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Abstract The predictions of the Pure Slit Geometry Model
(PSGM) and the Mixed Geometry Model (MGM) for the
characterization of activated carbons (AC) are compared and
tested against the behavior of the textural properties of series
of AC obtained from coconut shells by varying the concen-
tration of the chemical activation agent over a wide range.
Through the analysis of results it is concluded that the MGM
can be regarded as reliable as the PSGM, with an appar-
ently more consistent description of the behavior as a func-
tion of the degree of chemical activation and superior con-
sistency between the results for different adsorbates, like N»
and CO».

Keywords Activated carbon - Pore size distribution - Slit
pores - Triangular pores
1 Introduction

Activated carbons (AC) are considered as convenient ma-
terials for a number of separation and storage processes
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due to their versatility and low cost (Marsh and Rodriguez-
Reinoso 2006; Rodriguez-Reinoso 2002). The development
of more appropriate and efficient AC for different applica-
tions is being the subject of an important amount of research
(Lee et al. 2006; Prauchner and Rodriguez-Reinoso 2008;
Rios et al. 2009; Santos et al. 2010). A central problem in
these developments is the determination of the Pore Size
Distribution (PSD) of the material in the most accurate pos-
sible way. This problem has attracted the attention of re-
searchers for several decades, from the early developments
of Dubinin and collaborators (1975), who used the Polany
concept of the adsorption field, up to the modern DFT
(Seaton et al. 1989; Lastoskie et al. 1993; Neimark et al.
2009) and Monte Carlo simulation (Nicholson and Parson-
age 1982; Molina-Sabio et al. 1994; Valladares et al. 1998;
Davies et al. 1999; Vishnyakov and Neimark 2005, 2009)
methods, which have the advantage that they do not assume
any particular adsorption process, but rather rely on realistic
gas-solid and gas-gas interactions.

A common limitation in all the above developments has
always been the fact that a determined geometric shape for
the pores must be assumed to represent the porous mater-
ial. 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. Neverthe-
less a quite simple model has been extensively used for
decades to represent such a structure, namely the Pure Slit
Geometry Model (PSGM), which considers the porous ma-
terial as a collection of independent slit shaped pores formed
by parallel graphitic plates separated by different values of
the distance S between plates, which stands for the pore
size, and that a given material is characterized by a PSD
(Marsh and Rodriguez-Reinoso 2006). This model has been
providing satisfactory interpretation of experimental data of
adsorption of gases on AC. However, as the development of
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efficient adsorption systems for gas separation and storage
in the last two decades has been demanding an increasingly
precise characterization of the porous material, specially in
the case of the determination of the PSD for AC (Bastos
Neto et al. 2007), many efforts have been devoted to develop
methods to improve the determination of the PSD. Some of
these methods introduce heterogeneity in the thickness of
the graphitic plates (Nguyen and Bhatia 2004), in the lat-
eral dimensions of the graphitic plates (Jagiello and Olivier
2009), in the presence of different energetic sites on the sur-
face of the graphitic plates (Ravikovitch et al. 2000) or as
geometrical rugosity of these plates (Lucena et al. 2010;
Oliveira et al. 2010; Neimark et al. 2009). These improve-
ments have been successful in eliminating spurious effects
on the determination of the PSD from N, adsorption data
due to the stepwise character of the theoretical isotherms
used to fit the data.

A different approach has been proposed recently
(Azevedo et al. 2009, 2010) based on the idea that pores
with a different geometric shape, in addition to those with
a slit shape should contribute to a better description of the
porous structure. High resolution TEM images of AC im-
proved by means of digital image processing (Fei et al. 1994;
Huang et al. 2002; Rouzaud and Clinard 2002), like the one
represented in Fig. 1, adapted from Huang et al. (2002),
clearly show regions where an adsorbed molecule would be
interacting with two graphitic plates, as in a slit pore, and
smaller regions where an adsorbed molecule would be in-
teracting with three graphitic plates simultaneously (regions
indicated by arrows in the figure), which can be represented
by pores with a triangular section, see Fig. 2. On the other

hand, N, adsorption enthalpies at very low pressure reach-
ing 6 kcal/mol have been measured in some AC (Prasad et
al. 1999; Fernandez-Colinas et al. 1989; Denoyel et al. 1993;
Birkett and Do 2006), which point out to an interaction of a
N> molecule with three graphitic plates, given that the max-
imum adsorption energy on a single graphitic plate amounts
to only about 2 kcal/mol (Azevedo et al. 2010). Based on
these observations, a Mixed Geometry Model (MGM) was
proposed (Azevedo et al. 2009, 2010), which represents the
structure of an AC as a collection of independent slit and
triangular pores of different sizes in a proportion to be deter-
mined for each sample. The MGM has already been applied
to the characterization of AC obtained from coconut shells
(Azevedo et al. 2010) and from peach stones (Soares Maia
et al. 2010a, 2010b) with encouraging results indicating that
the MGM could provide a more realistic description of the
adsorption process in these materials as well as a smooth-
ing of steps in the theoretical N, adsorption isotherm on the

