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Abstract: The characterization of non-porous surfaces by the BET and the DRK techniques should be
complementary. However, the monolayer capacities N, obtained by these techniques may be different, with
trends for the adsorption of simple molecules on a given surface. Assuming that the BET monolayer is correct,
its use in the DRK equation leads to exponents n different from the standard value n = 2. This exponent is
directly related to the width of y(e), the distribution of the gas—-solid adsorption energy € for a given system.
Therefore, the analysis based on an extended DRK equation leads to information on the heterogeneity of the
surface. For example, the data for adsorption of simple molecules physisorbed on a non-porous silica, on
the (111) face of rhombic sulphur and on graphitised carbon blacks lead to average exponents of 1.2, 2.0
and 2.2 respectively, with specific scaling factors B. In the case of nitrogen adsorbed on SiO,, the value

n = 1.8 suggests the presence of specific interactions.
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1. Introduction

Traditionally, non-porous surfaces can
be characterized by the well-known BET
theory [1]. With the help of simple adsorp-
tives such as nitrogen at 77 K or benzene
near room temperature, this approach,
based on multilayer adsorption, leads to the
surface area of the solid, Sgp (m? g ). In
spite of the shortcomings of the underlying
theory, this approach provides a good esti-
mate for the surface area, for example with
the help of nitrogen adsorbed at 77 K or
organic vapours near room temperature. It
is assumed that the surface is homogeneous
and lateral interactions are neglected, but
the heterogeneous character of real surfaces
and the increase in neighbourhood with
increasing adsorption have a compensating
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effect. Consequently, the equivalent mono-
layer capacity of the surface, N, (BET)
(mmol g™') is in relatively good agreement
with the effective surface area determined
by other techniques [2].

In 1957, an entirely different approach
was proposed by Kaganer [3-6], as an
extension of Dubinin’s theory [7-9]. The
latter had shown that the volume filling of
microporous (nanoporous) solids such as
activated carbons and zeolites could be
explained in terms of the thermodynamic
potential A = RTIn(p/p). As discussed
below, this led to the so-called Dubinin-
Radushkevich-Kaganer (DRK) equation
[1][10].

The BET and the DRK approaches
apply to different domains of relative
pressures p/p,, but they should provide
complementary and self-consistent infor-
mation on the surface under investigation.
However, as pointed out by different au-
thors [1][10-12], the monolayer capacities
N,n( BET) and N, (DRK) may often show
systematic differences. Depending on the
type of surface, for the same series of sim-
ple and non-specific adsorbates, the ratio

N, (DRK)/N, (BET) can be larger or
smaller than unity. This may cast doubts on
the DRK approach, since the surface areas
derived from N ppr appear to be closer to
reality, at least for type II isotherms.

In the present study we show that the
apparent shortcoming of the DRK approach
can be lifted by considering a variable ex-
ponent in the fundamental equation, usual-
ly taken as equal to two. This is not surpris-
ing, in view of the fact that this quantity re-
flects the heterogeneity of the surface with
respect to the adsorption energy distribu-
tion x(¢) [9][10]. The extension of the DRK
equation, proposed here, has been tested for
the adsorption of simple molecules on non-
porous carbon blacks, sulphur and silica.

2. Theory

Following Polanyi’s idea [13], Dubinin
and his coworkers suggested in 1947 that
the adsorption of simple vapours by micro-
porous carbons could be described by a rel-
atively simple and elegant expression
known as the Dubinin-Radushkevich (DR)
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equation. At a later stage (1971), this ap-
proach was further improved to include
other microporous solids such as zeolites,
for example. This led to the so-called Du-
binin-Astakhov (DA) equation [7-9]

N,(T;p) =N, exp[~(A/E)"] (1)
where
A =RT In(p/p) 2)

N,, is the limiting amount adsorbed in the
pores and, provided that no molecular sieve
effects are present, the total volume of the
micropores is W, = N, 'V .V being the
molar volume of the condensed adsorbate
(vapour) at the given temperature. For
typical carbons, exponent n is close to 2,
which corresponds to the original DR equa-
tion. On the other hand, in the case of zeo-
lites, n may take values between 1.5 and
4-5, depending on the size and the chem-
istry of their cavities. The quantity E, called
the characteristic energy of adsorption,
depends on both the solid and the adsorbate.
If no specific interactions are present,
a scaling factor [3, called the affinity coeffi-
cient, can be introduced for the various
adsorbates, with benzene as a reference and
E=BE_ [14]. In view of the simplicity of its
parameters, it follows that Eqn (1) provides
a very useful basis for the prediction of ad-
sorption under static and dynamic [15] con-
ditions.

