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Abstract In this paper we discuss why the pore geometry
can affect the unicity of the pore size distribution (PSD) of
a given activated carbon (AC) sample, when different
probe gases are used in adsorption measures. In order to
characterize the solid sample we used grand canonical
Monte Carlo simulation and the independent pore model
with slit or triangular pore geometry, focusing our analysis
on the possibility of representing the adsorptive processes
of a triangular pore of defined size by means of a combi-
nation of slit pores of different sizes. This representation is
tested on experimental adsorption data of N, (77 K) on AC
samples and acceptable results were obtained. Finally, we
have performed a theoretical test, which consisted of ana-
lyzing a virtual porous solid with this approach and dif-
ferent probe gases (N, at 77 K and CO, at 273 K), showing
that the differences between the pore representations can
cause differences between the solid representations for the
adsorptive properties, for these different gases. The anal-
ysis presented here can be extended to other pore geome-
tries and other adsorbates, and provide arguments to further
explain results presented in our previous paper, which
refers to cases when different adsorbates yield different
PSDs for a given sample and the same pore geometry
model.
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1 Introduction

Activated carbons (AC) are considered as suitable materi-
als for a number of separation and storage processes, due to
their low cost and the nearly unlimited possibilities of
tuning textural and surface properties (Mash and Rodri-
guez-Reinoso 2006; Rouquerol et al. 1999). The structure
of AC is still at the present a matter of discussion, given the
complexity arising from a disordered arrangement of not
well defined building blocks (Mash and Rodriguez-Reinoso
2006; Thomson and Gubbins 2000). Nevertheless, a quite
simple model, the so-called independent pore model
(Lastoskie et al. 1993), has been extensively used for
decades to represent such structure. This model considers
the porous material as a collection of independent pores of
different sizes, all having the same geometry. The slit
model is usually assumed for the characterization of ACs
and has been extensively used in determining their PSD
however, it is reasonable to assume that, at least in part of
the material, carbon plates may accommodate in such a
way as to form pores with other geometries (Azevedo et al.
2010; Bojan and Steele 1998; Davies and Seaton 1998;
Jagiello et al. 2011; De Oliveira et al. 2011). By taking into
account such model, it is possible to follow different
methodologies (Davies et al. 1999; Gusev et al. 1997;
Jagiello 1994; Lueking et al. 2009; Sweatman and Quirke
2001) to characterize the pore size distribution (PSD) of a
given AC from experimental adsorption data of a probe
molecule. In order to analyze a solid sample, such
methodologies require an experimental adsorption isotherm

NS (Pi, T), which represents the amount of adsorbed gas
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on the solid at pressure P; (i = 1, ..., n) and temperature 7.
The next step consists in fitting the experimental isotherm
with a model isotherm NSA5(P;, T), so that a minimum

residue R, is defined by (Davies et al. 1999):

R= Z[NS;I‘JS (P T) — NP T)| (1)
where

NOAS (P, T) zm: freom— GAS Ageon— GAS 2)
and

Ageom GAS :p(lgjom GAS(H* P, T) 5[_]

(i=1, ..., n)
(3)

From Eq. (2), the model isotherm is defined as a linear
combination of m G=1, m) curves

foom— GAS(H* P;,T), each of which corresponds to the
adsorption isotherm of a pore of a given geometry with

average pore diameter H;. The minimization of residue R

(Eq. 1) is accomplished with suitable values of ]jgw'GAS
(G =1, ..., m) by means of a non-negative least square
regression (NNLSQ) algorithm. The values thus
obtained define the PSD assigned by the model to the
sample, according to a given geometry.

It is important to note that the PSD, as obtained from
Egs. (1)-(3), is affected by the hypotheses taken into
account by the model (pore shape and independence, sur-
face heterogeneities, how the adsorbate molecule is rep-
resented, gas—solid and gas—gas interaction potentials,
etc.).Therefore, the solid matrix defined by the obtained
PSD is hardly a realistic representation of the irregular AC
sample matrix, but instead it defines an effective porous
material whose adsorptive properties are similar to those of
the actual solid (Lastoskie et al. 1993; Lueking et al. 2009).
A direct consequence of fitting an experimental isotherm
with Egs. (1)—(3) is that two different kernels (for instance
of distinct geometries) may be able to represent the same
experimental isotherm, giving rise to different PSDs.
Within the framework of the independent pore model, this
means that a given solid sample may have more than one
model matrix that represents its adsorption properties.

