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Abstract. Three methods, the Horvath-Kawazoe (HK) method, the Jaroniec-Gadkare-Choma (JGC) one and the
Density Functional Theory (DFT), have been applied in the characterization of the microporous structure of several
activated carbons. The samples were all based on the same parent material, that was subjected to various oxidative
treatments, using solutions of concentrated HNOj at various temperatures (298, 333, 363 and reflux at 383 K during
3 hours) or solutions of H,O, of various concentrations (1, 5 and 10 M). The nitrogen adsorption isotherms of the
solids, were studied at 77 K and in the relative pressure range of 107% < p/p® < 0.99. Only the isotherm parts up to a
relative pressure of 0.2 were taken into consideration for obtaining the micropore size distributions. The evaluation
of the method suitability was based on how well each one describes the experimentally obtained data. The three
methods describe satisfactorily the experimental results, including the transitions of the isotherms related to the
stages of micropore filling. The effects of the oxidative treatment on the structure of the solids, as judged from their

micropore size distributions, are also discussed.
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1. Introduction

Activated carbons are widely used as adsorbents and
supports for heterogeneous catalysts because their
porosity and surface chemistry can be controlled, and
because of their relatively low reactivity. The func-
tional groups present on the carbon surface have a
strong influence on the performance of these mate-
rials as supports for metallic catalysts (De la Puente
et al., 1998, 1999; Derbysshire et al., 1986; Ehrburger
et al., 1976; Gandia and Montes, 1994; Kim et al.,
1993; Martin-Gullén et al., 1993; Prado-Burguete
et al., 1991; Roman-Martinez et al., 1995; Suh et al.,
1993; Vissers et al., 1987) and other, non-catalytic
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applications (Bautista-Toledo et al., 1994). Several
methods have been reported in the literature to gen-
erate surface carbon-oxygen complexes, and can be
classified into two broad categories: methods involving
reactions with oxidizing gases and the ones involving
reactions with oxidizing solutions (Puri, 1970). The
intention is to create oxygen functionalities while pro-
ducing only minimum changes to the structural proper-
ties, mainly in the microporous region (Bautista-Toledo
et al., 1994; Gil et al., 1997). The thermal conditions
when using oxidizing solutions are milder and they are
recommended when the presence of surface oxygen has
to be preserved.

In order to characterize the structure of the materials,
that is to obtain the pore size distribution, as well as the
specific surface area and the adsorption energy distri-
bution, several classic or novel adsorption models are
reported in the literature (Carrot et al., 1988; Dollimore
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and Heal, 1964; Horvath and Kawazoe, 1983; Jaroniec
and Choma, 1988; Jaroniec et al., 1996; Mikhail et al.,
1968; Parent and Moffat, 1995; Russell and LeVan,
1994; Seaton et al., 1989). Historically, the Kelvin
(Gregg and Sing, 1991) equation of classic thermo-
dynamics has been first used to relate the pore width
to the filling pressure. This equation is restricted to
pore sizes greater than 2 nm, as it does not take into
account the thickness of the adsorbate layers formed
on the porous surface prior to condensation. Various
methods (De Boer et al., 1965; Everett and Ottewill,
1970; Lecloux and Pirard, 1979; Zhu et al., 1997)
account for film growth, by coupling the Kelvin equa-
tion with a standard isotherm, the #-curve, which
describes the thickness of the precondensate film. How-
ever, these models neglect the large potential enhance-
ment in narrow pores, where adsorbed molecules are
proximate to both surfaces and the adsorbed films on
opposing walls interact. Therefore, the models based
on the Kelvin equation and the standard isotherm,
overestimate the pressures at which film wetting and
capillary condensation occur. Thus, they are unreli-
able for pore size distribution interpretation below
about 7.5 nm.

