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Abstract 11 

Adsorbed water films commonly coat mineral surfaces in unsaturated soils and rocks, reducing 12 

flow and transport rates.  Therefore, it is important to understand how adsorbed film thickness 13 

depends on matric potential, surface chemistry, and solution chemistry.  Here, the problem of 14 

adsorbed water film thickness is examined through combining capillary scaling with the 15 

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. Novel aspects of this analysis include 16 

determining capillary influences on film thicknesses, and incorporating solution chemistry-17 

dependent electrostatic potential at air-water interfaces. Capillary analysis of monodisperse 18 

packings of spherical grains provided estimated ranges of matric potentials where adsorbed films 19 

are stable, and showed that pendular rings within drained porous media retain most of the 20 

“residual” water except under very low matric potentials. Within drained pores, capillary 21 

contributions to thinning of adsorbed films on spherical grains are shown to be small, such that 22 

DLVO calculations for flat surfaces are suitable approximations. Hamaker constants of common 23 

soil minerals were obtained to determine ranges of the dispersion component to matric potential-24 

dependent film thickness. The pressure component associated with electrical double layer forces 25 

was estimated using the compression and linear superposition approximations. The pH-26 

dependent electrical double layer pressure component is the dominant contribution to film 27 

thicknesses at intermediate values of matric potential, especially in lower ionic strength solutions 28 

(< 10 mol m-3) on surfaces with higher magnitude electrostatic potentials (more negative than ≈ -29 

50 mV). Adsorbed water films are predicted to usually range in thickness from ≈ 1 to 20 nm in 30 

drained pores and fractures of unsaturated environments. 31 

 32 

 33 
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1. Introduction 38 

 Adsorbed water films occur in the subsurface under many commonly occurring and 39 

important conditions, from unsaturated soils and fractured rocks at Earth’s surface, to deep 40 

subsurface reservoirs of oil and gas containing brine as the wetting phase. The water phase in 41 

unsaturated porous media has long been recognized to be retained by both capillarity and 42 

adsorption [Buckingham, 1907], with the matric potential representing the saturation-dependent 43 

component of its chemical potential resulting from interactions with the porous solid [Sposito, 44 

1981]. The matric potential, m, encompasses adsorptive and capillary influences on the water 45 

phase relative to a reference reservoir of identical composition at atmospheric pressure, and is 46 

equivalent to the negative of the disjoining or capillary potentials.  47 

 Models that incorporate both adsorptive and capillary mechanisms for describing 48 

hydraulic properties have been developed [Or and Tuller, 1999; Philip, 1978; Sweeney et al., 49 

1993; Tuller et al., 1999].  Thicker, capillary-dominated films are capable of supporting high, 50 

gravity-driven seepage velocities [Nimmo, 2010; Tokunaga and Wan, 1997; 2001]. Here, we 51 

reserve the term adsorption to denote interactions between water films on flat and convex 52 

segments of grain surfaces, beyond the reach of capillary water within roughness features on 53 

grain surfaces and at grain-grain contacts.   Being very thin relative to capillarity-controlled 54 

water in pendular rings at grain contacts and within topographic minima on rough grain surfaces, 55 

adsorbed water films contribute very little to the flow of water [Dullien et al., 1989; Lebeau and 56 

Konrad, 2010; Tokunaga, 2009], diffusion of solutes [Hu and Wang, 2003], and transport of 57 

colloids [Saiers and Lenhart, 2003; Shang et al., 2008; Wan and Tokunaga, 1997] in unsaturated 58 

media.  59 
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 Although mineral surfaces exhibit rough microtopography, surface roughness invariably 60 

encompasses a large fraction of total surface areas associated with microcrystalline faces that are 61 

microscopically flat at the nm scale [Maurice et al., 1995; Teng, 2004].  Moreover, basic 62 

hydraulic analyses of rough surfaces, from the early conceptual treatment in Buckingham’s 63 

classic paper [Buckingham, 1907] to modern quantitative models [Or and Tuller, 2000; Philip, 64 

