
Applied Clay Science 219 (2022) 106434

0169-1317/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Density of water adsorbed on bentonites: Determination and effect on 
microstructural void ratio modelling 

Vicente Navarro *, Virginia Cabrera, Oscar Merlo, Gema De la Morena, Joel Torres-Serra 
Geoenvironmental Group, Universidad de Castilla-La Mancha, Avda. Camilo José Cela 2, 13071 Ciudad Real, Spain   
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A B S T R A C T   

The ability of helium gas displacement pycnometry to characterise the reduction of adsorbed water density with 
increasing bentonite water content was tested. For this purpose, after obtaining the grain density (which was 
assumed to be constant), an intensive campaign of 45 experiments was carried out with two bentonites for a total 
of 90 determinations, obtaining very consistent water density results. Furthermore, the water retention curve of 
one of the two bentonites was fully characterised by 95 tests with a chilled-mirror dew-point psychrometer. The 
water content results were used to determine the microstructural void ratio, both assuming a constant water 
density and considering the variation of the adsorbed water density obtained with the helium pycnometer. It was 
verified that with the constant value, by assuming a lower water density (1 g/cm3) than the experimental (values 
of 1.20 g/cm3 were obtained under hygroscopic conditions), higher values of microstructural void ratios are 
predicted, up to 15% greater for a relative humidity of 70% (0.46 instead of 0.40). For higher relative humidities 
the comparison loses its consistency, since the presence of capillary water cannot be disregarded, and the 
calculation of the microstructural void ratio is based on the assumption that the water present in bentonite is 
mainly in the form of adsorbed water. However, this does not compromise the analysis performed, as the results 
obtained for lower relative humidity values provide enough information to demonstrate the relevance of the 
errors that can occur when deriving models of the microstructural void ratio without taking into account the 
variation of the density of adsorbed water.   

1. Introduction 

The structural reorganisation of liquid water surrounding clay par-
ticles potentially affects its macroscopic properties compared to those of 
free water (Sposito and Prost, 1982). Specifically, water density values 
up to 1.4 g/cm3 were identified for water contents w < 10% (Martin, 
1960; Richards and Bouazza, 2007), approaching 1.0 g/cm3 or slightly 
lower values with increasing w (Richards and Bouazza, 2007). A good 
overview of the contributions on the subject can be found in the 
comprehensive review of the definition of soil water density by Zhang 
and Lu (2018a). These authors describe the wide range of techniques 
used to obtain experimental evidence. Among them, helium gas 
displacement pycnometry offers benefits in the obtention of direct 
quantitative data without requiring additional hypotheses (Zhang and 
Lu, 2018b). The main advantage of the high-penetration helium tech-
nique is that the volume of voids can be accurately measured by 
applying the ideal gas law (Richards and Bouazza, 2007), see Appendix 
A. Adopting a constant grain density ρG calculated in dry soil conditions, 

the variation in adsorbed water density ρm with w can be recovered 
(Karnland et al., 2006; Richards and Bouazza, 2007). 

Still a subject of interest to the physics community, precise assess-
ment of the adsorbed water density is especially relevant to the analysis 
of bentonite behaviour in engineered barrier systems for the disposal of 
high-level radioactive waste. Barrier efficiency is decisively conditioned 
by the swelling capacity of bentonites (Sellin and Leupin, 2013). 
Therefore, there is a need to develop reliable macroscopic swelling 
models to assess the long-term functionality of these emplacements. 

Currently, it is common to adopt double porosity approaches 
(Mainka et al., 2014; Sánchez et al., 2016; Navarro et al., 2017; Qiao 
et al., 2019) which consider the existence of two overlapping continuous 
media, micro and macrostructural modelling levels. The microstructural 
continuous medium (or simply microstructure) is the framework for 
simulating the effect on the system of processes occurring within the 
aggregates of clay particles. Macrostructure allows to simulate the effect 
on the system of the processes occurring in the inter-aggregate porosity. 
In these models, swelling is simulated by the increment upon soil 
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hydration of the microstructural void ratio em, defined as the ratio of the 
volume of microstructural porosity to the volume of solid mineral. 
Various constitutive models for em were proposed (Navarro et al., 2015; 
Dieudonne et al., 2017; Abed and Sołowski, 2020), based on data ob-
tained under reduced water content conditions, where most of the 
available water is adsorbed saturating the microstructure. Therefore, the 
soil water content w can then be identified with the microstructural 
water content wm (mass of adsorbed water per unit mass of solid), and, 
adapting the formulation of Della Vecchia et al. (2013), em can be 
defined as 

em = GS wm (1)  

where GS is the soil specific gravity, which in the conditions considered 
can be calculated by 