The information about the presence of fine pores is
crucial for understanding the adsorption and catalytic
properties of many porous solids, and therefore numer-
ous characterization methods were developed to obtain
micropore size distributions. One semi-empirical ap-
proach is to combine the Dubinin equations for the
micropore volume estimation with a gamma-type dis-
tribution (Jaroniec et al., 1988, 1989, 1991; Stoeckli,
1977). Horvath and Kawazoe (1983) provided a sim-
ple method for the calculation of the effective pore size
distribution using the slit potential model developed
by Everett and Powl (1976). This method gives a sim-
ple one-to-one correspondence between the pore size
and the relative pressure at which the pore is filled.
Recently, improved HK equations have also been pro-
posed (Cheng and Yang, 1994) and an equivalent pro-
cedure based on the adsorption potential distribution
has been developed by Jaroniec et al. (1996). These
approaches were developed for slit-like pores and ex-
tended to spherical and cylindrical ones (Baksh and
Yang, 1991; Saito and Foley, 1991, 1995a, 1995b).
The HK method has been widely applied to character-
ize various microporous solids as pillared interlayered
clays (Baksh and Yang, 1992; Brandt and Kydd, 1997;
Caiiizares et al., 1999; Ge et al., 1994; Gil and Montes,
1994; Gil et al., 1995; Gil and Grange, 1997; Hutson

etal., 1999; Malla and Komarneni, 1993; Storaro et al.,
1996) and activated carbons (Foley, 1995; Rychlicki et
al., 1993), as the slit-like model is a good represen-
tation of the pore structures of the above materials.
Some problems related to the interpretation of the HK
distributions have also been presented and discussed
by various authors (Kruk et al., 1997, 1998; Webb and
Orr, 1997). However, the HK results must be combined
with a Kelvin-type method to describe the full pore size
distribution.

The most promising, but unfortunately the most
complicated and model-dependent methods for eval-
uating micropore size distributions, are based on
advanced computational techniques, which provide
reliable local isotherms for pores of well-defined
geometry. Several authors (Do and Do, 1995; Heuchel
and Jaroniec, 1995a, 1995b; Jaroniec and Kaneko,
1997; Nicholson, 1994; Suzuki et al., 1996) have used
computer simulations, such as molecular dynamics
and Monte Carlo methods, to predict the adsorption
isotherms and the thermodynamic properties of vari-
ous adsorbates on molecular sieves. With these meth-
ods, it is not necessary to have an analytical expression
for the adsorption isotherm in order to obtain infor-
mation from experimental data. An alternative to the
computer simulation techniques is given by the den-
sity functional theory. Seaton et al. (1989) used the
density functional theory as the basis of a practical
method for determining the pore size distribution of
carbons. Olivier et al. (1994) extended and general-
ized the method by numerical deconvolution of the
distribution which results from the data and a set of
model isotherms covering a wide range of pore sizes,
from 0.4 to 400 nm. Various density approximations
(Olivier et al., 1994; Lastoskie et al., 1993a) have been
used in order to predict the isotherms for slit-shaped
pores. In the following, these methods are briefly
presented.

2. Theoretical Approach
2.1.  The Horvath-Kawazoe (HK) Model

Everett and Powl (1976) showed that the potential en-
ergy of interaction, &, between one adsorbate molecule
and two parallel lattice planes whose nuclei are sepa-
rated by a distance x apart, can be expressed via the
Lennard-Jones (12:6) potential. Therefore, for a slit
pore filled with adsorbate molecules, ¢ can be written



as follows:
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where dj is the arithmetic mean diameter of the ad-
sorbate molecule and the adsorbent atom, z is the dis-
placement of a molecule from the plane of surface nu-
clei (one plate), N, is the number of oxide ions per unit
area of surface, and Ny is the number of molecules of
adsorbate per unit surface area of the adsorbate. A, and
A are the dispersion constants, which are given by the
Kirkwood-Muller equations (Gregg and Sing, 1991) as
follows:

where

A, = Smetatn 3
XA Xa
and
Ap = %(mczaAXA) “)

where m is the electron mass, c¢ is the speed of light,
o, and x, are respectively the polarizability and mag-
netic susceptibility of an adsorbent atom, and os and
Xa are the polarizability and magnetic susceptibility of
an adsorbate molecule. The sum N,A, + Na A, is the
so-called interaction parameter, that summarizes the
physicochemical properties of the adsorbate-adsorbent
system, which are not easily available. To overcome
this difficulty, Gil and Grange (1997) proposed a new
procedure for the calculation of this parameter, based
on the best fitting of the micropore size distribution
for an activated carbon and an alumina pillared clay,
considering as upper limit of the micropore size a di-
ameter of 2 nm. The value of the interaction parameter
obtained by the authors was 45.74 cal - nm*/mol.

