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Abstract: The engineering properties of clayey soils, including fluid permeability, erosion resistance 
and cohesive strength, are quite different from those of non-cohesive soils. This is mainly due to 
their small platy particle shape and the surrounding diffuse double layer structure. By using the 
Atomic Force Microscopy (AFM), the surface topography and the interaction force between the 
silicon dioxide tip and the kaolinite/montmorillonite clay minerals have been measured in the 1.0 mM 
NaCl solution at neutral pH. From this, the surface potential of the clay minerals is determined by 
mathematical regression analyses using the DLVO model. The length/thickness ratio of kaolinite and 
montmorillonite particles measured ranges from 8.0 to 15.0. The surface potential and surface charge 
density vary with particles. The average surface potential of montmorillonite is −62.8 ± 10.6 mV, and 
the average surface potential of kaolinite is −40.9 ± 15.5 mV. The measured results help to understand 
the clay sediment interaction, and will be used to develop interparticle force model to simulate 
sediment transport during erosion process.  

Keywords: AFM; kaolinite; montmorillonite; surface potential; DLVO model 

 

1. Introduction 

Clay minerals, including kaolinite, montmorillonite and illite, are hydrous aluminum silicates 
with layered structures and small sizes at the micron or submicron scale. Cohesive soils, or soils with 
high clay mineral content, have cohesive strength and show plasticity when moist. The engineering 
properties (e.g., fluid permeability, erosion resistance, cohesive strength, etc.) of cohesive soils are 
quite different from those of non-cohesive soils [1,2]. The main reason of these differences lies in the 
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small platy shape of clay minerals and the diffuse double layer structure surrounding them [3,4,5]. 
According to the DLVO model, the interaction forces between two charged small particles in an 
electrolyte mainly consist of two parts: the short-range van der Waals attraction and the long-range 
electrostatic repulsion [6–9]. Quantification of these forces will help to understand the formation of 
clay suspension and may also explain the different engineering behaviors of various clayey soils.  

Hamaker theory can be used to explain the van der Waals interaction between two clay particles, 
and the Hamaker constant can be accurately approximated by the Lifshitz model based on clay 
minerology [10,11,12]. However the electrostatic force between clay minerals in an electrolyte is 
much more complicated as it is controlled by various factors, e.g., particle size, surface potential of 
the clay mineral, surrounding temperature, ion concentration, ion valence, dielectric constant of the 
electrolyte, etc. [13–16]. Experiments show the surface charge property of clay minerals varies with 
the solution pH value, and in return influences the coagulation of clay suspensions [17,18,19]. To 
better describe the clay mineral interaction in the particle level, a more accurate calibration of the 
surface electric properties (i.e., surface potential and surface charge density) of clay minerals is 
required.  

The zeta potential of the colloid particles can be easily measured through the electrophoresis 
experiment [13,14]. However the direct measurement of surface potential is still challenging. The 
Atomic Force Microscope (AFM) has been used recently to characterize the surface topography of 
clay minerals on the substrate [20,21,22]. It is shown by proper calibration of tip stiffness, the tiny 
interaction forces (usually in a few nanonewtons) between tip and particles in electrolyte can be 
measured accurately [23–26]. Based on the DLVO theory, the surface potential or surface charge 
density of the colloid particles can be deduced through mathematical regression, and the results are 
found to be consistent with the zeta potential measurements as well as the experimental  
observations [27–30].  

In this paper, the AFM test has been conducted on kaolinite and montmorillonite in order to 
characterize the surface property of these clay minerals in 1.0 mM NaCl solution at neutral pH. The 
length/thickness ratio of the clay minerals has been compared through surface mapping. The 
mathematical equation of electrostatic force between a sphere and a plane has been deduced, and was 
used in the fitting of the AFM results. Surface potential and surface charge density of kaolinite and 
montmorillonite under the test conditions are calculated. These results will be very useful in the 
future modeling of clayey soils at the particle scale.  