1978] require information on adsorbed film thicknesses. Thus, understanding how adsorbed 65 

water film thickness depends on physicochemical properties of porous and fractured media will 66 

be useful for more mechanistic predictions of unsaturated flow and transport. 67 

 Although adsorbed water films are recognized to limit flow and transport, little is 68 

understood about their properties under conditions commonly encountered in the subsurface. In 69 

this study, several models are examined in order to compare their predictions on a most basic 70 

hydraulic property of water films in unsaturated geological media; the dependence of film 71 

thickness on matric potential. We begin with considering bulk surface averaged capillary 72 

(pendular ring) film thickness estimates in order to quantify the extent to which capillarity 73 

contributes to volumetric water contents of unsaturated media.  We then consider the range of 74 

dispersion (van der Waals) contributions to adsorbed film thickness predicted for several mineral 75 

surfaces, and examine several approximate expressions for electrostatic contributions to 76 

adsorbed films. Finally, dispersion and electrostatic contributions are combined to provide 77 

estimates of adsorbed water film thickness in unsaturated geological media within the framework 78 

of the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory.  While the DLVO theory has 79 

limitations, it has proven capable of predicting a wide variety of interfacial interactions over 80 

length scales ranging from about 1 to 100 nm [Hiemenz and Rajagopalan, 1997; Israelachvili, 81 

1991].  Therefore the DLVO-based results presented here may be useful for understanding how 82 
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hydraulic properties of unsaturated media at low water contents are influenced by matric 83 

potential, under given combinations of solution chemistry and mineralogy.  84 

  85 

2.  Macroscopic normalization of water content to surface area 86 

 Calculations of matric potential dependent water content on model porous media are 87 

instructive for gaining understanding of ranges of bulk film thickness values and their grain-scale 88 

dependence. A simple estimate of water film thickness in partially saturated porous media is 89 

obtained by normalizing the volumetric water content to specific surface area. This approach is 90 

expected to be most suitable at very low water contents, where adsorption is the dominant 91 

retention mechanism.  Hence, determination of specific surface areas of soils from water vapor 92 

adsorption isotherms has been investigated previously [Orchiston, 1953; Quirk, 1955].  93 

Hydration of exchangeable cations was identified as a problem for applying the Brunauer-94 

Emmett-Teller method to water vapor adsorption measurements for inferring specific surface 95 

areas of soils having appreciable clay fractions [Quirk, 1955]. At higher water contents, 96 

estimates of average film thickness have been obtained through dividing volumetric water 97 

contents by specific surface areas [Miyamoto et al., 2005; Ponizovsky et al., 1999]. Such 98 

calculations include capillary water retained in pendular rings and depressions on grain surfaces, 99 

therefore overestimate true adsorbed film thicknesses. Monodisperse spherical grains of diameter 100 

 in rhombohedral (close) packing serve as a useful reference for calculating capillary water 101 

volumes. In this configuration, each grain is in direct contact with 12 nearest-neighbor grains. 102 

The matric potential dependent volumetric water content associated with pendular rings is 103 

available from analyses of Fisher [Fisher, 1926] and Melrose [Melrose, 1966], up to a critical 104 

value of saturation (Sc = 0.243) where pendular rings become interconnected.  Dividing these 105 
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volumes by the solid surface area per unit volume provides the pendular ring contribution to bulk 106 

film thickness during wetting processes, shown for several different grain sizes in Figure 1. It 107 

should be noted that because of hysteresis in the moisture characteristic curves, pendular ring 108 

discontinuity requires lower (more negative) matric potentials for drainage processes. Practical 109 

upper limits on the wetting curves (shown as open circles) exist because expanding pendular 110 

rings become interconnected and pores become saturated at sufficiently high (closer to zero) 111 

matric potentials.  From capillary scaling, magnitudes of matric potentials associated with 112 

pendular ring coalescence and pore saturation scale proportionally with surface tension () and 113 

inversely with  [Miller and Miller, 1956]. From capillary models for wetting of rhombohedral 114 

packs of monodisperse spherical grains [Fisher, 1926; Melrose, 1966], the scale-dependent 115 

critical matric potential limit at which neighboring pendular rings merge occurs at c = -9.1/   116 