According to Horvath and Kawazoe (1983), the free
energy of adsorption is equal to the net energy of inter-
action between the layers. Thus, the following expres-
sion is derived for a slit-like geometry:
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where Npy is Avogadro’s number. It is assumed that
the adsorbed phase was like a two-dimensional ideal
gas, therefore the Henry’s law can be applied. Recently,
Cheng and Yang (1994) proposed a modification of this
method, replacing the Henry’s law used by Horvath
and Kawazoe by a Langmuir-type equation. Both ap-
proaches have been applied and compared by Gil et al.
(2000) in the characterization of the microporous prop-
erties of pillared interlayered clays, giving similar pore
size distributions.

Taking into account the experimental results from
nitrogen adsorption, volume adsorbed versus relative
pressure, the pore size distribution can be derived from
Eq. (5). The microporous volume is calculated as the
adsorbed volume that corresponds to a pore size of 2 nm
(Gil and Grange, 1997).

2.2.  The Jaroniec-Gadkare-Choma (JGC) Model

Porous solids are usually energetically and structurally
heterogeneous (Gil and Korili, 2000; Jaroniec, 1995).
The energetic heterogeneity of solids is commonly
characterized by the differential distribution of the
amount adsorbed, V', with respect to the adsorption en-
ergy U (Jaroniec and Madey, 1988; Ross and Olivier,
1964):

dv
FU) = U (6)
where U is positive and defined as the minimum of the
gas-solid potential taken with minus sign for a molecule
contained in a fine pore (Everett and Powl, 1976). The
structural heterogeneity of a porous solid is usually
characterized by the differential distribution of V with

respect to the pore width x (Gregg and Sing, 1991):

dv
J(x) = — 7
(x) I )
According to Jagiello and Schwarz (1993) the rela-
tionship between these two types of distributions can
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be expressed as:
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The practical use of Eq. (8) to convert F'(U) to J (x),
or vice versa, is almost impossible for real solids, be-
cause the relation between U and x is determined not
only by the size and shape of fine pores, which are the
source of the structural heterogeneity, but also by the
presence of various surface atoms, functional groups,
impurities and irregularities, which reflect the ener-
getic, that is surface and chemical, heterogeneity of the
pore walls. This relation becomes much simpler for
highly microporous solids, such as some microporous
carbons. For this type of porous solids the adsorption
energy U does not vary across the pore wall, but de-
pends only on the micropore geometry and width, x,
and U (x) can be expressed analytically (Jagiello and
Schwarz, 1993). In this case, it is necessary to obtain
the energy distribution of surface molecules from ex-
perimental adsorption data.

Under this assumption of the condensation approxi-
mation (CA), Jaroniec et al. (1996) proposed a sim-
ple thermodynamic approach to characterize porous
solids, and particularly to discuss the relation between
the structural and energetic heterogeneities. A key ther-
modynamic quantity in this approach is the differential
adsorption potential, which describes quantitatively all
possible changes in the Gibbs free energy of a given
gas-solid sorption system.

The adsorption potential A is equal to the change
in the Gibbs free energy of adsorption with the minus
sign:

0
A=—AG= RTln(p—) 9)

p

Here p° denotes the saturation vapor pressure and
R is the universal gas constant. The plot of the amount
of gas adsorbed, V, against the adsorption potential,
A, adsorption curve, can be considered as the primary
thermodynamic characteristic of the adsorption system
studied. The differential adsorption potential distribu-
tion function X (A) is defined as:

_dv(4)
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The pore volume distribution J(x) can be related
to the adsorption potential distribution through the

following equation:

av v [dA dA
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According to this last equation, the pore volume dis-
tribution J(x) can be obtained by multiplication of
the adsorption potential distribution by —dA/dx. This
quantity depends on the pore range and pore geometry.
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 between A
and x (Jaroniec et al., 1996):
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where the constants Cy, C,, C3, and Cy4 are characteris-
tic for a given adsorbent-adsorbate system. The symbol
dy denotes the diameter of the adsorbate molecule, and
dy= (dy — da)/2, where d, is the diameter of the ad-
sorbent atom. After differentiation with respect to the
pore width x, the following expression is obtained:

A G [ 3¢, 9 }
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The values of the constants in Eq. (13) for nitro-
gen adsorption in slit-like carbonaceous micropores at
77 K are the following (Jaroniec et al., 1996): C| =
39.60 kJ-nm/mol, C, = 1.89 x 103 nm*, C3 =2.70 x
1077 nm'°, C,=0.050 nm, and ds =0.30 nm. The
adsorption isotherm data allow to obtain the differ-
ential adsorption potential distribution X (A) (Gil and
Grange, 1996), which, after multiplication by (dA/dx)
from Eq. (13) and change of the sign, leads to the pore
volume distribution J (x).