2. Theoretical Model for Interaction Forces of AFM Tip and Clay Mineral 

The AFM tip and the platy clay mineral can be simplified as a sphere-flat substrate system 
(Figure 1). A theoretical model for the interaction forces between a sphere and a flat substrate has 
been proposed based on the DLVO theory. Electrostatic force and van der Waals force are considered 
in this model. Surface potential and surface charge density of the clay minerals can be deduced 
through the fitting of the force-separation measurement.  

2.1. Van der Waals Attraction 

The van der Waals force between two close spherical particles is given by Hamaker [10] (see  
Eq. (1)). For the sphere-flat substrate system, the attraction force can be acquired by approaching ܴଶ 
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to infinity. The nonretarded Hamaker constant is calculated by the Lifshitz theory [11,31], and 
ଵଷଶܣ ൌ 6.088 ൈ 10ିଶଵ	J for a silica-water-silica system [13].  

௩ܨ ൌ െ
ଵଷଶܴଵܴଶܣ
ଶሺܴଵ൅ܴଶሻݐ6

 (1)

where, ܨ௩ is the van der Waals force, in N (negative represents attraction); 
 ଵଷଶ is the total Hamaker constant for two macroscopic Phases 1 and Phase 2 interactingܣ
across a Medium 3, in J; 
ܴଵ, ܴଵ are the radius of two spherical particles, in m; 
  .is the separation between two particles, in m ݐ

 

Figure 1. Schematic of AFM test of clay minerals under electrolyte. 

2.2. Electrostatic Repulsion 

The electrostatic force between a sphere and a flat substrate with different surface charge 
densities is deduced by integration. This method is also applicable to other complex-shaped AFM 
tips. The electrostatic force per unit area between two planar semi-infinite surfaces with low surface 
potentials (<25 mV) is provided in Eqs. (2) and (3) [32]. These equations have been used in the 
regression of surface electric property of clay minerals which may process a higher surface potential, 
and the potential deviation has been analyzed in details by comparing with other nonlinear 
approximations in the following section.  

݂ ൌ
2
௥ߝ଴ߝ

ሾߪଵߪଶ݁ି఑௧ ൅ ሺߪଵ
ଶ ൅ ଶߪ

ଶሻ݁ିଶ఑௧ሿ (2)

ଵିߢ ൌ ൬
௥݇ܶߝ଴ߝ
2 ஺ܰ݁ܯଶ

൰

ଵ
ଶ
 (3)

where, ݂ is the electrostatic force per unit area, in N/m2; 
଴ߝ ,଴ is the vacuum permittivityߝ ൌ 8.854 ൈ 10ିଵଶ	Cଶ ൉ Jିଵ ൉ mିଵ; 
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 ;௥ is the dielectric constant of the medium separating surfacesߝ
,ଵߪ  ;ଶ are the surface charge density of two surfaces, in C/m2ߪ
 ;is the reciprocal of Debye length, in m−1 ߢ
 ;is the separation of two surfaces, in m ݐ
݇ is the Boltzmann’s constant, ݇ = 1.381 × 10−23 J/K; 
T is the temperature, in K; 
݁ is the elementary charge, ݁ = 1.602 × 10−19 C; 

஺ܰ is the Avogadro’s number, ஺ܰ = 6.022 × 1023 mol−1; 
  .is the concentration of the electrolyte, in mol/m3 ܯ

 

Figure 2. Geometry of the spherical tip-flat substrate system. 

For the sphere-flat substrate system based on additivity, the total electrostatic force can be 
calculated by subtracting the interaction force of Part II from the interaction force of Part I (Figure 2). 
The electrostatic force of Part I or Part II is calculated by integration over the tip domain [28], as is 
given in Eq. (4).  

ௌ,ூ/ூூ்ܨ
௘ ൌ න ݂ ∙ ݎ݀ݎߨ2

ோ

଴
 (4)

From the geometry of the spherical tip-flat substrate system, the following equations also stand: 

ܴ െ √ܴଶ െ ଶݎ ൅ ݐ ൌ for Part I (5a) ܮ

ܴ ൅ √ܴଶ െ ଶݎ ൅ ݐ ൌ for Part II (5b) ܮ

where, ݎ is the radius of the differential cylindrical surface, in m; 
ܴ is the radius of tip sphere, in m; 
 ;is the separation distance between tip and surface, in m ݐ
  .is the distance between the bottom of differential surface and the flat surface, in m ܮ
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The final electrostatic force ܨ௘ between a sphere and a flat surface is given by Eq. (6). 