The validity of Dubinin’s theory re-
quires the temperature invariance of param-
eters E and n, which is reflected by the lin-
earity of the plot of In(N,/N, ) versus A" for
different temperatures and pressures. With
specific values of B, relative to a given ad-
sorbate (for example benzene or nitrogen),
one obtains a single plot for the data corre-
sponding to different molecules physisor-
bed on a given solid.

Kaganer [3-6] suggested describing the
adsorption of simple molecules by non-
porous solids based on an expression simi-
lar to the DA equation

N,(T;p) =N, (DRK)exp[<(A/E)*]  (3)

In this expression, later known as
the Dubinin-Radushkevich-Kaganer (DRK)
equation [1][10][11], N, (DRK) represents
the monolayer capacity. It is obtained by
extrapolation, since multilayer adsorption
gradually takes over with increasing pres-
sure. This leads to an upward deviation in
the classical plot of In(N,)) versus AZand the
choice of the linear section may become
difficult (see[10] and references therein).
The limiting value, N, (DRK) is related to
the surface area of the solid by

Sprm? g =N, (DRK)A_ N, @)

where A | and N, are respectively the mo-
lecular surface area [1][16] and Avogadro’s
number. The same equation applies in the
BET approach but, due to multilayer ad-
sorption, N, (BET) is an equivalent mono-
layer capacity. It is usually found in the
range 0.05<p/p<0.20-0.30 [1].

Obviously, the characteristic energy E
of Eqn. (1) must be temperature invariant,
at least over a reasonable range, and one
should obtain specific affinity coefficients
for the various adsorbates, one of them be-
ing taken as a reference.

It can be shown [9][10], that Eqn. (1)
corresponds, to a good first approximation
(the so-called condensation approxima-
tion), to an underlying normalized distribu-
tion of the gas-solid adsorption energy €,

x(€) = (WE) (e—&)"" exp[—(e-&,)"/E"] (5)

g, is the lower bound of the energy of
adsorption, which depends on the choice of
the local isotherm [10]. However, in the
case of microporous carbons, a reasonable
guess would be the limiting value of the
adsorption energy on the basal plane of
graphite, —43 kJ mol~! and —10 kJ mol~! for
benzene and nitrogen, respectively [17]. It
appears that, for a given system, exponent
n is related to the width of the distribution
x(€) and it reflects its heterogeneity (the
distribution sharpens as n varies from
n = 1.5ton =3). An arbitrary value n = 2,
corresponds therefore to an ‘average’ distri-
bution. Furthermore, the values of E of the
various adsorptives are related by an affin-
ity coefficient 3, one of them being taken as
a reference (usually benzene). Eqn. (5) can
be tested by examining the variation of the
differential heat of adsorption or the en-
thalpy of immersion, both derived from
Eqn. (1) by a rigorous thermodynamic
treatment [8-9].

In the case of microporous carbons,
the value n = 2, originally suggested by
Dubinin, reflects a fixed distribution,
describing standard materials. However, it
appeared that in the case of very homoge-
neous micropores (true molecular sieves)
n = 3 gave better results, whereas values as
low as 1.5 had to be used with very hetero-
geneous carbons [8][18].

This approach can be transposed in a
straightforward manner to non-porous ma-
terials, where the surface also presents vari-
able energy distributions ¥ (€). In the case of
non-porous carbons, E is obviously lower
than for microporous carbons (respectively
10-11 kJ mol~! [12] and 15 to 30 kJ mol™!
[8][18] for benzene). Exponent n =2, used
in the DRK Eqn. (3) corresponds to a fixed
type of distribution (5), which may not
apply to all surfaces. Therefore, allowing
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for a variable exponent n will take into
account the true width of the energy distri-
bution ¥ (€) on the surface. By analogy with
the case of activated carbons and other
nanoporous structures, a more flexible
DRK equation would be

N,(Tip) = N,,, exp[-(A/E)"] (6)

