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The applicability of the n-nonane pre-adsorption method for characterising the porosity in clays is
presented. Na-SD, a Na*-exchanged purified bentonite, and materials obtained by Al**-exchange and
acid treatments of Na-SD and SAz-1 were used. Nitrogen adsorption isotherms, at —196 °C, were
determined before and after n-nonane pre-adsorption on each of the samples. In all materials, n-nonane
remained adsorbed in ultramicropores after outgassing at 25 °C. Outgassing at higher temperatures (50,
75 and 200 °C) removed nonane and ultramicropores became available for nitrogen adsorption. All
treatments on Na-SD led to increase in micropore volume. Larger ultramicropore and supermicropore
volumes were obtained for Na-SD acid activated with HCl at 95 °C than for treatments at 25 °C with HCI
or following AI**-exchange (AI-SD), and increased with increasing acid concentration to 3 M. Activation
with 4 M HCI led to the largest pore volume with contribution from mesopores. However, the specific
external surface area was the same as that obtained for Na-SD, Al-SD and for most of the other acid
activated samples. Treatments at 95 °C with 1 M and 6 M HCl promoted increase in specific external
surface area. The micropore volumes and specific external surface area for SAz-1 treated with 1 M HCI at
95 °C were larger than those of Al-SAz-1, but lower than those obtained for corresponding materials
derived from Na-SD. The n-nonane pre-adsorption method enabled micropore volumes and specific
external surface areas to be obtained for all samples.
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1. Introduction

The n-nonane pre-adsorption method was introduced in 1969
by Gregg and Langford for the evaluation of the microporosity
present in certain carbon blacks [1]. The reasons for choosing n-
nonane were, on the one hand, the long chain molecules are
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strongly adsorbed in narrow pores and remain there upon out-
gassing at room temperature and, on the other hand, the narrow
linear molecules are able to enter into narrow micropores. The
original experimental procedure demonstrated the suitability of
choosing n-nonane and consisted of determining the nitrogen
adsorption isotherm when the micropores had been filled with n-
nonane and then after they had been progressively emptied by
outgassing at elevated temperatures, until they were completely
empty [1,2].

n-Nonane pre-adsorption has subsequently been evaluated for a
variety of other materials and it has been shown that it can be
applied to other types of carbon materials, including activated
carbons [3—5], carbon nanotubes [6] carbon aerogels [7,8], ordered
mesoporous carbon and silicon carbide [9] and also other micro-
porous materials, including titanium dioxide [10], y-MnO; [11],
ammonium phosphomolybdate, phosphotungstate and
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silicomolybdate [12], silicalite-I [13], silica-pillared layered man-
ganese oxide [14], ordered mesoporous silicas [15] and silica
spheres [16]. The results from this variety of materials have
confirmed the value of using n-nonane pre-adsorption for the
evaluation of microporosity and to obtain additional insight into
the pore structures. To the best of our knowledge, there is not any
previous article regarding application of n-nonane pre-adsorption
to clays or materials derived from them.

Clay porosity, especially when expanding clays are dominant, is
readily modified using acid activation and ion-exchange. The al-
terations depend on the specific treatment conditions and on the
nature of the starting clays, as our previous works illustrate [17,18].
Complex porosity can result and, if micropores of different sizes are
present together with external surface area, evaluation of the
microporosity is not straightforward from nitrogen adsorption at
—196 °C alone. Pre-adsorption of n-nonane can be an effective way
of isolating the micropores [2,19,20].

Hence, in this work it is intended to show that n-nonane pre-
adsorption method can be applied to clays and to obtain, using
this method, a quantitative description of microporosity and spe-
cific external surface area of acid treated and ion-exchanged clays.
The materials used in this study are a new set of materials resulting
from acid treatment of Na-SD with HCIl solutions, and also some
materials from previous work [18] namely Na-SD, Al-SD, Al-SAz-1
and one sample of acid activated SAz-1.

2. Materials and methods
2.1. Materials preparation

The starting raw bentonite (SD) was collected at Serra de
Dentro, Porto Santo Island (Madeira Archipelago, Portugal) as in
our previous works [17,18]. The major impurities were removed
by low speed centrifugation (6 min, at 600 rpm), to obtain the
<2 pm size fraction. Carbonates were removed by addition of
sodium acetate-acetic acid buffer until the clay suspension
reached pH 6.8. Removal of organic matter was accomplished
using hydrogen peroxide in acidic medium, at 90 °C. Sodium
dithionite-sodium citrate buffered at pH = 8.3 was used to
eliminate free oxides of iron, aluminium, titanium and manga-
nese. Then, the product was converted into the Na-exchanged
form using 1 M aqueous sodium chloride solution. Excess ClI™
was removed by dialysis and the powdered clay, labelled Na-SD,
was obtained after drying the gel collected following centrifuga-
tion at 4500 rpm for 30 min.

