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Highlights 

 The influence of exchangeable ions and size of particles on the wettability of 

clay films is presented.  

 In addition to Atomic Force Microscopy parameters, spatial correlation method 

used to determine the Hurst exponent and the spatial extension of roughness.  

 The nature of exchangeable cation influences the roughness of the clay films but 

it is the hydration energies of the respective cations that mainly control contact 

angle values.  

 For a given exchangeable cation, the size of clay particles influences surface 

roughness of films and hence contact angles.  

 Wettability of clays due to surface ions: efficiency of low salinity waterflooding  

 

 

 

 

 

 

 

 

 

 

 

Abstract 

The wettability of three swelling clays (beidellite, nontronite and montmorillonite) exchanged 

with different interlayer ions (Li+, Na+, K+ and Ca2+) was investigated by using the static 

sessile drop method for contact angle measurements. The results show that water contact 

angles on clay films vary as a function of the nature of the ion with a specific behaviour of 

K+-exchanged clays. The effect of various parameters influencing contact angle 

measurements such as relative humidity (RH), particle size and surface roughness has also 

been examined. RH has only a limited effect on contact angles even if drop stabilisation was 

observed. As far as the effect of particle size is concerned, the results obtained on 

montmorillonite of four different sizes show that the smallest angles are obtained on films of 

particles of the smallest sizes for a given exchangeable ion. This is clearly linked to differences 

in roughness that were deduced by analysing Atomic Force Microscopy experiments. In 

contrast, the nature of the exchangeable cation influences roughness in the order Li+ < Na+ < 

K+ < Ca2+ but this order does not correspond to that deduced from the evolution of contact 

angles, which confirms the influence of the nature of the cation on wettability. 
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1. Introduction 

 

Wettability is a ubiquitous phenomenon which has attracted much attention and hence led to 

many publications in the field of chemistry, biology and physics. Basically, wetting is the ability 

of a liquid to spread, to different extents, on solid surfaces. This ability to spread, is governed 

by the balance of surface and interfacial forces [1]. Practically, the phenomenon of wettability 

is exploited in agriculture when sprays are applied to leaves or stalks for a particular treatment, 

in the textile industry for rain-proofing or providing fire resistance to fibres to cite few 

examples. Wettability is also of prime importance in the oil industry as the relative oil and water 

wettability governs the displacement of fluids in reservoirs [2-5]. In that context, it was shown 

that flooding sandstone reservoirs with low salinity water could result in additional oil yield [6-

8]. However, the mechanisms associated with this technique are not fully understood and all 

those postulated in the literature are still prone to debate [9]. Most likely, the explanation for 

additional oil recovery is linked to wettability modifications in sandstone reservoirs. As such, 

oil is present in the pores of rocks and the injection of low salinity water is believed to displace 

the oil adsorbed on the walls towards the production wells as a result of wettability 

modifications. Most literature data converge towards the fact that the presence of clay minerals 

in the reservoir rock is of prime importance for LSW to be efficient. Understanding clay 

wettability and its dependence on various parameters is thus of prime importance for a better 

assessment of this new enhanced oil recovery (EOR) technique. 

The present study focuses on clay samples from the smectite group, i.e. beidellite, 

montmorillonite and nontronite.  Though such samples are not the most commonly encountered 

in reservoirs, they can play a significant role and are also appropriate model minerals for 

analysing the influence of various physico-chemical parameters. Most clay minerals possess a 

net charge resulting from the combination of pH dependent charges and of permanent structural 

charges. The pH dependent charges originate from the dangling bonds of silicate groups and 

the protonation or dissociation of silanols on the clays edges [10]. The role they play in the 

present study should however be rather marginal. The studied 2:1 smectites (two tetrahedral 

layers sandwiching an octahedral one), are known to possess surface charges which occur on 

basal surfaces of the tetrahedral sheets. As far as the permanent structural charges are 

concerned, they differ from each other by the location of the isomorphic substitutions. Charge 

deficiency in montmorillonites arises from isomorphic substitutions of Al3+ by Mg2+ in the 

octahedral sheets whereas for beidellites and nontronites layer charges are located in the 

tetrahedral sheets due to substitutions of Si4+ by Al3+ and Fe2+/Fe3+, respectively [11]. Due to 

these substitutions the platelets are negatively charged, and the resulting negative charge is 