As we mentioned above, the issue of AC modeling with
pore geometries other than the slit pore model has been
addressed several times in the literature. For instance,
Davies and Seaton (1998) discuss the case of square and
rectangular pore geometries. They show that a monopore
isotherm belonging to either one of these geometries may
be expressed as a linear combination of model isotherms
from a slit-geometry kernel. Due to this “equivalence” and

fgeo GAS
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to its simplicity, these authors conclude that the slit
geometry should be the most adequate one for represent the
porous matrix of a given AC sample. Nevertheless, Davies
and Seaton also argue that, due to the fact that different
pore geometries may represent the same experimental
isotherm, one should exercise caution when trying to cal-
culate characteristic textural parameters, such as the aver-
age pore size. Another aspect concerning the use of
Egs. (1)-(3) to assess the PSD of a solid sample is the
concern as to whether the PSDs obtained with different
probe molecules (for the same model) could be equal or
different, which has been addressed by several authors
including our own recent work. (Gauden et al. 2004;
Jagiello and Thommes 2004; Quirke and Tennison 1996;
Ravikovitch et al. 2000; Soares Maia et al. 2011).

In this paper, we have used the independent pore model
(Egs. 1-3) for a number of cases of pure slit or pure tri-
angular pore geometries. Following the reasoning of
Davies and Seaton (1998), we have developed an approx-
imation which attempts to express the adsorption isotherm
of a triangular-shaped monopore as a combination of iso-
therms from the slit kernel. With this, it was possible to
represent the adsorption isotherm, corresponding to a tri-
angular pore matrix, by using a slit pore matrix. This
representation is tested on experimental adsorption data of
N, (77 K) on AC samples, and acceptable results were
obtained.

Finally, we have performed a theoretical test, which
consisted of applying the obtained representation to the
adsorption process (for different probe gases on a virtual
porous solid). The results from the test provide arguments
to further explain results presented in a previous paper
(Toso et al. 2013), which refers to cases when different
adsorbates yield different PSDs for the same sample and
the same pore geometry model. Therefore, the central
objetive of the present paper is to explain why the choice of
a given assigned pore geometry in a model of independent
pores may cause that different probe molecules on the same
porous solid sample lead to different PSDs.

2 Theoretical aspects

In the following, we have considered N, (T = 77 K) and
CO, (T = 273 K) as adsorbates, until atmospheric pres-
sure. As pore geometry models, we have considered sep-
arately the slit and triangular pore geometries (Fig. 1). Pore
walls are considered as homogeneous graphite planes (in-
finite for slit geometry and truncated for triangular geom-
etry) with gas—solid interactions described by the 10-4-3
Steele potential and the Bojan—Steele equation respectively
(Bojan and Steele 1998). Both adsorbates were represented
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Fig. 1 Slit (left) and triangular (right) geometry pore showing how
the size H;, is defined

as one-center molecules. In the confined space of real
pores, especially pores that accommodate three layers or
less, the pseudo-sphere model describes the adsorption
badly, however in a virtual porous solid sample treating
CO, (or N,) as a single LJ molecule or as a multi-site
potential model will not affect our results qualitatively
(with respect to the PSD). For each of the two adsorbates,
by means of grand canonical Monte Carlo (GCMC)

(Frenkel and Smit 1991; Nicholson and Parsonage 1982)
simulations the respective kernels pf?’—GAS and pg“”—GAS
(Eq. 3) were calculated using Lennard—Jones gas—gas and
gas—solid parameters, as reported in Ravikovitch et al.
(2000).

In this paper, the terms rPSD_slit and rPSD_trian
denote the PSD which results from the fit of an experi-
mental or pseudoexperimental (from virtual solid) isotherm
with Egs. (1)—(3), for the slit and triangular pore geome-
tries, respectively. Likewise, the terms sPSD_slit and
sPSD_trian denote a source PSD, which is arbitrarily
generated to define a given virtual solid composed of either

slit or triangular shaped pores, respectively.

3 Results and discussion

Starting from the idea of Davies and Seaton (1998), it
should be possible to represent the adsorptive properties of
a triangular monopore with a combination of slit pores. To
this end, we presented the following equation:
m
ian_GAS n, li_GAS
A=A gfj‘s Al (i=1, ..., n (4)
=1

Equation (4) is an approximate expression (considering

a given gas) for the j-th A?’]?UH_GAS (i

i=1, ..., n) curve,

which is written as a function of kernel Afl,i’ —GAS Gg=1,..

m). For each j value, which stands for a given pore diam-
eter of the triangular geometry, coefficients gf% (k = 1,

.., m) are obtained from NNLSQ. Because the curves

are proportional to the isotherms p;gjm"—GAS

(Eq. 3), it may be stated that Eq. (4) postulates the possi-
bility of representing the adsorptive processes of a

geom__GAS
A%

triangular pore of defined size by means of a combination
of slit pores of different sizes.

