities) and porous structure properties (such as the
geometry of pores and their connectivity) (Jaroniec and
Madey, 1988). A considerable effort has recently been
made in order to design new materials of well-defined
porosity, leading to adsorbents exhibiting regular

array of micropores (Bonneviot and Kaliaguine, 1995;
Jansen et al., 1994) as well as mesopores (Kresge et al.,
1992). However, the most popular porous materials
such as active carbons and silica gels, possess much
less regular porous structures. In_both cases, there
arises the need to develop simple and unambiguous
methods for characterization of these porous solids. .
Adsorption (especially nitrogen adsorption) proved to
be a fast and convenient characterization technique,
which allows to obtain the pore size distributibn (PSD)
as well as the specific surface area and the adsorption
energy distribution for samples under study (Jaroniec,
1996). The pore size distribution within the range from
about 7.5 nm (Lastoskie et al., 1993a) to about 100
nm can be obtained by using either the Kelvin equa-
tion or its modifications to relate the pressure of the
capillary condensation in pores to their size. For smaller
pores (widths below 7.5 nm), the Kelvin equation is
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not applicable, since the pore filling process is signifi-
cantly influenced by attractive potential of pore walls,
especially in the case of micropores (pore widths be-
low 2 nm). Information about the presence of fine
pores is crucial for understanding adsorption and cat-
alytic properties of many porous solids, and therefore
numerous characterization methods were developed to
obtain micropore size distributions.

Many researchers have used approaches based on
empirical Dubinin-Radushkievich (DR) and Dubinin-
Astakhov (DA) equations (Dubinin, 1975). The latter
adsorption equations were used to represent the local
adsorption isotherrhs in the integral equation for the
total amount adsorbed. However, the comparison of
the DA or DR equations with isotherms calculated on
the basis of computer simulations or nonlocal density
functional theory (Lastoskie et al.,1993a and 1993b;
Olivier, 1995) strongly suggests that the DR and DA
equations represent adsorption in pores of significant
geometrical and/or surface heterogeneity. Therefore,
the use of these equations to represent local adsorption
isotherms in homogeneous pores is questionable. This
subject will be discussed later in the current paper.

Another simple method to obtain the pore size
distribution in the micropore range is based on the
Horvath-Kawazoe (HK) procedure and its modifica-
tions (Horvath and Kawazoe, 1983; Cheng and Yang,
1994). The Horvath-Kawazoe method has been widely
applied to characterize various microporous solids (see
Cheng and Yang, 1994 and references therein). How-
ever, the quantitative analysis of the resulting PSDs
was rather difficult because of lack of both microp-
orous solids of well-defined and simple geomeftries and
reliable model adsorption isotherms for such systems.
The latter data can now be obtained from non-local
density functional theory and computer simulations.
Recently, Kaminsky et al. (1994) tested the validity
of the Horvath-Kawazoe method for cylindrical pores
using model theoretical isotherms and found moderate
agreement between the assumed and calculated HK
PSDs. It was shown that the HK method not only gives
somewhat incorrect values of pore sizes but also pre-
dicts the polymodal PSDs for monodisperse systems.

The most promising, but unfortunately the most
complicated and model-dependent methods for eval-
uating microporosity, are based on advanced compu-
tational techniques such as nonlocal density functional
theory (DFT) and computer simulations, which provide
reliable local isotherms for pores of well-defined ge-
ometry (Lastoskie et al., 1993a, 1993b; Olivier, 1995).

The essence of these methods is to invert the integral
equation for the total adsorbed amount with respect to
the pore size distribution. The approach developed by
Lastoskie et al. (1993a) requires an arbitrarily assumed
form of the PSD to be calculated. Olivier et al. (1994)
developed a numerical program based on the regular-
ization method (Szombathely et al., 1992) in which
no restrictions are imposed on the form of the PSD.
Both methods mentioned above are quite involved so
it would be desirable to find out if simpler methods of
micropore analysis can lead to reasonable results. The
current paper is intended to assess the validity of the
Horvath-Kawazoe method. The problem of application
of the DR and DA adsorption equations in calculations
of micropore size distributions will also be addressed.

Methods
Theoretical Approach

Horvath and Kawazoe (1983) introduced a simple
method for calculation of the micropore size distribu-
tion from a single adsorption isotherm. Later, Jaroniec
et al. (1996) developed an equivalent procedure based
on the adsorption potential distribution. Now that sec-
ond approach will briefly be outlined, because it is used
in the current work.