SAz-1 (Cheto, Arizona, USA) is a higher charge montmorillonite
obtained from The Clay Mineral Society Source Clay repository
(Purdue University); it was suspended in deionized water and the
<2 um size fraction was collected by centrifugation. It was modified
using two different approaches: (a) Acid activation by shaking with
1 M HCI at 95 °C for 30 min, leading to the sample SAz195 and (b)
ion exchange by shaking the original SAz-1 with 0.3 M AI(NO3)s, for
30 min at room temperature. This was repeated, three times, before
rigorous washing to provide Al-SAz-1. Al-SD was obtained from Na-
SD using the same procedure.

Acid activated samples were prepared by mixing 10 g of Na-SD
with 300 cm? aliquots of aqueous HCl at 25 °C for 120 min or 95 °C
for 30 min. The samples were then mixed with a large quantity of
cold water to effectively terminate the leaching process, centri-
fuged and washed successively until a stable pH was achieved, and
finally they were air-dried for 24 h. Samples are labelled according
to the acid concentration and temperature of activation. For
example, SD495 is the material obtained when a 10 g sample of Na-
SD was treated with 4 M HCl at 95 °C.

2.2. Nitrogen adsorption at —196 °C and n-nonane pre-adsorption

Nitrogen adsorption isotherms were determined, at —196 °C, on
a Quadrasorb SI from Quantachrome Instruments, using helium (for
dead space calibration) and nitrogen of 99.999% purity supplied,
respectively, by Linde and Air Liquid. Pre-adsorption of n-nonane
was carried out in a custom made apparatus in pyrex and with J.
Young greaseless teflon taps. Nonane (>99% purity, Sigma-Aldrich)
was pretreated with 3 A molecular sieves and then outgassed by
three solidification-melting cycles. In all cases, high vacuum was
attained using vacuum systems equipped with turbomolecular
pumps.

Prior to the adsorption measurements, all initial samples were
outgassed for 5 h at 200 °C, achieved using a heating rate of
1 °C min~L After determining the nitrogen isotherm, the sample
cell was transferred to the custom made apparatus, and the sample
was outgassed for 1 h. Subsequently, n-nonane pre-adsorption was
carried out as follows. The sample was left in contact with n-non-
ane vapour for 1 h at room temperature and then the sample cell
was immersed in liquid nitrogen for 30 min. Afterwards, the sample
was outgassed at —196 °C for 30 min, then it was allowed to warm
up to 25 °C and outgassed for a further 5 h. It was then transferred
to the analysis station to determine the nitrogen isotherm. After-
wards, each sample was then outgassed at increasingly higher
temperatures and nitrogen adsorption isotherms were successively
determined after each stage of outgassing. Outgassing procedures
were 5 h at 50 and 75 °C, achieved using 1 °C min~!, while for
200 °C the temperature programme was 2 °C min~! up to 100 °C,
then to 150 °C and finally to 200 °C, staying 1 h at each temperature.

In all cases, the sample cell was filled with nitrogen (99.999%
purity) before transferring it to and from the Quadrasorb analysis
station, where the sample was again outgassed for a further 1 h
before determining the nitrogen adsorption isotherm. In order to
eliminate differences in amounts adsorbed due to the changes in
mass of n-nonane, the amounts of nitrogen adsorbed are all
expressed per g of the corresponding initial sample outgassed at
200 °C, prior to n-nonane pre-adsorption.

3. Results and discussion

3.1. Nitrogen isotherms and analysis by the Brunauer-Emmett-
Teller (BET) method

Nitrogen adsorption-desorption isotherms, at —196 °C, deter-
mined on Na-SD and acid treated Na-SD, before n-nonane pre-
adsorption, are presented in Fig. 1. The isotherms were analysed
by the BET method as recommended, to avoid any subjectivity in
evaluating the BET monolayer capacity, following the main criteria
[20], and the results are presented in Table 1. It is evident that the
materials exhibit similar types of isotherm and hysteresis loop
common to clays, indicating platy particles [20] even after the acid
treatments up to high acid concentration. However, it is clear that
the amounts adsorbed by acid treated materials are superior to
those by Na-SD, indicating increase of specific surface area and/or
porosity as confirmed by the BET specific surface areas, considering
0.162 nm? for the nitrogen cross-sectional area, presented in Table 1
for the initial samples. Nitrogen isotherms of Al-SD, Al-SAz-1 and
SAz195 were previously reported [ 18] and results of the analysis by
the BET method are included in Table 1 for Al-SD and in Table 2 for
Al-SAz-1 and SAz195. It can be seen that similar features were
found with the AP**-exchanged clay and SAz-1 treated with 1 M
HCl (SAz195).

The specific surface areas of Na-SD and acid treated Na-SD are
smaller than those from previous work [17], which, at least
partially, probably reflects variations due to sampling location or
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Fig. 1. Nitrogen adsorption-desorption isotherms, at —196 °C, determined on Na-SD
and acid treated with 1 M HCI at 25 °C (120 min) and with 1, 2, 3, 4 and 6 M HCl at
95 °C (30 min).

aging in the extensive deposit. Increase in specific surface area is
observed following acid treatment and it is more accentuated at
higher temperature, albeit for shorter time, as can be seen by
comparing SD195 with SD125. Additionally, in all isotherms the
adsorption is high at low relative pressures which, together with
the relatively high C values (>150) observed for all initial samples,
strongly suggests that all samples have narrow micropores that fill
by primary micropore filling [2], that is ultramicropores, and
therefore the values of BET-area should be considered as apparent
surface areas [2,21]. It is clear that using the BET method to
analyse the nitrogen adsorption isotherms of the initial samples is
not sufficient for detailed characterisation.