2.3. Density Functional Theory (DFT)

The mean field density functional theory method, pro-
posed by Seaton et al. (1989), is a novel statistical me-
chanical attempt to extend the accuracy of pore size
distribution analysis in both the mesopore and micro-
pore range.

The adsorption equilibrium isotherm can be used
to provide information about the structural and the



energetic heterogeneity of a given adsorbate-adsorbent
system. In mathematical terms, the adsorption isotherm
of a single component can be expressed by the follow-
ing integral equation:

X(p) = / fXe(p,x)dx (14)

where X (p) is the experimental isotherm, ¢(p, x) is
the mean density of the adsorbate in a pore of width x
at pressure p, and f(x) is the pore size distribution of
the adsorbent.

The density functional theory provides a set of model
isotherms ¢(p, x) for homogeneous pores of given
sizes, which are then applied to the experimental ad-
sorption measurements in the numerical solution of
Eq. (14) to obtain the pore size distribution f(x).

In this method, the adsorbent-adsorbate properties
are chosen to provide the best fit to the experimental ni-
trogen adsorption data on a homotattic graphite (Olivier
et al., 1994). The interaction potential parameters used
have been obtained from the literature (Lastoskie et al.,
1993b).

In this work, the microporous texture evolution of
an activated carbon modified with HNO3; or H,0O,
liquid-phase oxidation treatments has been studied.
The three presented methods, the Horvath-Kawazoe,
the Jaroniec-Gadkare-Choma and the Density Func-
tional Theory, have been applied to the nitrogen ad-
sorption at 77 K in order to evaluate the effect of the
treatments on the porosity of the solids.

3. Experimental

The material used in this study, referred hereafter as
sample KO, was a commercial granular microporous
gas-activated carbon based on coconut shell (Merck-
9631). A series of samples of this carbon was sub-
jected to oxidative treatments with concentrated HNO;
(Janssen Chimica) at various temperatures, namely
298, 333, and 363 K and reflux at 383 K, during 3 h.
These modified samples are referred as N298, N333,
N363, and NR, respectively. Another series of carbon
samples was treated with H,O, of various concentra-
tions, 1,5 and 10 M, at 363 K during 5 h. These samples
are referred as C1, C5, and C10, respectively. Details of
the oxidative treatments are given elsewhere (Gil et al.,
1997).

The structural characterization of the activated car-
bons was made by nitrogen adsorption at 77K,
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using a static volumetric apparatus (Micromeritics
ASAP 2000M adsorption analyzer). The adsorption
isotherms were obtained in the relative pressure range
of 107% < p/p® < 0.99, using 0.1 g of sample. At the
beginning of each adsorption experiment, successive
doses of 5 cm® (STP) of nitrogen per catalyst gram,
were fed to the sample, until p/p® = 0.04 was reached.
After this point, nitrogen was added to achieve a fixed
set of p/p° values, and the required volumes were mea-
sured. Before the analysis, the activated carbons were
degassed at 473 K during 10 h, at a pressure not ex-
ceeding 10~ mmHg.

Specific total surface areas (Spang) were calculated
using the Langmuir equation (0.01 < p/p° <0.05, in-
terval of p/p°) for monolayers. Specific external sur-
face areas (S.x;) were obtained from the ¢ method
(Lippens and de Boer, 1965), and the specific total
pore volumes (V,) were estimated from the nitrogen
uptake at p/p°=0.95. The Dubinin-Astakhov (DA)
equation (Dubinin, 1975) has been applied to obtain
the micropore volume, Vpa, and the characteristic en-
ergy, E, from the plot of log" (p°/p) versus log V. The
n exponents of the DA equation were calculated by
linear regression, in the range of relative pressures of
2x107° < p/p® <0.2.

