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ABSTRACT 

 

The chemical structure of clays is a significant determinant of their behavior, particularly in the case of 

active clays renowned for their high-swelling and hydro-isolating characteristics. These properties make 

them valuable in diverse geotechnical applications, including nuclear waste repositories and landfills. 

High swelling capacity and low permeability originate from the water physically attracted to clay 

particles, often termed "adsorbed" or "physisorbed" water. This water exhibits distinct features such as 

an ordered structure, higher density, and unique dielectric constant compared to bulk liquid water. Its 

interaction is influenced by factors like pore water salinity, degree of saturation, and temperature of the 

waste at repository. Predicting the mechanical response, such as swelling upon hydration, necessitates 

advanced modelling considering the physical-chemical interplay between water and clay particles. 

Accurate multi-physical predictions rely on precise microstructural investigations, crucial for 

understanding active clay behavior. This study introduces a novel methodology utilizing 

Thermogravimetric Analysis (TGA) to quantitatively assess adsorbed water in active clays. Employing 

this approach provides fresh insights into the types and quantities of water retained at different saturation 

levels of MX-80 bentonite. These findings can be incorporated into mechanical prediction models to 

augment their precision. 
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1. INTRODUCTION 

 

Bentonite is extensively employed in waste disposal applications (Laine and Karttunen, 2010). Its 

advantageous characteristics in waste management include swelling and low hydraulic permeability 

upon moisture exposure, effectively preventing the migration of contaminants from waste disposal sites. 

Bentonite serves as a reliable "seal" for nuclear waste containment (Laine and Karttunen, 2010). 

The uniqueness of bentonite is primarily dictated by its constituent mineral, montmorillonite. With a flat 

shape approximately 500x500nm in size and a thickness of 1nm, it has one of the highest surface-to-

mass ratios (specific surface area up to 800 m2/g) among soil materials. Its natural chemical structure 

consists of an octahedral 𝐴𝑙𝑂6 sheet located between two tetrahedral sheets of 𝑆𝑖𝑂4. Isomorphic 

substitution can naturally occur in both types of sheets, resulting in a charge deficit (Rouquerol et al., 

2014; Mitchell and Soga, 2005). The resulting negative charge at the surface is counterbalanced by 

exchangeable alkaline cations. This interaction between water and clay particles, facilitated by the 

exchangeable cations, induces water adsorption (here, physical adsorption is the process of enrichment 

of a material or increase in the density of the fluid in the vicinity of an interface without chemical 

bonding (Rouquerol et al., 2014)). This leads to the formation of water layers extending up to four times 

the thickness of the clay platelet itself. Consequently, the high specific surface area of bentonite becomes 

fully saturated with water upon hydration, resulting in swelling. While swelling upon hydration arises 
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from water-clay particle interaction, overlooking this interaction could yield inaccurate predictions of 

mechanical behavior. 

Existing modeling approaches allow predicting hydration isotherms of bentonite by combining different 

mechanisms connected to types of water adsorbed (e.g., Wang et al., 2022; Qiao et al, 2021). Existing 

experimental assessments of adsorbed water are limited to platelets spacing assessment by X-Ray 

Powder Diffraction (XRPD) and it is assumed the space between platelets is filled with water. Moreover, 

XRPD requires fine powders and is unable to detect amorphous structure (such as water or randomly 

located surface cations) (Cockcroft and Fitch, 2008).  

Montmorillonite, a key mineral in bentonite, attracts water in two forms: tightly bonded crystalline 

hydrates and weakly bonded osmotic hydrates. Mercury Intrusion Porosimetry (MIP) is unable to 

capture crystalline hydration (e.g. Norrish, 1962), occurring at humidities above 25% (Cases et al., 

1992). Additionally, at low humidity levels, most of the surface area remains vacant from water layers. 

