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New data on the microporosity of bentonites 
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A B S T R A C T   

This comparative study on a very wide group of samples shows that the crystal size and crystalline defects of 
smectites influence microporosity of bentonite considerably more than previously considered. The smectite 
crystals and surface properties, including microporosity and micropore volume, were studied using high reso
lution transmission electron microscopy and N2 adsorption, respectively. The specific surface area obtained 
varied between 25 and 278 m2g− 1. The micropore area ranged between 6 and 76 m2g− 1, and the external area 
ranged from 18 to 208 m2g− 1. The external surface area was related to the size of the crystals in [001] direction 
because of the smaller particles with few stacked 2:1 layers have more basal surfaces accessible to the N2 
molecules. However, the microporosity can be related to 1) the size of the crystals, owing to the partial ability of 
N2 to penetrate into the interlayer space, 2) the abundance of crystalline defects affecting the stacking of the 2:1 
layers, and 3) the arrangement of the crystals forming particles, in which sub-parallel aggregates generate micro 
and mesopores. The study shows that these bentonites have pores in the full range, from smaller micropores 
(related to the crystalline structure in the interior of the interlayer) to micrometric macropores. The amounts of 
micro, meso, and macropores varied between samples but were similar and characteristic for samples from the 
same geological area.   

1. Introduction 

Bentonites are clayey rocks formed by minerals from the smectite 
group: montmorillonite, beidellite, and saponite, mainly. They have 
strong interest because of their swelling property that may be a signif
icant hazard to engineering construction (Jones and Jefferson, 2012; 
Adem and Vanapalli, 2015, among others). Furthermore, due to this 
swelling property, low permeability, and high adsorption capacity, 
compacted bentonite has been proposed as candidate engineering buffer 
material for disposal of radioactive waste in deep geological repositories 
(Villar and Lloret, 2004; Zhang et al., 2016). On the other hand, ben
tonites are probably the mineral resources with the widest range of 
applications within industrial minerals, and they can be subjected to 
modifications after different treatments, such as acid and base attack 
(Jeon and Nam, 2019), intercalation (Okada et al., 2014), and pillaring 
(Kloprogge et al., 2005; Vicente et al., 2013), to improve some of their 
natural properties. Both natural and treated bentonites are used for the 
synthesis of organo-complexes (Komadel et al., 2005) and clay-polymer 

nanocomposites (Jlassi et al., 2017), and in environmental remediation 
(Vicente et al., 2010; Yamada et al., 2011). All these sectors benefit from 
several properties, including the swelling, rheological properties, cation 
exchange capacity (CEC), and the surface properties including 
microporosity. 

Both for geotechnics and for the industrial application of bentonites, 
the knowledge of the porosity is essential. The porosity of bentonites 
covers the full range from microporosity to macroporosity (Přikryl and 
Weishauptová, 2010; Sun et al., 2020; Navarro et al., 2020) but it is 
concentrated at lower pore sizes: micro and mesopores. The smaller 
porosity is useful for adsorption processes and it is related to the specific 
surface area. The specific surface area of bentonites is influenced by 
their microporosity and is largely variable and can be determined by 
various methods. It can be estimated from the average dimensions of the 
individual smectite layers, from the absorption of methylene blue in 
aqueous suspension, and from adsorption of gases, mainly nitrogen. The 
method using the absorption of methylene blue primarily measures the 
internal surface area, whereas the BET method (Brunauer et al., 1938) 
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measures the external surface area and only a proportion of the micro
porosity that is related to ‘crevices in the particle surface, staggered 
layer edges, voids created by the overlapping of stacked layers and 
interlayer regions, if the layers separations are sufficiently large’ 
(Rutherford et al., 1997). The determination of the specific surface area 
and related properties from the nitrogen adsorption isotherm by the BET 
method is the most common method used to studying smectites. Some 
comparative studies of these methods have been conducted (Kaufhold 
et al., 2010; Hegyesi et al., 2017) and they found that the BET model 
gave a smaller surface areas than expected because nitrogen molecules 
cannot freely penetrate the interlayer space of the smectites. The 
accessibility of nitrogen to the smectite layer can be limited by the 
presence of organic matter (Saidian et al., 2016) and crystalline defects 
(Suárez Barrios et al., 2001). In addition, the variability of the surface 
area of smectites is probably determined by the microporosity resulting 
from the quasi-crystalline overlap region and accessible areas of the 
interlayer (Kaufhold et al., 2010). The accessibility to the interlayer 
space depends on the interlayer cations; this was shown in Rutherford 
et al. (1997) by comparison of a montmorillonite homoionized with 
different exchangeable cations, in which the Ca2+/Mg2+ bentonites had 
larger specific surface area in comparison to those of Na+ bentonites 
(Kaufhold et al., 2010). Recent studies (Peng et al., 2020) suggest that 
the specific surface area of bentonites depends on the combination of the 
previously stated factors. 