Fig. 1 Slit and triangular pores showing the distance defining the pore
size S in each case

Fig. 2 High resolution TEM image, and its digitalized version, of an AC showing slit shaped pores with variable sizes and smaller regions where
and adsorbing molecule would interact with 3 graphitic plates (regions marked by arrows) as in triangular pores. Adapted from Huang et al. (2002)
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basis of the geometrical shape heterogeneity. In particular,
it was found that the PSGM would systematically shift the
PSD toward smaller pore sizes, due to its limitations in con-
sidering high adsorption energies at low pressure, and that
the MGM seems to provide a sequence of specific surface
areas for a given series of AC samples which is more con-
sistent with the preparation method of such samples.

In the present work we intend to carry out a more rig-
orous test of the MGM by analyzing the adsorption of Nj
at 77 K and CO; at 273 K on two series of AC obtained
from coconut shells by chemical activation with H3PO,4 and
ZnCl, at different P and Zn concentrations, ranging from
very low to very high values (Prauchner and Rodriguez-
Reinoso 2008). In Sect. 2 we briefly review the experimental
and theoretical background and methodology, then results
are given and discussed in Sect. 3 and, finally, conclusions
are presented in Sect. 4.

2 Methodology
2.1 Experimental

We briefly describe the procedure followed by Prauchner
and Rodriguez-Reinoso (2008) to obtain the AC from co-
conut shells used in this study. For chemical activation,
the coconut shells (particle size 2.00-2.83 mm) were first
impregnated with a solution of the chemical (2 mL per
gram of the precursor) by stirring the mixture for 2 h
at 85°C. The solution concentration was adjusted to pro-
vide the desired ratio of phosphorous or zinc mass per gram
of precursor. These ratios will be expressed from now on
as Xp or Xyzy, respectively. At the end of the impregnation
step, the solution temperature was increased to the boiling
point until complete dryness. Then, the impregnated mater-
ial was carbonized at 450 °C or 500 °C (for activation with
H3PO4 and ZnCl,, respectively) for 2 h (1 °C/min) under
N> flow (100 mL/min) and subsequently washed to remove
the chemical. For H3PO4 removal, the washing was carried
out with distilled water. In the case of ZnCl,, the mate-
rial was first washed with a dilute solution of HCI to in-
crease the Zn solubility and then with abundant distilled wa-
ter.

Adsorption—desorption isotherms for N (77 K) were
determined in a Coulter Omnisorp 610 equipment in or-
der to assess the pore morphology of the produced acti-
vated carbons. The micropore volume was calculated us-
ing the Dubinin—Radushkevich (DR) equation and the spe-
cific surface by the BET equation. In addition, CO, ad-
sorption isotherms at 273 K were also measured in or-
der to complement the AC characterization. The applica-
tion of the DR equation to the CO, adsorption data allows
the calculation of the volume of narrow micropores (up to
0.7 nm), as shown previously by Rodriguez-Reinoso et al.
(1989).

2.2 Theoretical

We briefly review here the MGM developed in detail by
Azevedo et al. (2010) and used to fit the experimental
isotherms for both gases. Two geometries are proposed in
this model to represent the idealized porous structure of an
AC, the slit and triangular geometry pores; only equilateral
triangles are considered for the latter in order to keep the
number of parameters to a minimum and in this case the
pore size is given by the diameter of the circle inscribed
in the triangular section of the pore. The gas-solid potential
for the slit geometry is given, as usual, by the superposition
of two Steele potentials, one per each infinite plate. For the
triangular geometry, the gas-solid potential is obtained by
summing the contributions of three semi-infinite plates. The
potential of each semi-infinite plate is given in Bojan and
Steele (1998). The values of all parameters included in the
interaction potentials for N and CO; adsorption are given
in Table 1.