compensated by exchangeable interlayer cations. It is then interesting and challenging to 

analyse the role of cation nature on wettability.   
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Wettability is commonly assessed by contact angle measurements. When possible, i.e. for 

smooth and non-porous surfaces, the Static Sessile Drop (SSD) method is well adapted and 

relatively easy to use. In this technique, a drop of the probed liquid is deposited on the substrate 

and the contact angle is defined as an equilibrium of the triple phase contact line. In the case of 

clay materials as those analysed in the present study, this method is more prone to difficulties 

and the results can strongly vary depending on various parameters such as nature of the surface 

ions [12,13], relative humidity [13,14], particle size [15,16] and surface roughness [17-21] 

As far as the effect of cations nature is concerned, a few studies investigated their influence on 

wettability. In the case of kaolinite, a non-swelling clay mineral with exchangeable surface ions, 

Biaeopiotrowicz et al. [12] measured the contact angles of water and diiodomethane on surfaces 

with H+, Na+, K+, Ca2+, Mg2+, Ba2+ and Al3+ counterions. In terms of surface free energy of the 

different kaolinite samples, their results revealed no major difference of the dispersive 

components (Van der Waals type force). In contrast, the non-dispersive components (dipole-

dipole, dipole-induced dipole, hydrogen bonding type forces) increased linearly on clays 

exchanged with H+, Na+, Ca2+, Mg2+ and Al3+. A linear correlation was thus found between the 

non-dispersive forces and the respective entropy of hydration of the ions. Both the K+ and Ba2+ 

samples did not follow the obtained linear relationship, which was assigned to the large size of 

these two ions compared to the other ones. In contrast to these results, Shang et al. [13] observed 

negligible effect of the nature of surface ions (Na+, K+, Mg2+ and Ca2+) on water contact angles 

measured on samples of smectites, kaolinite and illite.  

Relative humidity, RH, is an important parameter to be taken into consideration during contact 

angle measurements.  In the interfoliar spacing of smectite clays, water molecules are associated 

with the interlayer cations. The interaction mechanisms of water molecules with swelling clays 

can be described according to two main processes [22-24]. At high water content osmotic 

swelling occurs for smectites with monovalent cations such as Li+ or Na+ leading to a complete 

exfoliation of the structure [23, 24].  At lower RH, the hydration capacity of smectites mainly 

depends on the nature of the interlayer cation [14, 25, 26]. Cases et al. and Berend et al. [14, 

25] analysed montmorillonite swelling for various interlayer cations and observed an increase 

in basal spacing with hydration energy according to the following series: Cs+ < Rb+ < K+ < Na+ 

< Li+ < Ba2+ < Sr2+ < Ca2+ < Mg2+. Consequently the most hydrated clays (hence with the proper 

exchangeable cations) are expected to give the lowest water contact angles. Concerning contact 

angles, Shang et al. [13] investigated the effect of relative humidities of 19, 33, 75 and 100% 

on smectite, kaolinite and illite with Ca2+ as exchangeable cation. Overall, they did not observe 

any general trend of the contact angles of water and diiodomethane as a function of RH at 33 

and 75% but at 100% RH they recorded a decrease of the contact angles of water and an increase 

of that of diiodomethane.  

The effect of particle size on wettability has to our knowledge not be investigated in the case 

of clay minerals. Data on the effect of particle size are available for other materials. For 

instance, Synystka et al. [15] measured dynamic contact angles on hexagonally packed silicon 

particles of different sizes (containing grafted polymers) and observed that increasing vertical 

roughness did not modify the advancing angles for particles sizes ranging from 0.2 to 10 µm. 

However, the receding contact angles increased until the particles size reached 5 µm and then 

decreased. In their investigations, Yang et al. determined contact angles of molybdenite 

powders of various sizes by Washburn’s method and found that smaller particles exhibited 

smaller contact angles [16].      

