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Abstract 9 

Gas adsorption is widely used for characterization of clays. Apart from “classical” experiment 10 

of nitrogen or other gases adsorption/desorption at cryogenic temperatures, allowing the 11 

determination of the specific surface area, partial mesopore and micropore volume and size 12 

distributions, gas adsorption can also be used for the characterization of clay surface texture 13 

(energetic heterogeneity) related to layered structure of clays. Derivative Isotherm Summation 14 

applied to high-resolution gas adsorption isotherms was shown to be a powerful tool to access 15 

energetic characteristics and ratio between basal and lateral faces of clay particles. To date, 16 

the method is not commonly employed for characterization of clays and other heterogeneous 17 

solids, probably due to specificity of high-resolution isotherms acquisition technique 18 

described in the original literature: quasi-equilibrium volumetry with gas injection by 19 

microleak. We illustrated in the present work a possibility to use widely available static 20 

manometric commercial gas adsorption analysers for this purpose. 21 
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summation.      23 

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0169131719304302
Manuscript_07de1314373765405d8cad4bb25456b8

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0169131719304302
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0169131719304302


1. Introduction 24 

Clay particles feature a specific texture originating from the coexistence of structurally 25 

inequivalent basal (pyrophilite-like) and lateral (hydroxylated) faces. These influence 26 

properties of clays such as cation exchange capacity, chemical species retention, zeta potential 27 

etc. (Bradbury and Baeyens, 2000; Hassan et al., 2005; Leroy et al., 2015). Atomic force 28 

microscopy (AFM) and electron microscopy image reconstruction (Ploehn et al., 2000; 29 

Tournassat et al., 2003; Cadene et al., 2005; Sayed Hassan et al., 2006) and Derivative 30 

Isotherm Summation (DIS) (Bardot et al., 1998; Michot and Villiéras, 2002) have emerged as 31 

accurate tools to characterize the texture of clay surfaces. While the former technique is well-32 

known and currently utilized for characterization of clays and other layered solids, the 33 

application of the latter one is less common. A detailed description of DIS method can be 34 

found in the original literature and reviews (Villiéras et al., 1992, 1997, 2002; Nir et al., 35 

2006). Here we only briefly recall the basic principle of DIS in the context of clays surface 36 

characterization.  37 

Michot et al. illustrated that for majority of clays, upon Ar or N2 adsorption at 77 K, the 38 

monolayer completion occurs first on highly polarizing lateral faces (at lower pressures) and 39 

then on basal surfaces (at higher pressures) (Michot et al., 1990). Quasi-equilibrium 40 

volumetry (or more precisely manometry) with gas injection by micro-leak was proposed for 41 

the acquisition of high-resolution isotherms composed of more than 2000 experimental points 42 

in the domain of relative pressures ranging between 10-7 and 0.1. This technique offers the 43 

advantage of detecting progressive monolayer completion on different surface domains and 44 

usually allows the acquisition of very smooth isotherms. Villieras et al. have further proposed 45 

to simulate the derivatives of high-resolution isotherms, being more sensitive to fine 46 

variations of adsorbed amount, especially in the case of multi-component isotherms, with the 47 

sum of theoretical monolayer or multilayer adsorption isotherm derivatives in order to access 48 



energetic parameters of adsorption and areas of individual surface domains (DIS procedure) 49 

(Villiéras et al., 1992). A very similar procedure for the calculation of adsorption potential 50 

distribution was introduced earlier by Jaroniec and Choma (Jaroniec and Choma, 1987) for 51 

the characterization of microporous materials (Jaroniec et al., 1996; Jaroniec and Choma, 52 

1997). The most commonly employed models for isotherm simulation in the context of DIS 53 

for the characterization of clays are Bragg-Williams-Temkin (BWT) (1) and Brunauer-54 