4. Results and Discussion

The nitrogen adsorption at 77 K of the modified acti-
vated carbons is shown in Figs. 1 and 2. All the adsorp-
tion isotherms are of type I in the Brunauer, Deming,
Deming, and Teller (BDDT) classification (Gregg and
Sing, 1991). From these figures, it can be seen that
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Figure 1. Nitrogen adsorption at 77 K starting from very low pres-
sures of the activated carbon samples treated with HNO3, (@) KO,
(0) N298, () N333, (¢) N363 and (A) NR.
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Figure 2. Nitrogen adsorption at 77 K starting from very low pres-
sures of the activated carbon samples treated with H,O,. (@) KO,
(0) Cl, (O) C5, and (¢) C10.

treatments with HNOj3; and H, O, affect in general both
the microporous and the mesoporous regions. The ma-
jority of differences among the various samples can
be observed at low relative pressures, at p/p® <0.2.
In this region, micropore filling takes place, with the
interaction of nitrogen with the micropore surface be-
ing stronger than that with the adsorption sites on the
solid surface. Various stages of micropore filling occur,
related to the different micropore structures. The low-
pressure region of the nitrogen adsorption in general
corresponds to two stages of micropore filling (Sing,
1989): an initial process, at p/p° < 0.005, that takes
place in pores having dimensions comparable to nitro-
gen molecule, called ultramicropores, and a molecule
interaction process that occurs at p/p° higher than
0.005 (0.005-0.2). In this latter relative pressure range,
it is also possible to consider the filling of two microp-
oreranges, referred as micropores and supermicropores
(Kakei et al., 1990), which occurs at the relative pres-
sure ranges of 0.005-0.08 and 0.08-0.2, respectively.
The nitrogen adsorption at 77 K of the activated
carbons treated with solutions of concentrated HNO3
is shown in Fig. 1. When the nitrogen adsorption
of the starting activated carbon and that of the sam-
ples N298 and N333 are compared, it can be seen
that the oxidation treatment affected mainly the re-
gion from p/p® =4 x 10~*to p/p® =1, that is the one
corresponding to the micropores, supermicropores and
mesopores. For these samples, no differences are ob-
served for relative pressures lower than 10~*. The ni-
trogen adsorption at 77 K for sample N363 shows the
creation of ultramicropores in this pressure range. A
partial loss of the rest of the pores, micropores and
mesopores, is also observed. Finally, the reflux treat-

ment produces an almost total loss of the porosity of
the activated carbon.

The nitrogen adsorption at 77 K of the activated car-
bons treated with solutions of H,O, is shown in Fig. 2.
For samples C1 and C5, a development of ultramicro-
pores and a loss of mesoporous volume is observed,
while sample C10 shows a continuous loss of pore vol-
ume in the overall pressure range. Differences mainly
in the ultramicropore region can be detected from a
comparison of the nitrogen adsorption of these sam-
ples.

The structural properties are more explicitly given in
Table 1, where the specific surface areas, Spang and Sey,
and the specific pore volumes, V,, and Vp,, of all the
samples are presented. The treatment with solutions of
concentrated HNO; produces a loss of the structural
properties of the activated carbon, that becomes more
pronounced as the treatment temperature increases. In
fact, the structural properties change only a little when
the starting activated carbon is treated with HNOj3 at
298 and 333 K. Under these conditions, and consid-
ering the starting material as reference, the loss in the
specific surface area and specific pore volume is as low
as 4-16%. The treatment of sample KO at a higher tem-
perature, 363 K, brings about a loss of 32-37% of the
specific surface areas and 33-43% of the specific pore
volumes. The losses are increased up to 83-90% when
the activated carbon is treated under reflux. On the other
hand, the structural properties remain nearly the same
when the activated carbon is treated with H,O,. The
treatment with solutions of H,O, 1M (sample C1) pro-
duces the loss of 10-18% of the specific surface areas
and the specific pore volumes. These losses are similar
to those of the other samples (C5 and C10), treated with
solutions of higher concentrations.