A collection of adsorption isotherms (the local isotherms)
was obtained through the GCMC simulation method in the
continuum, following the algorithm outlined by Valladares
et al. (1998), both for the slit and the triangular geome-
tries. Transition probabilities for each Monte Carlo attempt,
displacement, adsorption and desorption of molecules, are
given by the usual Metropolis rules. Equilibrium was gener-
ally achieved after 107 MC attempts, after which mean val-
ues were taken over the following 107 MC attempts for con-
figurations spaced by 10* MC attempts in order to ensure
statistical independence. This collection of isotherms can
be used in three ways to fit a given experimental isotherm:
(a) pure slit pores; (b) pure triangular pores; (c) a mixture of
slit and triangular pores, with an undetermined fraction x of
slit pores.

A minimization method for the mean square error, with
a regularization term, as described by Davies et al. (1999),
was used to fit an experimental isotherm with the theoretical
isotherm, as explained in Azevedo et al. (2010).

Table 1 Values of potential parameters for both gases

Parameter Np? CO,P
egs/kp 53.22K 81.49 K
Oos 3.494 A 3.429 A
eoe/kp 101.5K 246.15 K
Ooq 3.615 A 3.648 A

4Ravikovitch et al. (2000)
Vishnyakov et al. (1999)
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Fig. 3 Experimental adsorption isotherms for N> on P-samples

3 Results and discussion

Adsorption isotherms for Ny at 77 K on samples activated
with H3POg4, for Xp = 0.09, 0.15, 0.21, 0.24, 0.27, 0.30,
0.33, 0.54 and 0.91 (P-samples), are shown in Fig. 3, while
those corresponding to adsorption of CO, at 273 K on the
same samples are shown in Fig. 4. On the other hand, the
adsorption isotherms for the two gases on samples activated
with ZnCly, for Xz, = 0.15, 0.25, 0.32, 0.45, 0.50 and 0.65
(Zn-samples), are presented in Fig. 5.

PSDs were obtained for all samples and for the two ad-
sorbates by fitting the experimental isotherms both with the
PSGM and the MGM. We only show here the PSD results
for N, on Xp =0.15 and 0.91 samples in Fig. 6, and for CO,
in Fig. 7, and the PSDs for the same gases on Xz, = 0.15
and 0.65 samples in Figs. 8 and 9, in such a way that the
effects of the geometric shape of the pores and the adsorbate
can be appreciated for low and high activation degrees.

All other textural characteristics, like BET specific sur-
face and DR micropore volume, given by the adsorption ap-
paratus, and the same quantities predicted by the PSGM and
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Fig. 4 Experimental adsorption isotherms for CO, on P-samples

the MGM, which are obtained from the PSDs, are presented
in Figs. 10 to 13 for N, on P-samples, CO; on P-samples,
N> on Zn-samples and CO; on Zn-samples, respectively.

In all cases both the PSGM and the MGM predicted PSDs
fitted the experimental isotherms reasonably well and such
fits are not shown for the sake of conciseness. By looking
at Figs. 6 to 10 we can easily see that the PSGM and MGM
PSDs for the same sample are always in better agreement
for CO, adsorption than for N, adsorption.

‘We now proceed to a more detailed discussion about each
of the probe gases used in each series of chemically activated
samples.

3.1 N» on P-samples

PSGM and MGM predict in general similar trends in the be-
havior of the total pore volume, the volume of pores smaller
than 2 nm (these are in total coincidence with the DR val-
ues) and the specific surface (here it is well known that BET
over-estimates this quantity).

It is interesting to analyze in detail the behavior at low
Xp (say, between 0.09 and 0.27). By looking at the behav-
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Fig. 5 Experimental adsorption isotherms for N», (a), and for CO»,
(b), on Zn-samples

ior of the volume of pores smaller than 1 nm (Fig. 10), the
PSGM predicts an increase from the sample correspond-
ing to Xp = 0.09 to that corresponding to Xp = 0.15, and
therefore an appreciable increase in the specific surface,
and a sudden decrease from the sample corresponding to
Xp =0.15 to that corresponding to Xp = 0.21, resulting in
a sudden decrease in the specific surface. In addition, the
PSGM predicts a new appearance of micropores smaller
than 1 nm at Xp = 0.30, after having completely disap-
peared at Xp = 0.21, a fact which does not seem reason-
able. This behavior is in contradiction to the predictions of
the same PSGM in this region for the adsorption of CO;
(Fig. 11, to be discussed later), in which case the behav-
ior of the specific surface is dominated by the behavior of
pores in the range from 0.8 to 1.46 nm, while those be-
low 0.8 nm decrease steadily. This is due to the fact that
the PSGM shifts the PSD toward smaller pores in order to
compensate for the lack of sites where interactions of the ad-
sorbate with 3 graphitic walls would take place (this is con-
sistent with the appearance of an appreciable contribution of
triangular pores in the PSDs for these samples). The MGM,
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Fig. 6 PSGM an MGM PSDs for N, on Xp = 0.15, (a), and
Xp =0.91, (b), samples