GS =
ρG

ρm
(2)  

em models usually consider GS to be a constant. However, it has been 
noted (Karnland et al., 2006; Richards and Bouazza, 2007) that even 
assuming ρG does not, ρm changes with wm. According to Eqs. (1) and 
(2), for any water content, the relative error made by ignoring the 
variation of ρm is given by 

em,ctt − em,act

em,act
=

ρm,act

ρm,ctt
− 1 (3)  

where subindex “act” indicates the actual values of em and ρm, and 
subindex “ctt” indicates the assumed constant value. Thus, if for water 
content value below 10% (the higher the density of the adsorbed water 
becomes), the value of ρm,act is 1.16 g/cm3 (see, for instance, Villar, 
2002; or Jacinto et al., 2012) but the calculations are made with ρm,ctt 
equal to 1.00 g/cm3, then the resulting relative error is 16%. For an 
actual adsorbed water density value of 1.4 g/cm3 (Richards and 
Bouazza, 2007) the error is 40%. Such significant differences in em can 
have a nonnegligible influence on the simulation of the behaviour of 
bentonite barriers. 

The first aim of this work is to verify the capability of helium gas 
displacement pycnometry to characterise ρm by numerous de-
terminations on two similar materials to test the repeatability of the 
measurement. The gathered data allow for defining a consistent model 
of the variability of ρm depending on wm. Moreover, the water retention 
curve is determined in conditions of reduced w with an intensive 
experimental campaign. The objective is to use the retention data and ρm 
model to characterise the sensitivity of the definition of em to the value 
of the adsorbed water density. This will provide a first evaluation of the 
effect that a constant ρm can have on macroscopic modelling of the 
volumetric behaviour of bentonites. 

2. Materials and methods 

Two bulk sodium bentonites were studied, respectively identified as 
MX-80—similar to the Be-Wy-BT007–1-Sa-R bentonite tested by Kivir-
anta and Kumpulainen (2011)—and Volclay, with properties summar-
ised in Table 1. For each bentonite, 10 samples of approximately 3.8 g 
each were dried in an analytical thermobalance PCE-MA 50x (PCE, 
2021) until constant mass and were left to cool in sealed weighing 
bottles until the temperature stabilisation. The grain density was then 
measured with an Accupyc II 1345 gas displacement pycnometer 
(Micromeritics, 2021) of 10 cm3 of chamber volume and accuracy of 
±0.03% FS. All volume observations represent the mean of three mea-
surements automatically performed by the pycnometer. Although the 
rationale for the method can be found in various sources, e.g. Micro-
meritics (2021), given its relevance to this paper, a brief description is 
included in Appendix A. 

Subsequently, the soil density was determined under hygroscopic 
conditions (15 samples of each bentonite) and at target water contents of 

10%, 20%, and 30% (10 samples for each water content and soil). 
Samples similar to those used to determine grain density were again 
initially dried and cooled. The bentonite samples at hygroscopic relative 
humidity were prepared in laboratory ambient conditions (temperature 
23 ◦C ± 2 ◦C, relative humidity 40% ± 5%) for five days. To the 
remaining samples, the mass of water needed to reach the target water 
content was added. After preparation, all samples were enclosed in 
impermeable plastic film for three days before testing with the helium 
pycnometer. Total suction s after three days of homogenisation was 
determined using a chilled-mirror dew-point psychrometer (METER, 
2021) with accuracy ±0.05 MPa, from 0 MPa to 5 MPa, and 1% from 5 
MPa (accuracy ±0.05 MPa) to 300 MPa (accuracy ±3 MPa). 

Furthermore, 60 additional values of the water retention curve for 
the MX-80 bentonite were determined with the psychrometer. The 
tested samples (also of 3.8 g) were prepared analogously to the soil 
samples tested with the helium pycnometer, although in this case the 
target w values ranged gradually from 5% to 30%. 