It has been reported that the reaction of activated
carbon with solutions of HNO; and H, O, changes not
only the chemical nature of its surface by the pres-
ence of several types of oxygen surface groups, but also
its structural characteristics (De la Puente et al., 1997,
1998; Gil et al., 1997). By the use of solutions of con-
centrated HNO; at low temperatures, as with samples
N298 and N333, the fixation of oxygen groups on the
walls of mesopores (Bautista-Toledo et al., 1994) gives
rise to a decrease of pore size, and therefore a decrease
of the mesopore volume. Upon oxidation at higher tem-
perature (sample N363), more oxygen groups are fixed,
decreasing further the size of the pores and converting
those previously classified as mesopores into microp-
ores. The treatment under reflux conditions leads to an
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Table 1. Structural properties of the modified activated carbons.
HK model JGC model DFT model

Sample Stang™? Vol Sex®  Voad Vipuk® dpux! dpycc® Vo' dpprr!
KO 1242 (C/ =333)  0.589 70 0.481 0.486 0.48 (0.60) 0.49 0.360 0.64
N298 1116 (C =365) 0.525 67 0.422 0.429 0.48 (0.50) 0.49 0.316 0.59
N333 1075 (C =391) 0.498 59 0.406 0.413 0.48 (0.50) 0.48 0.307 0.59
N363 842 (C =358) 0.397 44 0.273 0.330 0.46 (0.55) 0.49 0.260 0.59
NR 129 (C =269) 0.070 12 0.055 0.051 0.56 0.56 0.039 0.80
Cl1 1055 (C =373) 0.498 63 0.412 0.407 0.47 (0.53) 0.48 0.316 0.59
C5 1052 (C =414) 0.491 60 0.403 0.405 0.47 0.48 0.312 0.59
C10 1035 (C =350) 0.526 73 0.396 0.408 0.48 (0.55) 0.49 0.305 0.59

255

aSpecific surface area in m?/g.
0.01 < p/p® <0.05, interval of p/p°.
°Specific total pore volume at p/p® =0.95 in cm®/g.

dSpecific micropore volume from Dubinin-Astakhov formalism in cm?/g.
€Specific micropore volume derived from the Horvath-Kawazoe model in cm?/g.
fMaximum pore diameter of the Horvath-Kawazoe micropore size distribution in nm. The shoulder pore diameter is given

in the brackets.

€Maximum pore diameter of the Jaroniec-Gadkare-Choma micropore size distribution in nm.
hSpecific micropore volume derived from the DFT model in cm?/g.

iPrincipal maximum pore diameter of the DFT pore size distribution in nm.

iLangmuir C-value, characteristic of the intensity of the adsorbate-adsorbent interactions.

almost complete loss of the porosity of the activated
carbon. Together with the process of oxygen fixation,
this indicates that some pores were destroyed because
of the loss of pore walls. The treatment with solutions of
H,O, at low concentrations, 1 and 5 M, allows the fix-
ation of oxygen groups decreasing the size of the pores
in a similar way to the previously described in the treat-
ment with HNOj3, sample N363. At a higher concen-
tration of H,O,, 10 M, a little loss of the microporosity
of the activated carbon is observed, while the structural
characteristics remain practically unchanged.

The micropore size distributions of the samples, de-
rived from the slit-like model of Horvath and Kawazoe,
are shown in Fig. 3. The distributions confirm the re-
sults obtained from the nitrogen adsorption at 77 K and
presented in Figs. 1 and 2. The presence of a maximum
and a shoulder are in accordance with the transitions
observed in the isotherms. The microporous volumes,
calculated as proposed by Gil and Grange (1997), were
also included in Table 1, and it can be seen that an ex-
cellent agreement exists between the values obtained
with the HK and DA approaches. When the micro-
pore distributions of the starting activated carbon and
those of the samples N298 and N333 are compared (see
Fig. 3), no differences are observed. The distributions

show a maximum, at about 0.48 nm, and a shoulder.
The pore diameter related with each shoulder is shown
in Table 1. The distribution for sample N363 shows
a shift of the maximum, from 0.48 to 0.46 nm. With
these samples, treated with concentrated HNOs, a loss
of micropore volume is observed, ranging from 12 to
90% and increasing as the thermal treatment temper-
ature increases. The reflux treatment produces a total
loss of the microporosity of the activated carbon. When
the micropore distributions of the starting activated car-
bon and those of the samples C1 and C5 are compared
(see Fig. 3), a shift of the maximum micropore diame-
ter from 0.48 to 0.47 nm is observed. The distribution
remains almost unchanged when the starting material
is treated with H,O, 10 M (sample C10). The evolu-
tion of the specific micropore volume of these modified
activated carbons, indicates that this property remains
nearly unchanged when the activated carbon is treated
with solutions of H,O,. This treatment brings about a
loss of 16% of the specific micropore volume.