Consequently, n-nonane pre-adsorption was performed. Ni-
trogen adsorption isotherms determined at —196 °C on some
initial samples and after n-nonane adsorption followed by out-
gassing at several temperatures are shown in Fig. 2. The results of
the analysis by the BET method of the nitrogen adsorption iso-
therms obtained, also as recommended [20], for all samples of the
SD series are presented in Table 1.

It is evident in Fig. 2 that n-nonane is retained after outgassing
at 25 °C. With increasing outgassing temperature the n-nonane is
progressively removed and after the final outgassing procedure
the nitrogen adsorption isotherm for each sample coincides with
the corresponding initial isotherm. Similar results were obtained
for the other acid treated samples and also for Al**-exchanged
samples. It can be seen in Table 1 that, for all samples of the SD
series after n-nonane adsorption with subsequent outgassing at
25 °C, not only the specific surface area but also the C values are
reduced, confirming that n-nonane remains adsorbed after out-
gassing at 25 °C. Although retention on external surface cannot be
excluded solely from this analysis, it indicates that ultra-
microporosity is no longer accessible to nitrogen at —196 °C. This
can be due to filling of narrow micropores with n-nonane or even
to blockage of micropores by n-nonane molecules adsorbed at
their entrances. Furthermore, it can be seen in Table 1 that the
specific surface areas are practically restored after desorbing n-
nonane at 75 °C for SD695 and at 200 °C for all the other samples.

In order to determine whether n-nonane pre-adsorption could
be used with other montmorillonites, the same method was also

Table 1

Results of the analysis by the BET method of the nitrogen adsorption isotherms, at —196 °C, determined on Na-SD and on materials resulting from ion-exchange and acid treatments of Na-SD*.

SD695

SD495

SD395

SD295

SD195

SD125

Al-SD

Na-SD

eoutg/CC

ag(BET)/m?g~! C ag(BET)/m?>g~! C a(BET))/m?g~! C a(BET))m?g~! C a(BET)/m?g~! C agBET)/m?g~! C
166 229 304 349 419 374

C
329

C ag(BET)/m? g~!
140

ag(BET)/m? g~!

118

167

166

189

206

238

289

250

200

n-nonane pre-adsorption

25

74
158
173

242
354
372
n.

94
149

300
398
414
418

71
150
171
187

184
314

75
174
201
205

156
276
295
302

84
189
221
231

127
205
219
227

91
226
272
287

87
147
160
166

65
229
263
307

68
117

70
149
160
247

55
97
102
118

50
75
200

153
157

330
348

123
138

3 ay(BET)— total specific surface area obtained by the BET method, considering o(N,) = 0.162 nm? (all values are expressed per g of the corresponding initial sample outgassed at 200 °C); C-parameter of the BET equation.
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Table 2

Results of the analysis by the BET method of the nitrogen adsorption isotherms, at
—196 °C, determined on materials resulting from ion-exchange and acid treatments
of SAz-1°.

Boutg)-C Al-SAz-1 SAz195
ag(BET)/m? g~! C ag(BET)/m? g~! C

200 96 490 169 288
n-nonane pre-adsorption

25 32 48 75 64
50 75 249 144 194
75 86 379 157 241
200 93 485 167 294

2 as (BET) - total specific surface area obtained by the BET method, considering

o(N;) = 0.162 nm? (all values are expressed per g of the corresponding initial
sample outgassed at 200 °C); C - parameter of the BET equation.

applied to Al-SAz-1 and SAz195, and qualitatively similar results
were obtained as can be seen in Table 2, confirming that n-nonane
pre-adsorption does not damage the samples.

Although the results of n-nonane pre-adsorption obtained with
all samples show similar tendencies, there are differences in the
detail, as can be seen, for example, in Fig. 2(a) and (b). For Na-SD the
isotherms determined after outgassing at 50 and 75 °C are closer
than those determined after outgassing at 75 and 200 °C, while the
opposite is observed for those determined on SD125. This obser-
vation suggests the presence in Na-SD of a larger amount of narrow
micropores or narrow entrances, on which n-nonane is more
strongly adsorbed and is corroborated by the results presented in
Table 1 for these samples. In fact, it can be seen that, after out-
gassing above 75 °C, there is a larger increase in BET specific area
and C for Na-SD than for SD125. In order to obtain more detailed
information the results of the n-nonane pre-adsorption method
were analysed by the os method.