3. Results and discussion 

Detailed results of all 90 pycnometry experiments and suction vs. 
water content data from the 60 psychrometric tests on MX-80 bentonite 
are provided as supplementary material in Tables S1 and S2, respec-
tively. In this section, these results are analysed and discussed. 

Having prepared the samples from initially dry states, the mass of 
grains MG and of water MW is known. Hence, the soil volume measured 
by pycnometry VS (Appendix A) satisfies 

VS = VG +VW =
MG

ρG
+

MW

ρm
(4)  

where VG is the volume of grains, VW is the volume of adsorbed water, 
and the water density ρm can be found by adopting a constant grain 
density ρG. 

The accuracy of the water density depends on the precision of the 
grain density value. For this reason, although the grain density values 
that can be deduced from the crystallography were not used, 10 de-
terminations of ρG were carried out on dry samples of each bentonite for 
robustness. The value of ρG was drawn from Eq. (4) knowing MG and V 
and taking MW = 0. The density results show a variability below 0.21% 
of the mean, Fig. 1a. If, for the average density associated with the i-th 
determination, ρG,i, the deviation xρ with respect to the average ρG,10 
obtained with the 10 determinations is defined as 

Table 1 
Main properties of MX-80 and Volclay bentonites.   

MX-80 Volclay 

Chemical composition (wt% > 1%) 
SiO2 59.82 66.43 
Al2O3 21.27 19.62 
Fe2O3 3.62 3.41 
Na2O 2.86 2.09 
MgO 2.77 2.64 
CaO 1.49 1.71  

Mineralogical composition (wt% > 1%) 
Smectite 87.6 92.4 
Plagioclase 4.2  
Quartz 4.1 1.5 
K-feldspar 1.8  
Gypsum    

Other properties 
Cation Exchange Capacity (cmol(+)/kg) 84 98.8 
Exchangeable cations Na+/K+/Ca2+/Mg2+ (cmol 

(+)/kg) 
58/2/25/ 
8 

63/1/19/ 
17 

Liquid Limit 510 547 
Plastic Limit 50 54  
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xρ = 100 ∣
ρG,10 − ρG,i

ρG,10
∣ (5)  

after 5 determinations (i = 5) xρ is less than 0.03%, Fig. 1b y c. There-
fore, the adopted values of 2.712 g/cm3 for MX-80 and 2.791 g/cm3 for 
Volclay seem to be acceptable for further analyses with nonnegligible 
MW. 

The 90 pycnometry results are remarkably consistent for the MX-80 
and Volclay bentonites (Fig. 2). The dispersion of the data widens with 
decreasing water content. This is not interpreted as a limitation of the 
technique, in view of the robust assessment of the grain density. 
Measuring errors predominate for small values of w. This entails the 
reduction of MW and VW = V – VG = V – MG/ρG, resulting in a lower 
accuracy of the estimated ρm. Higher accuracy would be achieved by 
testing larger samples, which would require using pycnometers of a 
larger chamber capacity. The water density values throughout the range 
of w studied are nevertheless consistent with the measurements on 
Wyoming montmorillonite reported by Zhang and Lu (2018b) and the 
values adopted by Bahramian et al. (2017) (although in neither case the 
values were standardised with respect to the grain density) with prac-
tically identical tendencies. Fig. 2a also incorporates the model by Zhang 
and Lu (2018b) for the soil water density curve. The theoretical curves 
associated with decay rates η of 0.9 and 1.0 comprise the obtained re-
sults, with a better fit (as proposed by Zhang and Lu, 2018b, for Na- 
montmorillonite) when taking η = 0.9. Consistency between the con-
ceptual model and experimental values provides confidence in the latter. 
The data as represented in the relative humidity RH vs. ρm space 

(Fig. 2b) are also observed to be in good agreement with the MX-80 
bentonite values reported by Jacinto et al. (2012). 

Note that only Eq. (4) is used to obtain the water density values 
represented in Fig. 2. Eq. (4) is still valid even if the water density is not 
identified with ρm. In fact, Eq. (4) can be generalised by including ρW,Av 
(average water density of the soil) instead of ρm. However, the aim of 
this work is to analyse the characterisation of em, so the focus is on 
adsorbed water. Consequently, it is critical to determine at what point it 
is no longer valid to assume ρm in Eq. (4), i.e. when it cannot be assumed 
that all water present in the bentonite is adsorbed water. 

