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ABSTRACT

A standard method to obtain the mesopore size distribution of adsorbents is the Barrett, Joyner and Hal-
enda (BJH) analysis of the N, adsorption-desorption isotherm at 77 K. The availability, over the last two
decades, of well-defined model adsorbents in the mesopore range, together with other forms of isotherm
analysis with the help of the Density Functional Theory (DFT) has shown that the BJH method tended to
underestimate the pore-width when they are smaller than 10 nm. Regarding this fact, we have reported
an improved BJH method, where we have remarked that the reconstruction of the adsorption-desorption
isotherm from the BJH results leads to some inconsistency. We therefore proposed a simple means to
cancel the mentioned discrepancy and inconsistency. This correction can be made by simply adding a
corrective term to the standard BJH equation, which value is selected to meet a self-consistent criterion,
i.e. the reconstructed isotherm should fit the original one. In the first article, the method was applied for
some ordered mesoporous materials (OMM) synthesized in our laboratory, showing only the results
without major details. In this work, we validate the test for other samples, in other pore size ranges,
introducing some remarks in theoretical aspects and in the importance of obtaining and taking into
account the micropore volume. Finally, a detailed procedure to apply the proposal method using only

the experimental data of the analysis is presented.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Among the most important textural characteristics of porous
materials is their Pore Size Distribution (PSD), which defines the
pore volumes for each pore size. The most used methods to obtain
the PSD of nanoporous materials are based on the N, adsorption-
desorption experimental isotherm data at 77 K, where important
researches have been carried out in order to apply different
theories. The used methods to evaluate the PSD can be divided into
two groups, those that uses molecular theories (microscopic
methods) [1,2] and those based on the theory of the capillary
condensation (macroscopic methods) [3,4].

The most used microscopic method is based on the Non-Local
Density Functional Theory (NLDFT) [5-7], which describes the
configuration of the adsorbed phase at molecular level. By using
the NLDFT method a reliable PSD can be obtained if the kernel
(simulated isotherms of different pore sizes with specific geometry
corresponding to a determined interaction adsorbate-adsorbent) is
adequately chosen [8]. However, if the set of isotherms (kernel) are
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not available or if the commercial gas adsorption instruments are
not equipped with the corresponding software it is not easy to
apply this microscopic method.

Among the macroscopic methods, the first one proposed to
determine the PSD in mesoporous materials was introduced by
Barrett, Joyner and Halenda (BJH), based on the capillary condensa-
tion theory, using the Kelvin equation, where a cylindrical pore
geometry is assumed and the desorption branch data of the iso-
therm are used [9]. The equation used in the BJH method was mod-
ified by Montarnal [10] taking into accounts not only the pore
radio but also the length of the pores. Dollimore and Heal using
the Montarnals equation in the BJH method introduced the Dolli-
more-Heal method (DH) [11]. However, it was found that these
macroscopic methods overestimate the capillary condensation/
evaporation pressure and subsequently the pore size is underesti-
mated (up to 25% for mesoporous materials consisting of pores
<10nm) [1,2,12,13].

Among the nanoporous materials are the ordered mesoporous
materials (OMM), which have attracted attention in materials sci-
ence due to their interesting textural, structural and morphological
properties. These special characteristics are related to highly
ordered pore structures, tunable pore size, high specific surface
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areas, large pore volumes and narrow pore size distribution. OMM
have found wide potential applications in adsorption, catalysis
supports, molecular separation, nano-reactors and particularly in
reactions involving large and bulky molecules [14-16]. Regarding
to their applications, one of the most important properties to be
analyzed is their PSD [17-19], which states the size of the mole-
cules that can act inside the chosen material.

Kruk, Jaroniec and Sayari working with OMM MCM-41 type,
proposed to add a fixed value to the pore radius obtained by the
BJH method using the adsorption branch data of OMM silica-based
[13]. This fixed value was determined by a calibration procedure
using the pore size data, obtained by X-ray diffraction (XRD) and
nitrogen adsorption data, and the filling relative pressure for pri-
mary mesopores in an OMM series of MCM-41 type. But, we have
found that this proposed fixed value is not the same for all the
OMM, being necessary to estimate it for each kind of material.

In order to avoid the use of additional characterization tech-
niques to the nitrogen adsorption-desorption experiments, a new
method (Villarroel-Barrera-Sapag -VBS method-) to the PSD analy-
sis for mesoporous materials has been introduced [20]. This is an
improved method in comparison with traditional methods such
as BJH and DH. In these traditional methods, the pore radius (rp)
is calculated by the sum of the Kelvin radius (1) and the statistical
film thickness of adsorbed nitrogen (t). Taking into account that
the t value is obtained from experimental data, the underestima-
tion is given by the ry itself (obtained by unmodified/original Kel-
vin equation). In order to avoid this underestimation, the VBS
method adds a correction term, f, to the original Kelvin equation.
Furthermore, unlike the BJH method the VBS method considers
appropriate mechanisms of capillary condensation and evapora-
tion in the mesopores (for cylindrical and spherical pores) and
introduces an additional equation for materials with spherical pore
geometry. In addition, this method also takes into account the
presence of micropores in some of the OMM. For different meso-
porous materials synthesized in our laboratory, the PSD obtained
by applying the VBS method agreed with those obtained by NLDFT
method [20,21]. However, the selected samples tested in that first
article were not very ordered and they had a restricted range of
pore size (up to 8 nm for cylindrical pores and up to 4 nm for
spherical pores). As the DFT method for spherical pores was devel-
oped for pore sizes higher than 5 nm, the comparison between VBS
and DFT is not definitive to conclude the effectiveness of the
former method. In all cases, the advantage of the VBS method
(macroscopic method) compared to the NLDFT method (micro-
scopic method) is that it does not require a predetermined kernel
to be applied. Furthermore, in that first article, the VBS method
was introduced and applied for some synthesized samples without
giving major details and, consequently, several authors wrote to us
asking for further information.

In the present work, the VBS method procedure is completely
explained in detail and further information is given, in order to
facilitate its application to obtain suitable PSD for silica-based
ordered mesoporous materials with both, cylindrical or spherical
pore geometry using N, adsorption-desorption experimental iso-
therm data. The importance of taking into account an adequate cal-
culus of the micropore volume for mesoporous materials with this
class of pores is highlighted and explained. Furthermore, the
method was tested for five well known OMM samples published
by other authors, extending the range of the pore size analysis.
In this case the selected samples with spherical pores had pore
sizes of 9.5 and 15 nm then the comparison with DFT method is
adequate. The PSDs obtained using the VBS method were com-
pared with those obtained by NLDFT, remarking the effectiveness
of the VBS method, which use only the experimental isotherm
data.