Emmett-Teller-Hill (BET-H) (2) equations describing monolayer and multilayer adsorption 55 

respectively. According to these models, the coverage of adsorption sites θ (related to 56 

adsorbed amount Vads) with relative gas pressure (p/p°) is influenced by adsorbate/adsorbent 57 

and lateral adsorbate/adsorbate interactions, which are described respectively with the 58 

parameters C and ω. More details are given in (Villiéras et al., 1997). Equation (1) is usually 59 

retained for the description of low-pressure components. Its derivative in ln(p/p°) – 60 

dVads/dln(p/p°) coordinates affords symmetric peaks with the position and width being 61 

determined by C and ω respectively. The derivative of equation (2) leads to peaks with 62 

ascending right-hand side and is mostly used for the description of high-pressure components 63 

where multilayer adsorption takes place. Other models for the description of adsorption on 64 

planar surfaces and in micropores (Dubinin-Astakhov equation and its extensions) are also 65 

available (Villiéras et al., 1997). Due to its quadrupolar momentum, nitrogen specifically 66 

interacts with cations or other chemical species such as surface hydroxyl groups and may be 67 

differently oriented near these sites, making isotherm analysis difficult. Thus, monoatomic 68 

gases like argon, characterized by spherical geometry are preferred probes for surface texture 69 

analysis. 70 
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DIS was illustrated to be a powerful tool for surface heterogeneity analysis, and it was 73 

extensively applied by Villieras and co-authors for the characterization of different families of 74 

clays and other minerals and synthetic materials, such as nanocrystalline or microporous 75 

solids (Bardot et al., 1998; Michot and Villiéras, 2002; Prélot et al., 2003b, 2003a; Garnier et 76 

al., 2007; Ali Ahmad et al., 2013). Nowadays, the DIS technique is not commonly employed, 77 

probably due to the specificity of the equipment proposed in the original literature for the 78 

acquisition of high-resolution isotherms smooth enough to obtain interpretable derivatives. In 79 

the present contribution, we evaluate the applicability of the DIS procedure to high-resolution 80 

isotherms obtained with available commercial gas adsorption analysers in the context of clay 81 

surfaces heterogeneity analysis, using Argon adsorption at 77 K. 82 

2. Materials and methods 83 

Gas adsorption isotherm measurement. The isotherms were acquired using 3Flex 84 

automated static manometric adsorption analyser from Micromeritics, equipped with high 85 

accuracy pressure transducers (precision 0.15 % of absolute pressure reading) allowing for 86 

measurements in the domain of Argon or Nitrogen relative pressure ranging between 10-6-10-7 87 

and 1. Such a broad range of pressures is required for characterization of micro- and 88 

mesopores. The acquisition was performed in fixed-dose mode, varying the amount of 89 

injected gas between 0.01 and 10 cm3/g, depending on pressure interval and specific surface 90 

area of analysed samples. In the same way, the equilibration time after gas injection was 91 

adjusted and optimized by varying the pressure measurement interval from 10 up to 90 s. The 92 

optimization procedure consists of the research of experimental conditions where the 93 

thermodynamic equilibrium of adsorption is attained and completely smooth isotherm, 94 



featuring at least 10-20 points per decade of gas pressure values, is acquired within 48-60 h, 95 

which corresponds to the autonomy time of the Dewar vessel filled with liquid nitrogen to 96 

maintain cryogenic temperature in the sample tube. As an example, for Illite du Puy featuring 97 

specific surface area close to 100 m2/g we found the following amounts of injected Ar 98 

allowing the generation of sufficiently high number of experimental points per domain of 99 

values of gas pressures: 0.015 cm3/g until p/p°=2·10-5, then 0.05 cm3/g until p/p°=2·10-4, then 100 