3.2. Analysis by the as method

3.2.1. General analysis of the as plots

Normally, in empirical methods for isotherm analysis (such as ag
or t methods), reference data for adsorption obtained on non-
porous material, chemically similar to the materials under study,
is used to construct the og or t plots. For the materials under
analysis the ideal reference should be a non-porous montmoril-
lonite but published data does not exist. Analysis of the nitrogen
adsorption isotherms obtained in the samples, using published
reference nitrogen adsorption data on different materials, resulted
in as or t plots with short and/or not well defined linear sections
and the interpretation of the plots was not straightforward.
Consequently, for analyzing the nitrogen adsorption data it was
found more appropriate to use as reference the nitrogen adsorption
isotherm determined on one of the materials.

It is noted that, for each sample, the nitrogen adsorption iso-
therms appear to be parallel in the multilayer region, which means
that the vertical displacements may only be due to removal of n-
nonane from micropores. In this sense, the nitrogen adsorption
isotherm of material with pre-adsorbed n-nonane after outgassing
at 25 °C is a possibility for each sample. However, if one of these
isotherms is chosen to analyse the nitrogen adsorption isotherms of
all samples, it additionally allows comparing between samples the
corresponding isotherm with n-nonane pre-adsorbed after out-
gassing at 25 °C. For this work, it is reasonable to choose the
adsorption isotherm of Na-SD with n-nonane adsorbed after out-
gassing at 25 °C (designated by Na-SD_C9(25) in the following text)
as a reference isotherm to obtain the ag plots. As previously noted
in section 3.1 such material with pre-adsorbed n-nonane can be

considered as a material without ultramicropores since they are not
available to nitrogen adsorption at —196 °C.

The nitrogen adsorption isotherm of Na-SD_C9(25), was fitted
with polynomials encompassing several relative pressure ranges
with relevant overlap. Following, the equations were reduced to the
as form and the method was applied as usual to construct the og
plots [2,20]. In Fig. 3 the as plots corresponding to the nitrogen
adsorption isotherms of Na-SD, Al-SD and SD195 (Na-SD acid
treated with 1 M HCl), using Na-SD_C9(25) as reference material,
are presented.

It should be noted that in all cases experimental data are plotted
as a function of calculated as. Therefore, the fact that the plot cor-
responding to Na-SD_C9(25) in Fig. 3(a) is linear over the whole
range of experimental data and back-extrapolates to the origin,
confirms that the fit was properly done. For the other samples, with
pre-adsorbed n-nonane after outgassing at 25 °C, it can be seen in
Fig. 3(b), (c) and (d) that the og plots exhibit well defined linear
sections in all cases, but none extends over the entire range of
experimental data, indicating differences in porosity from Na-
SD_C9(25). For clays resulting from acid treatment with concen-
trations higher than 1 M the as plots obtained are qualitatively
similar to those of SD295 and SD495 presented in Fig. 4.

The as plots corresponding to the nitrogen adsorption isotherms
for Al-SAz-1 and SAz195, initial and after pre-adsorption of n-
nonane followed by outgassing at several temperatures, are pre-
sented in Fig. 5. It is evident that well defined linear sections are
also obtained in the ag plots for these samples when using Na-
SD_C9(25) as reference material.

Furthermore, for each sample, the solid lines are all parallel
indicating that n-nonane is being removed from several groups of
pores upon increasing outgassing temperature and that it was
removed from external surfaces upon outgassing at 25 °C. There-
fore, the pore capacities and adsorption on the specific surface area
external to the pores can be obtained, respectively, from the
intercept and slope of each straight line. In fact, for each sample, a
constant value of specific external surface area was obtained for the
materials with and without n-nonane pre-adsorbed. As such, the
difference between the pore volumes calculated from the intercept
of one line and from the intercept of the previous line, obtained
after outgassing at Tand T’ respectively, will correspond to the pore
volume of the group of pores from which n-nonane is desorbed.
The values were calculated, using as usual the normal liquid density
of nitrogen at —196 °C, from all a5 plots and just from the intercepts
of the straight lines, without any assumption regarding the type of
pores, pore volumes were obtained and are presented in Fig. 6 for
all clays.

Taking into account that at 25 °C the n-nonane is removed from
pores and/or pore entrances that are wider than those from which
it is removed at higher temperatures, the effects of modification
treatments on Na-SD and a comparison between the several clays
can be inferred from Fig. 6.

It is clear that the treatment of Na-SD with HCl solutions causes
an increase in the total pore volume, which increases with the
treatment temperature and as the acid concentration increases up
to 4 M. Furthermore, the bars corresponding to volumes emptied by
outgassing at 25 °C, indicate the appearance of wider pores in all
modified clays, reaching the maximum for SD495. These wider
pores are responsible for the higher total pore volume of SD495, as
it can be seen that the pore volume of narrower pores, from which
n-nonane is removed at 50 °C and above, is greatest for SD395.
Therefore, up to a concentration of 3 M the acid treatments cause
increase of pore volumes of wide and narrow pores. When the acid
concentration is 4 M some narrow pores disappear or become
wider. When the concentration is taken to 6 M some wide pores
disappear and very narrow pores disappear or become wider, in
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Fig. 2. Nitrogen adsorption isotherms, at —196 °C, determined on (a) Na-SD, (b) SD125, (c) SD195 and (d) SD495, before (initial) and after n-nonane pre-adsorption with subsequent
outgassing at increasing temperatures. (The amounts adsorbed are, in all cases, expressed per g of the corresponding initial material outgassed at 200 °C).

spite of the observed increase in volume of narrow pores in relation
to SD495.