2. Materials and methods
2.1. Materials

In order to exemplify the VBS method, data of OMM samples
previously reported were chosen. The selected OMM isotherms
data with cylindrical pore geometry were SBA-15_S3 [21], MCM-
41B [22] and SE3030 [23]; and with spherical pore geometry were
SBA-16 [24] and KLE [23].

2.2. Experimental isotherms

Experimental isotherms of OMM with cylindrical and spherical
pore geometries are shown in Figs. 1 and 2. All the studied samples
exhibits Type IV isotherms, which are typical of mesoporous
materials and present hysteresis loops (except the MCM-41B).
The SBA-15_S3 sample exhibits a Type H1 hysteresis loop, often
associated to a defined primary mesopore size; the SE3030,
SBA-16 and KLE samples show a Type H2 hysteresis loop. In these
samples there is a presence of cavitation phenomena on the
desorption branch [23].

2.3. Calculations of textural properties

Textural properties of the OMM under study were determined
from nitrogen adsorption-desorption isotherms data at 77 K. The
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Fig. 1. Nitrogen adsorption-desorption experimental isotherms at 77 K of OMM
with cylindrical pores.
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Fig. 2. Nitrogen adsorption-desorption experimental isotherms at 77 K of OMM
with spherical pores.
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specific surface area (Sger) was estimated by the Brunauer, Emmet
and Teller (BET) method [25] using the relative pressure ranges from
0.05 to 0.17 (SBA-15_S3), 0.05 to 0.20 (MCM-41B), 0.05 to 0.13
(SE3030) and 0.05 to 0.15 (SBA-16 and KLE), obtained using the con-
siderations proposed by Rouquerol et al. [26]. The total pore volume
(Vr) was obtained by Gurvich’s rule [4] at a relative pressure of 0.98.
The micropore volume (V,;,) was calculated by means of the os-plot
method [3] using the LiChrospher Si-1000 macroporous silica gel as
the reference adsorbent [27]. The a,-plot method was applied from
the first o value above of the point B (calculated by Eq. 6.4 of [4]),
because at this point the micropores have been fully filled, until
the best linear fit is obtained [28]. These criteria are shown in the
as-plot for the SBA-15_S3 sample (Fig. 3), where the primary mesop-
ores volume (Vpmp) is also shown. The ranges of o values for each
sample under study were from 0.68 to 0.80 (SBA-15_S3), 0.58 to
0.90 (SE3030), 0.63 to 0.74 (KLE) and 0.68 to 0.95 (SBA-16).

The PSD of the OMM obtained by VBS method, were compared
with the ones obtained by NLDFT method. This last method is
included in ASiQwin software, v. 2.0 (Quantachrome Instruments).
The kernels used for cylindrical pore geometry were: N> at 77 K on
silica, cylindrical pore, NLDFT adsorption [29] and desorption branch
[30]. For spherical pore geometry the kernel used was N, at 77 K
on silica, cylindrical/spherical pore, NLDFT adsorption branch [24].

The selection of the suitable branch in the PSD studies has been
subject of several discussions by other authors, justifying the use of
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Fig. 3. as-plot of the SBA-15_S3 sample. Filled symbols (e) represent the selected
range of o, values.
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adsorption or desorption branches [13,30]. When both branches
can be selected, the selection of the desorption branch is the most
accepted because it reflects transitions near the equilibrium phase.

When the hysteresis loop for nitrogen isotherms at 77 K closing
near to 0.40-0.45, in relative pressure, the usage of the desorption
branch should be carefully analyzed to ensure that this fact is due
to the pore size. For example, the cavitation phenomenon can be
present and the PSD of desorption branch produces an artifact. In
these cases, the better chosen branch is the adsorption one.

The PSD evaluation for MCM-41B and SBA-15_S3 samples can
be performed using adsorption and desorption branches, but the
SE3030, SBA-16 and KLE samples were only analyzed using the
adsorption branch, because the cavitation phenomenon is present
in the desorption branch [23,24].

The branch data to select in the PSD analysis are those that pro-
vide information about the pore sizes, regardless of the adsorptive
and the analysis conditions. Then, to select the “correct” branch
data is necessary to analyze each case.

3. VBS method - description

The VBS method for the PSD evaluation is proposed to be used
in OMM silica-based samples with cylindrical and spherical pore
geometries. This method, based on the BJH algorithm, considers
appropriate mechanisms of capillary condensation and evapora-
tion (for cylindrical and spherical pores) in the mesopores, by
means of the corresponding Kelvin equation. The VBS method
modifies this equation with the addition of a correction term (f;)
to obtain the pore radius.

A data base with information of the pore volume for each pore
size is obtained from the modified Kelvin equation (rg) with a
selected f, value, the statistical film thickness of adsorbed nitrogen
(t), the completed nitrogen isotherm data (of the chosen branch)
and an appropriate expression to estimate the pore volume
(AV,). From this data base, a simulated isotherm (corresponding
to the selected f. value) of the proper adsorption or desorption
branch is constructed. Then, a series of simulated isotherms with
different values of f. are obtained by this method. Using this set
of isotherms it is possible to find the final correction term that
adjusts to the experimental one (validating the self-consistency
of the method). Finally, with the experimental isotherm data and
the final correction term value, the pore size distribution (dV,/dw,
Vs. W,) is obtained, where dV,,/dw,, is the change of the pore volume
related to the pore size and, w,, is the mean pore size, following the
BJH mechanism. The whole detailed procedure of the VBS method
is explained in the Appendix.
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Fig. 4. Set of simulated isotherms using different correction terms (f. in nm). Experimental and simulated isotherms for: (a) desorption branch of the SBA-15_S3 sample and

(b) adsorption branch of the SBA-16 sample.
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Table 1

Textural properties of OMM under study.
Material Seer(m?g™) Vi (em®g™)  Vppp (em®g™")  Vyp(em®g™!)
SBA-15_S3 955 0.05 0.93 1.15
MCM-41B 1070 0 0.69 0.82
SE3030 675 0.13 0.57 0.72
SBA-16 815 0.09 0.48 0.63
KLE 320 0.02 0.40 0.46

Table 2

Final correction terms of OMM under study.
Material fe (nm)

Ads Des

SBA-15_S3 1.19 0.67
MCM-41B 0.88 0.54
SE3030 1.54 -
SBA-16 1.40 -
KLE 2.19 -

4. Results and discussion

The results obtained by the application of the VBS method using
the Tables A.1-A.3 for the selected samples are presented.