Under the assumption of the condensation approxi-
mation (CA), the pore volume distribution J(x) = %
(where x is a pore width and V is the amount adsorbed
expressed in cm® of liquid adsorbate per gram of the
adsorbent) can be related to the adsorption potential
distribution through the following equation:

dv dV\/dA dA
Ja)=——= (217) (K) = “X(A)<E) M

The adsorption potential A is equal to the change
in the Gibbs free energy of adsorption with the minus
sign: A = —AG = RT In(po/p). The pore size x
is defined as a distance between the walls of the pore
rather than the distance between the centers of atoms,
which form first layers of the opposite pore walls. The
differential adsorption potential distribution function
X (A) is defined as:

dV(A)
X(A) = 7A (2)

On the basis of Eq. (1), the pore volume distribution
J(x) can be calculated by multiplying the adsorption



potential distribution by the negative derivative of the
adsorption potential with respect to the pore width:
—%. Therefore, the latter quantity needs to be ob-
tained for a specified pore size range and pore geom-
etry. In the case of slit-like micropores, the derivative
of the adsorption potential A with respect to the pore
width x can be found from the following relation be-

tween A and x (Horvath and Kawazoe, 1983):
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where constants C;, C,, C3 and C4 are characteris-
tic for a given adsorbent-adsorbate system (Horvath
and Kawazoe, 1983; Cheng and Yang, 1994; Choma
et al., 1994; Jaroniec et al., 1996). The symbol d,
stands for the diameter of the adsorbate molecule and
§ is equal to 5’*\;—"1 where d, is the diameter of the
adsorbent atom. After differentiation of Eq. (3) with
respect to the pore width x, the following expression is

obtained:
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The values of the constants in Eq. (4) for nitro-
gen adsorption in slit-like carbonaceous micropores at
77.5 K are the following: Cy = 39.6003 kJ * nm/mol,
C, = 1.8942 % 1073 nm?®, C3 = 2.7048 » 107 nm’,
C4 = 0.05012, d, = 0.30 nm, d4 = 0.34 nm and
& = 0.02 nm (Horvath and Kawazoe, 1983; Choma
et al.,,1994). The adsorption isotherm data allow to
obtain the differential adsorption potential distribution
X (A), which after multiplying by the expression from
Eq. (4) and changing the sign, leads to the pore volume
distribution J (x).

The model adsorption isotherms were calculated
from nonlocal density functional theory (Olivier,
1995). A proper correction was introduced to the
method in order to reproduce the adsorption behavior
on nonporous and highly homogeneous Sterling FT-
G(2700) graphite. The isotherms obtained by Olivier
(1995) are in a very good agreement with previously
reported nonlocal density functional theory results of
Lastoskie et al. (1993a; 1993b). The latter authors and
others (Chmiel et al., 1994) compared their DFT cal-
culations with Monte Carlo simulations and found no
considerable differences between adsorption isotherms

Critical Discussion of Simple Adsorption Methods 211

predicted by both methods. Hence, the model isotherms
employed can be regarded as an accurate description
of adsorption in homogeneous pores. It needs to be re-
marked that real porous adsorbents exhibit more or less
pronounced surface heterogeneity, which is expected
to broaden the regions of phase transitions in pores. It
was shown that energetic heterogeneity of pore walls
may change first-order capillary condensation transi-
tions into continuous pore filling (Karykowski et al.,
1994).

Adsorption Measurements

Adsorption isotherms were measured using ASAP
2010 volumetric adsorption ‘equipment from Mi-
cromeritics, Norcross, GA. Before adsorption mea-
surements, the samples were degassed under vacuum at
473 K. Adsorption isotherms were measured in relative
pressure range from 1078 to 1. Standard characteriza-
tion of the samples studied involved calculation of the
specific surface area Spgt (the standard BET method),
the external surface area Sex and the micropore volume
Vmi (£-plot) and the total pore volume V, (obtained from
the amount adsorbed at a relative pressure about 0.975).
A more detailed description of the adsorbents and the
experimental methods used in the current study can
be found elsewhere (Jaroniec et al., 1996; Kruk et al.,
1996).