This equation contains three variables,
N,» 1 and E. From a mathematical point of
view, it should be possible to obtain them
from a best fit of the adsorption data to Eqn.
(6). However, the gradual transition to mul-
tilayer adsorption introduces deviations in
the data to be analysed and the domain of
linearity of a logarithmic plot of Eqns (3)
and (6) may present difficulties. As a gen-
eral rule, this domain does not extend be-
yond a surface coverage N /N, = of approx-
imately 0.3-0.5. As pointed out by different
authors [10-11] and shown below, the
choice of the linear section leads to uncer-
tainties in N, (DRK). One may therefore
be tempted to assume that N, (DRK) =
N,,,(BET) and determine exponent n (and
implicitly E) by a best fit. The proposed
working equation, which offers more flexi-
bility, is therefore

N,(T:p) = N,,,(BET) exp[~(A/E)"] (7)

Moreover, data analysis (see below)
shows that adjusting parameter n may in-
crease the quality of the fit considerably, by
extending the range of linearity in the loga-
rithmic plot.

The approach based on Eqn. (7) is also
an alternative to the procedure used by
some authors [10][19][20] who replace the
saturation pressure p, found in the thermo-
dynamic potential A = RTIn(p/p) by an
adjustable pressure p,, while keeping
exponent n = 2. Variable pressures p_ or
exponents n may both improve the fits, but
they have different physical meanings, in
particularif p_ turns out to be larger than p_.
It must also be pointed out that the value of
exponent n can also be tested, formally at
least, by using independent information on
the adsorption energy distribution, based
either on the study of adsorption potentials
by computer simulations [21][22], or by
calorimetry [8][9].

2. Results and Discussion

By using standard gravimetric and/or
volumetric adsorption equipment [1][12],
the following systems were investigated in
the relative pressure range 104-1073 <p/p
<0.7-0.8.
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1) On Cabosil, a non-porous silica gel:
N, (77 K), CH,Cl, (293, 313 K), C;H,
(293, 303, 313 K), CCl, (293, 310 K). We
also considered N, (77 K) on Nucleosil-300
and Nucleosil-1000. The non-porous char-
acter of these solids was tested with the help
of the reference isotherm on Fransil [1], the
data from which was also used in the pres-
ent analysis.

2) On graphitised carbon blacks
Hoechst [12] and Vulcan 3-G [23]: N, (77
K), CO, (253, 273 K), CH,Cl, (293 K),
C¢Hg (282, 293, 311, 325 K), CCl, (293,
305 K).

3) On the (111) face of rhombic sulphur,
S, [21][22][24]: N, (77, 86 K), Ar (77, 87
K), CH, (80 K), neo-C;H,, (253, 263, 273
K).

The classical BET analysis of the nitro-
gen isotherms, based on the standard mo-
lecular area A | (N,; 77 K) = 16.2:10720 m2
[1]1ed to Sgpareas of 210 m g ! (Cabosil),
0.060 m g (sulphur S.), 53 m g!
(Hoechst) and 73 m g~! (Vulcan 3G) (see
Table). The BET surface areas obtained
with the other adsorptives, using the corre-
sponding molecular surface areas A [16],
led to similar values. For example, in the
case of Cabosil, the overall average for the
four vapours is 208 + 4 m? g~! (eight dif-
ferent results).

In the case of benzene adsorbed on Ca-
bosil, at 293, 303 and 313 K, the logarith-
mic plot of the DRK Eqn. (3), In(N,) versus
A? shows a good overlap for the three tem-
peratures (Fig. 1). This means that the
requirement for temperature invariance is
fulfilled, at least over a certain range of
temperatures. However, as pointed out by
different authors, for example [10-12], the
choice of the linear section in a DRK plot is
not easy, due to the fact that multilayer
adsorption gradually sets in. A reasonable
choice leads to the line shown on the graph
and its extrapolation leads to the monolayer
capacity N, (DRK) = 0.53 mmol g !. The
ratio N, (DRK)/ N, _(BET) is therefore
0.65, which is too small. The true limit,
N, (BET) = 0.84 mmol g! can only be
reached by a short and arbitrary portion in
the graph, which neglects part of the low
pressure range. This suggests, in the present
case, some inconsistencies in the DRK Eqn.
(3). On the other hand, if one assumes that
N,(BET) is the correct limit, a best fit can
be obtained with the help of a variable ex-
ponent n, as expressed by Eqn. (7). As
shown in Fig. 1, one obtains n = 1.2 and a
value Eq¢ = 5.61 kJ mol~!. This approach
takes into account the adsorption at low
relative pressures, which corresponds
effectively to the sub-monolayer region.
The break from linearity corresponds to a
surface coverage N /N, of approximately