Fig. 4(a) and (b) shows a set of simulated isotherms obtained by
the VBS method. These examples are given for materials with
cylindrical (SBA-15_S3) and spherical pore geometries (SBA-16),
taking into account all the criteria previously discussed. Adsorption
and desorption branches were used for SBA-16 and SBA-15_S3
samples, respectively. These isotherms were simulated using

different correction terms values (f.) between 0 and 1.0 nm for
SBA-15_S3 sample (Fig. 4(a)) and between O and 1.7 nm for SBA-
16 sample (Fig. 4(b)). As it may be seen, when the unmodified Kel-
vin equation is used (f. = 0), the adsorbed volume is overestimated
and subsequently the pore size is underestimated. This overesti-
mation decreases as the correction term increases and the final
correction term f; is obtained when the simulated isotherm agrees
with the experimental one.

The final f; values found for each material are shown in Table 2.
It can be seen that these f, values differ from one sample to another
and that they are different for each branch of the isotherm as well.
It is noticeable that, for materials where both branches were stud-
ied, the f. values are higher in the adsorption branch than in the
desorption one.

For all the materials under study, the PSD were obtained by VBS
and NLDFT methods. This comparison was carried out because the
last microscopic method mentioned is one of the most suitable for
the PSD analysis of this kind of materials [5-7].

The PSD for cylindrical pore geometry, SBA-15_S3, MCM-41B and
SE3030, are shown in Fig. 5(a)-(c), respectively. In these figures it
can be seen a good agreement between the results obtained by
using the VBS method and the NLDFT method. Regarding to the
MCM-41B (Fig. 5(b)), which is the sample with the smallest pore
size; higher differences are observed between both methods. An
important fact to highlight is that in these cases the adsorption
and desorption mechanisms are the same.

The PSD for OMM with spherical pore geometry, SBA-16 and KLE
are shown in Fig. 6(a) and (b), respectively. As well as in materials
with cylindrical pores, the VBS method also gives suitable results
for the PSD evaluation, taking into account that they agree with
the reliable NLDFT method. The sample with a higher modal pore
size (KLE sample) exhibited a minor agree between both methods.
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Table 3

Primary mesopore sizes (wj) obtained by VBS, NLDFT and BJH methods.
Material VBS (nm) NLDFT (nm) BJH (nm)

Ads Des Ads Des

SBA-15_S3 7.7 8.0 7.7 8.1 6.6
MCM-41B 3.8 3.9 3.7 3.7 2.8
SE3030 9.8 - 9.4 - 11.2
SBA-16 9.3 - 9.4 - 6.4
KLE 14.7 - 139 - 10.3

" From adsorption branch data.

Table 3 summarizes the primary mesoporous sizes obtained by
VBS, and traditional microscopic and macroscopic methods as
NLDFT and BJH respectively. Results obtained by BJH method
underestimated the primary mesopores size of all the samples
under study with both cylindrical and spherical pore geometries,
except for the SE3030 sample. The underestimation of BJH is
between 18% and 22% for cylindrical and between 26% and 32%
for spherical pore geometries, respect to NLDFT method. This
underestimation has been previously reported [31]. The difference
of the modal pore size obtained by VBS and NLDFT methods is
about 1-5% .

5. Conclusions

The VBS method to obtain a suitable PSD for ordered mesopor-
ous materials with cylindrical or spherical pore geometries has
been tested and the results agree with the PSD evaluated by NLDFT
method.

The complete procedure to apply the VBS method for the PSD
evaluation of OMM was explained in detail, using specific samples
to exemplify it.

The importance of the application of this method includes the
correct selection of the capillary condensation or evaporation
mechanisms corresponding to the chosen isotherm branch and
the considered pore geometry.

It is remarkable that, the VBS method in contrast to the
traditional macroscopic methods can accurately reproduce
the experimental isotherm (validating its self-consistency) from
the PSD data obtained by this method (as shown in Fig. 4).

Among the advantages of the use of this method is the versatil-
ity showed for OMM with different pore geometries. Moreover, the
VBS method could be applied using different gases and
temperatures.

In this method, a correction term (f;) was added and adjusted to
obtain self-consistency with experimental data. Further studies

could be focused on finding the physical meaning of the final cor-
rection term or an equivalent quantity that can adjust the PSD with
experimental data, compensating the underestimation of the pore
size. Perhaps, this value can be associated with the porous struc-
ture of the material, for instance with the connectivity between
the pores, which has not been considered in this study.
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Appendix A. VBS method - procedure

The entire methodology to obtain the PSD for materials with
cylindrical and spherical pore geometries by using the VBS method
is described as follows.

A.1. Data base

By using BJH method the relative pressure of filling or emptying
pore sizes around 2 nm (lower limit of mesopores) is approxi-
mately 0.1. Taking into account that this method overestimates
the capillary condensation/evaporation pressure (underestimating
the pore size), a minimal relative pressure value of 0.05 was
chosen.

The experimental data of relative pressure (p/p°) and amount
adsorbed (Vsrp) are collected from the chosen branch (adsorption
or desorption) of the N, adsorption-desorption isotherm at 77 K.
In order to have more points in the experimental isotherm, some
points were added in the range from 0.050 to 0.955 by a non-linear
interpolation at intervals of 0.005 of p/p° (for instance, by non-lin-
ear interpolation add-in in Excel Microsoft® software). The
obtained isotherms are named completed isotherms.

A.1.1. Cylindrical pores

PSD evaluation of OMM with cylindrical pores can be performed
using either the adsorption or desorption branch. In the adsorption
branch the capillary condensation is ruled by the formation of
cylindrical meniscus while, in the desorption branch, the
evaporation phenomena is ruled by the formation of hemispherical
meniscus [3,32]. Therefore, following the proposed VBS method,
the Kelvin radius (rg) for a cylindrical (adsorption branch) or
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hemispherical (desorption branch) meniscus, is modified by the
addition of a correction term (f;) as is shown in Egs. (A.1) and
(A.2), respectively.

