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basis of the Polanyi—Dubinin theory of adsorption

Piotr A. Gauden, Artur P. Terzyk™, Gerhard Rychlicki

N. Copernicus University, Department of Chemistry, Physicochemistry of Carbon Materials Research Group, Gagarin S. 7,
87-100 Toruh, Poland

Received 7 April 1999; accepted 10 May 2000

Abstract

Adsorption on microporous fractal carbons is investigated in terms of their microporous structure. The structure is
characterised by the micropore-size distribution (MSD) proposed by Pfeifer and Avnir, and the considerations are limited
only to the range of micropores, following the IUPAC classification. Beginning with numerical studies performed for model
solids with different microporosity, a new relationship between the parameters of the Dubinin—Astakhov equation
(adsorption energy, E,, and parameter, n,) and the fractal dimension (D) is derived. The obtained results are compared with
those published by Jaroniec et a. and Ehrburger-Dolle. The general conclusion is that if adsorption proceeds by a micropore
filling mechanism and the pore size distribution function is assumed to be the Pfeifer and Avnir one, the relationship between
D and parameters of the Dubinin—Astakhov equation is more complicated than has been presumed up to the present.
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1. Introduction

Activated carbon is a very complex system from a
structural point of view. The graphite-like aromatic mi-
crocrystallites create dlit-shaped micropores [1] and their
presence changes considerably the sorption properties,
comparing to non-porous solids. Very fine pores of various
sizes, that substantially affect sorption properties contrib-
ute significantly to the geometrical nonuniformity of the
microporous solid. The micropore size distribution func-
tion (MSD) can be calculated from the adsorption mea-
surements carried out at low concentrations of adsorbates
(i.e. nitrogen [2-5], carbon dioxide [6] and/or benzene
[7.8]).

Adsorption on microporous adsorbents can be described
by the theory of volume filling of micropores (TVFM) —
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developed by Dubinin and co-workers [9-12] — which
occupies an important position in the theory of physical
adsorption. TVFM has been developed in different ways.
For example, Stoeckli [13] postulated that the original DR
equation should be applied to homogeneous micropore
systems and heterogeneous micropore structures should be
described by a certain distribution of the characteristic
energy. Some authors [7,14] have continued investigations
on this subject. However, in spite of the successful
application of derived equations, a detailed description of
the surface and structural heterogeneity of active carbonsis
still far from complete [15-17].

Fractal geometry, which characterises structural hetero-
geneity using fractal dimension D, offers a new possibility
of description of microporous solids [18—21].

Thus, the evaluation of microporosity is still a key
problem. Therefore, the aim of the current paper is to
provide a correlation between the fractal dimension and the
parameters characterising the structural heterogeneity of
micropores. This type of investigation can enrich the
knowledge about the nature of porous solids and ad-
sorption processes proceeding on them.
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2. Theoretical part

The starting point of our derivation is a general, integral
adsorption isotherm equation of the form [22,23]:

) = f 6,0, Af, (x)dx (1)

Ax

where O(A), 6,(x, A) are the overall and local adsorption
isotherm, respectively; f,(x) is the micropore-size distribu-
tion function and A, is the pore size integration range (in
the case of dlit-like micropores, x is their half-width). A is
defined as — AG, the negative change of the Gibbs' free
energy:

A=RT In(p,/p) 2)

where T is temperature, R is the universal gas constant, p,
and p are the saturation vapour pressure and the equilib-
rium pressure of the adsorbate, respectively.

Assuming the existence of the relationship connecting
characteristic adsorption energy E, and x, we can rewrite
Eq. (1) in the following form [24]:

AA) = f 6,z AF,(2dz 3)

Az

where z= 1/E,. The micropore size distribution F,(2) is a
distribution of the adsorption energy.

Several functions (for example: fractal, gamma, Gaus-
sian, exponential, Rayleigh and others) [7,24-26] have
been considered for representation of the pore size dis-
tribution (this distribution can be the function of the width
and/or the energy of adsorption, the inverted energy of
adsorption etc.). In this paper we are limiting our consid-
eration to the first function mentioned above, derived by
Pfeifer and Avnir [25,26]:

[0 = x X" " 4

where D isthe fractal pore dimension (a number between 2
and 3) and to the second one, proposed by Sircar [27] and
the next used by Jaroniec and Choma [28]:

F(@=x.2" " exp[—(p2)"] 5

where », p and n are parameters of a gamma-type
distribution function.