This study focused on the surface properties, crystal size, and 
microstructure of a wide group of samples from the three bentonite- 
producing areas in Spain with the aim of to analyze the influence of 
the crystal size and crystal defects of smectite, and the microstructure in 
the microporosity of the bentonites. 

2. Experimental 

Bentonites from the three bentonite-producing areas in Spain, Cabo 
de Gata (Almería area), Tajo basin (Madrid and Toledo areas), and 
Tamame de Sayago (Zamora area), which have different geological or
igins, are studied here. The geology, mineralogy, and crystal chemistry 
of these bentonites are described in detail in García-Romero et al. (2019, 
2021). 

Representative samples from each area (Table 1), denoted as Alme
ría, Tajo, and Tamame, were selected for this study.  

- Cabo de Gata area (Almería area): samples COR, CAR-C, CAR-1, 
CAR-2, CAR-2R, and CAR-3 are from the Cortijo de Archidona 
quarry; LTBB, LTBV, and LTBN are from Los Trancos quarry; LJ is 
from Los Jimenez quarry; MM is from the Morrón de Mateo quarry; 
and SER is from Serrata de Níjar.  

- Tajo basin, between Esquivias and Borox (Toledo area): there are 
samples of bentonites from two different stratigraphic units, from the 
so-called Pink Clays (ROS, ESB5, RESQ, PB7, and PB10) and from the 
Green Clays (ESB6, TAJ, and VER).  

- Tamame de Sayago (Zamora area): six samples labelled as AR60, 
BENP, TAM4, TAM5, and TER. 

The particle morphology and staking defects were established using 
high resolution transmission electron microscopy (HR-TEM) at the Na
tional Electron Microscopy Centre (Spain). This study was conducted 
using a JEOL 3000F field-emission microscope with a LaB6 filament at 
an acceleration voltage of 300 kV with 0.17 nm point-to-point resolu
tion. Samples for HR-TEM observations were prepared by depositing a 
drop of diluted clay suspension onto copper grids with a holey carbon 
film. 

X-ray diffraction (XRD) patterns were obtained from samples 
powdered in agate mortar. A Siemens D-500 XRD diffractometer with Cu 
Kα radiation and a graphite monochromator was employed, and the 
samples were scanned from 2◦ to 65◦ in steps of 0.05◦ with a 1 s/step 
counting time. The X’Pert HighScore Plus V.3 software was used for the 

pattern analysis. 
The N2 adsorption–desorption isotherms at − 196 ◦C were obtained 

from a static volumetric apparatus (Micromeritics ASAP 2010 adsorp
tion analyser). All samples were pre-treated and analysed in the same 
way: 0.3 g of raw sample powdered in a manual mortar was out-gassed 
for 10 h at room temperature, and then for 4 h at 110 ◦C to reach a lower 
pressure of 3 μm Hg. The isotherms were obtained following a previ
ously fixed 40-point P/P0 table, and the reproducibility of the isotherms 
was checked. The physical adsorption of a gas, N2 in this case, over the 
entire exposed surface of a material and the filling of pores is called 
physisorption, and it is used to measure the total surface area and pore 
size analysis of nanopores, micropores and mesopores from the first 
studies of Brunauer et al. (1938). The analysis of the isotherms and the 
calculations of the surface properties, including the specific surface area 
(SSABET), micropore area (SSAμp) and volume (Vμp), external area 
(SSAEx), and mean equivalent pore diameter, were obtained following 
the classical methods, by the application of the BET equation (Brunauer 
et al., 1938), and the t-plot (Dubinin and Radushkevich, 1947) and using 
the Micromeritics software ASAP2010 V3.0. 