on the contrary, predicts a smooth and monotonic decrease
of the volume of pores smaller than 1 nm (in coincidence
with the behavior for CO; adsorption in this region), which
most adequately agrees with the steady increase in the acti-
vation agent concentration, and a smoother behavior of the
specific surface.

In the region around Xp = 0.30 (Fig. 10), both the PSGM
and the MGM predict a steady increase in the total pore vol-
ume, however the MGM detects a sudden decrease in the
volume of pores smaller than 2 nm (also in discrepancy with
the prediction of the DR equation, which assumes a pure slit
geometry as well).

For the isotherm of the sample corresponding to Xp =
0.91 (Fig. 10), the MGM predicts a very different PSD from
that corresponding to the PSGM, resulting in an increase in
the pore volume of large pores in the region of mesopores
and a decrease in the volume of pores smaller than 2 nm,
although the specific surface is the same as that predicted by
the PSGM. By looking at the isotherm (Fig. 3), we can see
that its shape is in better accordance with the predictions of
the MGM.
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Fig. 7 PSGM an MGM PSDs for CO, on Xp = 0.15, (a), and
Xp =0.91, (b), samples

For all the other isotherms, the PSDs predicted by the
PSGM and the MGM are in excellent agreement; moreover,
the MGM predicts almost no contribution of triangular pores
for those samples.

Therefore, neglecting irregularities which are proba-
bly due to unexpected changes in the sample preparation
process, it is reasonable to say that the steady increase in the
specific surface predicted by the MGM accounts adequately
for the behavior of this parameter as Xp increases.

3.2 CO; on P-samples

The use of CO; as an adsorbate has been regarded as a
convenient way of obtaining a more precise PSD in the
smaller micropore region (Jagiello and Thommes 2004). In
the samples used in the present study, we have found that
practically all PSDs for CO, differ appreciably from those
corresponding to N». This is a controversial matter, since
some authors report similar PSDs for different adsorbates
in the characterization of a few samples (Ravikovitch et al.
2000; Jagiello and Thommes 2004). The discrepancies can
be due to several reasons: (a) The difficulty for N, to pen-
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Fig. 8 PSGM an MGM PSDs for N, on Xz, = 0.15, (a), and
X7, = 0.65, (b), samples

etrate ultramicropores will produce deviations among the
PSDs in the ultramicropore region; (b) The existence of a
“reliability window” (Jagiello and Thommes 2004) in CO;
isotherms, which become linearly dependent for pore sizes
above 1.4 nm; (c) The fact that experimental CO; isotherms
at 273 K are usually obtained at very low relative pres-
sure (around 0.02) making that complete pore filling can
be achieved only in small micropores (say < 1 nm) and
that, in addition, CO, at 273 K is much closer to its bulk
critical point than N, at 77 K, making that the filling of a
pore of a given size for the former is shifted to higher rel-
ative pressures as compared to the latter, producing devia-
tions among the PSDs in the larger micropore range. These
differences among the PSDs have already been reported in
Soares Maia et al. (2010b) for other ACs, but it was found
that the MGM would predict more similar PSDs for both ad-
sorbates. By comparing the PSDs obtained with N and CO;
for Xp = 0.15 (Figs. 6 and 7), we see that both adsorbates
detect an appreciable amount of ultramicropores according
to the PSGM, but the MGM does not predict these ultra-
micropores for N>. We suspect that the pores detected by
the PSGM in the ultramicropore region are a spurious effect
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Fig. 9 PSGM an MGM PSDs for CO; on Xz, = 0.15, (a), and
X7zn = 0.65, (b), samples

due to the effort of the PSGM to compensate for a strong ad-
sorption (i.e. due to the interaction with 3 graphitic plates)
by considering smaller slit pores. In fact, N3 is not likely to
“see” such ultramicropores because of the kinetic difficulty
in penetrating them.

