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This paper aims to review the electroosmosis in soils. Electroosmosis is movement of a fluid with 

respect to a solid wall as a result of an applied electric potential gradient. The Helmholtz-

Smoluchowski model is widely to describe electroosmosis processes. The rate of elecro-osmotic flow 

is controlled by the coefficient of electro-osmotic permeability of the soil which is zeta potential 

dependent. Numbers of researchers have studied the variation of the coefficient of electro-osmotic 

permeability of soils. These values range from 4.91×10
-06

 to 1.57×10
-05

  cm
2
s

-1
V

-1
.   
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1. INTRODUCTION 

Electroosmosis involves water transport through a continuous soil particle network, where the 

movement is primarily generated in the diffuse double layer or moisture film where the cations 

dominate. When the direct electrical gradient is applied to a clay-water system, the surface or particle 

is fixed, but the mobile diffused layer moves and the solution with it is carried. According to 

Hausmann (1990), greater soil particle surface results in higher moisture film transfers[1]. Electrical 

potential applied and viscosity can also affect this phenomenon [1]. The main mechanism in 

electroosmosis is the migration of ions, meaning the cations migrate to the cathode and the anions 

move towards the anode [2]. (Figure 1). 

Reuss (1809) discovered that water flow could be persuaded through a capillary by an external 

electrical gradient [3]. There are several theories for description of electroosmosis including 

Helmholtz-Smoluchowski theory, Schmid theory, Spiegler friction model, Buckhingham π theory, and 

ion hydration theory [4-5].  
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The electro-osmotic flow that results from the fluid surrounding the soil particles is induced by 

ionic fluxes [7]. In addition, the water molecules in flow in bulk phase can be carried out along with 

flow from the fluid surrounding the soil particles in the same flow direction. Interaction between flow 

in the fluid surrounding the soil particles as a first region and flow in the bulk phase as a second region 

enables the movement of water in the bulk phase, meaning a drag action is the main cause of the 

electro-osmotic flow. Therefore, the total observed electro-osmotic flow is attributed to the movement 

of these two water layers. It is noteworthy that positive surface charge has a contrary effect, meaning 

the electro-osmosis to occur from cathode to anode [8]. 

 

 
 

Figure 1. Principles of Electroosmosis (Adopted from [3]) 

 

 

 

2. HELMHOLTZ-SMOLUCHOWSKI THEORY 

The Helmholtz-Smoluchowski theory is one of the widely used models to describe 

electroosmotic processes [9-10]. The Helmholtz-Smoluchowski theory assumes the pore radii are 

relatively large in comparison by the thickness of the diffuse double layer and the mobile ions are 

concentrated near the soil-water interface (Figure 2). Based on the Hemholtz-Smoluchowski, the zeta 

potential (ζ) and the charge distribution in the fluid adjacent to soil surface play important roles in 

determining the electro-osmotic flow. The ζ is the electric potential developed at solid-liquid interface 

in response to movement of colloidal particles; i.e., ζ is the electrical potential at junction between the 

fixed and mobile parts of the electrical double layer. The ζ is less than the surface potential of particle 

and shows the value at the slip plane, which is located at a small unknown distance from the colloidal 

surface [11-12].  
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The magnitude and sign of the ζ is dependent on the interfacial chemistry of both liquid and 

solid phase [8]. This potential is also influenced by ion exchange capacity, size of ion radius, and the 

thickness of the double layer [14-15]. 

 

 
 

Figure 2. Helmholtz-Smoluchowski Theory for Electroosmosis (Adopted from [3]) 

 

The rate of elecro-osmotic flow is controlled by the coefficient of electro-osmotic permeability 

of the soil, ke, which is a measure of the fluid flux per unit area of the soil per unit electric gradient. 