௘ܨ ൌ ௌ,ூ்ܨ
௘ െ ௌ,ூூ்ܨ

௘

ൌ
ߨ4

ଶߢ௥ߝ଴ߝ
ܴߢଶሺߪଵߪ െ 1ሻൣ݁ି఑௧ െ ݁ି఑ሺ௧ାଶோሻ൧ ൅

ߨ2
ଶߢ௥ߝ଴ߝ

ሺߪଵ
ଶ

൅ ଶߪ
ଶሻሺܴߢ െ 0.5ሻൣ݁ିଶ఑௧ െ ݁ିଶ఑ሺ௧ାଶோሻ൧ 

(6)

2.3. Total Interaction Force 

The total interaction force between AFM tip and clay minerals equals to the sum of van der 
Waals attraction and electrostatic repulsion, as is shown in Eq. (7). The hydration force is not 
included here due to its relatively short acting range (less than a few nanometers).  

௧௢௧ܨ ൌ ௩ܨ ൅ ௘ (7)ܨ

where, ܨ௧௢௧ is the total interaction force between the AFM tip and the clay mineral; 
 ;௩ is the van der Waals attractive forceܨ
  .௘ is the electrostatic repulsive forceܨ

3. Materials and Method 

Kaolinite sample and bentonite sample are provided by Georgia Kaolin Company and Wyo-Ben 
Inc. respectively. The kaolinite/montmorillonite suspensions were prepared by dissolving clay 
samples into highly purified water (with resistivity of 18.2 MΩ ∙ cm) to a concentration of     
5,000 ppm and stirred for 1 hour. The suspensions were purified by passing the #200 sieve after 
stirring. No other chemical treatment was used. The well prepared suspension was dropped onto the 
glass slide and air-dried for 12 hours. During drying, the platy clay minerals will be adhered on the 
glass slide under fluid suction and remain fixed due to van der Waals attraction. The dry samples 
were washed with highly purified water for at least three times to remove the redundant clay 
minerals. Following the above steps, the kaolinite/montmorillonite minerals have been attached on 
the glass slide and will not dissolve into the electrolyte during the AFM test, providing reliable and 
accurate results.  

The prepared samples were tested using the Veeco Dimension 3100 with the fluid cell module. 
The colloidal probes from Tipsnano OÜ were used to measure the interaction forces. Each probe has 
a spherical SiO2 particle attached on the tip surface with a diameter of 0.9 μm (Figure 1). Product 
information provided by the manufacturer shows the size of the SiO2 particle has a small deviation. 
The potential influence of particle size on the measured results will be further discussed in the 
subsequent section. Two different probes were used for the kaolinite and montmorillonite samples, 
and the calibrated tip stiffness is 0.76 N/m for the kaolinite sample and is 0.65 N/m for the 
montmorillonite sample. During the test, the surface topography was obtained through surface 
mapping before and after the force measurement in order to verify the testing spot. The 1.0 mM NaCl 
solution was used as the electrolyte and the pH is around 7.0. The clay minerals were immersed in 
the electrolyte for more than 10 min before the force measurement. The ambient temperature is kept 
to 20 ± 3 °C throughout the experiment. One notation is the clay minerals have a strong 
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heterogeneous surface charge distribution: at neutral pH, the minerals surface is negatively charged 
while the edge is positively charged [33,34]. In this study, the colloidal probes were used and all the 
measurements were conducted at the center of the clay samples, so that the fitting result can be 
regarded as an averaged surface electric property of clay minerals.  

4. Results 

The surface topography obtained before and after the force measurements showed little 
difference, and the clay minerals were fixed on the glass slide during the measurement and remained 
intact after the test. Through fitting to the mathematical model, the surface potential and surface 
charge density have been acquired and compared.  