0.15 cm3/g until p/p°=10-3, then 0.2 cm3/g until p/p°=10-2, 0.6 cm3/g until p/p°=10-1 and 101 

finally 5 cm3/g until p/p°=3·10-1. Pressure measurement interval during equilibration 102 

processes was set to 15 s for relative pressures ranging between 2·10-5 and 3·10-1, its 103 

prolongation did not significantly influence the isotherm shape. Since at low pressure the 104 

equilibration kinetics is slow this parameter was fixed to 30 s below p/p°=2·10-5 in order to 105 

avoid s-shaped artefact. The saturated vapour pressure of Argon at 77 K was measured 106 

periodically. Specific surface areas were determined from Ar adsorption isotherms using BET 107 

theory (adsorbed Ar cross section area at 77 K – 0.143 nm2) in the domain of relative 108 

pressures 0.1-0.3. Before isotherms measurements, all samples were outgassed under dynamic 109 

vacuum at 393 K until residual pressure stabilization (at least 72 h). The volumes of cells non-110 

occupied by samples were determined at ambient temperature and at 77 K by He expansion.  111 

The derivatives of experimentally measured isotherms were calculated using numerical 112 

procedure. Only smooth isotherms afford “high-quality” interpretable derivatives. Those were 113 

simulated with the sum of derivatives determined from the equations (1) and (2). For low-114 

pressure domains, we mainly considered BWT equation (monolayer adsorption) while for 115 

high-pressure domain, where multilayer adsorption takes place – BET-H equation. Both 116 

equations were resolved using an iterative method for each experimentally measured point of 117 

pressure whilst their derivatives were computed by differentiation. The number of 118 

components needed to simulate experimental isotherm derivatives, their weight and 119 



parameters C and ω were adjusted as best-fit parameters minimising the residual sum of 120 

squares between experimental and simulated isotherms, as recommended in (Villiéras et al., 121 

1997). The weight of the individual components corresponds to their contribution to the total 122 

specific surface area of the solid. In the specific case of clays, the contribution (fraction) of 123 

surfaces of basal faces to the total specific surface area (composed of basal and lateral faces) 124 

corresponds to the lamillarity index (L) which quantitatively describes their texture.  125 

Sample preparation. A fine (< 2 µm ) montmorillonite fraction was extracted from Bentonite 126 

MX-80 by 5 g/l suspension centrifugation at 1000 rpm and it was further exchanged with Na 127 

by following the standard procedure: contact with 0.5 mol/l NaCl solution, 6 cycles of 128 

centrifugation at 20000 rpm and subsequent washing/re-dispersion in deionized water and 129 

suspension drying at 323 K under air. The clay fraction from Illite du Puy was purified by an 130 

elutriation procedure and further transformed to a Na-exchanged form in the same way as a 131 

montmorillonite sample (Tournassat et al., 2007). Kaolinite was received from Fluka 132 

Analytical (Sigma Aldrich) in form of fine powder (<150 µm) and analysed without any 133 

purification. Two core samples of natural clay-rock come from the Callovo-Oxfordian 134 

mudstones, East of Paris basin, underground laboratory of Bure, France (Gaucher et al., 135 

2004). Both samples are characterized by the same clay fraction content (about 45%) 136 

featuring different composition (COx-EST 48599 (-508,3 m): 75-80% of illite and 20-25% of 137 

smectite, COx-EST 48601 (-466 m): 60-70% of illite and 30-40% of smectite). All samples 138 

except kaolinite (already powdered) were grinded manually and sieved to collect < 100 µm 139 

size fraction. 140 

3. Results and discussion 141 

In a first step high-resolution Ar adsorption isotherms were acquired for three pure-phase 142 

“model” clays: kaolinite, illite and montmorillonite, extensively studied by the DIS technique 143 

(Villiéras et al., 1997; Bardot et al., 1998; Tournassat et al., 2003; Sayed Hassan et al., 2006). 144 



The experimental isotherms and their derivatives are shown in Figure 1. All isotherm 145 

derivatives feature a classical shape as observed earlier, including a major component 146 

characterized by a peak at ln(p/p°)≈ -4..-5 and a more or less pronounced secondary 147 

component in the range of lower pressures, merging as a shoulder at ln(p/p°)≈ -8..-6, as well 148 

as a minor component below -10. Isotherm deconvolution with BWT and BET-H models 149 

reveals an overlap of these different contributions. According to the bibliographic results 150 