Statistical analysis was performed using Past software (Hammer 
et al., 2001). Abbreviations for the mineral names were used according 
to Whitney and Evans (2010). 

3. Results 

3.1. Stacking defects and crystal size 

Powder XRD patterns of representative samples are shown in Fig. 1; 
all patterns were asymmetric towards high 2θ values corresponding to 
hk0 reflections. These characteristic bands of smectites had small dif
ferences in position that were related to the di or trioctahedral character. 
Dioctahedral smectites have 2/3 of the octahedral positions occupied, 

Table 1 
List of the bentonite samples, including location, labelling, approximated purity 
of smectites (% Sme), and impurities (from XRD data).  

AREA LOCATION SAMPLE % 
Sme 

Impurities 

ALMERÍA CORTIJO DE 
ARCHIDONA 

CAR-C 95 Pl 
CAR-1 >95 (Pl) 
CAR-2 >95 (Pl), Q* 
CAR-3 >95 Pl 
CAR-2R >95 (Pl), Q* 
COR >95 Pl* 

LOS TRANCOS LTBB >95 (Pl) 
LTBV >95 (Pl), Q* 
LTBN >95 (Pl) 

LOS JIMÉNEZ LJ 90 Zeo, (Pl) 
MORRÓN DE MATEO MM 85 Zeo, (Pl, Crr) 
SERRATA DE NIJAR SER 95 (Q) 

TAJO 
BASIN 

PINK CLAYS ROS >95 (Ca) 
ESB5 >95 Q* 
RESQ >95 Q* 
PB7 >95 Q* 
PB10 >95 Kln* 

GREEN CLAYS VER 60 Ilt, Q (Kln, Fsp) 
ESB6 65 Ilt, Q (Kln, Fsp) 
TAJ 75 Ilt, Q (Kln, Fsp) 

TAMAME TAM4 85 Q, Alu* 
TAM5 70 Kln, Q* 
TER 55 Q, Kln, (Ms) 
AR60 65 Kln, (Ms, Q), 

(Fsp) 
BENP 60 Q, Kln, (Ms) 

“Impurities” refers to the minerals that appear with the smectite; the order is 
related to the abundance, starting with the most abundant. Minerals between 
brackets are <5% in weight, and minerals with * are at trace levels. Alu: alunite, 
Ca: calcite, Crr: corrensite, Fsp: feldspar, Ilt: illite, Kln: kaolinite, Ms.: muscovite, 
Pl: plagioclase, Q: quartz, and Zeo: zeolites. Exc. Cat.: Exchangeable cations 
according García-Romero et al., (2021). 
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mainly by Al3+ and/or Fe3+, while trioctahedral smectites have all 
octahedral positions occupied, mainly by Mg2+, therefore the di
mensions of the lattice are different. This can be deduced from the d- 
spacing of hk0 reflection, particularly in the 060 reflection because it 
appears at ~62◦ 2theta (~0.150 nm) in dioctahedral smectites and at 
~61◦ 2theta (~0.152 nm) in trioctahedral smectites. In the samples here 
studied, the d-spacing of the 060 reflection is ~0.150 nm in the samples 
from Almería and Tamame, indicating their dioctahedral character, and 
at ~0.152 nm in the samples from Tajo indicating that they are tri
octahedral smectites. The XRD patterns of the Green Clays from the Tajo 
had a double 060 peak, whit two maximum at 0.150 nm and ~ 0.152 nm 
due to illite impurities (dioctahedral) among the trioctahedral smectites. 