The adsorbents studied in the current work are listed
in Table 1. BP 280 and BP 800 carbon blacks were
provided by Cabot Corporation, Special Blacks Divi-
sion, Billerica, MA. Sterling FT-G was obtained from
Laboratory of the Government Chemist, Queens Road,
Teddington, Middx, UK. Carbopack B was provided by
Supelco, Bellefonte, PA. Darco and ROW active car-
bons were obtained from Norit Co., Amersfoort, The
Netherlands.

Table 1. The BET specific surface area Sggt, the exter-
nal surface area Sgx, the micropore volume Vi and the
total pore volume V, for the adsorbents studied.

SBET Sex Vi Vi
Adsorbent (m?/g) (m%g) (cm?/g) (cm’/g)
Cabot BP 280 41 36 — 0.10
Cabot BP 800 242 195 0.02 0.68
Sterling FT-G 11 10 —_— 0.03
Carbopack B 88 95 — 0.41
Darco 485 190 0.13 0.51
 ROW 940 156 038 062
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Results and Discussion

Selected model adsorption isotherms calculated using
the nonlocal density functional theory (Olivier, 1995)
are shown in Fig. 1. For pore widths x equal to
0.536 nm and 0.733 nm, the isotherm curves exhibit
one more or less steep step associated with the volume
filling of the micropore. In the case of 0.929 nm pores,
the presence of two broad steps can be noticed. The
step at relative pressures between 10~> and 10™* re-
sults from the formation of the monolayer on the pore
walls and the other one corresponds to the condensation
of the adsorbate confined between these monolayers.
The same behavior is observed for pores of the diameter
equal to 1.09 nm, 1.48 nm and 2 nm. It can be noticed
that the condensation approximation (CA) (which as-
sumes the degree of pore filling ® = 0 for pressures
below the characteristic condensation pressure p, and
® =1 for p > p.) is not likely to give a reasonable
description of the micropore filling, at least for the pore
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Figure ].  Adsorption isotherms for graphite slit-like homogeneous

widths greater than 0.9 nm, as for those pores at least
two steps reflecting the monolayer formation and the
condensation inside the pore, can be observed. Notice
that for pores wider than 0.9 nm, the step associated
with the formation of the monolayer appears at relative
pressures about 10™* and undergoes only a slight shift
towards higher pressures as the pore size increases.
Shown in Fig. 2 are distributions of the adsorption
potential X (A) for the model pores. They were cal-
culated using the degree of the pore filling instead of
the adsorbed amount (see Eq. (2)), because the for-
mer quantity is easily available from the computa-
tional data. As it can be expected from the shape of
the adsorption isotherms, the X (A) distributions for
the model pores exhibit one peak for micropores of
x < 0.9 nm and two peaks for micropores of x > 0.9
nm. In the first case, the position of the peak is re-
lated to the pore size (see Fig. 3). In the second case,
the peak at higher values of the adsorption potential
(about 6 kJ/mol) corresponds to the formation of the

micropores calculated from the nonlocal density functional theory.

1.0

12

Adsorption Potentisl (ki/mol)

10
x = 0538 nm x = 0733 nm
0.8 08
2 )
> o8 > 08
[} [}
E E
~ 04t - 04
< =
< B3
02} 0.2}
oo : 00 .
0 2 4 8 8 10 12 o 2 4 8 :] 1w 12
Adsorptlion Potenliat (kJ/mol) Adsorption Potential (kJ/mol}
1.0 1.0
x = 0.929 nm x = 1.09 nm
08 0.8
=5 =5
X X
> 06 > 06 F
[} =]
E £
~ 04 ~ 04}
< =
= =
oz} s}
0.0 0.0
0 2 4 ] ] 10 12 0 2 4 8 8 10 12
Adsorption Potential {(ki/mol) Adsorption Potential (kJ/mol)
1.0 — r —r
x = 1.48 om
4 4
= 5
o o
> >
[ [-]
£ &
= =
B3 =

0 2 4 6 8 10 12

Adsorplion Potentia) {k}/mol)

Figure 2. Distributions of the adsorption potential for the model
isotherms.