-V 0.48103
rK:R.']?}.]nL<£>+f‘:: ln( ) fc (A1)
o
2.-y-Vy o 096207 Lf (A2)

CTRram(s) T ()

where 1y is expressed in nm, y and V, are the surface tension,
8.88.103Jm™2, and the molar volume of the liquid nitrogen,
3.468-10?2 nm> mol !, respectively; R is the ideal gas constant,
8.3143-10'® J nm? (K mol m?)! and T is the absolute temperature
of adsorption, 77 K [33]. Then, the pore radius (r,), expressed in
nm, was calculated by the sum of the corresponding modified
Kelvin radius and the statistical film thickness of adsorbed nitrogen
(t), as is shown in Eq. (A.3).

Ty =T+t (A3)

where t value (for nitrogen at 77 K on OMM silica-based), expressed
in nm, was estimated by Eq. (A.4), using the Harkins-Jura equation
adjusted by Kruk et al. [13].

t=

. [ 60.65 a4

0.3968
0.03071 — log (fﬂ

(Fig. A.1) shows a comparison between statistical film thickness
of nitrogen adsorbed calculated from Eq. (A.4) and that obtained by
LiChrospher Si-1000 macroporous silica data [27]. In this figure it is
shown that the Eq. (A.4) provides very good results for this kind of
materials in most of the relative pressure range in which the VBS
method is applied, except in the extremes of low and high
pressures.

From Egs. (A.1)-(A.4) the BJH algorithm was applied to obtain
the change in the filling or emptying volumes (AV,) of cylindrical
pores using the Eq. (A.5), which assumed the Montarnal’s
modification [16].

n-1 n-1
2-AV, 2-AV
AV, = (Avn — Aty = Py Aty B )
i=1 Pi i=1 px

: (%)2 =[AV,—(D-E)]-Q

(A5)

where at the n-th stage, AV, corresponds to the change of the
adsorbed nitrogen volume (as liquid); At, is the change in the
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Fig. A.1. Comparison of statistical film thickness of nitrogen adsorbed calculated
from Harkins-Jura equation and LiChrospher Si-1000 macroporous silica data.

thickness of the adsorbed layer on the pore walls; 7, is the average
pore radius; and ¢, is the average thickness of the adsorbed layer.
The value of AV, corresponds to the pore volume for the 7, pore
radius. The expressions for Q, D and E, are shown in Eqgs. (A.6)-(A.8),
respectively.

7 2
_ Pn

2~ () 9
n—1 n—1

D=At,- ZZ AV _ Aty AA, (A7)
i=1 Pi i=1

n—1 n—1
E=At,-t,- 2 AV AV =At, T, - A, (A.8)

i=1 i i=1 " Pi

where AA,, corresponds to the pore area (based on the geometry of
the cylinder) for the pore radius (7, ) determined by the Eq. (A.9).

2-AV,,

rpn

Ay, = (A.9)

Describing the Eq. (A.5), the term (D — E) refers to the change of
multilayer adsorbed volume of cylindrical pores larger than 7, ,
thus the term AV,, — (D — E) is the change in the volume by capil-
lary condensation or evaporation inside the 7, . Therefore, this last
term is corrected by multiplying by Q, in order to consider the mul-
tilayer adsorption in 7, obtaining its pore volume AV, .

Finally, the equivalent length (L, ) of the cylindrical pore radius
(7p,) was calculated with the Eq. (A.10).

P _( 1) <AAPH>
Pn ﬂ'(ﬁn)z 2.7 En

Once the whole range of p/p° is covered, the data base (Tp,» Lp,) is
obtained. In order to exemplify this methodology, in the Table A.1
the detailed mathematical steps to obtain this data base for SBA-
15_S3 sample is shown. In this case, the completed desorption
branch data of the experimental nitrogen isotherm was chosen
selecting a f, value of 0.3 nm.

In Table A.1, columns {1} and {10} are the completed nitrogen
isotherm data (range between 0.050 and 0.955 of p/p° at intervals
of 0.005). Column {2} is one of the most important to take into
account in the VBS method; the modified Kelvin equation should
be chosen according to the mechanisms of filling/emptying above
mentioned. Columns {2} to {19} are calculated for the application
of Eq. (A.5) by means of the BJH algorithm. Obtaining the last men-
tioned values, the data base for cylindrical pores (7,,, L, ) can be
obtained, which values are given in columns {5} and {20},
respectively.

(A.10)

A.1.2. Spherical pores

PSD evaluation of OMM with spherical pores by using the VBS
method was only applied for the adsorption branch, (because of
the presence of cavitation phenomenon on desorption branch)
where the capillary condensation is ruled by the formation of
hemispherical menisci [34,35].

From adsorption branch data, the pore radius (r,), expressed in
nm, was calculated using the Egs. (A.2)-(A.4). Then, from these
equations, the BJH algorithm was applied using the expression of
the change in the filling volume (AV,) for spherical pores (Eq.
(A.11)), previously published by the authors [20].
AV, =[AV,—(F-G+H)|-R (A11)
where the expressions for R, F, G and H, are shown in
Egs. (A.12)-(A.15), respectively.



Table A.1
Calculation of the data base (7;,,, L,,) for OMM with cylindrical pores, using a correction term value (f) of 0.3 nm.

{1} {2} 3} {4) {5} {6} {7} (8} {9y {10} (113 {12} {13} (147 {15} {16} {17} {18} {19} {20} {21}
pip® I Ar, Ty t At t Q 14 AV D E AV,  ZAV, AA,  ZAA,  AA [, Z(AA[R) L dV,/dw,
(nm) (mm® g ") (m*g) (m*g ' nm™") (mm® g nm")

0 0955 2119 2286 1.66 11216 0 0 0

1 0950 1906 20.69 217 2178 164 0029 165 117 11186 29 0O 0 342 342 031 031 0014 0014 00023 32

2 0945 1731 1891 178 1980 161 0027 162 118 11162 25 0009 00006 292 634 030 061 0015 0029 00024 33

3 0940 1585 1743 148 1817 158 0026 160 120 11140 22 0016 00012 262 896 029 090 0016 0045 00025 35