Application of Eq. (4) for three different triangular
monopores is depicted in Fig. 2 with N, (T = 77 K) as
adsorbate. It may be observed that a combination of slit
pores may fit the isotherm of a triangular monopore when
the pore size is large enough (Fig. 2b, c). This is not the
case of Fig. 2a, where a triangular monopore of 3.8 A was
considered. The lack of agreement between the original
isotherm and that obtained from a slit pore kernel is due to
the fact that, for very small micropores (H,, < 5 A), the
same gas uptake tends to be reached at much lower pres-
sures for a triangular pore than for a slit pore of the same
size. This is also why the #PSD from a slit kernel shown in

rPSD
(slit kernel)

rPSD
(slit kernel)

1

( mmoles / cm?)
o

Mo
5  10H, (AW5 20

1E-12 1E-8 1E-4 T
30 , , , , , :
(c) 2 PCH, =408 1K) .
251 4 £
204 [ rPSD 0.15 4 ]
(stit kernel) 0.103. ¢
151 3 1

Fig. 2 Application of Eq. (4) to triangular monopore of different
diameters (H;, = 3.8, 5.6, 40.8 A): (open triangle) triangular mono-
pore adsorption isotherms (N, at 77 K) and (continuous line) the
corresponding slit kernel fitting curve. The rPSDs obtained by fitting
(slit kernel) are shown in the inset
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Fig. 2b, c always start from lower diameters than the actual
triangular monopore being considered. It is not possible to
have smaller slit-shaped pores than the size of the adsor-
bate, and this is why the ¥PSD shown in Fig. 2a has about a
single pore size with the same dimension as the starting
triangular monopore. Figure 2b, ¢ shown another aspect [as
discussed by Davies and Seaton (1998)] derived from
Eq. (4), which has an important consequence as far as
modeling is concerned: a sample having a narrow PSD of
triangular geometry will correspond to a spread PSD if its
isotherm is fit with a slit pore kernel, giving rise to a
substantial discrepancy between the sample structure and
its “modeled” representation.

By introducing the development of A”i“”—GAS (Eq. 4)

into the expression of the isotherm N943(P;, T) for the case

of a triangular shaped kernel (Eq. 2), the new expression
for this isotherm is given by

NES (P, T) gi

mod
j=1

trlan GAS§ Aéllf GAS _GAS
gk,} (5)

By exchanging summations in Eq. (5), we find

NGAS P; T Zfslzr* GASA.SZII GAS (6)
mod
k=1
where
sltt* _GAS _ thrzan GASng;\S k= 1, cem (7)

The physical meaning of Eq. (6) is similar to that of
Eq. (4): while Eq. (4) corresponds to the representation of
the adsorptive properties of a single triangular pore as a
function of a slit pore kernel, Eq. (6) corresponds to the
representation of the adsorptive properties of a triangular
pores matrix (whose isotherm is the starting N6AS(P; T)
given by Eq. (2) by means of a slit pores matrix. As a
matter of fact, Eq. (7) should allow to obtain the PSD_slit
equivalent to a given PSD_trian, as far as adsorptive pro-
cesses are concerned. Such PSD, obtained from the
PSD_trian and as defined by the coefficients f, slitx_GAS
(Eq. 7), will be here denoted as PSD_slit* (i.e. by “*”), in
order to distinguish it from the rPSD_slit and the
sPSD_slit. Both Egs. (6) and (7) will be the core of the
remaining discussion in this section.

Table 1 summarizes the residual errors between three
class of model isotherms and experimental isotherms for
N, (T =77 K) on a set of AC samples synthesized by
chemical activation of lignocellulosic precursors. Samples
A and B were obtained from peach stones (Soares Maia
et al. 2011) whereas samples C and D, from coconut shells
(Toso et al. 2011). The first and second rows corresponds to
those model isotherms obtained by direct fit to

@ Springer

Table 1 Residues between experimental and model isotherms (N, at
77 K) for AC samples obtained by chemical activation of lignocel-
lulosic precursors