There are important number of studies that have analysed this issue. 
For example, Cases et al. (1992) pointed out that for relative humidities 
above 72% the hydration of an MX-80 undergoes a significant change, 
becoming fundamentally an isoenthalpic process. Gailhanou et al. 
(2010) identified the water present in an MX-80 bentonite for RH values 
below 75% as fundamentally adsorbed water. This value is taken as a 
reference in this work. Therefore, Fig. 2b, in the samples associated with 
a target water content of 20% the water became not just adsorbed water, 
as the samples had RH values between 75 and 80%. For a water content 
of 30% and RH of 90%, it is no longer correct to assume that the 
calculated water density can be identified as the density of adsorbed 
water. However, the evolution of the average water density value in the 
bentonite does not change abruptly with increasing water content, but 
decreases smoothly (Fig. 2b). The water density data do not allow to 
identify when the results are predominantly associated with adsorbed 
water. It is necessary to incorporate more information into the analysis. 
It is also essential to do so, because to obtain em with Eq. (1), together 

Fig. 1. (a) Grain density values of MX-80 and Volclay bentonites. Evolution of ρG,i and xρ: (b) MX-80 and (c) Volclay.  
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with GS (obtained with Eq. (2) and the data in Fig. 2), retention data 
must be available to define wm. 

Given the similarity between the density data associated with the 
two associated bentonites, this study is focused on analysing the reten-
tion properties of MX-80. The retention data are depicted in Fig. 3a: 35 
results obtained during the pycnometry tests plus 60 additional mea-
surements. A smooth change in slope can be appreciated as the RH 
changes from 70% to 80%, but there is no marked discontinuity. 

Assuming a constant value of ρm = 1 g/cm3, from Eq. (2) GS = 2.712 
is deduced. Thus, by Eq. (1), a linear relationship between em and wm. 
The relationship is different, Fig. 3b, if the variation of ρm with wm in 
Fig. 2a is considered. Absolute differences of approximately 0.08 can be 
seen in Fig. 4b, where larger em values correspond to the calculations at 
constant ρm since the water density is underestimated and the volume 
occupied increases accordingly. However, the validity of the em pre-
dictions for these water content values must be questioned, as they 
correspond to RH higher than 75%, so the presence of capillary water 
cannot be neglected. In fact, Fig. 4b indicates that the trend of the dif-
ferences obtained when estimating em with different hypotheses on ρm 
change for RH values between 70% and 80%. It is interpreted that this is 
because for this RH it cannot be assumed that the water present is 
fundamentally adsorbed water, so it is no longer correct to assume that 
Eq. (4) defines ρm, where the estimation of em is no longer valid. 
Consequently, the comparisons made are rendered meaningless. In any 
case, for RH below 70% the results obtained are consistent, indicating an 
error of 0.07 in em when taking ρm = 1 g/cm3, Fig. 4b. This implies a 
relative error of em above 15%, Fig. 5, which may be significant. Thus, 

when, for example, the swelling pressure is analysed and isochoric 
conditions are assumed, any phenomenon involving unconsidered 
deformability significantly distorts the interpretation of the process. 

As observed in Fig. 2, the accuracy of ρm is lower for small w, so care 
must be taken with the errors introduced in em under these conditions. 
Even if its absolute value is small (as em is also small), the relative error is 
important, Fig. 5, and can affect the simulation of dry soil behaviour. If, 
for instance, the simulation of a swelling process is again taken into 
consideration, since the true water density is considerably higher than 
that assumed, higher swelling velocities (volume increase) can be esti-
mated to correctly model the mass increase. Ultimately, the differences 
induced by assuming a constant ρm are likely to produce unrealistic 
predictions of the behaviour of the system. 

An approximation to system behaviour analysis using constant 
adsorbed water density may still be of interest for ease of modelling, or 
to adapt to already developed numerical simulation tools. Therefore, the 
constant value of ρm that introduces the least amount of error in the 
simulation of em is investigated. Fig. 4a depicts the modelled em for 
values of ρm in the first quartile (1.143 g/cm3), the mean (1.217 g/cm3), 
and the third quartile (1.325 g/cm3) of the data points in Fig. 2. Small 
wm values correspond to reduced em with small absolute error values 
(Fig. 4b) but large relative errors (Fig. 5). Relative errors of em decrea-
se—and the estimated em approaches the actual values—for higher 
density quartiles (ρm is maximum for small wm). This tendency is 
inverted with increasing wm, as ρm decreases. Within the range of wm 
studied, overall smaller errors are found when using the average density, 
although in this case a plausible em model is not obtained. For small wm, 

Fig. 2. Adsorbed water density obtained by helium pycnometer testing. (a) Water content vs. density. (b) Relative humidity vs. density.  
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em values larger than the actual values are expected, see the negative 
absolute error in Fig. 4b. Instead, smaller values are predicted for RH >
50%, and positive absolute errors are predicted in Fig. 4b. 