In other words, the matric potential must have a magnitude of at least 9.1/ in order for 117 

adsorbed films to be important in rhombohedral grain packings.  The factor 9.1 is important for 118 

later understanding the relative importance of interfacial tension on thicknesses of adsorbed films 119 

on spherical surfaces, and will be considered later. Rearranging this scaling relation to the form 120 

of  = -9.1/c identifies the smallest grain size at which pendular rings are discontinuous 121 

during wetting processes. Grain sizes larger than this value are low enough in saturation along 122 

the wetting curve such that pendular rings are discontinuous, and are indicated along the upper x-123 

axis of Figure 1 and later figures.  This upper x-axis provides a simple indicator of the m-124 

dependent, limiting grain scale for adsorption-dominated hydraulic behavior.  It is instructive to 125 

compare these pendular ring-based film thickness with values obtained from modification of 126 

Langmuir’s adsorbed film equation [Langmuir, 1938a; Tokunaga, 2009], to be discussed later. 127 

The adsorbed film thickness relations based on this approach are also plotted in Figure 1, for the 128 
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same grain sizes.  The comparisons show that calculated average film thicknesses greater than a 129 

few nm using the pendular ring volume/area averaging approach on monodisperse media greatly 130 

overestimate values of adsorbed film thickness.  131 

 The extent to which grain size influences bulk film thickness in model porous media is 132 

discernable from inspection of Figure 1. Miller-Miller scaling [Miller and Miller, 1956] 133 

dependence of pendular ring water volumes on grain size () is evident from the shifts in 134 

capillary “thickness” curves.  In contrast, aside from controlling characteristic matric potentials 135 

at which pore filling and drainage occur, grain size exerts only a small influence on adsorbed 136 

water film thicknesses. This reflects the fact that the magnitude of the -dependent capillary 137 

pressure of adsorbed water is relatively small compared to the matric potentials associated with 138 

these low levels of water saturation [Tokunaga, 2009].  139 

 140 

3.  van der Waals films 141 

 Dispersion or van der Waals forces arising from dipole-dipole interactions between all 142 

phases present in the water film environment (solid substrate, water film, and air as the 143 

nonwetting fluid phase) contribute to the potential-dependence of very thin films.  Between 144 

planar interfaces, the van der Waals interactions result in a disjoining pressure  dependent on 145 

the reciprocal of the third power of film thickness, f, through 146 

            (1) 147 

where A132 is the Hamaker constant for the interactions between (1) solid substrate, (3) water 148 

film, and (2) air.  The value of the nonretarded A132 can be estimated from Aii of component 149 

materials through the combining relation [Israelachvili, 1991] 150 
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          (2a) 151 

which reduces to 152 

               (2b) 153 

because of the negligible magnitude of A22 for the air phase.  With A33 = 3.7x10-20 J for water 154 

[Hough and White, 1980], combining equations yield A132 for water films on solid substrates in 155 

equilibrium with air.  As shown in Table 1, reported values of A11 for common soil minerals 156 

range for 5x10-20 to 2x10-19. Calculated A132 values on these mineral surfaces range from -6x10-21 157 

to -5x10-20, with more negative values indicative of more stable (thicker) water films.  158 

Equating  with –m gives the dispersion (van der Waals) component of the matric potential 159 

dependence of film thickness on planar surfaces 160 

           (3a) 161 

 162 

[Iwamatsu and Horii, 1996; Or and Tuller, 1999]. Also included in Table 1 is an effective 163 

Hamaker constant for soils proposed by Or and Tuller [Or and Tuller, 1999], obtained by fitting 164 

surface area normalized soil moisture retention data at low water contents to equation (3). It is 165 

reasonable that their effective A132  = -6 x10-20 is larger than values of the minerals because it 166 

incorporates additional contributions to water retention including capillarity, electric double 167 

layer influences and surface hydration influences. 168 

 The predicted matric potential dependence of the dispersion component of film thickness 169 

on a variety of common soil minerals (using values of A132 from Table 1) is shown in Figure 2.  170 