It can be seen in Fig. 6 that the total pore volumes of Al-SAz-1
and AI-SD are not very different, with that of the latter being
slightly larger. This is due to the existence of pores from which n-
nonane is removed at 25 °C and also a larger volume of narrower
pores from which n-nonane is removed at 50 °C and above. Acid
treatment of SAz-1 with 1 M HCl, causes increase of wide and also
of narrow pores in comparison with Al-SAz-1.

In order to complement the discussion of Fig. 6, a more detailed
analysis of the ag plots is presented in the following subsections,
which makes it possible to specify the types of pores from which n-
nonane is desorbed at 25 °C or at 50 °C and higher temperatures.

3.2.2. Porosity of Na-SD, Al-SD and Na-SD treated with 1 M HCl
Starting with the plots obtained for SD125 and SD195, it can be
seen in Fig. 3(b) and (d) that there is, for each sample with pre-
adsorbed n-nonane and outgassed at 25 °C, a short linear section
at low as values, that back-extrapolates to the origin. Specific sur-
face areas calculated from the slopes of the straight lines (dashed
lines) are close to the corresponding BET specific surface areas.
These observations confirm that the materials with pre-adsorbed
n-nonane and outgassed at 25 °C do not have ultramicropores
accessible to nitrogen at —196 °C, as was inferred from the lower C
values in Table 1. Moreover, the second linear section starts at og
values corresponding to relative pressures at which secondary
micropore filling can be complete and lower to onset of
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Fig. 3. os plots corresponding to the nitrogen adsorption isotherms, at —196 °C, determined on (a) Na-SD, (b) SD125, (c) Al-SD and (d) SD195, before (initial) and after n-nonane pre-
adsorption with subsequent outgassing at increasing temperatures up to 200 °C. (The amounts adsorbed are, in all cases, expressed per g of the corresponding initial material

outgassed at 200 °C).

condensation of nitrogen, at —196 °C. At as well above 1.0 the plots
show upward deviations to the linearity indicating condensation of
nitrogen, but to a greater extent when the treatment is carried out
at lower temperature and longer time as the deviations are more
pronounced for SD125 than for SD195.

Therefore, for each of these samples: the first linear section that
back-extrapolates to the origin, corresponds to secondary micro-
pore filling [2], that is in supermicropores [20,21], and to mono-
multilayer adsorption on surfaces external to these super-
micropores; the second linear section corresponds to multilayer
adsorption on surfaces external to supermicropores and the

intercepts of the second linear sections provide values for the
amounts of nitrogen adsorbed, at —196 °C, in supermicropores.
Therefore these ag plots allow calculation of specific surface area
external to the supermicropores from the slope of the second
straight line (solid). The values obtained for SD125 and SD195 are,
respectively, 55 m? g~! and 69 m? gL It can be seen that the
specific external surface area of SD125 is equal to the BET specific
area of Na-SD_C9(25) in Table 1, while that of SD195 is larger. Thus,
it can be concluded that the acid treatment with 1 M HCI at low
temperature causes an increase in the volume of supermicropores
without affecting the specific surface area external to the micro-
pores, whereas the treatment at higher temperature provokes a
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Fig. 4. o5 plots corresponding to the nitrogen adsorption isotherms, at —196 °C, determined on (a) SD295 and (b) SD495, before (initial) and after n-nonane pre-adsorption with
subsequent outgassing at increasing temperatures up to 200 °C. (The amounts adsorbed are, in all cases, expressed per g of the corresponding initial material outgassed at 200 °C).
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Fig. 5. a5 plots corresponding to the nitrogen adsorption isotherms, at —196 °C, determined on (a) Al-SAz-1 and (b) SAz195 before (initial) and after adsorption of n-nonane with
subsequent outgassing at increasing temperatures. (The amounts adsorbed are, in all cases, expressed per g of the corresponding initial material outgassed at 200 °C).

larger increase in volume of supermicropores and additionally it
leads to an increase of specific surface area external to the
micropores.

Considering now the plots obtained for SD125 and SD195 after
n-nonane pre-adsorption and subsequent outgassing at 50 °C and
above, it is evident from Fig. 3(b) and (d) that when the outgassing
temperature is increased the plots are shifted vertically and the
linear sections obtained after pore filling are all parallel for each
sample and start at similar values of as. Consequently, from the
slopes of the second linear sections, constant values of specific area

external to the micropores were obtained, namely 55 m? g~! and
69 m? g1, for SD125 and SD195. Additionally, for low o values the
linear sections do not back-extrapolate to the origin indicating
primary micropore filling [2,20]. Therefore, it can be concluded that
n-nonane was removed from ultramicropores upon outgassing at
temperatures of 50 °C and above and consequently ultramicropores
became accessible to nitrogen at —196 °C.