12 T T T T
= ° '
g °
10 i
> o
AL
~ o
— B8 F e
o s
= %,
3} - [e] -
-6' 6 ©C00000 000 0 0 &
0,
= a4l . ]
= °
jol) [ ]
o °
o R . T
G S
<t .....
O 1 1 1 1 1

04 08 12 16 20 24 28
Pore Width (nm)

Figure 3" The adsorption potential (A4) of the maxima on the ad-
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densation inside the pore (x < 0.9 nm) and the monolayer formation
(x > 0.9 nm). Filled circles show A for the condensation of the
adsorbate confined between already formed adsorbate film on the
pore walls.

first adsorbate layer on the pore walls. The second
peak, which appears at lower values of the adsorption
potential, results from the condensation of the adsor-
bate inside the pore and can be used to assess the pore
size (see Fig. 3). This problem will be discussed later.
It needs to be remarked that the presence of the sur-
face heterogeneity is expected to broaden the peaks
on the adsorption potential distributions and probably
shift them to some extent. Moreover, the data described
above are relevant for nitrogen adsorption in graphite
slit-like pores at 77.35 K. For many other adsorbent-
adsorbate systems or other temperatures, considerably
different behaviors can be expected. However, it needs
to be kept in mind that nitrogen adsorption at 77.35 K
is a standard and most widely applied method to obtain
information about surface and structural properties of
porous solids. In the case of argon adsorption at 87.3 K,
which is another frequently used method, adsorption
isotherms for homogeneous graphite pores calculated
from the DFT (Olivier, 1995) have similar shapes as
those for nitrogen. The agreement is obviously qual-
itative and for example the pressure ranges of phase
transitions, such as monolayer buildup or the capillary
condensation, are different. But still many conclusions
drawn for nitrogen adsorption should be valid, when
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Figure 4. Horvath-Kawazoe micropore size distributions calcu-
lated from the adsorption isotherms for model pores.

argon adsorption data at 87.3 K are applied to evaluate
PSDs by the Horvath-Kawazoe method.

The Horvath-Kawazoe pore size distributions ob-
tained from the model adsorption isotherms for ho-
mogeneous slit-like pores are shown in Fig. 4. In
the case of small micropores (widths below 0.9 nm),
one sharp peak is obtained, which indicates that the
Horvath-Kawazoe method can be used to calculate
PSDs for pores of the width up to 0.9 nm. However,
the size of pores in that range is underestimated. These
results suggest that the relation between the adsorp-
tion potential and the pore size requires corrections in
order to obtain a correct estimation of the pore size
from the HK method. The correction mentioned above
can be made with the help of computer simulation or
DFT results.

The Horvath-Kawazoe PSDs obtained for micro-
pores wider than 0.9 nm exhibit two peaks. One of
them indicates the presence of pores of the width
about 0.6 nm, but actually results from the monolayer
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formation on the surface. It was mentioned before
that for pore widths greater than 1 nm, the pressure,
for which the first adsorbate layer is formed on the
pore walls, does not change much with the increase
of the pore size. These results suggest that even for
completely nonporous samples, the Horvath-Kawazoe
method is likely to show the presence of a certain
amount of micropores about 0.6 nm. The second peak,
which appeared on the pore size distributions is asso-
ciated with the condensation of the adsorbate inside
the pore. Its position changes significantly with the
change in the pore width of model isotherms. For the
pore size of 1.48 nm, the peak position on the PSDs
agrees well with the size of the model pore. However,
for smaller pores, the second peak obtained from the
Horvath-Kawazoe method lies below the actual pore
size (i.e., the pore size is underestimated), whereas for
pores wider than 1.5 nm, the pore size is overestimated.
Once again, one can try to find an improved relation
between the adsorption potential and the pore width,
which will allow for the correct estimation of pore sizes.

In order to provide further test of the Horvath-
Kawazoe method, composite adsorption isotherms
were obtained from selected pairs of model isotherms.
In the case of all composite isotherms, the weight-
ing factors were 0.5 for smaller pores and 0.5 for
bigger ones. The mixed isotherms are shown in Fig. 5.
The isotherm for two small micropores (0.536 nm and
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Figure 5. Composite isotherms obtained from two isotherms for
homogeneous slit-like pores.
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0.733 nm) exhibits two steps, which both correspond
to the adsorption potential values above 6 kJ/mol (see
Fig. 6). Two other composite isotherms (0.733 nm and
1.48 nm; 1.09 nm and 2.00) feature three steps. In the
case of the mixed isotherm obtained for pores wider
than 0.9 nm, both single isotherms exhibit two steps
(see Fig. 1). But as it was mentioned above, the step
corresponding to the monolayer formation shifts only
slightly with an increase of the pore size. Therefore,
only one step can be observed on the isotherm at a rela-
tive pressure range below 1073, This step corresponds
to the adsorption potential of about 6 kJ/mol.