These curves span a fairly narrow range of thicknesses, 30 nm down to ≈ 1 nm, over a broad 171 

range of matric potentials (-0.1 kPa to -1 MPa).  Note also that relative to silica, the clays and 172 
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Fe(OH)3 are predicted to retain thicker adsorbed water films through van der Waals interactions.  173 

As before, capillary scale-dependence of pore saturation determines whether or not adsorbed 174 

water films are possible at any given matric potential, with approximate threshold grain-sizes 175 

indicated along the upper x-axis. 176 

 Equation (3a) can be modified to include the additional compressive capillary pressure 177 

due to the curvature of air-water interfaces coating ideal spherical grains.  For the model 178 

spherical grains considered here, the impact of interfacial curvature is included through  179 

         (3b) 180 

where  is the air-water surface tension.  Note that the 4/ term simply accounts for the Young-181 

Laplace capillary pressure associated with the air-water interface coating spherical grains. 182 

Predicted film thicknesses on spherical SiO2 grains of different sizes based on equation (3b) are 183 

shown in Figure 3. As before, the m at which pendular rings merge/separate are indicated by 184 

open circles on curves.  These results suggest that interfacial curvature can significantly affect 185 

film thickness at high (less negative) matric potentials. However, such conclusions only apply to 186 

isolated grain surfaces. In packings of grains, adsorbed films at high m are eliminated through 187 

pendular ring coalescence and pore-filling.  Figure 3 shows that, at low water saturations 188 

associated with film-controlled hydraulic properties, effects of interfacial curvature on the van 189 

der Waals contribution to film thickness are minor on smooth spherical surfaces. The fact that 190 

surface tension and interfacial curvature impart relatively small influences on adsorbed film 191 

thicknesses becomes evident from inspection of equation (3b). Recall that adsorbed films are 192 

only important as long as m remains lower than -9.1/ for wetting processes. Even more 193 
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negative values, below -12/ to -18/ are required for pendular ring separation during 194 

drainage processes because of hysteresis [Haines, 1930; Tokunaga et al., 2004].  Because the 195 

magnitudes of these m values associated with adsorbed films are significantly greater than 4/, 196 

interfacial curvature has only a small effect on adsorbed film thicknesses in porous media. It 197 

should be noted that edge and corner features on microtopography of mineral surfaces present 198 

sites with effectively much finer radii of curvature where local surface tension compressing of 199 

films is expected.  For simplicity, this study is restricted to smooth surfaces, and most of the 200 

following analyses will be limited to flat interfaces because the impacts of spherical curvature (-201 

4/ are small relative to m representative of drained pores (< -9/. 202 

 203 

 204 

4.  Electric double layer water films in unsaturated porous media 205 

 In addition to the ever-present van der Waals interactions, charge imbalances at interfaces 206 

provide an important mechanism for stabilizing water films through requiring the presence of 207 

counterions in the hydrating double layer solution to satisfy overall charge neutrality. In partially 208 

water-saturated porous media, the distribution of ions within the aqueous phase is affected by 209 

charged interfaces and by the spatial extent of the local aqueous phase. Many of the main 210 

features of the electrical double layer can be understood by beginning with the 1-dimensional 211 

Poisson-Boltzmann equation [Israelachvili, 1991; Verwey and Overbeek, 1948] for the variation 212 

in electrostatic potential e in symmetric electrolyte solutions along the direction x, normal to the 213 

planar soil-water interface 214 

       (4a) 215 
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or 216 

      (4b) 217 

where e is the electron charge, z is the ion valence, n∞ is the ion concentration (number density) 218 

in the bulk solution,o is the vacuum permittivity,r is the dielectric constant of water, kB is the 219 

Boltzmann constant, and T is the Kelvin temperature. A useful spatial reference scale is the 220 

electric double layer decay length or Debye length, -1, given by 221 

           (5) 
222 

This length scale ranges from ≈ 1 nm up to a few 10s of nm in most pore waters, largely varying 223 

with the inverse square-root of ionic strength, I =n∞z2/NA, where NA is the Avogadro constant. It 224 

is also convenient to use the dimensionless electrostatic potential Ye = zee/kBT because of the 225 

importance of e relative to kBT/e ≈ 26 mV (T = 298 K). For the conditions to be described, the 226 

electrostatic potential at a given surface, , will often be expressed in dimensionless form, 227 