Adsorption isotherms present a quite erratic behavior as
a function of Xp. In order to correlate the models predic-
tions with experimental results we should keep in mind the
effects of the “reliability window” in the fitting procedure.
For this reason the shaded area in the PSD (Figs. 7 and 9)
accumulates all pores larger than 1.46 nm. Therefore, only
the contribution of pores up to this size is reliable and we
get an incomplete characterization.

From the pore volume and specific surface area predic-
tions (Fig. 11), we see that both the PSGM and the MGM
account for the erratic behavior observed in the experi-
mental isotherms, however the MGM seems to represent
more realistically such behavior. For example, the large in-
crease in specific surface area predicted by the PSGM from
Xp = 0.21 to Xp = 0.24 does not correlate well with the
isotherms, which are not very different. Other characteristics
in favor of the MGM are: (a) specific surfaces predicted by
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the MGM are almost equal for the sample corresponding to
Xp = 0.27 and that corresponding to Xp = 0.54 (this is not
so for the PSGM), and so are the corresponding adsorption
isotherms; (b) the specific surfaces predicted by the MGM
for the samples corresponding to Xp = 0.27, 0.30 and 0.33
follow the trend of the experimental adsorption isotherms
(this is not the case for the PSGM).

In general, for CO; adsorption on P-samples the behavior
predicted by the MGM seems to be in better conformity with
the experimental data.

3.3 N> and CO; on Zn-samples

The behavior of these samples (Figs. 12 and 13) is in gen-
eral more regular than that of samples activated with P. Pre-
dictions of the PSGM and the MGM are qualitatively more
similar in this case. For N, adsorption, predicted specific
surfaces are practically equal except for the samples corre-
sponding to Xz, = 0.25 and Xz, = 0.45, where there is a
greater contribution of triangular pores producing an appre-
ciable difference in the specific surfaces predicted by the two
models. For the adsorption of CO; (Fig. 13), the behavior of
the predictions is similar in all cases. On the other hand, it
is very difficult to explain the behavior of pores smaller than
0.8 nm predicted by the PSGM for N (Fig. 12). In fact, as
already noticed in analyzing Fig. 10 for P-samples, PSGM
predicts that, after these smaller pores have disappeared at
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Fig. 13 Pore volume for different ranges and specific surface as a
function of the concentration Xz, for CO; on Zn-samples

X7n = 0.32, they again re-appear in appreciable extent at
X7, =0.45.

In general, we can say that the MGM provides a charac-
terization at least as reliable as the PSGM, with an appar-
ently more realistic description of the behavior of textural
parameters as a function of the concentration of the activa-
tion agent.

4 Conclusions

The MGM for the characterization of the PSD of AC, re-
cently proposed as an alternative to the PSGM, has been
evaluated by analyzing the predictions of the textural prop-
erties of two series of AC obtained from the same precursor,
coconut shells. Each of the two series was obtained by using
a different activation agent, H3PO4 and ZnCl,, respectively,
and in each series only the activation agent concentration
was varied. This should constitute an appropriate benchmark
procedure to test characterization models.

PSDs for each sample were obtained by fitting exper-
imental adsorption isotherms for N; at 77 K and CO,
at 273 K, using Grand Canonical Monte Carlo simulated
isotherms for each pore size, both considering the MGM and
the PSGM. From the PSDs, other textural properties, such
as the accumulated pore volume in different ranges and the
specific surface, were determined.
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It is important to point out that the MGM introduces only
one extra-parameter (of a total of 40) as compared to the
PSGM, i.e. the relative proportion of triangular to slit pores,
and that both models produce good fits to experimental ad-
sorption isotherms, therefore the evaluation of these mod-
els must be done on the basis of their ability to produce a
more consistent characterization for series of activated car-
bons obtained through the variation of a single parameter in
their synthesis processes, namely the activation agent con-
centration.

It was found that the predictions of the MGM and the
PSGM were coincident for some samples, whereas for other
samples, the MGM appears to offer a more reasonable de-
scription of the behavior of the textural parameters as the
concentration of the activation agent increases and a supe-
rior consistency between the characterizations provided by
N, and CO; adsorption. Therefore, we conclude that the
MGM provides a characterization at least as reliable as the
PSGM, with an apparently more realistic description of the
progression of textural parameters of chemically activated
carbons as a function of the concentration of the activation
agent.
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