The Horvath-Kawazoe pore size distribution func-
tions for composite isotherms are shown in Fig. 7. In
the pore size range below 0.9 nm, the bimodal distribu-
tion of pore sizes is reproduced reasonably well. But
for wider pores, the interpretation of the PSDs is ob-
scured by the presence of the peak, which results from
the monolayer buildup. On the PSD obtained from the
0.733 nm and 1.48 nm composite isotherm, the latter
peak related to 1.48 nm pores almost coalesces with
the peak corresponding to the presence of 0.733 nm
micropores. In the case of the 1.09 nm and 2.00 nm
mixed isotherms, the PSD artificially shows the pres-
ence of significant amount of 0.6 nm micropores. An-
other problem results from the fact that distance
between peaks corresponding to the pores of given sizes
is greater than the actual difference in pore sizes. For
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example, the difference in pore sizes between 1.09 nm
and 2.00 nm pores is 0.91 nm, but the distance between
two corresponding maxima on the PSD is about 1.5 nm.
Therefore, the Horvath-Kawazoe method is expected to
broaden the pore size distribution peaks. Experimen-
tal adsorption studies provide further support for the
results presented above.

For illustrative purposes, several carbonaceous ma-
terials of variable surface and porous properties were
chosen. Sterling FI-G is a nonporous adsorbent of
high surface homogeneity. Carbopack B has a much
higher surface area in comparison to Sterling, but still
similar surface properties. BP 280 is a low surface area
carbon black and serves as an example of a rather non-
porous adsorbent with a heterogeneous surface. BP
800 exhibits similar surface properties as BP 280, but
possesses a small fraction of micropores. Darco and
ROW are considerably microporous. The adsorption
isotherms for these adsorbents are shown in Fig. 8.
Sterling FT-G, Carbopack B and BP 280 exhibit small
adsorption in the low pressure range and then a steep
increase in gas uptake is observed for pressures close
to the saturation pressure. BP 800 exhibits noticeable,
but still rather low adsorption in the low pressure re-
gion and a hysteresis loop (difficult to notice on the log-
arithmic scale) in the capillary condensation pressure
region. Darco and ROW adsorb considerable amount
of nitrogen at relative pressures as low as 1073, which
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indicates their high microporosity. The isotherm on
Darco features a hysteresis loop in the higher pres-
sure region. The differences in the adsorption proper-
ties of these carbonaceous samples can be seen very
clearly on their distributions of the adsorption poten-
tial (Fig. 9). Both Sterling FT-G and Carbopack B
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exhibit a well-pronounced peak at about 5.5 kJ/mol,
which corresponds to the formation of a monolayer of
the adsorbate on the adsorbent surface. For low values
of the adsorption potential A, the adsorption potential
distribution X (A) rises abruptly at 1-1.5 kJ/mol due
to the multilayer formation and possibly the capillary
condensation in mesopores. The adsorption potential
distributions for Darco and ROW exhibit sharp peaks
for A = 8 kl/mol and A = 7.2 kJ/mol, respectively.
Based on Fig. 3, the size of pores in these samples
can be estimated as 0.7-0.8 nm. The X (A) distribu-
tions are rather flat and featureless for A from about
1.5 to 6.5 kJ/mol, but then they increase for A close
to zero, which indicates either multilayer formation
on the surface or capillary condensation in mesopores
and possibly small macropores. There is no peak at
A about 5.5 kJ/mol, which would be expected to ap-
pear as a fraction of larger pores is present in the sam-
ples. Before a possible explanation will be put forward,
the distributions of the adsorption potential for BP 280
and BP 800 need to be examined. BP 280 is essen-
tially nonporous, similarly to Sterling FT-G and Car-
bopack B, but differs in surface properties, as its dis-
tribution of the adsorption potential shows no sharp
maximum. The peak, which represents the mono-
layer formation, is very broad and its maximum lies
at about 5 kJ/mol. The differences in adsorption be-
havior between the compared nonporous samples can
be attributed to surface heterogeneity and/or slightly
different structure of surface layers for BP 280. No-
tice, that BP 800 (as well as several other Black Pearl
carbon blacks not mentioned in the current study) ex-
hibits the same shape of the X (A) in the range from
2 to 7 kJ/mol, as a nonporous BP 280. The difference
can be seen on the distribution at higher adsorption po-
tentials. Namely, X (A) for BP 800 increases for the
values of A about 9 kJ/mol and reaches its local max-
imum close to 10 kJ/mol, which indicates noticeable
amount of vary narrow micropores. The use of Fig. 3
or the comparison with X (A) for the model isotherms
allows to estimate the width of the latter pores as about
0.5 nm.