Ye,i.  The one-dimensional Poisson-Boltzmann can then be expressed in terms of the 228 

dimensionless potential and Debye length as 229 

      (4c) 230 

 A conceptual model of distributions of water and electrostatic potentials in unsaturated porous 231 

media is shown in Figure 4.   232 

 Within locally capillary-saturated regions with water film thicknesses much greater than 233 

-1, the aqueous phase electrochemical conditions reflect those of bulk solutions (Figure 4a).  234 

These thick, capillarity-dominated regions serve as local reservoirs maintaining constant 235 

background aqueous solution chemical conditions (n∞) where cation and anion charge balance is 236 
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retained. Within saturated regions with opposing solid surfaces in much closer proximity (i.e., 237 

closest to grain-grain contacts), electric double layers overlap, cation accumulation and anion 238 

exclusion become dominant (Figure 4b).  When adsorbed films have thicknesses similar to -1, 239 

these same conditions are expected to be important.  240 

 241 

5.  Langmuir’s model for adsorbed water films 242 

 Langmuir developed a simple electric double layer model to describe adsorbed film 243 

thicknesses for dilute aqueous solutions in equilibrium on a solid of high (magnitude) surface 244 

electrical potential [Langmuir, 1938a]. Experimental results discussed later indicate that the 245 

dilute solution requirement is met for ionic strengths ≤ 10-1 mol m-3. Although the required 246 

magnitude of  was unspecified, inspection of the Poisson-Boltzmann equation shows that 247 

  is  satisfactory  for  applying  the  Langmuir  model.  Langmuir equated equilibrium 248 

adsorbed water films on single surfaces with water retained within one half-space of a confined 249 

volume bounded by opposing identical surfaces, as depicted in comparing Figures 4b and 4c.  250 

The dielectric constant of water and valence of ions are the only chemical properties of the 251 

aqueous phase used in the Langmuir model, with film thickness predicted to be inversely related 252 

to valence on the dominant ionic species.  We modified the Langmuir model to describe water 253 

films on spherical grain surfaces in order to estimate the hydraulic properties of porous media at 254 

low water saturations [Tokunaga, 2009; Wan and Tokunaga, 1997].  With the inclusion of a 255 

capillary scaling term that accounts for surface tension and grain diameter , acting on the 256 

convex film enveloping the grain, the Langmuir equation becomes 257 

      (6) 258 
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It should be noted that  is correctly multiplied by a factor of 4 here, and incorrectly by 2 in 259 

the recent paper [Tokunaga, 2009].  Thicknesses of dilute aqueous films of monovalent ions 260 

based on equation (6) were shown in Figure 1 for a range of grain sizes, again with upper limits 261 

associated with pendular ring merging indicated by circles.  At low ionic strength, electrostatic 262 

influences on 1 mm diameter grain surfaces are predicted to stabilize films at thicknesses below 263 

50 nm. In unsaturated media of smaller grain size, the upper limit on adsorbed film thickness is 264 

constrained to even thinner values because of required magnitudes of matric potentials for pore 265 

drainage and because of greater convex curvature of grain-coating films. From equation (6), 266 

aqueous films of divalent ions are predicted to be half as thick as those for the monovalent cases 267 

shown in Figure 1.  From inspection of Figures 3 and 1, it is apparent that Langmuir films are 268 

thicker than van der Waals films over most of the matric potential range encountered in the 269 

subsurface.   270 

 Some tests of predictions based on the Langmuir film model are available. Data from 271 

Read and Kitchener [Read and Kitchener, 1969] for aqueous films with KCl concentrations 272 

ranging from 10-2 to 1 mol m-3, adsorbed on silica at an equivalent matric potential of -145 Pa, 273 

supporting Langmuir’s approximation at the lower salt concentrations.  Their data also indicate a 274 

trend of thinning films with higher ionic strength (Figure 5). Several other experimental 275 

investigations yielding thicker films than predicted by the Langmuir equation for f < 30 nm 276 