So, the intercepts of the linear sections correspond to the sum
of amounts of nitrogen adsorbed in ultramicropores and super-
micropores accessible to nitrogen at —196 °C after removing n-
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Fig. 6. Pore volumes, from which n-nonane is removed upon outgassing at increasing
temperatures, obtained from the og plots corresponding to nitrogen adsorption, at
—196 °C, on Na-SD and ion-exchanged and acid treated Na-SD and SAz-1. (The pore
volumes are, in all cases, expressed per g of the corresponding initial material out-
gassed at 200 °C).

nonane. Consequently, the volumes of ultramicropores that
became available to nitrogen adsorption can be calculated, from
the differences between the intercepts, and correspond to those
presented in Fig. 6 for outgassing temperatures at 50 °C and
above.

Some interesting aspects can be seen in a closer look of the plots
of Na-SD in Fig. 3(a), upon outgassing at temperatures of 50 °C and
above. The linearity extends over a long range with downward
deviations to the linearity occurring at low ag values and no linear
sections that back-extrapolate to the origin in consistency with the
occurrence of primary micropore filling by nitrogen. However, the
long linear sections start at values at which primary and secondary
micropore filling are usually complete. This feature indicates that n-
nonane is removed from ultramicropores and also supermicropores
at 50 °C and eventually also above, which apparently seems to
disagree with what was previously observed with SD125 and
SD195 that n-nonane is removed from supermicropores after out-
gassing at 25 °C. However, the behaviour observed with Na-SD can
be explained by considering that in Na-SD_C9(25) the super-
micropores are blocked by n-nonane, and a plausible explanation is
that the supermicropores have narrow pore entrances where n-
nonane stays entrapped upon outgassing at 25 °C. When n-nonane
was removed by outgassing at 50 °C, the supermicropores of Na-SD
became accessible to nitrogen adsorption. After micropore filling,
nitrogen adsorption occurs on the external surface which corre-
sponds to the long linear section of the plot. The specific external
surface area obtained from the slope of the straight line is 55 m? g~!
which is also obtained for all the other plots in Fig. 3(a) and it is
equal to the BET specific surface area of Na-SD_C9(25). Conse-
quently, Na-SD_C9(25) can be considered as a material without
ultramicropores and probably also without supermicropores
because n-nonane is retained in ultramicropores and is also
blocking supermicropores. These results and discussion so far
presented support the view that Na-SD-C9(25) is an adequate
choice of reference material for the g plots.

So, it can be concluded that outgassing at 50 °C or above is
needed to remove n-nonane from ultramicropores and very narrow
entrances of supermicropores. Consequently, for SD125 and SD195
the values presented in Fig. 6 for 25 °C are volumes of super-
micropores and those presented for 50 °C and above are volumes of
ultramicropores. For Na-SD the values presented in Fig. 6 for 50 °C
and above are volumes of ultramicropores and of supermicropores

with very narrow entrances which for many practical applications
can in fact be considered as ultramicropores.

It is possible that the treatments with 1 M HCI cause widening of
pore entrances to the supermicropores of Na-SD which could
contribute to the increase in volume of supermicropores observed
in Fig. 6 for SD125 and SD195. Additionally, it can be seen in Fig. 6
that there is only a decrease in volume of very narrow micropores
(values for 200 °C) while all the others increase indicating that, in
general, the acid treatments caused appearance of new micropores
and also widening of existing ones. These observations indicate
similar effects of the acid treatments but more pronounced for
SD195.

However, the as plots of SD125 show upward deviations from
linearity at higher ogs values indicating condensation while for
SD195 the deviations are less obvious. Moreover, for the plots of
SD125 in Fig. 3(b) the average specific surface area external to the
micropores calculated from the slopes is equal to that of Na-SD,
while a larger value was obtained from all the plots of SD195 in
Fig. 3(d). These observations indicate other effects of the acid
treatments. Considering that clays are assemblages of plate-shaped
particles, it is possible that macropores exist between the particles.
The macropores can also account for the type of hysteresis loop
[21]. The results of SD125 suggest that the treatment with 1 M HCl
at 25 °C causes narrowing of voids (spaces between particles [20])
with width in the mesopore range, which could explain why there
is no alteration of available specific surface area external to the
micropores but onset of nitrogen condensation is seen in the os
plots. If acid solutions attack the octahedral sheets, amorphous
insoluble species may result which could explain the narrowing of
voids if they remain between particles. It is expected that the
dissolution of these amorphous species will be more efficient when
the treatment is carried out at higher temperature and therefore
less upward deviations appear in the ag plot of SD195. Furthermore,
if some stacks of layers are not strongly bound to others, it is
possible that the treatment at higher temperature causes their
separation. So, it can be suggested that the treatment with 1 M HCl
at 95 °C may lead, in some extent, to separation of some stacks
which would result in the higher specific external surface area
observed for SD195.