The broad and diffuse nature of the monolayer for-
mation peak, which is present on the X (A) curve for
the BP samples at about 5 kJ/mol, suggests that sim-
ilar broadening due to heterogeneity effects might be
the case for the X (A) curves for microporous Darco
and ROW samples. Therefore, there is no noticeable
maxima on their distributions of the adsorption poten-
tial at the A value about 5-5.5 kJ/mol.

Sterling FT-G 5
Carbopack B | z 4]

Pore Width (nm)

Figure 10. Horvath-Kawazoe pore size distributions for selected
adsorbents (see caption to Fig. 8).

At this point, the Horvath-Kawazoe pore size distri-
butions will be examined (Fig. 10). In all cases, HK
PSDs show the presence of micropores of the size be-
low 0.7 nm. As it was shown before, the HK method
relates the increase in adsorbed amount resulting from
the monolayer formation to the presence of nonexistent
micropores of the widths about 0.6 nm. This effect can
be seen very clearly for Sterling FT-G, Carbopack B
and BP 280. The area of the 0.6 nm peak corresponds
to the volume of the nonexisting pores (or the liquid
adsorbate confined in them). The latter volume can
be converted into the volume of the gas adsorbate at
the standard temperature and pressure and appears to
be roughly equivalent to the BET monolayer capacity,
which once again proves an artificial nature of the peak.
Because of the low surface area of the nonporous sam-
ples, the area of their 0.6 nm peak is small, which allows
to easily distinguish them from microporous samples,
as the latter usually exhibit much higher adsorption ca-
pacities (see Fig. 10).

In the case of the microporous samples, sharp peaks
can be noticed on HK PSDs. But as it was mentioned
before, the pore sizes assessed by the HK method are
expected to be inaccurate (underestimated in the case of
Darco and ROW). One faces even more difficult prob-
lems trying to examine the microporosity of BP 800,
for which the peak, which indicates the presence of the
actual microporosity, overlaps with the peak resulting



from the monolayer formation. Therefore, the assess-
ment of microporosity for carbonaceous materials by
means of the Horvath-Kawazoe method appears to be
quite difficult. If the sample is essentially microporous
with the pore sizes below about 0.8 nm, the applica-
tion of the method is possible, but parameters used
in the method need to be adjusted. Recent advances
in modeling of adsorption in porous media, such as
applications of nonlocal density functional theory and
computer simulations can be used in order to correct
the parameters mentioned above. For samples exhibit-
ing considerable mesopore or macropore surface area
(for which the course of adsorption, at least until the
monolayer is formed, is similar to that for a nonporous
adsorbent) the application of the HK method is rather
difficult. That problem was discussed above, when the
composite model isotherms and the experimental data
were examined.

As it was shown, in many cases the examination
of adsorption potential distributions X (A) provides a
valuable insight into surface and porous properties of
the samples. That is evident, when the presence of
microporosity needs to be assessed. The peaks on
X (A) function, which correspond to micropores, are
much better separated than the peaks on the HK pore
size distributions. The relation between maxima on
the X (A) functions and the pore size can be obtained
from the DFT or computer simulation. The applica-
tion of the adsorption potential distributions to evalu-
ate microporosity from the experimental data appears
to be promising, especially as the quantity X(A) is
model independent and can be used to calculate the
differential enthalpy and the differential entropy of ad-
sorption (Jaroniec, 1987). The problem of elucidat-
ing information about microporosity from adsorption
potential distributions will be a subject of our further
studies.