(Sayed Hassan et al., 2006), low-energy (high-pressure) and high-energy (low-pressure) 151 

components are assigned, with some exceptions (Villiéras et al., 1997, 2002), to basal (b) and 152 

lateral (l) faces respectively. The lamellarity index (L) determined by the degree of layers 153 

stacking is used for quantitative description of clays texture. For kaolinite and illite the shapes 154 

of isotherms and deduced energetic parameters of argon adsorption on different surface 155 

domains (C and ω) are close to those reported in the literature (Table 1) (Sayed Hassan et al., 156 

2006). For montmorillonite extracted from bentonite MX-80, however, the isotherm envelop 157 

slightly differs: low-pressure components, related to the contribution of lateral faces, feature a 158 

more pronounced character when compared to that described by Tournassat et al. (Tournassat 159 

et al., 2003). A similar signature was observed for Na-SWy-1 montmorillonite (Le Forestier et 160 

al., 2010). The difference in textural properties of montmorillonites can be related to sample 161 

preparation procedure. In the present work clay suspension was air dried while in (Tournassat 162 

et al., 2003) it was freeze-dried and according to (Pacuła et al., 2006), freeze-drying may 163 

influence surface areas and texture of swelling clays.  164 

We further probed the use of equilibrium manometry for high-resolution Ar adsorption 165 

isotherms acquisition for natural clay rock samples texture analysis. Isotherm derivatives 166 

together with their best-fit simulation (BWT and BET-H models) for COx-EST 48599 and 167 

COx-EST 48601 argillite are represented in Figure 2. The shapes of the isotherms are similar 168 

to those of pure-phase clays. In spite of the closeness of structural features of single-phase 169 



clays and argillite clay fraction (Tournassat et al., 2009), the components of the isotherms 170 

accessed by best-fit simulation are assigned to the same surface sites as in cases of reference 171 

systems, i.e. low-pressure components – lateral faces, high-pressure components – basal 172 

faces. While low-pressure components of both isotherms feature almost identical intensity, the 173 

high-pressure main component in case of COx-EST 48601 isotherm is less pronounced in 174 

comparison to COx-EST 48599. This suggests a lower contribution of basal faces to the total 175 

specific surface area for former argillite. Energetic parameters determined by isotherm 176 

simulation are summarized in Table 1.  177 

Comparing the lamellarity indexes for pure-phase clays, one can realize that in case of 178 

montmorillonite sample, characterized by low value of L and consequently low contribution 179 

of basal faces to the total specific surface area (Table 1), the stacking of phyllosilicate sheets 180 

is higher than for illite or kaolinite featuring higher L values. Interestingly, the same trend is 181 

also observed for natural clay rock samples. For instance, COx-EST 48601, which features 182 

higher smectite fraction content, is characterized by lower lamellarity index and thus higher 183 

level of phyllosilicate sheets stacking acquired during diagenesis in comparison to COx-EST 184 

48599. 185 

4. Conclusion 186 

High-resolution Ar adsorption isotherms were acquired at 77 K for a series of model single-187 

phase clays and complex natural argillite samples using static manometry method. High-188 

quality derivatives were obtained for the entire set of samples despite significantly lower 189 

number of measured experimental points (on the order of 150-250) in comparison to isotherm 190 

acquisition by quasi-equilibrium manometry with gas injection by micro-leak (more than 191 