Surface roughness is a key parameter influencing contact angle measurements. When a liquid 

is dropped on a rugged surface, the triple phase contact line is unable to stabilise to a minimum 

energy [27]. Wenzel, Cassie and Baxter have described models relating contact angles to the 
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roughness of surfaces [28, 29]. Wenzel on his side described the homogeneous wetting regime 

and stated that upon addition of roughness on a surface, its wettability is enhanced and driven 

by the chemistry of the surface. For instance, a chemically hydrophobic surface becomes even 

more hydrophobic provided that the liquid penetrates into the grooves and that the size of the 

droplet is two to three times larger in magnitude than the roughness. On their side, Cassie and 

Baxter described the heterogeneous wetting regime where drops bridge across surface 

protrusions and do not penetrate into the grooves. Whether drops penetrate in grooves 

(homogeneous wetting regime: Wenzel model) or not (heterogeneous wetting regime with air 

trapped in between the grooves under the liquid: Cassie-Baxter model), surface roughness plays 

a key role in determining contact angle values. As far as clay films roughness is concerned, 

Zabat et al. [30] reported that the nature of the interlayer ions defines the profile of the surface. 

They studied the roughness of montmorillonite films with various interlayer ions Li+, Na+, Cs+, 

Mg2+, Ba2+, Al3+ and La3+ by fractal analysis. The results showed that h, the Hurst exponent of 

fractal Brownian motion, decreased in the order of clays exchanged with monovalent cations to 

divalent cations and finally to trivalent cations. In short, this indicated that clay films exchanged 

with monovalent ions are smoother while those with trivalent ions are the roughest ones.    

The present study focuses on the effect of various parameters (surface ions, RH, particle size 

and surface roughness) on the wettability of swelling aluminosilicate clays (the smectites: 

beidellite, nontronite and montmorillonite). In a first step, the effect of exchangeable ions, Li+, 

Na+ and Ca2+ was analysed on beidellite and  Wyoming montmorillonite films and that of Li+, 

Na+, K+ and Ca2+ on nontronite films using the static sessile drop method under ambient 

conditions. The effect of humidity on contact angles was then analysed on the different clay 

samples by working at relative humidity of 84 and 100% and the results were compared to those 

obtained under ambient humidity (46%). Afterwards, films of Arizona montmorillonite of four 

different sizes exchanged with Na+ were probed by AFM to assess the effect of particle size on 

film roughness and consequently contact angles. Finally, we also investigated the effect of 

exchangeable ions on the roughness of nontronite films.  

 

2. Experimental section 

a) Aluminosilicate clay-minerals 

The aluminosilicate clay colloids used are: Beidellite (Beid), Wyoming and Arizona 

Montmorillonites (SWy and SAz respectively), Australia Nontronite (NAu1) obtained from the 

Source Clay Minerals Repository at Purdue University. Purification procedures and size 

selection of the clay minerals have then been performed as detailed in references [31, 32]. The 

sizes were determined by the authors of these papers by performing careful analysis of 

Transmission Electron Microscopy images. Tables 1 and 2 report the various smectites used 

with their main morphological features.  The average size polydispersity is around 30 to 40% 

for all samples. 

 

 

 

b) Clay films preparation  

Clay films were prepared following the procedure described by Wu [33]: Microscope glass 

slides (2.2cm x3.5cm) were successively cleaned with distilled water and acetone to remove 

any impurities. 1.5 ml of 3g/L clay suspensions were then deposited on the cleaned glass slides 

and left to dry at 46% relative humidity during several hours. 
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c) Contact angle measurement 

Contact angles measurements for the different films were carried out using the static sessile 

drop method according to the procedure used by Shang et al. [13]. A similar apparatus as that 

used by the authors, a DSA100 from Krüss GmbH, Hamburg, Germany, was used. Contact 

angles on clay films were measured by depositing 5µl water drops dispensed by a 1ml syringe 

fitted with steel needle 0.5mm in diameter. The temperature recorded at the time of 

measurement was between 23 and 25°C. The final contact angle was calculated as a mean on 5 

drops.  

d) Relative humidity  

Measurements were performed either under ambient conditions (RH ≈ 45%) or a fixed RH of 

84 and 100%. For these two latter conditions films were equilibrated during 48 hours in air tight 

transparent plastic boxes containing either a saturated potassium chloride solution or distilled 

water. The thus reached RH was permanently monitored using a pen-style digital thermo-

hygrometer from VWR. Water contact angles were then measured as a function of time on the 

different clay samples. 

e) Atomic Force Microscopy, AFM 

A Nanoscope III multimode scanning probe microscope (Digital Instrument) (TM-AFM) was 

used in tapping mode to probe the surface of clay films and make images of (10µm x10µm) at 

a scanning rate of 0.5-0.8 Hz and a resolution of 512x512. A Phosphorus (n) doped Silicium tip 

from Veeco used during AFM measurements had a cantilever of resonance frequency of 250 

KHz and spring constant 20-80 N/m. In order to analyse the effect of particle size and 

exchangeable ions on the roughness of films, 200µl of clay suspensions (corresponding to 

similar clay content per cm2 as films used for contact angle measurements) were deposited on 

1cm2 of pre-cleaned glass slides and left to dry in air before analysis.  