Some comments need to be made regarding meth-
ods of micropore analysis based on the Dubinin-
Radushkevich (DR) or the Dubinin-Astakhov (DA)
equation. The latter isotherms were expected to repre-
sent adsorption in homogeneous micropores. InFig. 11
shown are DA adsorption isotherms, which are de-
scribed by the following equation:

o= exp[— (%)] )

where E and n are constants.
The comparison of the DA equation with the model
isotherms for graphite slit-like pores leads to the
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Figure 11. Dubinin-Astakhov adsorption isotherms. The para-
meters in the DA equations were; E = 35 kJ/mol for n = 1 and
E =20k)/mol forn =2, 3 and 4.

conclusion that none of them can be adequately rep-
resented by the DA equation. The latter equation pre-
dicts a rather gradual increase in the adsorbed amount.
This increase is spread over several orders of mag-
nitude of the relative pressure. That is not the case
for adsorption in actual monodisperse homogeneous
pores, which is predicted to exhibit a quite steep in-
crease, for instance at pressures of the monolayer for-
mation or condensation inside a given pore. The grad-
ual rather than stepwise pore filling predicted by the DA
equation results in the distributions of the adsorption
potential (Fig. 12), which have one extremely broad
peak (for n = 2, 3 and 4). Such distributions do
not have any counterpart among the model distribu-
tions shown in Fig. 2, which exhibit one or two rather
narrow peaks. It can be concluded that the DA equa-
tion may possibly represent adsorption in the system
of considerable surface and/or structural heterogene-
ity. Therefore, the use of the DA equation as a local
adsorption isotherm in the integral equation for the total
amount adsorbed is questionable and requires further
studies.

Finally, it needs to be remarked that the accuracy of
low pressure adsorption measurements is essential for
any method of micropore analysis to provide meaning-
ful results. The problems associated with low pressure
adsorption measurements were recently discussed by
Bereznitski et al. (1997).
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Figure 12. The distributions of the adsorption potential for DA
equation with several different values of the exponent n.

Conclusions

The Horvath-Kawazoe method was examined against
model adsorption isotherms obtained from the nonlo-
cal density functional theory for homogeneous slit-like
graphite pores. It was shown that the HK method quali-
tatively reproduces the shape of PSDs in the 0.4-0.9 nm
pore size range, but the pore sizes are underestimated.
In the case of pores wider than 0.9 nm, HK PSDs for
monodisperse model isotherms exhibit two peaks. The
one, which appears at about 0.6 nm, corresponds to the
monolayer formation on the pore walls and is not an
indication of actual microporosity. The second peak
arises from the condensation of the adsorbate between
already formed adsorbate layers on the pore walls, and
in principle can be used to estimate the pore size. For
pores of the width above 1 nm, the relative pressures
for the monolayer buildup do not change appreciably
with the pore size increase, so the HK method shows the
presence of 0.6 nm micropores for mesoporous, macro-
porous and nonporous samples. The conclusions of our
model studies were confirmed by relevant experimental
data.

The Dubinin-Astakhov equation was also examined.
It was shown that it does not provide a satisfactory rep-
resentation of adsorption in homogeneous microporous
systems. Therefore, its application to calculate mi-
cropore size distributions is questionable and requires
further studies.

The distribution of the adsorption potential appeared
to be useful in micropore analysis. It is a model inde-
pendent quantity, related to thermodynamic functions,
such as the differential enthalpy and the differential en-
tropy of adsorption. Hence, further studies are intended
in the direction of the application of the adsorption po-
tential distribution in micropore analysis.

Nomenclature
A Adsorption potential (kJ/mol)
C; Constant in Eq. 3 and 4 (kJ * nm/mol)
C, Constant in Eq. 3 and 4 (nm?)
Cs Constant in Eq. 3 and 4 (nm°)
C4 Constant in Eq. 3 and 4 ()
d, Adsorbate molecule diameter (nm)
da Adsorbent atom diameter {nm)
AG Change in the Gibbs free energy (kJ/mol)
J  Pore size distribution (cm3/(g * nm))
R The universal gas constant = 8.31431
(J/(mol * K}))
T Absolute temperature (K)
V' Amount adsorbed expressed in cm® of liquid
adsorbate per 1 g of the adsorbent
= 0.0015468 * amount adsorbed expressed in
cm?® STP/g (cm?/g)
x  Pore width {nm})
X Differential adsorption potential distribution
(cm® * mol/(g * kI))
8 Constant defined as 44;—‘1“ (nm)
p Pressure ({Pa)
po Saturated pressure = 760 torr = 101325 Pa
(Pa)
pc Condensation pressure (Pa)
® Degree of pore filling ()
Sger  BET specific surface area (m%/g)
S.x External surface area obtained from z-plot
method (m?/g)
Vmi Micropore volume obtained from ¢-plot
method (cm?/g)
V, Total pore volume {cm®/g)
E  Characteristic energy in the Dubinin-Astakhov
equation (kJ/mol)
n  Exponent in the Dubinin-Astakhov equation ()
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