4. Conclusions 

Helium gas displacement pycnometry was applied to directly 
determine the adsorbed water density on two bentonites, MX-80 and 
Volclay, with very consistent results. The dispersion in density for low 
water content is attributed to the small water mass and volumes avail-
able at reduced water content, which affect the relative values of den-
sity. To avoid this issue, pycnometers with large chamber volumes are 
recommended, in which larger samples can be tested. An exhaustive 
campaign consisting of 90 experiments, 45 on each bentonite, charac-
terised the reduction of adsorbed water density (and of the bentonite 
specific gravity at constant grain density) with increasing water content 
of the soil. This effect should not be neglected in the macroscopic 
simulation of the system, especially for models that implement the 
microstructural void ratio as a state function characterised by data ob-
tained under conditions of low water content. Under these conditions, 
the available water is assumed to be adsorbed, saturating the 

microstructure, and the value of the microstructural void ratio is defined 
in terms of the water content and soil specific gravity. Taking the latter 
magnitude constant may induce nonnegligible errors.This was verified 
by describing the water retention curve of MX-80 in detail (95 obser-
vations) using a chilled-mirror dew-point psychrometer. If the specific 
gravity of the bentonite is assumed to be constant and equal to the 
density of the grains (assuming an adsorbed water density of 1 g/cm3), 
then the density of the water is underestimated, and the microstructural 
void ratio is overestimated. For low water content values (in hygro-
scopic conditions), as the value of the microstructural void ratio is 
reduced, so are the absolute errors obtained when the real value of the 
adsorbed water density is not considered. Nevertheless, the relative er-
rors are important. For higher water content, the adsorbed water density 
is reduced, decreasing the relative errors. The calculation of these errors 
is inconsistent for relative humidity values above 70% - 80% (water 
content higher than 20% in the soil studied). In this situation, the 
presence of capillary water cannot be neglected. Consequently, it cannot 
be assumed that the water in the bentonite is mainly adsorbed water, a 
basic hypothesis in the analyses carried out, and thus that the calculated 
microstructural void ratio values are no longer reliable. However, the 
microstructural void ratio state surfaces used in macroscopic models are 

Fig. 3. (a) Retention data of MX-80 bentonite obtained with chilled-mirror dew-point psychrometer. (b) em values.  
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usually derived using lower relative humidity values, so the analysis 
performed applies. This demostrates the importance of considering the 
variation of the adsorbed water density when determining these sur-
faces. However, if approximate models are adopted by implementing a 
constant bentonite specific gravity, while it is always advisable to check 
the model sensitivity to adsorbed water density, the inspection carried 
out indicates that the overall error is smaller if the value of the micro-
structural void ratio is derived using average values of the adsorbed 
water density. 
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Appendix A. Methodology to determine the volume of voids by helium gas displacement pycnometry 

The Accupyc II 1345 pycnometer (Micromeritics, 2021) has two intercommunicating chambers, A and B. Initially, only chamber A is operational 
and contains the soil sample. Pressurised helium is then injected. Under equilibrium conditions at pressure P1 (135 kPa above the atmospheric pressure 
in the performed experiments), the ideal gas law applies 

P1 (V1 − VS) = nRT (A.1)  

where V1 is the volume of chamber A and is known, VS is the true volume of the soil, R is the gas constant, and T is the operational temperature between 
15 ◦C and 36 ◦C (a temperature of 21 ◦C was recorded during the experiments). The high penetration capacity of helium, reaching 1 Å pores 
(Micromeritics, 2021), allows to assume VS = VG + VW, where VG is the volume of soil grains and VW is the volume of adsorbed water. 