 

3. Results and discussion 

 

As an illustration of the obtained results, figures 1a to 1c display the time evolution of contact 

angles measured for films of Wyoming montmorillonites exchanged with various cations under 

ambient conditions (RH = 45%). Whatever the cation, the measured contact angles significantly 

decrease with time, which may be assigned to evaporation phenomena that were recently 

studied in detail [34]. It was decided in the following to focus on the contact angles measured 

for the shortest times 

Table 3 reports the mean contact angles of water drops deposited on clay films under ambient 

conditions. Considering beidellite, the smallest contact angle was obtained with Na+ whereas 

for both nontronite and montmorilonite, the smallest contact angles was obtained with Ca2+. 

Even if the case of K+ was only analysed for nontronite, it displays the highest values of all the 

tested materials. In the series of analysed monovalent ions, K+ is the least hydrated (the standard 

ion hydration enthalpies ∆hydH of Li+, Na+ and K+ are -520, -405 and -321 kJ/mole respectively 

[35]). These hydration energies are linked to the charge densities (charge/ionic radius ratio) of 

the ions that decrease in the order of Li+, Na+ and K+ and, naturally, are followed by a decrease 

of the affinity for water molecules. This is partly revealed by the contact angle on the K+ sample 

which is the highest among the three. However, the results obtained with Na+ and Li+ are not 

always consistent with that sequence, a feature that will be discussed later on. As far as Ca2+ is 

concerned, having the highest charge density and the most favourable hydration energy (∆hydH 

of Ca2+ = -1650 kJ/mole [35]), the corresponding exchanged clays are expected to have the 

smallest contact angles. In order to investigate if, as indicated by these first measurements, K+, 
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due to its low hydration enthalpy actually leads to higher contact angles, additional experiments 

with concentrated chloride solutions, instead of water, were  performed. As shown in Table 4, 

they clearly reveal that the presence of K+ ions generates higher contact angles than any of the 

other ions used in the present study. The differences thus observed are of higher magnitude that 

what would be expected on the basis of surface tension differences at the air/electrolyte 

interface [36]. 

 
 

Effect of Relative humidity: In the case of swelling clay minerals, the role of relative humidity 

(RH) may be particularly important in view of the specific interactions between water and these 

minerals and considering the evaporation phenomena mentioned earlier. Furthermore, the way 

according to which clay hydrates strongly depend on the nature of the interlayer cations and 

different results could be obtained for different cations.  The first effect of increased RH can be 

seen from the curves displayed in Figure 2 (Wyoming Montmorillonite exchanged with Li+, 

Na+ and Ca2+) that exhibit the time evolution of contact angles. Indeed, compared to the curves 

obtained in Figure 1, high RH leads to a stabilisation of the contact angle at long times, which 

was not the case at 45%RH where a linear decrease was observed. This can be attributed to a 

strong decrease in evaporation. Still, if one considers the values obtained at short times, RH 

marginally modifies the contact angles measured for samples exchanged with Na+ and Li+ that 

display a slight decrease, in agreement with previous results, whereas it does not seem to have 

any effect for the Ca2+-exchanged system. This can tentatively be assigned to the difference in 

hydration between these cations. Indeed, for Na+ and Li+, upon an increase in RH from 46% to 

84%, the samples evolve from a situation where the dominant hydration state is a one-layer one 

to a situation where the two-layer hydrates dominates [25, 37]). This is not the case for Ca2+ 

where at 45%RH, most layers are already in a two-layer hydrate state [37]. 

 Finally, at high RH, the fact that a plateau is observed at long times may indicate that 

some equilibrium can be reached in such conditions, whereas this is not the case for lower RH. 

It is then relevant to compare the values obtained at the plateau that can be referred to as 

stabilised values (Table 5). This table reveals once more the specific role of K+ as clays 

exchanged with this cation display significantly higher contact angles.  