On the other hand, although all patterns are similar, there are sig
nificant differences in the shape of the main 001 reflection, located at 

~6◦ (~1.5 nm). The 001 reflection correspond to the direction of the 
layer staking in the smectite, as in all phyllosilicates. This peak is narrow 
and has a high intensity with respect to the other smectite reflections 
when the smectites is ordered in [001] direction (the stacking direction), 
such it occurs in the samples from Tamame and Almería (Fig. 1). In 
contrast, the intensity of the 001 reflection is low, and the peak is broad 
when the smectite has stacking defects, such as in the XRD-patterns of 
the Tajo samples. The lack of stacking in the [001] direction of the 
smectites in the Pink Clays is remarkable; in fact, in the region of higher 
d-spacings, there is not a 001 reflection. In contrast, there is only one 
very wide band at lower angles that finishes at ~1.0 nm while the hk0 
reflections are similar to those of the other smectites (Fig. 1). This im
plies that the layers that are diffracting have very low periodicity in this 
direction, and only very few layers are stacked. 

Fig. 1. Powder XRD patterns of representative samples ordered from the lowest crystallinity (with respect to the staking of the layers) at the bottom to the highest 
crystallinity at the top. TAM5 form Tamame, COR from Almería and ESQ6 and ROS from Tajo. Red line indicates 001 d-spacing of smectite and the regions between 
black lines indicated with * correspond to hk0 reflection. The band at highest ◦2theta, indicated with + corresponds to the 060 reflection. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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The stacking defects in the smectites are frequent and characteristic 
of smectites. They are mainly related to their crystal growth process of 
aggregation via semi-oriented attachment (García-Romero and Suárez, 
2018), and they are particularly abundant in the smectite quasi-crystals 
from Tajo, as observed in the TEM images and the XRD patterns. All 
observed smectites had numerous stacking defects (Fig. 2), but they 
were particularly abundant in the samples from Tajo. Fig. 2a shows a 
smectite particle from Almería (LTBN sample) with few stacking defects 
and crystal size much larger than those from Tajo (Fig. 2b and c). In 
contrast, the samples from Green and Pink Clays were characterised by 
very small size, with very few 2:1 layers stacked and high number of 
stacking defects (Fig. 2b and c). In contrast, the samples from Green and 
Pink Clays were characterised by very small size, with very few 2:1 
layers stacked and high number of stacking defects (Fig. 2b and c). The 
differences in the sizes of the crystals of the representative samples is 
shown in Fig. 3. Smectites from Tajo, particularly the Pink Clays, have 
high number of stacking defects and the smallest particle size. In 
contrast, the smectites from Tamame exhibited the largest crystals and 
the best stacking order among the studied samples. 

The powder XRD patterns of the bentonites do not only show the 
high purity of the samples and the nature of their impurities (see 
Table 1), the dioctahedral character of the smectites from Almería and 
Tamame and the trioctahedral character of the Tajo samples, but also 
indicate the degree of ordering in the layer stacking direction. 

3.2. N2 adsorption–desorption isotherms 

The obtained N2 adsorption–desorption isotherms were similar, 
some of which are shown in Fig. 4. The form of the isotherms and the 
hysteresis loops are related to the type of porosity, and the surface 
properties of the solid can be deduced from the the isotherm (Lowell and 
Shields, 1984; Rouquerol et al., 1999). According to the International 
Union of Pure and Applied Chemistry (IUPAC) classification, the first 
part of the curve, which corresponds to minor relative pressures, can be 
classified as Type I, which is characterised by the concave curvature 
towards the abscise axis. This type of N2 isotherm is characteristic of 
microporous solids (Thommes et al., 2015). At the highest relative 
pressures, the obtained isotherms were asymptotic with respect to the 
ordinate axis, and they did not show limit adsorption at relative pres
sures close to the unit (Type II isotherms), which is characteristic of 
capillary absorption in meso and macropores. All the isotherms showed 
hysteresis loops at relative pressures >0.5 owing to the presence of 
mesopores. According to their form, these hysteresis loops are classified 
as Type H3 (Thommes et al., 2015). Although all the obtained isotherms 
had the same type of hysteresis loop, there were remarkable differences 
among the samples regarding the hysteresis width (Fig. 4). The iso
therms of the samples from the Pink Clays and from Almería had the 
widest hysteresis loops due to a higher condensation of N2 in mesopores. 