The pore-size distribution function given by Egs. (4)
and (5) should be normalised to unity and the normalisa-
tion factor (x) should be greater than zero. One can make
the assumption that the mathematical description of ad-
sorption on microporous solids can be represented by the
integral equation (Egs. (1) and (3)) in the integration limit
from zero to infinity. However, due to boundary conditions
of the adsorbate—adsorbent system (x or 2), it has been
widely accepted to set a limit to a finite integration range.
Thus the gamma function can be normalised in two
different ranges of integration:

« in the range proposed by Jaroniec et a. [23,24]:

NycnP

Xzachy = v
(o)
Nyen

e and in micropore region:

(0<z<x) (6)

nOvp

XZ(OV) - I: ( v Nov ,"o v Nov ,"o
Y + Zmax P v) - 7( » Znin P V) :|
r]Ov r]Ov

X (2 ) ™

in <Z<Z
where z,,, and z,,, are the lower and upper cut-off limits;
I' and y are gamma function and incomplete gamma
function, respectively; n,., and ny, are the parameters.

In our opinion, taking into account the dlit-like model of
an active carbon micropore, the general integral adsorption
isotherm eguation should be normalised in the finite limit
of the half-width of micropores, (X, Xma)» Where the
lower limit (X,,) is the minimum dlit-like pore size in
which adsorption occurs by a micropore filling mechanism
and x,,,., isthe maximal slit half-width, which is equal to 1
nm (the upper limit of micropore diameters (2X,...).
according to the IUPAC classification [29]). It is certain
that the limits (0 <x <o and/or 0 <z <) do not make
any sense for the real solids (for example, activated
carbons).

Contrary to the gammartype distribution function, the
Pfeifer—Avnir one (Eqg. (4)) can be normalised only from
Ximin 10 Xoax [30]:

3-D
/Yx = X37D _ 3D (Xmin <X<Xmax)' (8)

To apply Eq. (1) to microporous solids we choose
arbitrarily the local adsorption isotherm that can be repre-
sented by the DA equation [12]:

a=en| ~(52) | -ew-un= (©)

where B is the similarity coefficient, E, is the characteris-
tic energy of adsorption and u =(BE,) "°* depends on an
adsorbate and a kind of a microporous structure.

Substituting Egs. (5) and (6) to Eq. (3), Jaroniec and
Choma [28] obtained the overall adsorption isotherm (the
JCh equation), which can be expressed as follows:

) =[1+(i>n“]ﬁmm (0<z<w®). (10)
JCh Bp

For the micropore region of x (E, = E,(X) and z= 1/E,)
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from Egs. (3), (5), and (7), we obtain the following
equation:

[ (A)no\/]—p/ngv
Ooy=|1+(—
oY Bp.

nov nov
y d Z"ov A +p"0v -y i Z20v A ernOv
y noy' M\ gnov noy’ MM\ gnov
v n n v n n
[y(ry kP OV) - Y(Tv e OV)]
Ov Ov

(Bmin <2< Zina): (11)

Many authors have investigated the dependence of the
adsorption energy E, on the pore size, x (for dlit-like
micropores), both experimentally [31-35] and theoretically
[4,5,36]. Dubinin and others derived a very simple expres-
sion [37]:

x=klE, = kz (12)

where « is a constant in the micropore region and its
value, for the reference system (benzene vapour on
activated carbon), is about 12 kJXnm/mol. We have
previously shown, using the relation given by Eq. (12) and
substituting Egs. (4), (8), and (9) to Eqg. (1), that the
integral adsorption isotherm equation can be solved ana-
lytically and as a result the fractal analog of the Dubinin—
Astakhov equation (FRDA) is obtained [30,38—40]:

XX n — n D_3 n n
@FRDA:F(MA)D ¥ [7( n erax:uA)

= 7(¥, Xr"mnMA”) ] : (13)

Experimental and theoretical studies have shown that the
relation x = f(E,) is more complex [4,5,31-35] than it was
suggested by Dubinin [37]. Therefore, in the presented
paper we focus our attention on the empirical relation
proposed recently by Stoeckli et al. [41]:

x = 2852.52° + 15z + 0.014z * — 0.75. (14)

Although Eq. (14) predicts, in our opinion, too high
values of micropore widths, and does not take into account
the parameter n,, of the DA equation [4,5], this equation
is chosen because we want to compare the final results of
our calculations with those published by Jaroniec et a.
[24] who widely propagate the validity of this relationship.