 

Particle size: The effect of particle size on contact angles was investigated on samples of four 

different sizes of Arizona montmorillonite with Na+ as exchangeable cation. The results shown 

in Table 6 indicate that the film composed of particles with the largest size (S1) has the largest 

contact angle while that composed of particles of the smallest size (S4) displays the smallest 

contact angle. The average individual particle size in the films therefore appears to affect 

contact angles. As the physico-chemical characteristics of the particles are independent of size 

[32], such an effect could be due to difference in roughness of the different films investigated. 

Film roughness: The films of Arizona montmorillonite exchanged with Na+ were probed by 

AFM and Table 5 displays some of the parameters deduced from the images, i.e. the 2D and 

3D image surface areas, the root mean square (RMS) of heights and Rmax. The difference in 

image surface area corresponds to the difference between the image’s three-dimensional surface 

area and its two-dimensional footprint. The RMS is the root mean square average of the height 

deviations (Z) taken from the mean data plane (𝑅𝑀𝑆 =  √
∑ 𝑍𝑖

2

𝑛
 ). Rmax corresponds to the 

maximum vertical distance between the highest and the lowest data points in the image. For a 

clearer insight, the RMS and Rmax are shown in Figure 3 below. The values of these parameters 
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clearly yield three groups correlated to the contact angle values: Particles S1 with high 

roughness and higher contact angles, particles S2 and S3 with medium contact angles and 

roughness parameters, and particles S4 with lower values for both parameters.  

     

 

 

For instance, films of montmorillonite exchanged with Na+ but made up of particles of different 

sizes clearly indicate that roughness significantly impacts contact angle values, as there is a 

direct correlation between roughness indicators and contact angles. In terms of roughness 

analysis, it is possible to obtain further data on the spatial correlation of roughness.  To reach 

such a goal, correlation of heights was performed in such a way that local information is 

conserved as the distance is increased from a statistical origin. This can be achieved by 

estimating the variogram, V, of the heights Z, between 2 points situated at 𝑟2𝐷
′

 and  𝑟2𝐷   averaged 

on 𝑟2𝐷
′

 as follows:  

𝑉 (𝑟2𝐷) =  ⟨ (𝑧(𝑟′2𝐷 + 𝑟2𝐷) − 𝑧( 𝑟′⃗⃗⃗⃗
2𝐷))2 ⟩𝑟′⃗⃗⃗⃗ 2𝐷

                Eq.1 

 

For isotropic images, the morphology is statistically invariant along the axes (x,y) and the 

variance is an angular average. Consequently :         

𝑉 (𝑟) = ⟨ 𝑉(𝑟2𝐷)⟩2𝜋                                                       Eq.2 

 

In the case of self-affine fractal surfaces it can be shown that the variogram can be written as 

[38] : 

𝑉(𝑟)  ∝ 𝑟2ℎ                                                                    Eq.3  

with the fractal dimension, �̅� = 3 − ℎ , where h is the Hurst exponent that varies between 0 for 

rough surfaces and 1 for smooth surfaces.  

Figure 3 displays the variance of heights versus correlation length for the 4 films previously 

described. In parallel, table 7 reports the different parameters that can be deduced from such an 

analysis, i.e. h the Hurst exponent derived from the first linear part of the curves, the variance 

at plateau indicating the maximum variance recorded between 2 heights and r the correlation 

length at which the variance reaches an horizontal plateau and beyond which the sample can be 

considered as smooth. For small correlation lengths, the h exponent is similar for the 4 particle 

sizes. In contrast, both the variance at the plateau and the r value corresponding to the beginning 

of the plateau evolve with particle size in similar ways as that observed for the non spatialized 

parameters (Table 6), i.e. S4 < S3 ≈ S2 < S1. These results clearly indicate that the film formed 

with the largest particles (S1) exhibits higher peaks and requires a longer dimension in the 

horizontal (x, y) plane to be regarded as smooth. This latter dimension described by the 

parameter r is 3.4 µm, which corresponds to about 11 clay platelets laid side by side. Upon 

decreasing particle size, r decreases and for the smallest particles it corresponds to around 32 

clay platelets.  
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Both types of analyses confirm the close relationship between contact angles and surface 

roughness and reveal that this latter parameter is of prime importance. Considering this result, 

it is particularly relevant to analyse the surface roughness of the films previously described 

exchanged with various cations. Indeed, this will allow determining if the specific behaviour of 

K+ previously evidenced results from physical chemistry reasons or from significant changes 

in film roughness. 