4.1. Surface Topography 

The surface topography was scanned using the same colloidal tip before and after the force 
measurement in order to eliminate the concern of sample drifting during the experiment. It is shown 
the clay minerals were fixed on the glass slide and remain intact after the test. Two example 
measurements are shown in Figure 3. More than ten different samples for each type of clay minerals 
have been measured, and most of them are round or oval shaped. Due to the large size of the SiO2 tip, 
the resolution of the mapping is lower than the regular tips. However, it is clear to see the platy 
structure of clay minerals (Figure 3), with the average length/thickness ratio of clay particles ranging 
from 8.0 to 15.0. Montmorillonite particles (0.8~3.0 μm) tend to be larger than kaolinite particles 
(0.4~1.2 μm). 

  

Figure 3. Surface topography of kaolinite (left) and montmorillonite (right). 
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4.2. Surface Charge Density and Surface Potential 

The surface charge density of clay minerals has been acquired through fitting of the 
force-separation curve (Figure 4). A surface charge density of 0.005 C/m2 was used for the SiO2 tip 
under 1.0 mM NaCl electrolyte at pH = 7.0 [35,36,37]. The fitting practice shows the AFM test may 
not fully reflect the short-range attraction (<5 nm). However, the long-range electrostatic repulsion 
(>5 nm) can be measured accurately, which is the determinant factor in the regression process. The 
Debye length was also extracted from the logarithmic scale plot to serve as a validation of force 
measurement as is shown in Figure 4, and is highly consistent with the calculated value of 9.6 nm 
through Eq. (3).  

  

Figure 4. Fitting examples of interaction force between tip and clay minerals. 

The surface potential of clay minerals was calculated from the surface charge density through 
the Grahame equation (Eq. (8)). For monovalent electrolyte (or 1–1 electrolyte), the surface charge 
density and the surface potential have the following relationship [13]:  

ߪ ൌ ඥ8ߝ଴ߝ௥݇ܶ ஺ܰsinh ሺ݁߰଴/2݇ܶሻܯଵ/ଶ (8)

where, ߪ is the surface charge density, in C/m2; 
߰଴ is the surface potential, in V; 
݁ is the elementary charge, ݁ ൌ 1.602 ൈ 10ିଵଽ	ܥ; 
݇ is the Boltzmann’s constant, ݇ ൌ 1.381 ൈ 10ିଶଷ	ܭ/ܬ; 
ܶ is the absolute temperature, in K; 

஺ܰ is the Avogadro’s number, ஺ܰ ൌ 6.022 ൈ 10ଶଷ	݉ି݈݋ଵ; 
 .is the concentration of the electrolyte, in mol/m3 ܯ

The fitting results are summarized in Table 1. The surface charge density of montmorillonite is 
about 1.7 times higher than that of kaolinite. It is also shown the surface potential and surface charge 
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density of clay minerals vary from particle to particle. The measured results of kaolinite show a higher 
deviation compared with montmorillonite, which may result from the different measuring faces of 
kaolinite. Some similar studies show the surface charge density of silica face of kaolinite is much 
higher than that of alumina face [38,39], while for montmorillonite both sides are silica surface. 
Kaolinite minerals prepared by this method may not have a strong face preference on which it 
adheres to the glass slide.  

Table 1. Surface charge properties of clay minerals. 

Clay Mineral 
Surface Potential (mV) Surface Charge Density (mC/m2)

Mean Standard Deviation Mean Standard Deviation

Kaolinite −40.94 15.52 −3.50 1.53 

Montmorillonite −62.82 10.55 −6.03 1.52 

4.3. Further Discussion 

A few factors which may influence the accuracy of AFM measurement have been discussed in 
this section. The integration method used in the electrostatic interaction model is also applicable to 
other complex-shaped AFM tips. However it should be noted that Eq. (2) is proposed for low surface 
potential systems (߰ ൏ 25	ܸ݉) [32], and its accuracy for high surface potential clay minerals is 
underdetermined. To validate this model, the derived electrostatic force model has been compared 
with a nonlinear approximation proposed by Israelachvili as is given below [13].  