Interestingly, the os plots presented in Fig. 3(c) for Al-SD present
some obvious differences to those of Na-SD and are in general
qualitatively similar to those obtained with SD125. Furthermore,
the specific surface area external to the micropores obtained from
the slopes of all the plots of Al-SD is 55 m? g~ ! which is equal to the
value obtained for SD125 and Na-SD from all the plots. These ob-
servations indicate that the treatments with solutions of
aluminium ions and with 1 M HCI at low temperature affected Na-
SD in similar way, although to a lesser extent with the former as can
be seen in Fig. 6. In fact, the results show that the treatment with
solutions of aluminium ions led also to increase in supermicropore
and ultramicropore volumes in comparison with Na-SD. The simi-
larities can be, at least partially, explained by acidity resulting from
the hydrolysis of aluminium ions in the ion-exchange solutions.

Although the identification of the precise location of the super-
and ultramicropores is outside the objectives of the current study,
this aspect will be briefly addressed. Several authors have attrib-
uted differences in micropore volumes and BET areas to micropores
in the edge surface resulting from imperfect stacking of layers
[22—25]. Increases in BET areas and microporosity arising from the
replacement of interlayer Na' ions in smectite type clays by larger
cations such as Cs™ [22,26] or by divalent cations such as Ca®"
[23,24] were explained by part of the interlayer space becoming
partially accessible to nitrogen [22—24,26]. However, AI** ions are
even smaller than Na™ ions making the interlayer space too narrow
for either nitrogen or n-nonane to access [22,27,28]. Therefore, the
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observed increase in micropore volume must result from other
effects of the treatments. For example, if isomorphous substitution
is not uniform in the clays, neither layer charge nor compensating
cations will be the same in all. Furthermore, higher treatment
temperature is likely to exploit the weaker interactions. It is
possible that, for example, partial splitting may occur inside tac-
toids, leading to micropores between adjacent nearly parallel
stacks (with less layers), and therefore contributing to the increase
in micropore volume upon acid treatment.

3.2.3. Porosity of Na-SD treated with 2, 3, 4 and 6 M HCl

It is noted in Fig. 4, for SD295 and SD495 with pre-adsorbed n-
nonane and outgassed at 25 °C, that the plots continuously increase
after the first linear section, that back-extrapolates to the origin,
and a second linear section can be drawn albeit at higher ag values
than those observed for the previously discussed samples. Similar
features were observed for SD395 and SD695 (plots not shown).
However, for SD295 and SD395, the second linear sections start at
similar values close to as = 1, while for SD495 and SD695 they occur
at higher as values. The results suggest widening of super-
micropores in relation to SD195. Therefore, the plots of the samples
treated with 2 M and 3 M HCI indicate the occurrence of mono-
multilayer adsorption and pore filling in supermicropores, while
for SD495 and SD695 the results suggest that, in addition, filling of
wider pores occurs. Consequently, for samples with pre-adsorbed
n-nonane and outgassed at 25 °C, the pore volumes obtained
correspond to supermicropores in SD295 and SD395, and also to
wider pores in SD495 and SD695.

When n-nonane is gradually removed, by increasing the out-
gassing temperature to 50 °C and above, the plots are shifted
vertically and the linear sections obtained after pore filling with
nitrogen are all parallel for each sample and start at similar values.
Moreover, at low ag values the linear sections do not back-
extrapolate to the origin. These features are qualitatively similar
to what was observed for SD125 and SD195 and therefore, as dis-
cussed previously, the volumes presented in Fig. 6 for outgassing
temperatures at 50 °C and above are attributed to ultramicropores.

As seen in Fig. 6, the total volumes of ultramicropores for all
these samples are higher than for SD195 and the highest value is
obtained for SD395, including those that require the higher tem-
perature to remove n-nonane. The ultramicropores are not acces-
sible to nitrogen after n-nonane pre-adsorption upon outgassing at
25 °C thereby indicating that n-nonane is strongly retained in
ultramicropores with widths close to the minimum dimension of
nonane (0.42 nm [20]) and maybe also blocking even narrower
ultramicropores. These observations suggest a more pronounced
attack of the octahedral sheets generating more narrow ultra-
micropores within the layers. These could be partially accessible to
n-nonane or blocked by n-nonane and only became available for
nitrogen adsorption when n-nonane is removed.

The total volume of ultramicropores of SD495, including the
very narrow ultramicropores, is smaller than that of SD395. It may
be suggested that acid attack also proceeds into tetrahedral sheets
resulting in widening of narrow ultramicropores. The pore volumes
of supermicropores (and mesopores) is maximum for SD495, while
the external surface area is maintained. These observations suggest
that widening of some ultramicropores and supermicropores may
have occurred.

Following acid treatment with 2, 3 and 4 M HCI, the mean
specific surface areas external to supermicropores (and meso-
pores), obtained from the slopes of the straight lines drawn at high
as values, is 55 m? g~ !, which is the same as the external surface
area of Na-SD (equal to the BET area of Na-SD_C9(25)). The fact that
the specific surface area external to the pores is maintained in-
dicates that pores are formed inside the particles and to a higher

extent as the acid concentration increases. The micropores can have
formed between stacks of layers or within the stacks of layers, even
within the layers.