4 0935 1461 1617 126 1680 156 0025 157 121 11120 20 0022 00017 236 113 028 118 0017 0062 00027 38
0680 279 376 0055 379 0969 0006 0972 1.80 9645 37.0 0445 0095 661 2484 349 1063 92 24.9 147 2.43.10°
0675 275 371 0053 374 0963 0006 0966 1.81 9051 593 0653 0148 1068 3551  57.1 1634 153 402 2.43 40310
0670 270 366 0052 368 0957 0006 0960 1.82 8366 685 0990 0234 1236 4787 671 2305 182 58.4 2.90 4.80-10°
0665 266 361 0050 363 0951 0006 0954 183 7710 656 1376 0333 1184 5972 652 2957 17.9 76.4 2.85 47310°
0660 262 356 0049 358 0945 0006 0948 1.84 7157 553 1740 0426 996 6967 555 3512 155 91.9 2.47 40910
0655 257 351 0047 354 0939 0006 0942 185 6753 404 2037 0502 720 7687 407 3919 115 103 1.83 3.04.10°

. 0065 0652 1123 0015 1131 0471 0005 0474 294 3252 44 3576 0674 430 11024 760 7174 67 289 1.07 579

n-2 0060 0642 1108 0015 1116 0466 0005 0469 295 3206 46 3756 0709 466  1107.1 835 7257 75 296 1.19 611

n-1 0055 0632 1092 0016 1100 0461 0005 0464 296 3156 50 3967 0751 522 11123 950 7352 86 305 137 664

n 0050 0621 1076 0016 1084 0455 0006 0458 297 3102 54 4218 0801 58 11182 109 7460 100 315 1.59 722

Column {1}: p/p° values from 0.955 to 0.050 (with intervals of 0.005).

Column {2}: Calculated from modified Kelvin equation corresponding to chosen branch, adsorption or desorption, with the Egs. (A.1) or (A.2), respectively), using the selected f. value. In this example, the Eq. (A.2) is applied
(because desorption branch data are used) using a f. = 0.3 nm.

Column {3}: From Eq. (A.3). rp=rg+t={2} +{6}.

Column {4}: Arp =Tpn_1) — T'pm) = (3}n-1) — {3}y ({3}n—1) from row above).

Column {5}: 7y = 0.5(rp(n—1) + Tpeny) = 0.5-({3}n—1) + {3}n))» ({3}(n—1) from row above).

Column {6}: Calculated from Eq. (A.4).

Column {7}: At = t(z_1) — tmy={6}(n—1) — {6}(n), ({6}(n_1) from row above).

Column {8}: t = 0.5:(t(n_1) * t(m) = 0.5-({6}(n—1) * {6}n)), ({6}(n—1) from row above).

Column {9}: From Eq. (A.6). Q= [Fp/(T, — O)]* = [{5}/({5} — {61~

Column {10}: Amount adsorbed (as liquid) from the chosen branch of the isotherm (adsorption or desorption). V (mm?> g~') = Vsrp (cm?® g~ 1)-1.5468. STP: Standard Temperature and Pressure. In this example the taken values
(interpolated from experimental isotherm data) are of the SBA-15_S3 sample (desorption branch).

Column {11}: AV =V(,_1) — Viny = {10}n_1y — {10}y, ({10}(n_1) from row above).

Column {12}: From Eq. (A.7). D = 0.01-At(n)(ZAAp)n—1) = 0.01-{7}(n){17}n-1) ({17}n_1) from row above).

Column {13}: From Eq. (A.8). E = 0.01-At(n) t(n)(Z(AAL/Tp))n-1) = 0.01{7}(n){8}n){19}n-1) ({19}(n—1) from row above).

Column {14}: From Eq. (A.5). AV,=(AV—-D+E)-Q= ({11} — {12} + {13})-{9}.

Column {15}: (ZAV,)iny = AVpny + (ZAV,)in-1) = {14}y + {15} -1y, ({15}n—1) from row above). The first value of the column (at 0.955 of p/p°) is zero.

Column {16}: From Eq. (A.9). AA, = 2-AV,[r, = 2-{14}/{5}.

Column {17}: (ZAAp)n) = Apmy + (ZAAp)n-1) = {16}y + {17} 1), ({17}n_1) from row above). The first value of the column (at 0.955 of p/p°) is zero.

Column {18}: AAy[r, = {16}/{5}.

Column {19}: (Z(AA,/Tp))n) = (AALTp )iy + (Z(AAL[Tp))in—1) = {18}(m) + {19} (n—1), ({19}(n—1) from row above). The first value of the column (at 0.955 of plp°) is zero.
Column {20}: From Eq. (A.10). L, = (AA,[rp)/(2-1) = {18}/(2-).

Column {21}: dV,/dw, = 2-{14}/{4}.

VL
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T 3
R= (, P ) (A12)
Tp, — tn
n—1 n—1
F = At, 23 ?AV‘" =At,- > AA, (A13)
i=1 Pi i=1
n-1 n-1
G=At, - > 6 _AV;"' =2-At, T, Ay, (A.14)
i (Ty) i1 Th
n-1q9 n-1
H=At, - (£)°- 23 7Av3pf = Aty - () AA”; (A15)
i () i1 (7))

where AA,, corresponds to the pore area (based on the geometry of
the sphere) for the pore radius (7,,), determined by Eq. (A.16).

3-AV
AAy, = Tip
Pn

(A.16)

Describing the Eq. (A.11), the term (F— G+ H) refers to the
change of multilayer adsorbed volume of spherical pores larger
than 7,,, thus the term AV, — (F— G+H) is the change of the
volume by capillary condensation inside the 7, . Therefore, this last
term is corrected by multiplying by R, in order to consider the
multilayer adsorption in 7, obtaining its pore volume AV, .

Finally, the quantity of spherical pores (N(r,,)) with 7, radius
was obtained with Eq. (A.17).

— _%: L ) AAP"
N(rpﬂ)_é_l.m(?pnf (4-7‘5) ((Fp")2>

3

(A17)

Once the whole range of p/p° is covered, the data base (Tp,»
N(rp,)) is obtained. From this data base, the simulated adsorption
isotherm for a given value of f; is plotted. As an example, the
Table A.2 illustrates the detailed mathematical steps to obtain this
data base using the completed adsorption branch data of the
experimental nitrogen isotherm of the SBA-16 sample using a f.
value of 0.5 nm.