 

 

Exchangeable cations and surface roughness: Table 8 reports the contact angles measured 

for nontronite particles exchanged with Li+, Na+, K+ and Ca2+ together with the roughness 

parameters deduced from both the classical and fractal analysis. All roughness indicators point 

towards the following order of increasing surface roughness Na+ < Li+ < K+ << Ca2+.  All films 

exhibit the same Hurst exponent around 0.7 except those based on Ca-exchanged nontronite for 

which the Hurst exponent is significantly lower at 0.6. Furthermore the Ca2+ based films are 

much rougher than all the other ones (Figure 4). That difference between monovalent and 

divalent cations can be tentatively assigned to the nature of the particles in the suspension. 

Indeed, for all monovalent cations, delaminated suspensions are obtained whereas in the Ca2+ 

case, particles formed with a few layers are present [39, 40]. For instance, accordingly to the 

Hofmeister series, highly hydrated monovalent Li+ and Na+ counterions are only weakly or not 

at all adsorbed on clay surfaces, thus maintaining a stable and evenly dispersed clay platelet 

suspension. The K+ counterions, less hydrated than the previous cations, show a higher affinity 

for the negatively charged clay platelets than the previous cations. As far as the divalent Ca2+ 

ions are concerned, despite their high hydration energies, they primarily follow the Schulze-

Hardy rule and result in particle aggregation and very rough surfaces [41, 42, 43].  

The direct relationship between contact angles and roughness observed for particles of various 

sizes does not hold here as the roughest film also exhibits the lowest contact angle. Rather, the 

situation is in agreement with the model of Wenzel where the chemistry of the surface governs 

the measured contact angle. For instance, Ca2+ ions possess the most favourable hydration 

enthalpy and surface roughness of NAu1-Ca2+ film being the highest, the hydrophilic character 

is enhanced and hence resulted in the lowest contact angle. On the other hand, the NAu1-K+ 

film possess intermediate roughness among the analysed series and possess the highest contact 

angle essentially driven by the chemistry of the surface (low free hydration energy).  

   

    

4. Conclusion 

The influence of various parameters (nature of exchangeable cations, relative humidity, 

particle size and surface roughness) on clay wettability has been studied. Even though these 

parameters have been investigated individually, the nature of cations, particle size and 

surface roughness are closely linked. As such, detailed analysis of AFM images has shown 

that for a given clay mineral, exchanged with a given cation, the wettability of the film is 

influenced by the size of the particles. For instance, the larger the size of the clay platelets, 

the rougher the film. As far as the effect of the nature of exchangeable cation is concerned, 

clay films of similar particle size show that the wettability of the swelling clays is a priori 
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driven by the hydration energies of the ions. Indeed, the water contact angles on clay films 

of the different exchangeable cations are in agreement with their respective hydration 

energies. However, even if initially the nature of the exchangeable ions has shown to 

influence the roughness of the clay films (Ca2+ >>> K+ > Li+ > Na+), ultimately it’s the 

hydration energy which takes over, as pretty well illustrated by the case of K+ and Ca2+. 

Finally, relative humidity only has a marginal effect on contact angle values but modifies 

the time evolution of contact angle that are more stable at high relative humidity. On the 

basis of the different results obtained, the exchangeable cations have shown to be a key 

aspect of clays wettability and could therefore act as an important feature in various 

applications such as low salinity waterflooding. Still, more work is required in order to 

understand the basis of this EOR technique. 
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Contact Angles as a function of the different interlayer ions:  
                                                                            

        

 

 

 

    

    

   

Figures 1a, 1b, and 1c respectively show the contact angles (°) of different drops on each sample as a function of 

time of: SWy-Li+, SWy-Na+ and SWy-Ca2+ at RH=45%. 

  

a) 

b) 

c) 
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Figures 2a, 2b and 2c respectively show the contact angles (°) of different drops as a function of time on samples 

of: SWy-Li+, SWy-Na+ and SWy-Ca2+ at RH=100%. 
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c) 
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 Figure 3: Variance of heights on films of particles S1, S2, S3 and S4 with respect to the correlation lengths. 
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Figure 4: Variance of heights on films of particles with Na+, Li+, K+ and Ca2+ with respect to the correlation lengths. 
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Image 1: (10x10) µm AFM of Arizona montmorillonte exchanged with Na+ films. (A) is S1 film. (B) is S2 film. 