The specific surface area, micropore area, external surface area, 
micropore volumes, and average pore diameters obtained from the 
isotherms and from the BET equation and the t-plot (Brunauer et al., 
1938; Dubinin and Radushkevich, 1947) are listed in Table 2. The 
SSABET ranged between 25 and 278 m2g− 1 for the BENP and PB7 sam
ples, respectively. In general, the samples can be ordered from the 
higher to the lower SSABET as follows: Pink Clays and Green Clays from 
Tajo, Almería, and Tamame. The micropore area ranged from 6 m2g− 1 in 
sample BENP to 76 m2g− 1 in sample PB7, while the external surface area 
varied from 18 m2g− 1 to more than 200 m2g− 1 in all the Pink Clay 
samples. Fig. 5 shows plots of the pore volume versus the average pore 
diameter for some representative samples of each area. The curves show 
a variable distribution of pore sizes in each sample. The samples from 
the same deposit have similar surface properties, with small variations 
among the samples. 

4. Discussion 

As shown in Fig. 6, in which the values of specific surface area, 
micropore area, and external surface area are grouped according to their 
origin, the samples from the same area have similar values of these 
variables. The group of samples with small specific surface area are 
those that came from the Tamame deposit (14–66 m2g− 1). On the other 
extreme, the samples from the Tajo deposit have the largest specific 
surface area, and within this group, the samples of the Pink Clays have 
the highest SSABET (~270 m2g− 1), followed by the Green Clays 
(123–179 m2g− 1). The bentonites from the Tajo and Almería areas have 
been studied previously for potential use in radioactive waste disposal, 
mainly the so-called FEBEX bentonite that comes from the Cortijo de 
Archidona (Almería, similar to the CAR samples in this work). Cuevas 
et al. (1992) studied two representative bentonitic samples from Tajo 
with high saponite content; they had SSABET of 149 and 192 m2g− 1, 
which are slightly below those reported here. SSABET between 65 and 84 
m2g− 1 have been found for the samples from Cortijo de Archidona in this 
study, but values between 32 and 59 m2g− 1 were found for natural 
bentonites with 90% smectites from the same source, which is slightly 
lower than that of the samples studied here (Fernández et al., 2006; 
Villar et al., 2008). 

The average difference of more than 100 m2g− 1 in the SSABET of the 
Pink and Green Clays is mainly related to the amount of impurities in the 
Green Clays (Table 1) because the bentonites of the Green Clays contain 
non-adsorbent minerals like mica, quartz and feldspars. However, the 
impurity content is not the only factor that affects the specific surface 
area. Assuming that the SSABET of the samples is mainly due the smectite 
content, we can extrapolate to the theoretical value of SSABET of each 
sample for a similar bentonite but with a purity of 100%. With this 
assumption, the Green Clays have SSABET in the characteristic range of 
the Pink Clays or close to them (Table 2). However, the bentonites from 

Fig. 2. High-resolution TEM images. a) LTBN sample, b) VER sample, and c) ESB6 sample. The two samples from Tajo (VER and ESB6) show the lattice fringes of 
smectites with a high number of stacking defects and smaller particle size than LTBN sample. 
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the Tamame area do not exceed 80 m2g− 1. Neither does the group of 
samples from Almería; in this case, some samples contain zeolites that 
also contribute to the SSABET, but in most cases SSABET is less than 100 
m2g− 1, even for almost pure smectites, such as all the CAR samples. The 
calculated SSABET demonstrate that factors other than the amount of 
impurities affect the specific surface area because the impurity content 
does not justify the differences among the SSABET of the studied samples. 