0.3. This probably justifies the use of the
modified DRK Eqn. (7) in the case of
benzene.

A similar pattern is observed for
CH,CI, and CCl,, with ratios of 0.73 and
0.76, respectively. Applying the same
procedure, one obtains similar values for
exponent n, respectively 1.25 (CH,CIl,),
1.10 (CCl,). This means that the adsorption
of CHgs CH2C12 and CCl4 on Cabosil can
be fitted, with a good approximation, to
Eqn. (7). As shown in Fig. 2, one obtains a
single representation of In(N /N, ) versus
(A/BE o) 2, where B = E/Eqyyq is a scal-
ing factor relative to benzene. In the case
of Cabosil, Eq¢ys(SiO,) = 5.61 kJ mol ™,
Becpa =0.75 and Byypcpp = 0.85. These fac-
tors are different from those observed in the
case of activated carbons [8][9][14]. In par-
ticular, By, = 0.85 is higher, which sug-
gests the presence of specific interactions.

In the case of Cabosil, only nitrogen is
in agreement with the DRK Eqn. (3), with a
ratio N, (DRK)/ N, _(BET) close to unity.
The best fit corresponds to n = 1.8 (see Fig.
2). The data obtained for other non-porous
silicas such as Fransil [1], Nucleosil-300
and Nucleosil-1000 fall on the same line as
Cabosil, which indicates a common pattern
for non-porous and untreated silicas. The
relatively high value of the characteristic
energy E,(Si0,) = 4.62 kJ mol~! with
respect to Eqgo(Si0,) = 5.61 kJ mol™!,
a ratio of 0.8, strongly suggests the pres-
ence of specific interactions between nitro-
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gen and the silica surface (In the case of
carbons, where there are no specific inter-
actions, the ratio is only 0.33 [14]).

Our results suggest that, with the excep-
tion of nitrogen, the energy distribution ¥ (&)
for C,Hy, CH,Cl, and CCl, is probably
broader than implied by the DRK equation.
In the case of benzene, the low value of n is
not too surprising and it is consistent with
the adsorption of this vapour by the micro-
porous silica G-200. As reported by Pendle-
ton [25][26], the traditional plot of In(N,)
versus A% shows an upward curvature. This
was treated as a sum of two DR equation with
characteristic energies E; = 13.2 kJ mol ™!
and E, = 6.3 kI mol”!. However, as
suggested by Dubinin and Stoeckli [18],
a variable exponent n often seems more
appropriate, as it corresponds to a continu-
ous energy distribution. In the case of
G-200, a new analysis suggests thatn = 1.5
and E(CHy) = 10.2 kJ mol~!. In view of
Eqn. (5), this indicates that the adsorption
energy distribution is relatively heteroge-
neous. Therefore, it is not too surprising to
find a similar heterogeneity on the open
surface of Cabosil with n =1.2, but with a
lower value of E(C¢Hy) = 5.61 kJ mol™!.

It is also interesting to point out that ni-
trogen adsorption by various microporous
silicas follows closely the Dubinin Eqn. (1)
with exponent n = 2, as observed for non-
porous silicas. As expected, the characteris-
tic energies Ey, =5-5.5kJ mol~! are some-
what higher. This establishes a coherent

-1
0 60

120 ja/p, ki/mol)” 180

Fig. 1. The adsorption of CzHg by Cabosil at 293 K (<), 303 K (0]) and 313 K (A) as a function
of A2 (open symbols) and A2 (filled symbols). Exponent 1.2 is obtained from a best fit to
Egn. (7), assuming that N, (DRK) = N, (BET) = 0.84 mmol g~".
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Fig. 2. The adsorption of N, (77 K) on Cabosil, (m); Fransil (), Nucleosil-300 (<) and Nucleo-
sil-1000 (#); CgHg (293, 303, 313 K) (A), CH,CI, (293, 313 K) (») and CCl, (293, 310 K) (+) on
Cabosil; CCl, (293 K) (+) on Fransil. For nitrogen exponent n = 1.8 and E,(77 K) = 4.62 kJ mol~".
For the other adsorptives n = 1.2 and Eg,6 = 5.61 kJ mol1.