If the relation between z and the micropore half-width x
is known, the distribution function F,(2) can be converted
to the micropore-size distribution [24]:

f(x) =F,(dx/d2)* (15)
where x(2) must be a monotonic increasing function.

From Egs. (5)—(7), (14), and (15), the following
equations are derived:

Ficn®) =
vor—1 n 2 —-2\—1
Nyenp 2"t expl—(p2)™e"] (15 + 8557.52° — 0.014z %)

v
)
Nych

(16)

FouX) =
Noyp 2" ‘exp[—(p2)"°](15 + 8557.57° — 0.014z %) ~*

v Nov ,Mov v Nov ,MNov
I:y(novlzmaxp ) y(”ov’zminp ) :|

(17)

3. Results of calculation and discussion

3.1. The theoretical background of the generation of the
starting isotherms

In the current study computer experiments are used,
based on the considerations and principles outlined above,
to investigate the physical adsorption on activated carbons
containing dlit-like micropores. Egs. (18a and b), in the
form obtained from substituting Egs. (4), (8), (9) and (14),
to Eq. (1), are the starting point for our investigation:

3-D
@ A — start
( ) Xi‘;i)slan — Xiq?nDﬂaII
X TX exp [ - <L> - ] X* Psatdyx  (18a)
2 BE(X)
and
15 28525
XE) = + g5+ 00ME, ~ 075 (18b)
0

[o]

Eg. (189 is integrated numerically (this cannot be
solved analytically contrary to Eqg. (13) because of the
complexity of the relation between E, and x). The prop-
erties of Egs. (18) are investigated assuming the following
conditions.

 The adsorbate is benzene (B=1) according to
Dubinin’s recommendation [10], who recommended
this adsorbate for characterising the microporosity of
activated carbons.

* The temperature is taken as 293 K.

» The adsorbent is an activated carbon. It is modelled to
be microporous and characterised by the pore fractal
dimension D,,. It is assumed that the fractality
prevails in the limited range (only in micropores).
Therefore, the maximal slit half-width (x.,,) is equal to
1 nm (the upper limit of micropore diameters rec-
ommended by IUPAC [29]). The adsorbate has a
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molecular size and it is connected with the minimal glit
half-width (x,,) (for benzene x,;,=0.2295 nm [42]).

» The adsorption isotherms are generated at the relative
pressure range from 10~ to 10™* p/p, (the range
where the DA equation is usually applied [7]).

The typical values of the parameters that are (the most
frequently) reported in the literature are considered in the
current paper. The aim of our procedure is to generate
adsorption isotherms according to Egs. (18) for the differ-
ent n,,, values (from 2.0 to 3.0 with the step equal to 0.1)
and D, values (from 2.0 to 2.9 with the same step as
above; 2.95 and 2.99). A total of 151 points on the
adsorption isotherm are generated for each case. Adsorp-
tion data obtained in this way are fitted numerically using
Egs. (9)—(11) (the values of z,, and z,_ are obtained
from X, and X, based on Eq. (14)). The non-linear
fitting procedure, used in this work, was described by Nash
[43] (see also Ref. [7]). The goodness of the fit is
expressed by the determination coefficient (DC). The
resulting values of DC are summarised in Table 1. In all
cases the DC values are close to unity (the Dubinin—
Astakhov equation (Eg. (9))) or are equal to 1 (Eq. (11)).
Two cases of the Jaroniec—Choma equation (Eq. (10)) are
considered. In the first case the parameter n,,, is optimised
during the fitting (the function given by Eq. (16) is
denoted as F,.,(X) in this case). In the second case this
parameter is assumed to be constant (n,.,, = Ny, = 3.0) as
was suggested by Stoeckli et al. [44] (in this case the
function given by Eq. (16) is denoted as F,.,,.5(X)). The
determination coefficient values are equal to unity if three
parameters are optimised (p, » and n,.,) and they are
dlightly smaller than unity when two (p, v) are optimised.