In Table A.2, columns {1} and {8} are the completed nitrogen
isotherm data (range between 0.050 and 0.955 of p/p° at intervals
of 0.005). Columns {2} to {20} are calculated for the application of
Eq. (A.11) using the BJH algorithm. From the last mentioned values,
the data base for spherical pores (7,,, N(7,,)) are obtained, which
values are shown in columns {3} and {21}, respectively.

A.2. Simulated isotherms

The simulated adsorption or desorption isotherms for OMM
were obtained taking into account the following considerations:

Cylindrical pore

The phenomena of capillary condensation (adsorption branch)
or capillary evaporation (desorption branch) are modeled
assuming the formation of cylindrical (Eq. (A.1)) or hemispherical
(Eq. (A.2)) meniscus, respectively.

Spherical pore

The phenomenon of capillary condensation (adsorption branch)
is modeled assuming the formation of hemispherical (Eq. (A.2))
meniscus.

The simulated isotherms were constructed using the data base
(Tp,» Lp,) for cylindrical pores (Table A.1, columns {5} and {20}).
Regards to spherical pores, the data base (7,,, N(7,,)) was used
(Table A.2, columns {3} and {21}).

The simulated adsorption or desorption isotherms, are
constructed by using the relative pressure data of the completed

isotherm (starting from 0.050). For each p/p° value, from the corre-
sponding modified Kelvin radius (Eq. (A.1) or (A.2)) and the t value
(Eq. (A.4)), a pore radius value (Eq. (A.3)) is calculated. If the data
base (7,,, Lp,) or (7, N(T,,)), as appropriate, contains pores with
sizes equal to or smaller than this pore radius value, then these
pores will completely condensate/evaporate, filling/emptying their
volumes (AVp). In contrast, the pores (from data base) with sizes
higher than this pore radius value, will only contribute to the
adsorbed/desorbed volume with the adsorbed layer on their walls,
which depends of the pore geometry (cylindrical Eq. (A.18) and
spherical pore Eq. (A.19)).

(@) - (-0 L (A.18)

4
3

T [(@)3 U t)3] “N(7p)

Therefore, for a given p/p° value, the adsorbed volume in the
mesopores (Vpeso) corresponds to the sum of all the adsorbed vol-
ume contributions of each pore present in the data base.

If the OMM has micropores, this volume (obtained by a,-plot
method following the criteria above described) should be added
to the total adsorbed volume (Vags = Vineso + Vyp)-

Repeating the same procedure for each value of p/p° up to the
last value (0.955), the simulated adsorption or desorption isotherm
(p/p° Vs Vags) is obtained.

In order to exemplify the construction of a desorption simulated
isotherm from the data base obtained in Table A.1 (in this case
SBA-15_S3 sample and f.=0.3 nm), the detailed mathematical
steps for cylindrical pores are shown in Table A.3, in which rows
[a] and [b] represent the data base (7, L,,) taken from columns
{5} and {20} of the Table A.1. Row [c] are the pore volumes corre-
sponding (AV,) to these data base (Table A.1, column {14}). Col-
umn {5} corresponds to the total adsorbed volume (V,4s) given
by the sum of adsorbed volume in the mesopores (Vj;es0, cOlumMnN
{4}) and the micropore volume (V,;,) of the sample. Columns {6}
to {k} are the adsorbed volume contribution of each pore of the
data base (7,,, L,,). For instance, taking a 7, (row [a]) equal to
3.63nm (see shadowed columns in Table A.3), at p/p® of 0.050
the corresponding pore radius value is 1.076 nm (column {3}). This
last value is smaller than the first one; therefore, for this pore size
the contribution to the adsorbed volume (for this p/p° value) is
only given by the adsorbed layer on their walls (Eq. (A.18)). This
contribution is given until p/p® values of 0.665 where the corre-
sponding pore radius value is 3.61 nm. For the next p/p°® value
(0.670) the corresponding pore radius value is 3.66 nm, which is
higher than 7, then, from here a total evaporation (or condensation
if the adsorption branch was chosen) inside the pore 7, occurs and
the contribution to the adsorbed volume is given by its pore
volume AV, (118.4mm>g~").

As it can be seen, Table A.3 is divided by a stepwise line, where
in the bottom the total evaporation inside the pores has already
been occurred.

The same procedure is used to construct the simulated adsorp-
tion isotherms for spherical pores. In this case, in the Table A.3 the
rows [a] and [b] are the data base (7, N(7p,)) taken from columns
{3} and {21} of the Table A.2. Row [c] are the pore volumes
corresponding (AV,) to these data base (Table A.2, column {13}).
Columns {6} to {k} are the adsorbed volume contribution of each
pore of the data base (7,,, N(7p,)), where Eq. (A.19) is used instead
of Eq. (A.18).

Thus, if several f. values are selected, a series of simulated
isotherms is obtained. Then, it is possible to find a final correction
term, which simulated isotherm adjusts to the experimental one.

(A19)



Table A.2

Calculation of the data base (7, ,N(7;,)) for OMM with spherical pores, using a value of correction term (f;) of 0.5 nm.

{1} {2} (3} {4} {5} {6} {77 {8} {9y {10} {11} {12} {13} {14} {15} {16} {17} {18} {19} {20} {21} {22}
plp® A, Tp t At t R 1% AV F G H AV, ZAV, AA, ZAA, AAT,  E(AAT,)  AA(T,)Y Z(AAT))  N(F) dv,/dw,
(nm) (mm®g™") (m*g™) (m?g~" nm~ (m? g~ nm?) (mm®g~'nm™)
0 0.955 1.66 627.0 0 0 0 0
1 0950 217 2198 164 0029 165 126 6266 037 0 0 0 047 047 006 006 0003 0.003 11074 11074 1.05107° 043
2 0945 1.78 20.00 161 0027 162 129 6263 036 0002 310* 910° 046 092 007 0.13 0.003 0.006 2107 3.107* 136107 0.51
3 0940 148 1837 158 0026 160 131 6259 037 0003 510% 210° 048 141 008 021 0004 0.010 2104 5104 1.86.10° 0.65
4 0935 126 17.00 156 0025 157 133 6256 036 0005 810“ 3.10° 047 188 008 029 0.005 0015 3.1074 81074 228107 0.75
0670 0.052 3.88 0957 0.006 0960 234 5735 100 0359 0.162 0019 229 1115 177 769 45 18.5 1.2 45 0.0931 888
0665 0.050 3.83 0951 0.006 0954 235 5616 119 0459 0211 0025 273 1388 214 983 56 24.1 15 6.0 0.116 1090
0.660 0.049 3.78 0945 0.006 00948 237 5484 132 0579 0269 0032 305 1693 241 1225 64 305 1.7 7.7 0.134 1250
0.655 0.047 374 0939 0006 0942 238 5359 125 0711 0333 0040 289 1982 232 1457 62 36.7 1.7 9.3 0.132 1220
0.650 0.046 3.69 0933 0006 0936 240 5247 112 0833 0393 0047 256 2238 208 1665 5.6 423 15 11 0.122 1110
0.645 0.045 3.64 0928 0.006 0931 241 5150 9.7 0940 0444 0053 221 2459 182 1847 5.0 473 1.4 12 0.109 983
. 0.065 0.015 1331 0471 0005 0474 3.71 2796 3.7 3416 1434 0.175 561 6098 126 6906 9.5 310 7.1 162 0.568 756
n—-2 0060 0015 1316 0466 0.005 0469 372 2757 39 3616 1522 0.18 6.18 6159 141 7047 10.7 321 8.1 170 0.648 811
n—1 0055 0016 1300 0.461 0005 0464 372 2714 43 3853 1.625 0199 7.02 6230 162 7209 124 333 9.6 179 0.762 892
n 0.050 0.016 1284 0455 0.006 0458 3.71 2666 47 4136 1750 0216 797 6309 186 7395 145 348 113 191 0.899 979