There are important differences in the surface properties that cannot 
be explained by the presence of impurities and, therefore, they must be 
related to intrinsic properties of the smectites, that are the minerals that 
contribute to the surface properties of the samples. To explain such 
differences, the ratio of SSAμp to SSAEx was considered together with the 
micropore volume and the mean pore diameter (Table 2). The SSAEx 
contributes to the SSABET and it is higher as lower the particle size, being 

Fig. 3. TEM images showing the general aspects of the a) ROS, b) LTBB, and c) TAM4 samples. Note the smaller laminar particles in the ROS sample and the largest 
particles in the TAM4 sample. 

Fig. 4. N2 adsorption–desorption isotherms of some representative samples: a) CAR-2, b) LJ, c) ROS, d): ESB6, e) TER, f) BENP. The horizontal axis is the relative 
pressure (P/P0) which is the equilibrium pressure divided by the saturation pressure. 
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this inverse relation higher for laminar particles like smectites. In these 
samples, the SSAEx contributes more to the SSABET, as shown in Fig. 6, 
but not in the same way in all samples. The values of SSAμp and SSAEx 
have a high positive correlation (Fig. 7), with R = 0.847 (Pearson cor
relation coefficient), this R value improves slightly (0.852) when the 
samples with zeolite impurities (LJ and MM) are not considered, because 
those minerals contribute to the microporosity. However, when the Pink 
Clay samples are not considered, the correlation coefficient between 
SSAμp and was close to unity (0.955). Pink Clays do not follow the 
general trend (Fig. 7) mainly because of their external surface area, 
which is between 142 m2g− 1 and 208 m2g− 1. This high external surface 
area of the Pink Clays is related to their small particle size (Fig. 3) (de 
Santiago Buey et al., 2000). The samples with the lowest SSAEx are those 
from Tamame, and they have the biggest laminar particles. The order of 
particle size, from the smallest to the biggest, is Pink Clays, Green Clays, 
Almería, and Tamame, and this exact order is the same for the SSAEx 
values, but in this case from the biggest to the smallest, due to the in
verse relation between particle size and external surface area. The in
fluence of the dimensions of the elemental silicate 2:1 layers has been 
discussed previously (Aylmore and Quirk, 1967); larger crystals di
mensions result in lower surface areas in the bentonites, while the 
crystal size in [001] direction, or the number of layers per stack, should 
play a subordinate role according to Kaufhold et al. (2010) and Peng 
et al. (2020). 

In addition to the influence of the particle size, the arrangement of 
both the elementary 2:1 layers in quasi-crystals and the arrangement of 
the individual particles must be considered (Schoonheydt, 1994; Michot 
and Villiéras, 2006). The arrangement of the elementary 2:1 layers in 
[001], the staking direction, can be deduced from the size and the width 
of the 001 reflection in the XRD powder patterns. According to this, the 

samples can be classified from “very high crystallinity”, for samples with 
a narrow, intense, and well-defined 001 reflection, to “very low crys
tallinity”, for samples showing very broad diffraction effects in the re
gion of high d-spacing. Samples can be classified as well into four 
categories that are coincident with the location of the deposits: very high 
crystallinity (Tamame), high crystallinity (Almería), low crystallinity 
(Green Clays from Tajo), and very low crystallinity (Pink Clays from 
Tajo). The particle size and the staking order follow this same order from 
the largest to the smallest (Fig. 3) which corresponds with an increase in 
the SSABET. 

The Green and Pink Clays differ in macroporosity (Fig. 5), but the 
layer size and abundance of stacking defects (Figs. 2 and 3) are similar; 
thus, the difference in the SSABET is mainly related to the impurity 
content, as has been previously shown. The high values of both SSAμp 
and SSAEx, and consequently the high SSABET values, of the bentonites 
from Tajo were mainly related to their small particle size and their 
crystallinity. The samples from Tajo are those which have the best sur
face properties, highest values of SSABET, SSAμp, and SSAEx because they 
have the smallest particle size and very low crystallinity due to the 
abundance of staking defects. 