௘ܨ ൌ ఑௧ (9)ିܼܴ݁ߢ

ܼ ൌ ௥ߝ଴ߝߨ64 ൬
݇ܶ
݁
൰
ଶ

݄݊ܽݐ ൬
ଵ߰݁ݖ
4݇ܶ

൰ ݄݊ܽݐ ൬
ଶ߰݁ݖ
4݇ܶ

൰ (10)

where, ܨ௘ is the electrostatic force between a plane and a sphere, in N; 

 ;ଵ is the Debye length, in mିߢ

ܴ are the radius of spherical particle, in m; 

ܼ is the interaction constant, in N; 

߰ଵ, ߰ଶ are the surface potentials of sphere and plane, in V.  

For a sphere-plane system (D = 900 nm) with surface potentials of −56 mV (SiO2 sphere) and 
−63 mV (montmorillonite), it is shown although the peak interaction force in derived model is 29% 
higher than the nonlinear model, the difference of curvature at moderate separation (8 nm to 30 nm) 
is relatively smaller (averagely around 5%). Since the data fitting is mainly determined by the shape 
of the curvature at moderate separation rather than peak value, it is believed this simplified model 
could achieve relatively accurate fitting result for this study.  

Product information provided by Tipsnano OÜ shows the dispersion of SiO2 particle size on 
AFM tip is no more than 10%. The potential influence of SiO2 particle size on the measured result 
has been analyzed here. The magnitude of interaction force between a plane and different sized 
particles (from diameter D = 850 nm to diameter D = 950 nm) is shown in Figure 5 (ߪଵ	= 0.005 C/m2 
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 ଶ = 0.0034 C/m2), which could serve as the upper and lower boundaries of the potentialߪ &
deviation. As is given in Figure 5, for 850 nm and 950 nm spheres, the difference in the magnitude of 
peak interaction force is within 5.7%. The potential error due to inaccurate estimation of particle size 
should lie in this range. Another possible source of error may come from surface roughness of the 
SiO2 sphere, which is not discussed in this paper. A SiO2 sphere with a rough surface or a large bump 
may influence the measured force between tip and substrate. The SEM image of AFM tip provided 
by the manufacturer shows SiO2 sphere has a high sphericity, and it is believed this influence can be 
small.  

 

 Figure 5. Interaction forces between platy plane and difference sized spheres. 

5. Conclusion 

The Atomic Force Microscope has been used to characterize the surface properties of kaolinite 
and montmorillonite under 1.0 mM NaCl electrolyte at neutral pH. The surface topography of two 
types of clay minerals and their non-contact forces with the spherical SiO2 tip were measured during 
the test. A mathematical model describing the interaction force between the spherical AFM tip and 
the platy clay mineral was proposed and used in the mathematical fitting of surface electric 
properties, including surface charge density and surface potential. This method is also applicable to 
other complex-shaped AFM tips. The derived model was compared with Israelachvili’s nonlinear 
approximation of electrical double layer force and showed a decent accuracy. The influence of size 
deviation of SiO2 sphere on the force measurement has also been analyzed.  

The results show both the kaolinite and the montmorillonite are platy shaped particles with the 
length/thickness ratio ranging from 8.0 to 15.0. Montmorillonite particles (0.8~3.0 μm) tend to be 
larger than the kaolinite particles (0.4~1.2 μm). The surface charge density and surface potential of 
the clay minerals vary from particle to particle, especially for the kaolinite which has two different 
silica and alumina faces. The average surface charge densities of montmorillonite and kaolinite are 
−6.03 ± 1.5 mC/m2 and −3.5 ± 1.5 mC/m2. The average surface potentials of montmorillonite and 
kaolinite are −62.8 ± 10.6 mV and −40.9 ± 15.5 mV, respectively. These results will be used in the 
future particle-scale modeling of clay suspension and clay sediment transport.  
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