3.2. The properties of the MSD plots presented in the
double logarithmic co-ordinates

It has been shown [25,26] that from log—log plots of the
fractal pore-size distribution function (Eg. (4)) one can
obtain D_,,. by:

log f,(X) =log x, — (Dcye — 2)I0g X. (19)

Jaroniec et al. [24] proposed the calculation of D, in
the following way.

* The evauation of the parameters (p and ») of the
Jaroniec—Choma equation (Eq. (10)), assuming n,., =
3.0 and using the fitting procedure.

e The generation of the micropore-size distribution
F.cn®) (Eq. (16)) from the parameters obtained above
(the relation between x and z is given by Eq. (14); the
distribution function F,(2), (Eg. (5)) can be simply
converted to the MSD).

* The plotting of the micropore-size distribution (Eq.
(16)) in the log—log scale.

* The evauation of the fractal dimension D_,. from the
slope of the linear region of the obtained log—log plot.

In order to use Egs. (16) and (17) to calculate MSDs for
the model active carbons, the parameters of p, », and n,,
or n, are required; and they are evaluated by fitting Egs.
(10) and (11) to the generated benzene adsorption iso-
therms (Eq. (18)). In Fig. 1 the micropore-size distribution
plotted in a log—log scale for the parameters summarised
in Table 2 for the studied system (n,,=25 and D, =
2.5) are presented. It is seen that each curve has a different
shape. The linear regions are observed for MSD function
given by Eq. (16) (for n,,,=3.0) and Eq. (17). It is
obvious (see Eq. (19)) that for the Pfeifer—Avnir dis-
tribution function only the straight line is obtained in the
whole range of X (X, <X<X..) It is seen that the
deviations from linearity of the log—log plots occur at the
low and high values of x, respectively. It is caused by the
properties of Stoeckli’'s relationship (Eq. (14)). This result
is the same as published by Jaroniec et al. [24], who
studied the adsorption of benzene on 11 active carbons.
For all the cases they found that the log—log plots of
micropore-size distribution are linear over the same ranges
of the half-width of the pores.

Each cut-off value is determined explicitly from the
double logarithmic plot. These values are taken as the
limits of the fractal linear region (upper and lower cut-off
valueS: Xmin(cut—off) and Xmax(cut—off)) [45] and they are
chosen in such a way that the value of the determination
coefficient of the log—log plot (DC.,,,) is equal to 0.9990
(it should be pointed out that it is chosen arbitrarily,
because in this type of plot it is difficult to define the
number of points belonging to the straight line). For
example for n,.,, equal to 3.0, the following cut-off values

Table 1

The values of the determination coefficients (DCs) obtained by fitting Egs. (9)—(11) to the adsorption isotherms generated for fractal
microporous solids using the typical values of ng,, and D,

Starting parameters of Eq. (9) Eq. (10) Eqg. (10) Eq. (12)
Eq. (18) (n,c,=3.0) (N,cp, is optimised)

Ny =20, D, =20 0.9998 0.9901 1.0000 1.0000
Ngart = 2.5, Dggy =2.5 0.9995 0.9980 1.0000 1.0000
Ngort = 3.0, Dy =2.99 0.9991 1.0000 1.0000 1.0000

start start
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Fig. 1. The comparison of the log—log plots of the micropore-size distributions generated by Eqgs. (16) and (17) for parameters presented in

Table 2. Initial values of Eq. (18) are X,,,=0.2295 nm, X, =1 nm, n

distribution (Eq. (4)).

are chosen: 0.2896 nm and 0.5385 nm (D_,.=2.8543 for
this case).

It is seen that for Eq. (17) the cut-offs at the points
0.2911 nm and 0.4221 nm are obtained. The value of the
fractal dimension (D_,.) calculated from the slope of the
linear region is egqua to 2.0672 and the highest possible
DC value that we could obtain (DC<DC,,,,) was equal to
0.9866. If the parameter n,,, is optimised, the linear region
cannot be achieved.