For the sample treated with 6 M HCl more pronounced changes
occurred. The specific surface area external to the pores increases to
64 m? g~ ! and, as Fig. 6 shows, the total specific volume of super-
micropores and mesopores decreased while the volume of ultra-
micropores increased in spite of the disappearance of very narrow
ultramicropores. The changes that occurred with 6 M HCI can be
due partially to widening of some of the wider pores which then
become part of the external surface.

3.2.4. Porosity of Al-SAz-1 and SAz195

It can be seen in Fig. 5(a) that most of the plots of Al-SAz-1 are
qualitatively similar to those of Al-SD but the linear section can be
back extrapolated to the origin in the case of the sample with n-
nonane pre-adsorbed and outgassed at 25 °C suggesting that also in
this case there are no supermicropores accessible to nitrogen at
—196 °C in Al-SAz-1. However, upon increase of outgassing tem-
perature the plots change indicating that at low relative pressures
filling of super and ultramicropores by nitrogen at —196 °C
occurred. As discussed previously for Na-SD, these results indicate
that AI-SAz-1 also has supermicropores with narrow micropore
entrances and therefore behave as ultramicropores, although much
less noticeably than for Na-SD. From Fig. 6 it can be seen that the
micropore volume is similar to that of Na-SD but lower than that of
Al-SD. From the slopes of the straight lines, the value of specific
surface area external to the micropores obtained for Al-SAz-1 is
30 m2 g~ !, close to the BET specific surface area obtained for Al-
SAz-1 with n-nonane pre-adsorbed after outgassing at 25 °C, and
smaller than Na-SD and Al-SD. After the linear sections all the plots
display upward deviations from linearity suggesting interparticle
condensation of nitrogen in the narrow voids.

The plots presented for SAz195 in Fig. 5(b) indicate differences
from Al-SAz-1 which are comparable to those discussed previously
between SD195 and AI-SD. In fact, in comparison to Al-SAz-1,
treating SAz-1 with 1 M HCl at 95 °C led to larger volumes of mi-
cropores and also larger specific surface area external to those
micropores, which is 51 m? g~! for SAz195. So, it is interesting to
note that acid treatment with 1 M HCl at 95 °C increased the
external surface area of both clays. However, a bigger difference in
specific surface areas external to the micropores, was observed
between SAz195 and Al-SAz-1 than between SD195 and AI-SD.
These observations suggest that treatment with 1 M HCI at 95 °C
caused more separation of stacks in the case of SAz-1 than in Na-SD.

4. Conclusions

n-Nonane pre-adsorption in combination with ag plots allowed
distinguishing primary from secondary micropore filling. It was
possible to establish that, upon outgassing at 25 °C, n-nonane is
retained in ultramicropores or is blocking ultramicropores, while it
is removed from external surface, mesopores and supermicropores
with entrances wider than ultramicropores. From these nitrogen
adsorption data obtained with pre-adsorbed n-nonane it was
possible to obtain supermicropore volumes for most of the mate-
rials. Upon outgassing at 50 °C, n-nonane is partially removed from
ultramicropores but all materials required outgassing at 200 °C (or
75 °C for one sample) for n-nonane to be completely removed.
However, the ultramicropore volumes were not the same for all
samples after each stage of outgassing indicating differences in
ultramicroporosity.

All the treatments done on Na-SD caused increase of the pore
volume, while the value of specific external surface area of Na-SD
was maintained for five of the seven modified samples,
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suggesting that pores were formed inside the particles and
widening of micropores occurred with increasing acid concentra-
tion. Increasing the treatment temperature and the acid concen-
tration to 3 M caused the ultramicropore volumes and
supermicropore volumes to become larger. The largest pore volume
was obtained using 4 M HClI with contribution from mesopores,
while the specific external surface area of Na-SD was maintained
and the volume of ultramicropores decreased slightly. When 6 M
HCl was used the supermicropores became wider and the narrower
ultramicropores disappeared or became wider, even though the
volume of ultramicropores increased in relation to SD495.

Treating Na-SD and SAz-1 with 1 M HCI at 95 °C led to larger
ultramicropore volumes, supermicropore volumes and specific
external surface areas than those of Al-SD and Al-SAz-1, respec-
tively. However, the values obtained for SD195 and Al-SD were
larger than those obtained for the corresponding materials derived
from SAz-1.

Hence, it is concluded that the n-nonane pre-adsorption
method can be used with clays and materials derived from them.
This approach allowed the amounts of nitrogen adsorbed in the
ultramicropores and, for most materials in the supermicropores, to
be separated from the rest of the material. Consequently, quanti-
tative description of the ultramicropore volumes and specific
external surface areas was obtained for all materials and also, for
most of the materials, the volumes of supermicropores. Therefore, a
detailed comparison of the porosity of ion-exchanged clays, from
different origins, and after acid activation under different condi-
tions was achieved.
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