The micropore size distributions obtained with the
JGC model, are shown in Fig. 4. Each of these dis-
tributions exhibits a distinct peak located at 0.48-0.49
nm (see Table 1). Except of this peak, the distributions
are quite flat and no difference can be observed among
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the samples, only the relative intensity. The distribution
curve for the NR sample shows a peak with a maximum
located at about 0.56 nm.

In order to explain the uniformity of the results com-
paring HK and JGC models, the way the micropore size
distributions are obtained must be taken into account.
From a mathematical point of view, the two methods
are identical. The only difference is in the sequence of
calculations of micropore size distributions. In the HK
method, the pressure scale of the adsorption isotherm
is converted to the pore size scale using a theoretical
relation between pressure and pore size and the result-
ing function is differentiated. In the JGC method, the
pressure scale is converted to the adsorption potential,
which is differentiated in order to obtain the adsorp-
tion potential distribution (Gil and Grange, 1997), and
finally this distribution is multiplied by the differential
—dA/dx (see Eq. (11)). Thus, the second approach
shows the relation between the adsorption potential
distribution, which is a thermodynamic function, and
the micropore size distribution, which depends on the
model. The final results are very close, because the
same pore geometry and the same relation between
pressure and pore width are used.

The adsorption potential distributions of the sam-
ples have been presented elsewhere (Gil et al., 1997),
in a study aiming to the investigation of the relation
between the parameters of the DA equation and the
distribution of the micropore widths. In that study, it
can be seen that in fact there are differences among the
adsorption potential distributions of the treated sam-
ples, mainly in their width. The distributions of the
samples N298, N333 and C10 are sharper than the dis-
tribution of the starting activated carbon, while the ones
for samples N363, NR, C1 and C5 are broader. These
results indicate that the HNOj treatment produces an
initial increase of the homogeneity of the microporous
structure, but as the treatment temperature increases
the structure becomes heterogeneous. The H,O, treat-
ment produces a heterogeneous structure that becomes
homogeneous with the treatment concentration. When
the adsorption potential distributions are multiplied by
d A/dx to obtain the micropore size distributions, J (x),
the above variations between the adsorption potential
distributions of the samples could explain the differ-
ences in relative intensity and width observed for the
micropore size distributions from HK and JGC models.

The nitrogen adsorption isotherms up to a relative
pressure of 0.2 obtained by the DFT model are shown
in Fig. 5. The micropore size distributions f(x) cal-

culated from Eq. (14) for all samples are presented in
Fig. 6. The corresponding adsorption characteristics
are reported in Table 1. Only the nitrogen adsorption
values up to a relative pressure of 0.2 were consid-
ered in applying the DFT model in order to relate ad-
equately the relative pressure and the micropore size.
If the whole relative pressure range is considered, a
poor fitting of the adsorption values is obtained at very
low pressures, modifying the micropore size distribu-
tions. At the distributions presented in Fig. 6, two mi-
cropore regions can be observed. In the case of small
micropores, with widths below 1.0 nm, a bimodal dis-
tribution of pore sizes is obtained in all the samples,
with sharp peaks at 0.59 and about 0.80 nm. For mi-
cropores wider than 1.0 nm, a broad pore size distri-
bution is observed with also two maxima, at 1.18 and
1.48 nm. The microporous volumes, calculated as pro-
posed by Gil and Grange (1997), were also included
in Table 1. The discrepancies of the microporous vol-
umes and the pore diameter maxima obtained from the
distributions presented in Fig. 6, with respect to the val-
ues of the HK and DA approaches, must be related to
the adsorbent-adsorbate properties used in this model
(homotattic graphite (Olivier et al., 1994)). For illus-
trative purposes, the micropore size distributions of the
K@ sample obtained from the HK model for the ex-
perimental nitrogen adsorption and for the simulated
from the DFT model are presented in Fig. 7. These two
distributions are similar enough, thus indicating that
the discrepancies previously mentioned are due to the
adsorbent-adsorbate properties.

Differential micropore volume (cm® STP/g-nm)

Pore width (nm)

Figure 7. Micropore size distributions obtained from the HK model
for the experimental (@) and the calculated (O) nitrogen adsorption
isotherm from the DFT model.