Fig. 8 shows the influence of particle size, the staking defects, and the 
microstructure in the surface properties of these laminar minerals. The 
external surface surrounding the particles, the interlayer or intra
crystalline microporosity that is accessible to the N2 at the edge of the 
particles, and the microporosity at the edge due to staking defects are 
schematized (Fig. 8a). In Fig. 8b it is shown how two particles with half 
lateral extension double their microporosity. The lateral dimension of 
the laminar particles influences the SSABET, and smaller particle sizes 
yielded higher surface areas, mainly because of increased microporosity. 
As the interlayer space is partially accessible to the N2 molecules 
(Kaufhold et al., 2010); therefore, as the lateral dimensions decreases, 
the proportion of edge particles and consequently accessible area in
crease (Fig. 8). When the external surface area of the edge increases, the 
proportion of edge microporosity related to stacking defects also in
creases (Fig. 8b). In contrast, the external surface area is higher when the 
particles have few elemental 2:1 units stacked because the number of 
basal surfaces exposed to the N2 molecules is higher (Fig. 8c). The 
imperfect parallel stacking of 2:1 layers in the crystal due to the crystal 
growth by semi-oriented attachment (García-Romero and Suárez, 2018) 
or the laminar particles in the aggregate (as shown in Fig. 8d) can also 
generate microporosity and mesoporosity. 

The microporosity related to the crystalline defects, both for stacking 
and for edge ordering, are common in the saponites from Tajo, as shown 
in Fig. 2, and is another cause of the high microporosity of these sam
ples, together with their small particle size (Fig. 3). The influence of 
particle size on the microporosity is related to the crystalline structure 
due to the different accessibility of N2 to the interior of the crystals. The 
existence of microstructural microporosity related to the arrangement of 
the crystals was also reported for sepiolite by Suárez and García-Romero 
(2012). 

The pore size distribution (Fig. 5) varied between samples. Although 
in all cases there are pores throughout the full-size range, there are 
distinct common characteristics for each group. The samples from 
Almería have lower microporosity and maximums in the highest sizes of 
mesoporosity. For example, the LTBN sample has its maximum value of 
pore volume at an equivalent pore diameter of 35 nm, and the MM 
sample has its maximum value in the macropore range (Fig. 5). Samples 
from Tajo showed the highest pore volume for lower pore sizes (Fig. 5), 
and accordingly the highest values of SSAμp, and a maximum in the 
mesopore range, between 10 and 20 nm. In contrast, the samples from 
Tamame have very low microporosity, and the maximum pore volume is 
in the macropore range. 

A hierarchical analysis performed using Ward’s method, which 
considers all data obtained from the N2 isotherms, grouped the samples 
according to their origin. This agrees with Dogan et al. (2007), who 
affirm that the textural properties are characteristic of each clay deposit. 

Table 2 
Textural data calculated from the N2 isotherms.   

SSABET 

(m2g− 1) 
SSAμp 

(m2g− 1) 
SSAEx 

(m2g− 1) 
Vμp. 
(m3g− 1) 

Av. 
Pore 
D. (Å) 

*BET SSA 
(m2g− 1) 

ALMERÍA 
CAR- 

C 65 22 44 0.0093 53.9 68 
CAR-1 67 26 41 0.0111 68.7 71 
CAR-2 84 30 54 0.0126 61.6 88 
CAR-3 68 27 41 0.0112 56.9 72 
CAR- 

2R 74 26 48 0.0111 61.1 78 
COR 74 26 48 0.0133 20.0 78 
LTBB 99 37 62 0.0155 53.7 104 
LTBV 118 43 75 0.0183 44.6 124 
LTBN 82 31 51 0.0131 51.9 86 
LJ 86 27 60 0.0115 46.3 96 
MM 65 16 49 0.0072 53.2 76 
SER 127 47 80 0.0238 20.1 134  

TAJO 
ROS 270 62 208 0.0273 42.3 284 
ESB5 268 74 194 0.0321 49.6 282 
RESQ 267 64 203 0.0280 35.9 281 
PB7 278 76 202 0.0393 45.3 293 
PB10 209 67 142 0.0346 46.4 220 
VER 145 50 93 0.0215 44.3 242 
ESB6 123 40 83 0.0168 49.9 189 
TAJ 179 68 112 0.0339 20.0 239  