To illustrate how the values of ng,,, (at afixed value of
the fractal dimension D) influence the shape of the log—log
plots of MSDs, the micropore-size distributions generated
using optimised parameters (listed in Table 2) are com-

calc

Table 2

The result of the fitting procedure of Eq. (9) (DA), Eq. (10) (n,,=3.0,

=25 and D__,=25. Solid line represents the Pfeifer—Avnir

start start

pared with the Pfeifer—Avnir one. The results are presented
in Figs. 2—4. To illustrate this D = 2.5 is chosen as above;
however, it should be pointed out that the cases of other D
values will be discussed below.

For all the cases (F,.;,.s(X), F,cn(X) and F5 (X)) the plots
of MSDs in the log-log scale are different from the
reference Pfeifer—Avnir distribution. Moreover, the
Pfeifer—Avnir micropore-size distribution function does
not depend on the parameter n_,,. The plots of F,., .(X)
strongly change shape with decreasing n,,,, values (Fig. 2)
in contrast to the cases of Egs. (16) (F,., (X)) and (17)
(Fou(x)) — Figs. 3 and 4. The increase in the non-linear
region for higher values of the starting parameter n_,, (see

Fichns(X) and ny.,, is optimising parameter, F,.(X)) and Eq. (11)

(Fo, ) to Eq. (18) (X,,=0.2295 nm, X,,=1.0 nm, D, =25 and different n_,, values)
Ngiart Eq. (9) Eq. (10) (n,.,=3.0) Eq. (10) (n,, is optimised) Eq. (11)
E, Npa P 4 P v Nych P v Noy
(k3/mol) (k3/mol) (k3/mol) (k3/mol)
20 22.1056 1.9151 13.7816 1.9439 31.3737 6.1581 1.9975 53.7578 13.0398 2.0072
23 221312 21728 17.8267 29712 27.2460 5.8577 2.2944 42.0278 11.4388 23112
25 22.1479 2.3375 20.8660 4.0121 25.5348 5.7255 2.4908 37.1485 10.6023 2.5144
2.7 22.1642 2.4961 24.2802 5.5205 24.3140 5.6328 2.6856 33.6242 9.9163 2.7179
29 22.1802 2.6481 28.3173 7.8613 23.4205 5.5695 2.8784 30.9799 9.3391 2.9215
30 22.1881 2.7215 30.7226 9.5882 23.0634 5.5466 2.9740 29.9033 9.0885 3.0234
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Fig. 2. The influence of the increase in n_,, (Eq. (18), Dg,.=2.5) on the log—log plots of the pore-size distribution given by Eq. (16)
(n,e,=3.0). Solid line represents the Pfeifer—Avnir distribution (Eq. (4)).
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Fig. 3. Theinfluence of the increase in n,,, (Eq. (18), D, =2.5) on the log—log plots of the pore-size distribution given by Eq. (16) (N,
is optimised). Solid line represents the Pfeifer—Avnir distribution (Eq. (4)).
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Table 3) can be observed. From the double logarithmic
plots of x and f,(x) the fractal parameters Dc, X inceut-ofry:
and X o cut-orry A€ received. The average micropore size X
[24] connected with Eqg. (19) is caculated, which is
defined in the region X, ;. cut-ofry @A Xaxceut-orry (TaDIE 3):

Xmax(cut-off)

X= f xf, (x)dx

xmin(cut-off)
_ 3~ Deac e —1 20
- Xmin(cut—off) 4 — Dcalc r3*Dca|c -1 ( )

Table 3

The fractal parameters D ,c, Xmincut-orry 89 Xaxceurorry CACUlated
by Eg. (19) from pore-size distribution given by Eq. (16) for a
fixed value of n,,, equal to 3.0 and critical value of determination
coefficient DC,;, (=0.9990). Starting parameters are X,;,, = 0.2295
nm, X, =1.0 nm, Dg,,=2.5 and different n_,, values

Nyart Ficnma(®) (E. (16)) Eq. (21)

Dcalc Xmin(cul-off) Xmax(cul-off) )?