R= Z [Névxzp Nr[x;d]
i=1
N2 Sample
A B C D
By direct fit: trian. geom. 0.33 0.22 14.11 9.70
By direct fit: slit geom. 0.71 0.50 9.08 3.58
From PSD_slit* (Eq. 7) 0.81 0.67 15.25 9.61

experimental data (Eq. 1) with slit and triangular pore
geometry respectively, while the third row correspond to
the model isotherm obtained from PSD_slit* (Eq. 7).
According to the R values obtained by direct fit (first and
second rows), for some samples (A and B), the slit pore
geometry is the one that best fits experimental data,
whereas for others (C and D) it is the triangular pore
geometry which provides a better fit of experimental iso-
therms. This is an evidence that, even though a kernel of a
given geometry may be equivalent to that of another
geometry (as shown previously), different geometries will
not always be able to fit the same set of experimental data
with the same accuracy. With respect to the R values
obtained from PSD_slit* (third row), it is observed that
Eq. (7) works reasonably in approximating experimental
adsorption data of real solids. On the other hand, those
R values (third row) are closer to the R values corre-
sponding to the pore geometry with the worst fit (larger
residues), which may be explained as follows: if the tri-
angular pore geometry provides the best fit of experimental
data, no other slit geometry would improve such fit and
vice versa, so that PSD_slit* will incorporate the error of
the rPSD (rPSD_trian or rPSD_slit) with larger residue.
Figure 3 shows detailed data for samples B and C, in
terms of the PSDs and cumulative volumes, as calculated
from the three strategies used for the Table 1. By com-
paring the »PSD_slit with the corresponding PSD_slit* for
both samples, it is clear that both predict similar trends.
Additionally, the agreement between rPSD_slit and
PSD_slit* is remarkably better for sample B than for
sample C, which is directly related to the R values shown in
Table 1: if rPSD_trian fits the experimental data of sample
B better than that of sample C, then the “prediction”
provided by Eq. (7) will also be better for the former
sample than for the latter, because this equation assumes
that starting PSD of the sample may be adequately repre-
sented by a kernel of triangular geometry. On the other
hand, there is an expected discrepancy rPSD_slit and
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Sample: B
0.08 : : : : : :
(@) q
0.06 4 [ 1rPSD_trian
0.04
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0.00
0
0.08 : : : : : :
(b)
n [ 1rPsD_slit
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£
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0.0 +—e—4 : . r : :
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Hin(A)

Fig. 3 Application of Eq. (7) to AC samples. The rPSD_slit and the
rPSD_trian are obtained by direct fit from N, (T = 77 K) experi-
mental adsorption isotherm of sample B and C (Table 1) and the

rPSD_trian for both samples, which agrees with the fact
that models that assume different pore geometries will
yield different PSDs by fitting the same set of experimental
data, that is, the same sample.

Figure 4 illustrates the application of Eq. (4) in the case
of probe gases N, (T = 77 K) and CO, (T = 273 K), for
different triangular pore size. For each (triangular) pore
size H;, the corresponding rPSD from slit kernel, is given

by the coefficients f;""~*S where f;""=%% = g045/5H;
(k=1, ..., m). It is observed that for a given value of
diameter H;, the “PSD” profile defined by the coefficients

ks”’AN 2 and f,fmACOZ (k = 1, ..., m) differ notoriously. This
means that a triangular monopore isotherm pﬁf}””—GAS
(i =1, ..., n)for a given pore diameter may have different
kernel slit representations for different adsorbates. This
finding is a crucial point in the analysis shown next.
Figure 5 illustrates the application of Eq. (1) through

Eq. (3) to a virtual solid, in the same fashion as described

Sample: C
0241 (@) o
[ ]rPSD_trian
0.16 1
0.00 . | . .
0 10 20 30 40 50
0.32 . . . .
(b)
= 024 M [ 1rPsD_slit |
“?;, V) PsD_slit *
(’)\
g 0161 o 1
o
S
0.08 i
0.00 - Pallid, A1
0 10 20 30 40 50
1.09 (€) cumulative P 1
pore volume i
i —A—4 -
0.8 o A/
0.6 ’ prosd 1
0.4+ OO]' prn —a—  rPSD_trian
/ —o— rPSD_slit
0.2 ....“,/J’. —e— PSD_slit*
L
0.0+— # . .
0 10 20 30 40 50

H,(A)

PSD_slit* are obtained by Eq. 7. The corresponding cumulative pore
volume is compared in the bottom row

in a previous publication (Toso et al. 2013). The porous
matrix of such virtual solid consists of a hypothetical and
arbitrary distribution of pores of triangular geometry
defined by sPSD_trian, which is depicted in Fig. 5a. Fig-
ure 5b shows the pseudo-experimental isotherms of N, and
CO, for the virtual solid, which were calculated by
applying Eq. (2) using the sPSD_trian shown in Fig. 5a
;r;an,NZ
Aﬁj“”—wz. In turn, Fig. 5c¢ shows the rPSD_slit for N, and
CO,, as obtained by fit (Eq. 1) with the corresponding slit
and Afj”’coz
mental isotherms (Fig. 5b). Finally, Fig. 5d compares the
curves of cumulative pore volume for the three cases: the
hypothetical sPSD_trian and the corresponding rPSD_slit
for N, and CO,. The figures show the expected difference
between the “real” PSD of the triangular pores virtual solid
(Fig. 5a) that was taken into account and the PSDs result-
ing from the fit of the pseudo-experimental isotherms of

and the corresponding triangular pore kernels A and

pore kernels Afﬁ"N 2 to the pseudo-experi-
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15 ]
7
H =56A
n
1.0 1
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-
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0.8 N,
v co,
0.4
0.0 ’
4 6 8 10 12 14 16 18 20
H =136 A
m
N,
27 co,
10 12 14 16 18 20