(C) is S3 film and (D) is S4 film. Contrasts linked to the topography of the films appear as bright zones 

corresponding to higher altitudes while those situated in depth appear as dark zones 
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Image 2: (10x10) µm AFM of clay films. (A) is Li+ film. (B) is Na+ film. (C) is K+ film and (D) is Ca2+ film. 

Contrasts linked to the topography of the films appear as bright zones corresponding to higher altitudes while those 

situated in depth appear as dark zones  
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Table 1: The different swelling clays, exchangeable cations, particles shapes and average sizes used in the study  

Clay mineral Interlayer 

ion 

Particle shape 

and average 

size (nm) 

Beidellite    (Beid) Li+, Na+, 

Ca2+ 

Discs of 400 

(in diameter) 

Wyoming 

Montmorillonite 

(SWy) 

Li+, Na+, 

Ca2+ 

Discs of 250 

(in diameter) 

Nontronite 

(NAu1) 

Li+, Na+, K+, 

Ca2+ 

Laths of 

(200x700) 
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Table 2: Average sizes of Arizona Montmorillonite exchanged with Na+ cation used in the study. 

Discs of Arizona Montmorillonite (SAz)- 

Exchanged with Na+ ions 

Size 1: S1 300 nm 

Size 2: S2 150 nm 

Size 3: S3 95 nm 

Size 4: S4 40 nm 
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Table 3: Water contact angles (±3-5°) measured on the different clays containing Li+, Na+, K+ and Ca2+ as 

exchangeable ion at 45% RH.  

 

Clay 

mineral 

Interlayer ion 

Li+ Na+ K+ Ca2+ 

Beid   29              17               -            26 

NAu1   40              30              50           21 

SWy   37              38               -             31 
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Table 4: Contact angles (±3-5°) of different probed liquids measured on NAu1 films containing Li+, Na+, K+ and 

Ca2+ as exchangeable ion.  

 

Probed 

Liquid and 

concentration 

Interlayer ion 

Li+ Na+ K+ Ca2+ 

NaCl (1M)  26         21            29          28    

KCl (1M)  35         36            38          42 

CaCl2 (0.5M) 

 

MgCl2 (0.5M) 

  25        22            29          27 

 

  19        19            27          22 
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Table 5: Mean stabilised water contact angles (± 3-5°) recorded on beidellite, nontronite and montmorillonite films 

at relative humidities of 84 and 100%  

 

Clay mineral 

 

Relative Humidity, RH, 

(%) 

Interlayer ion 

Li+ Na+ K+ Ca2+ 

 

Beid 

84      17        13         -            21 

100      15        15         -            20 

NAu1 84      23        20        45          21 

100      23        20        43          21     

SWy 84      20        23         -            25 

100      23        23         -            23 
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Table 6: Contact angles and mean roughness parameters calculated on 4 images of each films composed of particles 

of sizes S1, S2, S3 and S4 

Particle Size S1 S2 S3 S4 

Contact Angle at 45% RH / ° 38 31 28 20 

Image 2D surface area / µm2 100 100 100 100 

Image 3D surface area / µm2 115.5 104.7 104.7 102.9 

Image surface area difference / % 15.5 4.70 4,66 2.90 

RMS / nm 118.3 85.3 82.26 43.5 

Rmax / nm 764.7 467.6 454.17 251.9 
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 Table 7: Fractal analysis parameters on films made up of particles of size S1, S2, S3 and S4. 

Particle 

size 

H Variance at 

plateau (nm2) 

r (µm) 

S1 0.68 30000 3.0 

S2 0.65 15800 2.3 

S3 0.65 15000 2.3 

S4 0.66 4000 1.3 
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Table 8: Contact angles, AFM roughness parameters and fractal analysis data of nontronite clay of size (200x700) 

nm with respect to the different exchangeable cations. * estimated by extrapolation  

Exchangeable 

cation 

Contact angle 

(°) 

RMS 

(nm) 

Rmax 

(nm) 

h Variance at 

plateau (nm2) 

r (µm) 

Na+ 30 57 370 0.69 9000 1.5 

Li+ 40 76 412 0.69 11500 1.6 

K+ 50 105 534 0.71 23000 2.0 

Ca2+ 21 261 1263 0.60 170000* 4.0 

 

 