(nm) (nm) (nm)

20 2.7884 0.2996 1.0000 0.5957
23 2.6903 0.2958 0.7211 0.4869
25 2.8543 0.2896 0.5385 0.4074
2.7 2.8588 0.3065 0.3890 0.3474
29 - - - -
30 - - - -

log x

=2.5) on the log—log plots of the pore-size distribution given by Eq. (17). Solid

where

r= Xmax(cut-off). (21)

Xmin(cut-off)

A genera tendency observed in Fig. 2 is that for a fixed
starting value of the fractal dimension, log—log plots of
micropore-size distributions become linear at the narrower
range of half-width of pores (X, ccu.orr, @d X values
decrease and converge to X and D,  values
increase with ng,,.

In cases where we could not find the linear regions of
MSDs in the logarithmic co-ordinates (Fig. 2), the cut-off
values are assumed to be equal to the starting values of the
half-width of micropores: X, cut-orry = Xmax = 1-0 NM and
Xminceut-ofty = Xmin = 0-2295 nm, and the whole curve is
fitted (closed symbols; n,,,.=2.5, 2.7, 3.0 for F,.,.,(X).
This procedure is applied in order to compare the prop-
erties of MSD plots based on the gamma-type distribution
function with the Pfeifer—Avnir one.

For the same reason an analogous procedure is used for
Eq. (16) (Fyen(®) and Eq. (17) (F, () and D, is
calculated only for the whole region of micropore sizes.
This region is applied because D_,. close to 2.0 is always
obtained from the linear part (Fig. 4, Eq. (17)). Only in
one of the investigated cases (Eg. (17)) a very good
agreement between the calculated and starting values of D
is observed. It is not surprising because Egs. (17) and (18)
are connected with the micropore-size distribution function

'min(cut-off) )v
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and are normalised in the same micropore region (Egs. (7)
and (8)). We did not change the pore diameters of the
micropore region during all calculations that are described
in this part of the article.

The values of the fractal dimensions are aso calculated
for other values of D,,. Figs. 5-7 show the relation
between the evaluated values of the fractal dimension D,
and the values of fractal dimension taken to the generation
of the starting isotherms (based on Egs. (18)). The solid
line represents the ideal condition, D_,,=D_,.. For Eq.
(16) (F,chns(¥) the values of fractal dimension D, are
calculated from the linear part of curves only for ng,,
equal to 2.0, 2.3, 2.5 and 2.7 (open symbols in Fig. 5).

The small deviation from linearity for higher values of
D, (Fig. 7) can probably be caused by some details of
the applied procedure of calculation. The opposite situation
is observed in Fig. 5 (F,c..s(X), where the correlation
between the two described fractal dimensions cannot be
found, and D, is sometimes greater than 3.0 (unphysical
velues). Also, in the case of F,.,(X) (Fig. 6) one can
observe that the evaluated D_,. values belong to the region
of D.,.>3 (for higher D, (=2.7)). Moreover, dl the
values of the fractal dimension are shifted to the higher
values of D_,. and they are grouped above the reference
line. The lack of the correlation between D, . and D,
for the two cases presented in Figs. 5 and 6 (Eq. (16)) is
due to inequality of the values of micropore widths used in
calculations. We should limit the linear part of the plots at
certain points (x, and X ineuorry) 10 evaluate the
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(Dgar) @nd values of fractal dimensions caculated (D) from the
linear regions of the log plots of MSDs (open symbols) and for
cut-off values equal to X,,;,, and X,,,,,. respectively (closed symbols)
based on Eq. (16) (n,.,=3.0) and Eq. (19). Solid line represents
the condition, D, =Dye-
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the log plots of micropore-size distribution based on Eq. (16) (N,
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values of D by means of the procedure described above
and proposed by Jaroniec and co-workers. The upper and
lower cut-off values are not equa to infinity and zero,
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initial region of micropore half-widths (X, X..x are cut-off) of
the log plots of micropore-size distribution based on Eq. (17) and
Eq. (19). Solid line represents the condition, D, =D ..
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respectively. One must remember that Jaroniec and Choma
[24] used the gamma distribution function (Eg. (5)) that
was normalised in the following region (0 <z <) [23].
In our opinion, this inconsistency is the reason for this
difference.