The value of ke is a function of the ζ, the viscosity of the pore fluid, the soil porosity, and the soil 

electrical permittivity. The coefficient of electro-osmotic permeability is given by Equation (1): 
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(1) 

 

Where: 

ζ = Zeta potential 

Vt = Viscosity of the pore fluid 

n = Soil porosity 

ε = Soil electrical permittivity 

A = Gross cross-sectional area perpendicular to water flow 

L = Length 

q = Flow rate 

 

Hydraulic conductivity, kh, is significantly affected by the pore size and distribution in the 

medium, but ke based on the Helmholtz-Smoluchowski theory is dependent mainly on ζ and n. ζ is one 

of the important electrokinetic properties of soil colloids (Figure 3).  
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Several researchers have studied the ζ potential of clay minerals in different solutions [13,17-

20]. The results showed that concentration of electrolyte, type of electrolyte, valance of ions, and pH 

are important factors and can affect ζ values. 

The value of ke is assumed to be constant during the electrokinetic process as long as there is no 

change in the concentration of ions or pH of the pore fluid [4,5]. Based on the Hemholtz-

Smoluchowski, the ζ and the charge distribution in the fluid adjacent to soil surface play important 

roles in determining the electro-osmotic flow. 

 

 
 

Figure 3. Potential Distribution Showing the Slipping Plane (Zeta) Potential (Adopted from [16]) 

 

The ζ can be measured by zeta meter (Figure  4), the measurement is very direct. The sample is 

placed in a chamber which is called an electrophoresis cell. Electric field is then activated. Then the 

colloids move with a velocity that is proportional to their zeta potential. The direction of the movement 

can show whether their charge is positive or negative.  

 

 
 

Figure 4. Arrangement of Zeta-Meter 3.0
+
 Unit (Adapted from [6]) 
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The Smoluchowski’s equation, the most elementary expression for ζ gives a direct relation 

between zeta potential and electrophoretic mobility, which is (Equation (2)):  

 

t
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(2) 

 

Where: 

ζ = Zeta potential 

EM = Electrophoretic mobility at actual temperature 

Vt = Viscosity of the suspending liquid 

Dt = dielectric constant 

 

It is preferable to calculate the ζ in millivolts instead of in electrostatic units. The formula then 

becomes (Equation (3)): 
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(3) 

 

The ζ  of a clay is usually negative, but the magnitude and sign of the ζ is dependent on the 

interfacial chemistry of both liquid and solid phase [8-13]. The ζ is a good indicator for the thickness 

of the double layer. As the ζ increases, the thickness of the double layer increases [11-12].  

Negative ζ causes electroosmosis to occur from the anode to the cathode, while positive surface 

charge causes electroosmosis to occur from cathode to anode [8]. Some researchers have studied the 

variation of ζ in clays (for example, amorphous iron, gibbsite, and kaolinite) as a function of pH while 

there is no report of variation of ζ in organic soils. There is general agreement that ζ reduces in 

magnitude as acidity increases. The electro-osmotic flow can almost be eliminated at ζ of zero [21-27]  

The Helmholtz-Smoluchowski theory assumes the pore radii are relatively large compared to 

the thickness of the diffuse double layer and all of mobile ions are concentrated near the soil-water 

interface. These assumptions are valid as long as soils with large pores are saturated with water. For 

small capillaries or unsaturated soils, the Helmholtz-Smoluchowski equation is less applicable.  

Das [3] reported that Schmid in 1951 proposed a theory in contrast to the Helmholtz-

Smoluchowski theory. It was assumed that the capillary tubes formed by the pores between clay 

particles are small in diameter and results in the excess cations would be uniformly distributed across 

the pore cross-sectional area (Figure 5). Based on this theory (Equation 4): 
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(4) 

 

Where: 

r = Pore radius 

Ao = Volume charge density  
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F = Faraday constant 

n = Porosity 

A = Gross cross-sectional area perpendicular to water flow 

L = Length 

Vt = Viscosity 

q = Flow rate 

 

 
 

Figure 5. Schmid Theory for Electro-osmosis (Adopted from [3]) 

 

However, the most widely used electro-osmotic flow equation for the soil system is proposed 

by Casagrande [32] (Equation (5)):  

 

Aikq ee
                                                                    

(5) 