After equilibrium, chambers A and B communicate, attaining a new equilibrium state at pressure P2 (approximately 75 kPa in the performed 
experiments) following 

P2 (V2 − VS) = nRT (A.2)  

where V2 is the total volume of both chambers A and B, also known. As a result, VS is calculated by 

VS =
P1 V1 − P2 V2

P1 − P2
(A.3)  

Appendix B. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.clay.2022.106434. 
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pycnometry. Géotechnique 57, 403–406. https://doi.org/10.1680/ 
geot.2007.57.4.403. 

C DC FA FuA I M PA R S SU VA VI WOD WRE 

VN X  X X X X X X X X X  X X 
VC  X X  X X  X X  X X X  
OM  X    X  X X  X X   
GD  X    X  X       
JT X  X  X X  X X  X  X X   

V. Navarro et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.clay.2022.106434
https://doi.org/10.1680/jgeot.18.P.220
https://doi.org/10.1016/j.colsurfa.2016.08.021
https://doi.org/10.1016/j.colsurfa.2016.08.021
https://doi.org/10.1021/la00047a025
https://doi.org/10.1002/nag.1116
https://doi.org/10.1139/cgj-2016-0297
https://doi.org/10.1139/cgj-2016-0297
https://inis.iaea.org/collection/NCLCollectionStore/_Public/46/136/46136118.pdf
https://inis.iaea.org/collection/NCLCollectionStore/_Public/46/136/46136118.pdf
https://doi.org/10.1680/geot.7.00127
https://doi.org/10.1680/geot.7.00127
http://refhub.elsevier.com/S0169-1317(22)00029-1/rf0040
http://refhub.elsevier.com/S0169-1317(22)00029-1/rf0040
http://refhub.elsevier.com/S0169-1317(22)00029-1/rf0040
http://refhub.elsevier.com/S0169-1317(22)00029-1/rf0045
http://refhub.elsevier.com/S0169-1317(22)00029-1/rf0045
https://doi.org/10.2136/vzj2013.06.0107
https://doi.org/10.1346/CCMN.1960.0090104
https://doi.org/10.1346/CCMN.1960.0090104
http://library.metergroup.com/Manuals/20588_WP4C_Manual_Web.pdf
http://library.metergroup.com/Manuals/20588_WP4C_Manual_Web.pdf
https://www.micromeritics.com/wp-content/uploads/Accupyc-II-1345-Brochure_0.pdf
https://www.micromeritics.com/wp-content/uploads/Accupyc-II-1345-Brochure_0.pdf
https://doi.org/10.1016/j.clay.2015.10.015
https://doi.org/10.1016/j.enggeo.2017.04.016
https://www.pce-instruments.com/espanol/balanza/balanza/balanza-de-humedad-pce-instruments-balanza-de-humedad-pce-ma-50x-det_5861003.htm
https://www.pce-instruments.com/espanol/balanza/balanza/balanza-de-humedad-pce-instruments-balanza-de-humedad-pce-ma-50x-det_5861003.htm
https://www.pce-instruments.com/espanol/balanza/balanza/balanza-de-humedad-pce-instruments-balanza-de-humedad-pce-ma-50x-det_5861003.htm
https://doi.org/10.1016/j.compgeo.2019.103173
https://doi.org/10.1680/geot.2007.57.4.403
https://doi.org/10.1680/geot.2007.57.4.403


Applied Clay Science 219 (2022) 106434

8

Sánchez, M., Gens, A., Villar, M.V., Olivella, S., 2016. Fully coupled thermo-hydro- 
mechanical double-porosity formulation for unsaturated soils. Int. J. Geomech. 16, 
D4016015. https://doi.org/10.1061/(ASCE)GM.1943-5622.0000728. 

Sellin, P., Leupin, O.X., 2013. The use of clay as an engineered barrier in radioactive- 
waste management a review. Clay Clay Miner. 61, 477–498. https://doi.org/ 
10.1346/CCMN.2013.0610601. 

Sposito, G., Prost, R., 1982. Structure of water adsorbed on smectites. Chem. Rev. 82, 
553–573. https://doi.org/10.1021/cr00052a001. 

Villar, M.V., 2002. Thermo-Hydro-Mechanical Characterisation of a Bentonite from Cabo 
de Gata. A Study Applied to the Use of Bentonite as Sealing Material in High Level 
Radioactive Waste Repositories. Publicación Técnica, Madrid, Spain.  
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