Thermogravimetric Analysis (TGA) is a technique that allows to obtain the change of mass of a small 

specimen as a function of temperature (dynamic heating) or time (Tajeddine et al., 2015). Each 

temperature level corresponds to the energy needed for sublimation/evaporation of certain molecules in 

the sample (Vieillard, Tajeddine L, 2015). Thus, higher-level bonds removal would be visible at a higher 

temperature. 

In case of clays, similar processes were distinguished to take place in kaolinite, montmorillonite, 

saponite and other clay minerals during heating from 30°C to 950°C:  first step – evaporation of adsorbed 

water; second one – dehydroxylation – the release of structural OH in the form of water molecules, third 

– silica phase transformation. It is generally assumed that by the start of dehydroxylation no adsorbed 

water is left (Tajeddine et al., 2015; Saadatkhah et al., 2020; Zeng et al., 2022), however, that assumption 

remains not proved. Additionally, there is no consensus between authors on the temperature levels when 

all adsorbed water is removed. 

Discrepancies between water retention mechanisms in literature require development of new 

experimental tools capable of detecting water-clay particle interactions at the nanoscale across different 

chemo-hydro-mechanical states. These tools are essential for later implementation into accurate 

modeling approaches. 

In the present contribution, a new methodology for quantifying the different types of water retained by 

active clays is proposed. The proposed methodology involves using thermogravimetric analysis (TGA) 

on active clay specimens at different hydration stages, as well as using TGA on water samples having 

the chemical composition of the active clay specimens of interest. 

 

 

2. MATERIALS AND METHODS 

 

2.1. Tested material 

 

Bentonite MX-80 mixture was obtained by mixing the grains of fractions up to 4 mm with Fuller 

granulometry distribution. Smectite content of the material is 85%, Specific Surface Area (SSA) is 

523m2/g, specific gravity 2.74 (Seiphoori et al., 2014). Liquid and plastic limits are 544% and 110% 

respectively. Hygroscopic water content of the resulting mixture under laboratory conditions (imposed 

total suction 140 MPa, T=25°C) is 5.9%, dry density – 1.3 Mg/m3. 

 

2.2. Methodology 

 

The proposed methodology involves, after an initial specimen preparation phase, performing TGA on 

clay and water samples (using unique heating programme for all samples). A comparison of the 

temperature-water content curves of the clay samples and of the water samples reveals the temperature 

ranges required to remove a certain type of retained water and allows the corresponding water content 

to be quantified. 

 

2.2.1 Hydration procedure 
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Bentonite was placed into 3 “Microcells” (cells made of brass able to create constant volume conditions 
with small openings) for confined hydration in desiccators with the imposed total suction values of 1, 

26, 59 MPa (D, C, B states on Figure 1). Total suction of bentonite was measured by WP4C dew point 

chilled-mirror potentiometer (Leong et al., 2003). Total suction value of 1 MPa was measured on fully 

saturated bentonite (saturation was performed in Microcell in a chamber with water pressure 2.5 MPa 

for 2 days until no change in water volume in the pump was observed). 

 
Figure 1. Hydro-mechanical states of tested samples represented in form of water retention curve. 

 

2.2.2 Thermogravimetric analysis 

 

Experimental part of TGA consists of 2 sub-parts: testing of bentonite samples and of distilled water 

(Figure 2).  

Bentonite samples, taken immediately after opening microcells, are put in ceramic crucibles in the 

heating chamber of a Perkin Elmer TGA 4000 apparatus (Figure 2). The following heating (for all 

heating steps the rate is 10°C/min) is adopted: (i) isothermal step for 1 min at 30°C for equilibration; (ii) 

heating from 30 to 80°C; (iii) isothermal step for 15 min at 80°C; (iv) heating from 80 to 950°C; (v) 

isothermal step 1 min at 950°C. Bentonite samples included also those oven-dried (105°C) for more 

than 1 month to ensure the evaporation of all water in the sample. These long-dried samples are taken 

as reference state later in the analysis. 

 
Figure 2. Samples for thermogravimetric analysis. 