Pore Size (A)

Fig. 4 Application of Eq. (4) to triangular monopore adsorption
isotherms of different diameters (H;, = 5.6, 7.1, 10.4, 13.6 /0\). For
each diameter H;,, the corresponding rPSD (slit kernel) for N, at 77 K
(grey) and for CO, at 273 K (/ined) are compared

either gas assuming slit geometry (Fig. 5¢). On the other
hand, Fig. 5c shows that the rPSD_slit obtained for the
same virtual solid with two probe molecules (N, and CO,)
show similar trends, but discrepancies are noticeable. Such
discrepancy [already reported in Toso et al. (2013)] has an
important consequence from the characterization viewpoint
and will be discussed more extensively below.

Figure 6 shows the application Eq. (7) to the case of the
virtual solid described previously (hypothetical sPSD_trian
shown in Fig. 5a). For each probe gas, the rPSD_slit (see
Fig. 5¢) is compared with its corresponding PSD_slit*,
which is shown in Fig. 6a, c for N, and CO, respectively,
and a very good agreement is observed in both cases. Note
that such agreement is significantly better than that
observed for real AC samples (Fig. 3), which can be
rationalized by the same argument used to discuss the
residues in Table 1: the more the porous matrix resembles
a network of independent pores of triangular geometry, the
better is the “prediction” of the rPSD_slit provided by the
PSD_slit*, and the virtual solid under question fully
complies with this condition.

@ Springer
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Fig. 5 Theoretical test based on a virtual solid sample with triangular
pores. a The sPSD_trian that defined the solid. b The resulting
adsorption isotherms for N, at 77 K and for CO, at 273 K. ¢ The
rPSD_slit obtained by fit the adsorption isotherms with the slit kernel
and d their cumulative pore volume

A meaningful result that emerges from Figs. 5 and 6
may be stated as follows. If the PSD_slit* of a given solid
is a good approximation of its respective »PSD_slit, then
the arguments for discrepancies between the PSD_slit* for
N, and CO, can be used to explain the discrepancies
observed between the rPSD_slit of these two gases (see
Fig. 4). It has been shown in this Fig. 4, according to the
profiles defined by the coefficients f;"~"* and f;/"—<0*
(k =1, ..., m) (considering the same pore size HI*) may
turn out to be different, which means that the PSD* derived
from such coefficients (Eq. 7) may be different for N, and
CO,.

4 Conclusions
The problem of the unicity of the PSD of an AC as

determined by using different probe gas molecules has
been discussed. Through the representation of the
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Fig. 6 Application of Eq. (7) to the case of virtual solid described en
Fig. 5. a The rPSD_slit (Fig. 5c) and the corresponding PSD_slit*
obtained by application of Eq. (7) to the sPSD_trian (Fig. 5a), for N,

[Tt

at 77 K. b The cumulative pore volume of the PSD showled in “a”.
¢ Idem “a” for CO, at 273 K, d Idem “b” for the PSD shown in “¢”

adsorptive properties of a single triangular pore as a
function of slit pores (kernel), we postulate, in an
approximate way, the possibility of representing the
adsorptive processes of a triangular defined pore size by
means of a combination of slit pores of different sizes. This
representation is tested on experimental adsorption data of
N, (77 K) on AC samples and acceptable results were
obtained.

Using this representation a theoretical test in a virtual
porous solid (triangular) with different probe gases (N, at
77 K and CO, at 273 K), which consists in analyzing the
adsorption process was developed, showing that, if the
representation on a “slit basis” of the adsorptive properties
of a triangular pore of a given diameter depends on the
probe molecule in question, then the representation on a
“slit basis” of the adsorptive properties of a given sample
(in this case a triangular pore virtual solid)may has dif-
ferent representations.

The analysis presented here can be extended to other

pore geometries and other adsorbates, and provide

arguments to further explain results presented in a our
previous paper, where we have shown that assuming a pore
geometry model different from real geometry of the sample
may lead to different PSDs for different probe gases.
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