TAMAME 
TAM4 66 28 39 0.0139 20.0 78 
TAM5 34 14 20 0.0062 19.0 48 
TER 28 10 18 0.0049 19.9 51 
AR60 31 11 20 0.0052 19.9 48 
BENP 25 6 19 0.0030 20.0 42 

SSABET: SSA measured by the BET method (Brunauer et al., 1938), SSAμp: 
micropore area, SSAEx: external surface area, Vμp: micropore volume, Av. pore 
D.: Average pore diameter. * SSABET: SSA calculated for 100% smectite. 
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Fig. 9 shows the clusters obtained considering to the external surface 
area; the samples were grouped almost perfectly according to their 
geological origin and, as shorter the distance higher the similarity. The 

hierarchy of clusters first separated the Pink Clays from the rest because 
of their different particle sizes. The second group was subdivided into 
three groups that correspond to Tamame, Almería, and Green Clays 

Fig. 5. Pore diameter distribution of some representative samples: a) LTBN, b) MM, c) RESQ, d): TAJ, e) AR60, f) TER. The discontinuous red lines delimit the 
micropores, mesopores and macropores. The vertical scale is the same for all samples except for RESQ. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 6. Graphical representation of the SSABET, SSAμp, and SSAEx values of the samples ordered by areas of provenance.  
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together with SER, and LTBV bentonites. The samples were grouped 
according to their common characteristics, such as particle size, stacking 
defects, and microstructure, that influence the surface properties. These 
are characteristic of each deposit because they are related to their 
genesis. 

5. Conclusions 

A comparative study of a wide group of very pure bentonites with 
similar exchangeable cations, were studied without pre-treatments that 
may affect the microstructure. This allowed the analysis of the influence 
of crystalline defects, particle size, and microstructure on the surface 
properties of the samples. The samples came from different deposits in 
the three areas in which bentonites are mined in Spain. Each of these 
areas has their own and characteristic microstructural features that are 
related to their geological origin. The size of the crystals and the parti
cles (i.e. aggregates), the abundance of crystalline defects, and the 
arrangement of the particles are different and characteristic of each 
deposit, and they affect the surface properties. 

This comparative study shows that the crystal size and crystalline 
defects of smectites influence the surface properties of bentonite 

Fig. 7. Binary plot of SSAμp and SSAEx. The red and continuous line is the linear 
regression with all the samples, while the red and discontinuous line is the 
linear regression without the Pink Clays. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 8. Schematic representation of the N2 adsorption (in blue) on smectite crystals and particles. Comparison among different sized particles showing the influence 
of the lateral extension of the layers and the number of 2:1 stacked layers and micro and mesoporosity due to the arrangement of the crystals forming particles. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 9. Grouping of the samples in different clusters considering the external surface area of the samples.  
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considerably more than previously thought. Owing to the partial 
accessibility of N2 to the interior of the interlayer space of the particles, 
the lateral dimension of the crystals considerably influences the 
measured microporosity, while the size in the [001] direction influences 
the external surface area. This is why the samples from Tajo, both the 
Green and Pink Clays, have the highest values of micropore and external 
surface area. In addition, the microporosity is also related to the stacking 
defects because the stacking of elemental 2:1 layers with small angles 
produces accessible micropores, as has been previously reported 
(Kaufhold et al., 2010). 

The microporosity is not restricted to the crystal or quasi-crystal but 
also depends on the arrangement of the crystals into aggregates; in other 
words, it also depends on the microstructure because subparallel ar
rangements with low angles produce microporosity, similar to that 
produced by the 2:1 layers. 

N2 adsorption studies showed that the bentonites have pores in the 
full range of sizes: smaller micropores of only a few angstroms (related 
to the crystalline structure of the interior of the interlayer and at the 
quasi-crystal edge), mesopores due to the microstructure, and macro
pores in the micrometric range. However, although the amounts of 
micro, meso, and macropores varied between samples, they are similar 
and characteristic for samples from the same geological areas. 
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