 

Where: 

A = Gross cross-sectional area perpendicular to water flow 

ie = Applied electrical gradient 

ke = Coefficient of electro-osmotic permeability 

q = Flow rate 

 

Table 1 shows some typical values of ke for several soils [3-26-27-16]. 
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Table 1. ke of various soils  

 

Soil type ke, cm
2
/s.V 

London clay 

Boston blue clay 

Kaolin 

Clay silt 

Na-montmorillonite 

Peat 

5.8×10
-5 

5.1×10
-5 

5.7×10
-5 

5.0×10
-5 

2.0×10
-5

 to 12×10
-5 

4.91×10
-06

 to 1.57×10
-05

 
 

(Adapted from [3-16-28-29]) 

 

Application of direct current through electrodes causes electrolysis reactions at the electrodes 

[22-25,30]. Oxidation of water at the anode generates an acid front and reduction at the cathode 

generate a base front. Electrolysis reactions are described by the Equations (6) and (7).  

 

2H2O – 4e
-
 → O2 ↑ + 4H

+
            (anode) 

 

4H2O – 4e
-
 → 2H2 ↑ + 4OH

-
        (cathode) 

 

(6) 

 

(7) 

 

Within the first few days of electrokinetic processing, electrolysis reactions decrease the pH at 

the vicinity of the anode and increase the pH at the vicinity of the cathode. These changes are 

dependent to the total current applied [22-25].   

The acid generated at the anode advances through the soil towards the cathode. This is due to 

ionic migration and electroosmosis. The base generated at the cathode initially advances towards the 

anode. The base advance is because of diffusion and ionic migration. However, the counter flow 

because of the electroosmosis makes slower the back-diffusion and migration of the base front. The 

advance of base front is slower than the advance of the acid front because of (i) the counteracting 

electo-osmotic flow and (ii) the ionic mobility of H
+
 is higher than OH

-
 [22-27,31].Geotechnical 

reactions in the soil pores significantly impact electrokinetic phenomena and can enhance or make 

slower the electrokinetic process. Geomechnical reactions including precipitation, dissolution, 

sorption, and complexation reactions are highly dependent on the pH conditions [22-27,31, 34-36]. 

 

 

 

3. ELECTROOSMOSIS CELL 

There is no standard setup. Figure 6 shows a schematic electro-osmotic cell (type I) which most 

of the researchers used for their experiments. Some limitations and advantages of this cell are as 

follows: 

 

1- It is hard to transfer the undisturbed soil samples into this cell. 
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2- Potential gradient is relatively uniform along the cell. 

3- Natural soil samples are usually prepared vertically, while, electro-osmotic flow is 

horizontally. 

 

 

                                             

 

 

 

Figure 6. Schematic Diagram of Electro-osmotic Cell (Type I) 

 

Figure 7 shows a schematic for another setup with the following limitations and advantages: 

 

1- It is similar to field electro-osmotic flow. 

2- Potential gradient is less uniform relative to type I  

3- The analytical and experimental results may be less accurate in comparison with the 

previous cell. 

 

    

 

 

 

 

 

Figure 7. Schematic Diagram of Electro-osmotic Cell (Type II) 

 

 

 

4. CONCLUSIONS 

Electro-osmosis is one of the electrokinetic phenomena and consists of the motion of liquid 

through a microporous medium under the influence of an applied electrical field. Reuss was the first to 

discover that a water flow could be induced through a capillary by an external electric field. In other 

words, if the soil is placed between two electrodes in a fluid, the fluid will move from one side to the 

other when an electromotive force is applied. In the presence of excess positive charges on the soil 

surface, a net electric driving force transports the water layer from the anode to the cathode. Based on 

the Helmholtz-Smoluchowski, the zeta potential plays the key role in electro-osmotic phenomena. 

Numbers of researchers have studied the variation of the coefficient of electro-osmotic permeability of 

soils. These values range from 4.91×10
-06

 to 1.57×10
-05

  cm
2
s

-1
V

-1
.  
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