9L

Column {1}: p/p° values from 0.955 to 0.050 (with intervals of 0.005).

Columns {2} and {3}: Both calculated (using the same procedure described for columns {4} and {5} of Table A.1) from the pore radius (r,) obtained by Eq. (A.3) (r, = r¢ + t), using the modified Kelvin radius (1) for a hemispherical
meniscus (Eq. (A.2)) and the t value (Eq. (A.4)). In this example the selected f, value is 0.5 nm.

Column {4}: Calculated from Eq. (A.4).

Column {5}: At = tiz_1) — tmy = {4}n-1) — {4}n)» ({4}(n—1) from row above).

Column {6}: = 0.5:(t(n_1y * t(m) = 0.5-({4}(n-1) * {4}n))» ({4}(n—1) from row above).

Column {7}: From Eq. (A.12). R=[Fp/(F, — O)]* = [{(3}/({3} — {4D)]°.

Column {8}: Amount adsorbed (as liquid) from the adsorption branch of the isotherm. V (mm?®g~') = Vspp (cm® g7')-1.5468. STP: Standard Temperature and Pressure. In this example the taken values (interpolated from

experimental adsorption isotherm data) are of the SBA-16 sample.
Column {9}: AV = V(1) — Viny = {8}n-1) — {8}n) ({8}(n—1) from row above).

Column {10}:
Column {11}:
Column {12}:
Column {13}:
Column {14}:
Column {15}:
Column {16}:
Column {17}:
Column {18}:
Column {19}:
Column {20}:
Column {21}:
Column {22}:

From Eq. (A.13). F= Aty (ZAAp)n-1) = {5}n){16}n-1), ({16}(s_1) from row above).

From Eq. (A.14). G = 2-At(nyt(n)-(Z(AAp[Tp))in-1) = 2:{5}n){6}(n){18}(n-1), ({18}(n_1) from row above).

From Eq. (A.15). H = At(ny (€ ) (Z(AA(Fp)*)in-1) = {5}y ({6}m))*-{20}n-1), ({20}(n—1y from row above).

From Eq. (A.11). AV,=(AV — F+G — H}-R=({9) — {10} + {11} — {12}){7).

(ZAVy)ny = AVpny + (ZAV)(n—1y = {13}(n) + {14)(n—1), ({14}(n—1) from row above). The first value of the column (at 0.955 of plp°) is zero.
From Eq. (A.16). AA, =3-AV,[r, = 3-{13}/{3}.

(ZAAp)ny = AApny + (ZAAp)(n-1)= {15}(n) + {16}(n-1), ({16}(n_1) from row above). The first value of the column (at 0.955 of p/p°) is zero.
Ay = (15)/(3).

(Z(AALTp))ny = (AAp[Tp )my + (Z(AALTp))in-1) = {17 }ny + {18}(n—1), ({18}(n—1) from row above). The first value of the column (at 0.955 of p/p°) is zero.
AA(T, ) = (15)/(3)".

(Z(AA(T)) iy = (AALI(Tp ) )imy + (Z(AAD(Tp)*)n-1) = {19}(m) + {20}(n_1), ({20}(n_1) from row above).

From Eq. (A.17). N(7p) = (AAp/(7,)*)/(4-m) = {19}/(4-c).

dVy/dw, = 2-{13}/{2}.
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Table A.3
Calculation of the simulated isotherm for the example of the Table A.1 (cylindrical pore).