5
¢

In (Na/Mam

1
ek

5

0

LR
":":,.aﬂéu & =
o lﬁ"!}:..l.
& i’ ﬂx&.l
oA e
L - B 3_
HE.:L E
L+] ﬁ: +
A [
kS &
&
®
fi
300 (AR, kdimol)" 800

Fig. 3. The adsorption, on carbon blacks Hoechst of N, (77 K) (<); CH,Cl, (293 K) (+); CgHg
(282, 293, 311, 323 K) (A) and CCl, (293, 305 K) (x); and on Vulcan 3-G, of N, (77 K) (#); CO,
(253, 273 K) (m); CgHg (293 K) (A). Exponent n = 2.1 corresponds to the average obtained with
Eqgn. (6) and the reference is Eqgg = 11.7 kd mol1.
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pattern for the adsorption of benzene and
nitrogen by both porous and non-porous sil-
icas.

In the case of the graphitised carbon
blacks (Fig. 3), the same procedure leads to
a single representation with an average val-
ue n=2.1. It is significantly higher than for
Cabosil and suggests that the energy distri-
bution is narrower, as expected. With re-
spect to benzene, where E¢; (CB) = 11.7
kJmol~!, the affinity coefficients are Bro =
0.63, Bepa = 0.5, B = 0.71 and By
=0.84. These values are similar to those ob-
tained for activated carbons [14] and in this
case nitrogen conforms to the general pat-
tern.

Finally, in the case of adsorption on
rhombic sulphur [21][22][24], shown in
Fig. 4, one obtains a single representation
with an average value n = 2, which corre-
sponds to the DRK model. As suggested by
computer simulations for argon on the (111)
face of rhombic sulphur [22], x(¢) is a
skewed distribution extending from —4 to
—12 kJ mol~! with a maximum near —7 kJ
mol~!. This distribution was also found to
be in good agreement with the evolution of
the heat of adsorption [21][22]. In the pres-
ent case, taking nitrogen as a reference,
E\(S,) = 2.55 kI mol~! leads to the affini-
ty coefficients B, = 0.86, By, = 1.15 and

BC5H12= 4.3.

3. Conclusions

The present study suggests that the
characterization of surfaces based on the
BET and the DRK models are complemen-
tary if one uses the BET monolayer capaci-
ties as references and a variable exponent n.
The latter variable, corresponding to the
modified DRK Eqn. (7), takes into account
the degree of heterogeneity of the adsorp-
tion energy, x(€). It may vary considerable
from one type of surface to another. This is
illustrated by graphitised carbon blacks and
by non-porous silicas, which are respec-
tively more homogeneous and more hetero-
geneous that the distribution implied by the
DRK model with exponent n =2. The latter
corresponds to an ‘average’ heterogeneity.

The cases of nitrogen and benzene ad-
sorbed by Cabosil also show that the het-
erogeneity may depend on the adsorptive
and specific interactions.

The combination of the BET approach,
which provides a reliable monolayer capac-
ity, with the extended DRK Eqn. (7) leads
therefore to a reasonable characterization of
the surface by including the heterogeneity
of the adsorption energy.

The study also shows that adsorption
data for series of simple adsorbates can be
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Fig. 4. The adsorption, on the (111) face of rhombic sulphur (S,), of N, (77, 86 K) (m); Ar (77, 87
K) (<); CH, (80 K) (A) and neo-pentane (253, 263, 273 K) (A). Exponent n = 2.0 corresponds
to the average obtained with Eqn. (6) and the reference is E,, (77 K) = 2.56 kJ mol-. For clarity,

a selection of data is shown.

Table. General characteristics of the gas-solid systems (CB corresponds to carbon blacks
Hoechst and Vulcan-3G). Average values are given.

Solid SiO, (Cabosil)
Sger (Ny; 77 K) (m2 g71) 210
N,(BET)/N,,(DRK) (n=2) 0.64

n optimum, EaN (6) 1.2 (N,: 1.8)
Enp (kJ mol~) 4.62

Ecgne (KJ molT) 5.61

fitted to a single DRK equation with the
help of scaling factors (affinity coeffi-
cients). These factors depend on the surface
and on specific interactions.
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