 

Water samples are put into crucibles in capillary form using syringe. The impact of capillarity on 

evaporation of water is presented on figure 3. Presence of capillars, that are created by ceramic grains 

and bentonite after heating, slows down the evaporation of water. However, the differences between 

various capillarities are negligible (Figure 3), which allows to use the curves of capillary water 

evaporation for later modelling. The initial mass of water varies from 2mg to 21mg (Figure 3). The 

following heating program is adopted: (a) isothermal step for 1 min at 30°C; (b) heating from 30 to 

80°C; (c) isothermal step at 80°C; (d) heating from 80 to 150°C. The final curves of water used for the 

proposed methodology are shown on figure 4. 

 

2.2.3 Accuracy of the measurements 

 

The Perkin Elmer TGA 4000 apparatus makes measurements with accuracy of the balance 0.01% (for 

most of samples 0.005 mg), temperature accuracy 0.8°C.  
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Additionally, the influence of total mass of sample and granulometry on accuracy was measured. Mass 

of samples influences the first part of the normalized curves (30...450°C) with coefficient of variation 

0.53% (standard deviation 0.57%). Granulometry of the sample influences predominantly the part 

between 600 and 800°C with coefficient of variation 0.42%, standard deviation 0.4%. 

 

 
Figure 3. Analysis of water evaporation in capillary form and form of a drop. “Bentonite matrix” corresponds to 

bentonite after heating up to 950°C, which loses its activity due to dehydroxylation at high temperatures. 

 

 
Figure 4. Output of TGA experiments and analysis after. 

 

2.3. Results analysis 

 

The experimental results are analyzed implementing the following procedure: (i) normalization of all 

bentonite TGA curves with respect to the final mass; (ii) combination of water evaporation curve with 

the long-dried sample TGA curve (Figure 4), representing the change of mass of bentonite without 

adsorption phenomena; (iii) difference between the actual sample with adsorbed water and the modelled 

curve. The combined curve is modelled in a way that it has the same water content as the samples in 

hydration path (Figure 1), in this way, the only difference between actual and modelled curve is the 

mass of water bonded to clay platelets. That mass is expressed as the mass of water per unit mass of dry 

clay on Figure 5 (the normalization changed to initial mass for interpretation of results). 

 

 

3. RESULTS AND DISCUSSIONS 

 

Figure 5 represents the results of presented methodology. Two main regions could be identified: (i) 

30...200°C with sharp peaks at around 80°C and (ii) 600°C...800°C with peaks starting from 0 to 0.021. 

The first region of the difference represents the water bonded to clay, thus, this region corresponds to 

adsorbed water (bulk water was removed by difference operation).  According to the second region, the 

states  of total suction 26, 59 and 140MPa show peaks of around zero, and the saturated sample has a 

higher value of 0,021. That fluctuation most probably corresponds to the change of fabric during 

saturation, as the accuracy evaluation due to granulometry was the highest at similar temperature zone. 
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As samples from the mixture were picked randomly, most probably the variation in grain size and in the 

amount of water retained by big and small grains resulted in scatter data. Therefore, this methodology 

should be targeted on the grain size of interest. 

 
Figure 5. Final result of the difference between real and modelled TGA-curves at 4 

hydraulic states. 

 

Overall, the values of adsorbed water obtained in present analysis is similar to some of the other 

methodologies, reporting half of the water stored in adsorbed form (e.g., Warr and Berger, 2007). On 

Figure 6 the interpretation of results is presented in a form of soil water isotherm, representing the water 

types’ amounts change upon hydration (capillary and adsorbed). 
 

 
Figure 6. Outcome of the analysis. 

 

 

4. CONCLUSIONS 

 

In present work a novel thermogravimetric methodology for experimental quantification of adsorbed 

water has been developed for the first time. The advantage of this methodology lies in its reliance on 

energy-based measurements.  

It was found that the adsorbed water and capillary water are present simultaneously and vary upon 

hydration. The abovementioned water types were quantified and a water isotherm was presented based 

on the findings.  

Present methodology can be implemented for other materials with adsorption phenomena (clays, sulfate 

rocks and others). 
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