[a] — 7, (nm) 1.084 1.100 1.116 1.131 ... 3.54 3583.63 368 374 379 .. 1680 18.17 19.80 21.78
bl— L, ’g'nm™) 159 137 119 107 .. 1.83 247285 290 243 147 .. 0.0027 00025 0.0024 0.0023
[ec] = 4V, (mm® g") 5.88 522 466 430 ... 720 99.6 1184 123.6 106.8 66.1 ... 2.36 2.62 2.92 3.42
1 {28 {33 {5} 60 {1+ 8 {9 {3 L3 g ) g g g ) (k2 k) (K
9 t rp Vineso Vaas o e 3 -1
pp IO Adsorbed volume contribution of each pore (mm” g)
(nm) (mm~g™)
1 0.050 0.4551.076 306.9 356.6 390 343 3.02 276 ... 173 237278 28.6 244 149 .. 0.13 0.13 0.13 0.14
2 0.055 0461 [1.092 3123 362.0 5.88 3.05 279 ... 175 2390281 | 29.0 247 151 ... 0.13 0.13 0.13 0.14
3 0.060 0.466 1.108 317.3 367.0 5.88 522 281 ... 17.7 242284 293 250 153 .. 0.13 0.13 0.14 0.14
4 0.065 0471 [1.123 321.9 371.6 5.88 522 466|283 ... 179 2451287 29.6 252 154 ... 0.13 0.13 0.14 0.15
5 0.070 0.477 [1.138 326.2 376.0 5.88 522 466 430 | ... 181 247[29.0 299 255 156 ... 0.13 0.14 0.14 0.15
0.660 0.945 | 3.56 712.3 762.1 5.88 522 466 430 ... 720|456 53.6 553 472 289 ... 0.26 0.27 0.27 0.29
0.665 0.951 | 3.61  767.6 817.4 5.88 522 466 430 ... 720 99.6| 539 556 474 290 ... 0.26 0.27 0.27 0.29
0.670 0.9571 3.66 | 8332 8830 | 588 522 466 430 .. 720 99.6 | 1I84] 559 477 292 .. 026 027 028 029
0.675 0.963 3.71 901.8 951.5 5.88 522 466 430 ... 720 99.6 1184 123.6| 479 293 ... 0.26 0.27 0.28 0.30
0.680 0.969 3.76 961.1 1010.9 5.88 522 466 430 ... 720 99.6 1184 123.6 106.8]29.5 0.26 0.27 0.28 0.30
0.685 0.975 3.82 998.1 10479 | 5.88 522 4.66 430 ... 72.0 99.6 1184 123.6 106.8 66.1| ... 0.27 0.27 0.28 0.30
0935 1.56 1617 11086 11584 | 588 522 466 430 .. 720 996 1184 1236 1068 66.1| .. 042 043 044 047
. 0940 1.58 17.43 1110.6 1160.4 5.88 522 466 430 ... 720 99.6 1184 123.6 106.8 66.1 2.36 0.48
n-2 0945 1.61 1891 1112.8 1162.5 588 522 466 430 ... 720 99.6 1184 123.6 106.8 66.1 ... 2.36 2.62 0.49
n-1 0950 1.64 20.69 11153 1165.0 5.88 522 466 430 ... 720 99.6 1184 123.6 106.8 66.1 ... 2.36 2.62 2.92
n 0955 1.66 22.86 11182 11679 5.88 522 466 430 ... 720 99.6 1184 123.6 106.8 66.1 ... 2.36 2.62 2.92 3.42

Rows [a] and [b]: Data base (;,,” s Lp ) taken from columns {5} and {20} of the Table gmm =16} + {7} + -+ {k}.

olumn {5}: Total adsorbed volume, taking into account the amount of micropores.

A.1, respectively.
Row [c]: Pore volume of the pore radius (;,,” ) taken from column {14} of the Table A.1.

Column {1}: p/p’ values between 0.050 and 0.955 taken with increases of 0.005 of p/p.
Column {2}: ¢ values, calculated from Eq. (A.4).

Column {3}: r, values, calculated from Eq. (A.3) using the modified Kelvin radius,
cylindrical or hemispherical meniscus, as appropriate.

Column {4}: Adsorbed volume in the mesopores (¥,,e,) for a given p/p’ value. This
volume is the sum of all adsorbed volume contributions of each pore size.

Vads = Vineso + V- In this example, for SBA-15_S3 sample, the micropore volume is 49.8
mm? g! (see Table 1).
Columns {6} to {k}: Adsorbed volume contribution of each pore. If the pore size
corresponding to the data base (row [a]) is higher than the pore radius value (column {3}),
for a given p/p” value, the cgntribution is given by Eq. (A.18):

(7, - (7, ~ 0Py L, = ([al - ([a] ~ {21 b].
In contrast, if this pore size of the data base (row [a]) is equal to or smaller than the pore
radius value (column {3}) for a given p/p’ value, the contribution is: 4 V,=[cl.

Rows [a] and [b]: Data base (7}, Ly, ) taken from columns {5} and {20} of the Table A.1, respectively.
Row [c]: Pore volume of the pore radius (7, ) taken from column {14} of the Table A.1.

Column {1}: p/p° values between 0.050 and 0.955 taken with increases of 0.005 of p/p°.

Column {2}: t values, calculated from Eq. (A.4).

Column {3}: r,, values, calculated from Eq. (A.3) using the modified Kelvin radius, cylindrical or hemispherical meniscus, as appropriate.

Column {4}: Adsorbed volume in the mesopores (V.s,) for a given p/p° value. This volume is the sum of all adsorbed volume contributions of each pore size.

8/-89 (¥10Z) 00Z SIDLI2IDIA S10.10d0SIA] pup Sno.Lododij /b 39 DY20Y-]20.LID|IA [

Vineso = {6} + {7} + - +{k}.

Column {5}: Total adsorbed volume, taking into account the amount of micropores. Voas = Vineso + Vyp. In this example, for SBA-15_S3 sample, the micropore volume is 49.8 mm?> g~! (see Table 1).

Columns {6} to {k}: Adsorbed volume contribution of each pore. If the pore size corresponding to the data base (row [a]) is higher than the pore radius value (column {3}), for a given p/p° value, the contribution is given by Eq.
(A.18):

(7 — (Fp — )Ly = ([al® — ([a] — {21} [b].

In contrast, if this pore size of the data base (row [a]) is equal to or smaller than the pore radius value (column {3}) for a given p/p° value, the contribution is: AV, =|[c].

LL
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Start from data of N,
experimental isotherm at
77K

Select and
complete the
appropriate
branch
(ltem A.1)

Select the pore
geometry: cylindrical
(C) or spherical (S)

Select f, = 0 (corresponding
to BJH original)

|
4

Calculate ry, tand r, using
Egs. (A.1) or (A.2) for C
(depending on the chosen
branch) or (A.2) for S, (A.4)
and (A.3)

Perform BJH algorithm
using AV, equation Eq. (5)
for Cor Eq. (A.11)for

!

Get the data base (r,, L,)

using Eq. (A.10) for C or

(rps N(rp)) using Eq. (A.17)
for S

|

Construct the simulated
isotherm from the data
base (Table A.3)

Is the simulated
isotherm
adjusting to the
experimental
one?

Select a new f; value
trying to adjust the
experimental isotherm

| Potavjaw,vsw, |

| Pore size distribution (Psp) |

Fig. A.2. Flowchart of VBS method for OMM silica-based with cylindrical or
spherical pore geometries.

A.3. Pore size distribution (PSD)

By using the final correction term value and the experimental
isotherm data it is obtained the pore size distribution, which is

the curve dV,/dw, vs. W,; where W, is 2-T,. These values are
obtained from the Table A.1 (columns {21} and {5}) or A.2 (col-
umns {22} and {3}), as appropriate, but calculated with a f. equal
to the final correction term found.

In order to schematize the application of the VBS method,
Fig. A.2 shows a flowchart to apply in the type of studied samples.
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