2000 points). Simulation of measured isotherms derivatives with the sum of derivatives of 192 

theoretical isotherms computed with the BWT and BET-H models afforded energetic 193 

parameters and areas of basal and lateral faces of clay particles. The shapes of measured 194 



isotherms, energetic parameters and textural properties accessed for model single-phase clays 195 

were found to be in a good agreement with those for similar systems described in the 196 

literature. This illustrates a possibility of using commercial gas adsorption analysers for clays 197 

surfaces texture characterization by DIS technique, making indeed the method more 198 

accessible. By analysing natural clay rock samples with this approach, we confirmed the 199 

relationship between illite/smectite ratio and the degree of phyllosilicate layer staking, 200 

quantitatively described by lamellarity index. One should notice that a possibility of natural 201 

argillite texture characterization without specific sample preparation is a great advantage of 202 

DIS in comparison to AFM image reconstruction technique.  203 
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Figure 1. Isotherms (red points) of argon adsorption at 77 K and corresponding derivatives (blue points) together 

with their best-fit simulations (black line) and individual contributions (grey lines) for: a) kaolinite, b) illite and c) 

montmorillonite.  
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Figure 2. Isotherms (red points) of argon adsorption at 77 K and corresponding derivatives (blue points) together 

with their best-fit simulations (black line) and individual contributions (grey lines) for: a) COx-EST 48599 and b) 

COx-EST 48601 clay rock samples.  
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Table 1. Energetic parameters and areas of different domains of clays surfaces determined by DIS procedure 

applied to high-resolution Ar adsorption isotherms.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b – basal faces, l – lateral faces, * – bibliographic data.  

Component I (b) II (b) III (l) IV (l) V (l) 

Kaolinite (Fluka)  

SBET=7.6 m2/g, L=0.85 

Position  -3.7 -6.9 -9.7  

Si, m
2/g  6.4 1 0.2  

C  44 800 20·103  

ω  0.5 0 0  

*Kaolinite (Kga2) (Sayed Hassan et al., 2006)  

SBET=21 m2/g, L=0.84 

Position -2.2 -3.8 -6.8 -9.7  

Si, m
2/g 3.8 13.9 2.3 0.5  

ω 0 1.3 -0.8 0  

Illite du Puy-Na 

SBET=108 m2/g, L=0.8 

Position -2.4 -4.4 -6.9 -10.1 -12 

Si, m
2/g 25 61 16.5 3.6 1.4 

C 9 42 550 20·103 50·104 

ω 1 1.6 1.1 0 0 

*Illite du Puy-Na (Sayed Hassan et al., 2006)  

SBET=171 m2/g, L=0.78 

Position -2.6 -4.5 -6.9 -10.1 -13 

Si, m
2/g 61.4 71.2 29.7 7.5 0.7 

ω 0 1.7 0.5 0 0.5 

Montmorillonite-Na 

SBET=45 m2/g, L=0.6 

Position -2.3 -3.9 -6.8 -10.4 -12.6 

Si, m
2/g 2.9 24.1 13.3 3.6 1.1 

C 6 35 750 25·103 10·104 

ω 1.5 1 0.6 0.2 1 

*Montmorillonite SWy-2-Na (Le Forestier et al., 2010) 

SBET=47 m2/g, L=0.47 

Position -2.7 -4.4 -7 -9.6  

Si, m
2/g 2.6 19.2 20.6 4.8  

*Bentonite MX-80 (Tournassat et al., 2003)  

SBET=35 m2/g, L=0.75 

Position -2.5 -4.1 -7 -10.3  

Si, m
2/g 2 24.6 5.6 2.9  

COx-EST 48599 

SBET=37 m2/g, L=0.72 

ln(p/p°) -2.1 -4.1 -6.6 -10.2 -11.5 

Si, m
2/g 8 18.8 7.6 1.8 0.8 

C 5.5 38 550 25·103 10·104 

ω 1.2 1.2 0.6 0 0 

COx-EST 48601 

SBET=31 m2/g, L=0.65 

Position -2.3 -4.1 -6.5 -10.2 -11.5 

Si, m
2/g 6.6 13.2 8.7 1.7 0.7 

C 7.5 38 500 25·103 10·104 

ω 1 1.2 0.6 0 0 