3.3. The existing relationships between D and the
parameters of the potential theory, and the development
of the new equation

Jaroniec et al. [24] proposed (based on the adsorption
data measured for 11 active carbons) the linear relationship
between D and X using the procedure for evaluating D
described above (Section 3.2):

D = 6.44— 6.17x (22)

Ehrburger-Dolle [46] proposed a relation similar to that
derived by Jaroniec and co-workers:

p-3- 2 <1—h) (23)

EOFR EODR

where E, ., and E, are the characteristic energy obtained
from Eq. (9) assuming n=1 and n = 2, respectively. For
Eorr<18 kJ/mol and/or E <12 kJ/mol Eq. (23)
becomes [46]:

8

OFR

D=3- E (239

The formulas (23) and (233) were proposed based on the
consideration of a modified Freundlich equation and the
analysis of derivatives of the experimental isotherms of
adsorption.

In the current paper, 132 adsorption isotherms (151
points each) are generated, using the method described
above, and then they are numerically fitted to Eqg. (9) (two
best fit parameters: E, and n,, were caculated). The
typical results are listed in Tables 1 and 2. The achieved
Ny, vaues (1.9099<n,, <2.7542) are not equa to the
initial ng,,, values (2.0=n_,,=3.0) (Table 2). We ob-
tained a dlightly different range of E, values (21.2436 <
E, <23.1579 for 2.00=D <2.99) than proposed by other
authors. The ranges of E, values from Egs. (22) and (23)
— assuming 2=D <3 — are as follows:

e (16.6757 <E,<21.5233) for Eg. (22) since X is
deduced from E, by means of Eq. (12) [24,47,48],

e (17.1133<E,<18.3268) for Eg. (22) since X is
deduced from E, by means of Eq. (14) [41],

« for Egs. (23) and (233) [46] the values of D depend on
the ratio of E,-r/Eypk-

The relation between D and X (and E,, respectively), Eq.
(22), was derived by Jaroniec at el. based on experimental

data. The typical log—log plots of the pore-size distribu-
tions, calculated according to Eq. (16), contained the linear
segments in a wide pore region (see Fig. 3 and Fig. 4, Ref.
[24]). 1t has been shown that for the different carbons
different cut-off values were evaluated. The calculated
Xmax(eut-orty VAIUES Were close to 1 nm but some of them
exceeded this value. Moreover, the evauated X, cuofr)
values, for the carbons studied by those authors, belong to
the region considered in our calculations. Therefore the
similarity in micropore ranges calculated by Jaroniec et a.
and obtained in this paper should give comparable limits of
the characteristic energy values for Eq. (22) and proposed
below, Eq. (24).

This equation is derived as follows. We try to correlate
the fractal dimension D values with both parameters of the
DA equation (i.e. not only with E, but with n,, as well).
Egs. (22) and (23) neglect the parameter n,,; however, as
we showed previously [4,5], this parameter is strictly
related to the pore width. The numerical procedure of a
simultaneous optimisation of those parameters is anal ogous
to the one described previously [4,5]. The average de-
termination coefficient value is minimised. The following
relation is obtained:

_ E,y(15:3897 - 36083 X 10 “n;,) — 283:3356 + 6.3019 X 10 °np,
N E,(0.9396 + 0.1054n,,,) + 1.0857 — 1.8407n;,,, '

(24)

The average determination coefficient between the data
obtained from the fitting procedure and those calculated
using Eq. (24) is equal to 0.999977. In Fig. 8 the plots of
Eq. (22) (assuming the relationships (12) and (14)) and of
Eqg. (24) are shown in the region of the characteristic
energy applied for derivation of Eq. (24). It is assumed
that the n,, value is equal to 3.0 (this value is chosen
because, as was mentioned above, some authors presume
the equality between n,., and n,, [24,48]). In Fig. 9 the
comparison of the D values predicted by Egs. (23) and
(24) is shown. Twelve adsorption isotherms are generated
using Eq. (9) and assuming n = 2. Then they are described
using the same equation and assuming n= 1, to evaluate
the values of E .

From Figs. 8 and 9 it can be concluded that, for this
region of the characteristic energy values, al the relation-
ships generate different plots.