5. Conclusions

Three methods, the Horvath-Kawazoe method, the
Jaroniec-Gadkare-Choma one and the Density Func-
tional Theory, have been applied to the nitrogen ad-
sorption data obtained at 77 K in order to analyze
the microporous structure of activated carbons, liquid-
phase oxidized with HNO3; and H,0O,. Each method
presented in this work can be applied to characterize the
microporous properties of the modified activated car-
bon; however, there is a significant variation among the
pore size distributions obtained. Besides, each method
has a degree of uncertainty, and it is difficult to dis-
cern which is the most accurate. All equations contain
several parameters, corresponding to physicochemical
properties of the adsorbent and the adsorbate, which
may be difficult to be estimated for some gas/solid sys-
tems. In the case of the HK method, an adequate value
of the interaction parameter has been selected, in order
to optimize the relative pressures that correspond to the
micropore region.

The HK and the DFT methods describe satisfactorily
the experimental results, including the transitions of
the isotherms related to the stages of micropore filling.
These methods qualitatively reproduce the form of the
pore size distributions in the small micropore region,
that is for micropores having widths below 1.0 nm. In
the case of pores wider than 1.0 nm, DFT micropore
size distribution exhibits two maxima at 1.18 and 1.48
nm. The JGC method also provides a satisfactory rep-
resentation of adsorption in the present microporous
systems.

Nomenclature

A Adsorption potential, kJ/mol

A,  Dispersion constant in Egs. (1) and (2)

Aa  Dispersion constant in Egs. (1) and (2)

c Speed of light

Cy Constant in Egs. (12) and (13),
kJ-nm/mol

C,  Constant in Egs. (12) and (13), nm*

Cs Constant in Egs. (12) and (13), nm'®

Cs  Constant in Egs. (12) and (13), nm

DFT Density Functional Theory

d, Diameter of the adsorbent atom, nm

dp Diameter of the adsorbate molecule, nm

dy Arithmetic mean diameter of the adsorbate
molecule and the adsorbent atom, nm
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dppFT

dpux

dprcc

fx)
FU)

HK
JGC
J(x)

Principal maximum pore diameter of the
DFT pore size distribution, nm
Maximum pore diameter of the
Horvath-Kawazoe micropore size
distribution, nm

Maximum pore diameter of the
Jaroniec-Gadkare-Choma micropore
size distribution, nm

Characteristic energy in the
Dubinin-Astakhov equation, kJ/mol
Pore size distribution, cm?/(g - nm)
Differential distribution of pore volume
(V) with respect to the adsorption
energy (U), (cm3-m01)/(g-kJ)

Gibbs free energy, kJ/mol
Horvath-Kawazoe model
Jaroniec-Gadkare-Choma model
Differential distribution of pore volume
(V) with respect to the pore width (x),
cm3/(g-nm)

Electron mass

Exponent of the Dubinin-Astakhov
equation

Number of oxide ions per unit area of
surface

Number of molecules of adsorbate per
unit surface area of adsorbate
Avogadro’s number

Interaction parameter, cal - nm*/mol
Pressure, Pa

Saturated vapor pressure of adsorbate,
Pa

Universal gas constant, J/(mol-K)
Specific surface area, m?/g

Specific external surface area, m?/g
Specific surface area from the Langmuir
method, m%g

Temperature, K

Adsorption energy, kJ/mol

Specific pore volume, cm?/g

Specific micropore volume from
Dubinin-Astakhov formalism, cm3/g
Specific micropore volume derived from
the DFT model, cm¥g

Specific micropore volume derived from
the Horvath-Kawazoe model, cm3/g
Specific total pore volume, cm¥g

Pore width, nm

Adsorption potential distribution, mol/kJ
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X (p) Experimental isotherm
z Displacement of a molecule from the
plane of surface nuclei

Greek Letters

oy Polarizability of an adsorbent atom, cm?

oA Polarizability of an adsorbate molecule, cm?
AG Change in the Gibbs free energy, kJ/mol

& Potential energy of interaction, kJ/mol

o Constant in Egs. (1) and (5), nm

¢(p, x) Mean density of the adsorbate in a pore of
width x at pressure p

Xa Magnetic susceptibility of an adsorbent
atom, cm?
XA Magnetic susceptibility of an adsorbate

molecule, cm?
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