34. The experimental verification of the relationships

In Table 4 the results of the calculation of the fractal
dimension values, based on Egs. (22)—(24) are presented,
for some experimental data. The characteristic energy
values (ny, =2.0) used in the calculation were published
by Domingo-Garcia et a. [49]. Following the results
presented in Section 3.3 we chose the data describing the
adsorption on strictly microporous carbons (i.e. the charac-



276 P.A. Gauden et al. / Carbon 39 (2001) 267-278

32

— .
’ —
] . _
3.1 — .7 - .
4 e — °
—
30— 7 — °
- -
29 - ¢
- L)
2.8 — °
l .
2.7 —
i °
0 26 — .
25 — *
- [ ]
2.4 — .
2.3 — L I Eq. (22)
1 ° — —  Eq.(22) x =12 [kJ nm/mole]
22 — ° Eq. (24)
- L]
2.1 — °
S L EL L B L RN R I

210 213 216 21.9 222 225 228 231 234

Eo [kJ mole™]

Fig. 8. The comparison of the predicted fractal dimension values
(using relations given by Eq. (22) since x is deduced from E, by
means of Eq. (12) and/or (14)) with calculated D vaues from Eq.
(24) (np, = Ny, = 3.0) for the region of the characteristic energy
used to obtain Eq. (24).

teristic energy ranges are close to those considered in this
paper for the derivation of Eq. (24)). The values of E-
are calculated fitting the experimental isotherms, generated
using the values of the parameters of Eq. (9) tabulated by
those authors.

The evaluated D values belong to the region of D>3 for
Eqg. (23). A similar situation is observed for Eq. (22)
because al fracta dimensions are greater than 3.0. Only
for the case of Eq. (24) the obtained D values cover the
range between 2 and 3.

4, Conclusions

The method of calculation of the fracta dimension
proposed by Jaroniec et a. [24] is very simple because D

Table 4
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Fig. 9. The comparison of the predicted fractal dimension values
(using relations given by Eq. (23)) with caculated D values from
Eq. (24) (np,,=2.0) for the region of the characteristic energy
used to obtain Eq. (24).

can be caculated from the linear part of the log—log plot
of the micropore-size distribution, based on Eq. (19).
However, one can obtain this region of the plots only if
two (p and ») of three parameters of the Jaroniec—Choma
equation (Eq. (3)) are optimised and it is necessary to fix
the n,,, value as equal to 3.0. Following the procedure of
the determination of D proposed by these authors, one
should aso evaluate (from the linear part of the MSD
curve) the certain low and high cut-off values of the half
widths of micropores. Unfortunately, the inconsistency
arises because these cut-off values do not cover the pore
size integration range (0<z < and/or 0<x<) of the
general integral adsorption isotherm equation (Eg. (3)) and
the pore-size distribution function (Eq. (5)) that led
Jaroniec et a. to the JCh equation [28] (Eq. (9)). This fact
makes it impossible to find the equality between the initial

The fractal dimension (D) values obtained from Egs. (22)—(24) based on the characteristic energy E, (np, =2.0) published by

Domingo-Garcia et a. [49]

Eoor Eoer Eq. (22) and Eq. (22) and Eq. (23) Eq. (24)
(kJ/mol) (kd/mol) Eq. (14) Eq. (12) (Np,=2.0)
21.40 29.33 4762 2.980 3.303 2.092
21.71 29.92 4.897 3.030 3.303 2.272
22.44 31.33 5.192 3.141 3.304 2.674
21.68 29.86 4.884 3.025 3.303 2.255
22.06 30.59 5.042 3.084 3.304 2.468
22.80 32.05 5.326 3.193 3.304 2.862
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and calculated fractal dimension values. On the other hand
one can obtain this equality (i.e. Dg,,=D..) by the
application of the same micropore region of x in calcula-
tions; i.e. the overall adsorption isotherm should be
integrated, the pore-size distribution function should be
normalised and the fractal dimension values should be
evaluated, in the same micropore range. All these observa-
tions lead to the conclusion that the relationship between D
and the parameters of the Dubinin—Astakhov equation (E,
and n,,) is more complicated than it has been presumed
up to the present [24,46]. Taking al these results into
account leads to the new Eq. (24), which seems to be
attractive for determining the fractal dimension values for
strictly microporous carbons.
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