[Israelachvili, 1991].  A very broad range of confined film pressures has been investigated 277 

through experiments on swelling of clays [Viani et al., 1983].  Although such studies are 278 

concerned with water films confined between opposing clay interfaces, one can examine these 279 

results to test the reliability of Langmuir’s original proposition that adsorbed water films are 280 

chemically equivalent to water within one half-space of interlayer region between hydrated 281 
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clays.  The empirical relation developed by Low [Low, 1987] to relate Viani et al.’s clay 282 

interlayer distances to swelling (disjoining) pressures ranging from 5x104 Pa up to 7x105 Pa 283 

takes the form   284 

          (7) 285 

with k’
 = 4.57 nm and B = 7.9x104 Pa for m > -2.03x105 Pa, and k’

 = 2.35 nm and B = 286 

1.48x105 Pa for m < -2.03x105 Pa.  Comparison of the Langmuir adsorbed film model to Low’s 287 

empirical correlation reveals remarkably good agreement over a wide range of matric potentials, 288 

i.e., m more positive than -2x105 Pa (Figure 5).  The agreement between these relations lends 289 

support to use of the Langmuir adsorbed film model for monovalent solutions up to 0.1 mol m-3 290 

(experiments on which Low’s correlation was developed utilized smectite clays in 0.1 mol m-3 291 

NaCl).  This agreement also indicates that simple double layer electrostatic considerations 292 

(without including van der Waals force) are sufficient to describe the clay swelling behavior at 293 

low ionic strength down to half-space distances of a few nm [Langmuir, 1938b].  We also 294 

include film thickness calculations based on van der Waals forces with an effective Hamaker 295 

constant of -6x10-20 J [Or and Tuller, 1999]. Note that the curves will cross-over at very low 296 

matric potentials, where van der Waals forces become dominant [Lebeau and Konrad, 2010].  297 

While the Langmuir model is suitable for low ionic strength solutions adsorbed on surfaces of 298 

high electrostatic potential, these conditions are fairly restrictive in soils and unsaturated 299 

geological formations. Because pore water ionic strength often exceeds 0.1 mol m-3 and surface 300 

electrostatic potentials are mineral- and solution chemistry-dependent, more general electric 301 

double layer models for adsorbed film thicknesses are desirable. 302 

 303 
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6. Adsorbed water under wider ranges of ionic strength and surface charge density. 304 

 The behavior of adsorbed water films under broader ranges of conditions can be explored 305 

through direct numerical solutions of the Poisson-Boltzmann equation [Devereux and de Bryun, 306 

1963], and a variety of analytical simplifications [Russel et al., 1989]. Analytical approximations 307 

offer the advantage of computational simplification, but need to be carefully selected for 308 

applicability to problems of interest. The electrostatic potential adjacent to interfaces is 309 

constrained between two limiting cases, constant surface potentials [Ohshima et al., 1982] and 310 

constant surface charge [Gregory, 1975]. The more general intermediate behavior of charge 311 

regulation involves variations in both potential and charge density in response to surface 312 

reactions resulting from variations in distances between opposing interfaces [Chan et al., 2006; 313 

Lyklema and Duval, 2005]. Therefore, approximate solutions to the Poisson-Boltzmann equation 314 

that predict behavior intermediate to the two limits of constant surface potential and constant 315 

surface charge can provide relatively reliable results. Gregory’s double layer compression 316 

approximation predicts behavior intermediate to the two extremes for oppositely charge 317 

opposing surfaces, and behavior much closer to the constant surface charge limit for similarly 318 

charged opposing interfaces [Gregory, 1975]. It is able to represent interactions with surfaces 319 

having low to intermediate magnitude electrostatic potentials over a wide range of surface 320 

separations in a moderately wide range of ionic strength solutions. Gregory’s compression 321 

approximation for the electrostatic contribution to the disjoining pressure, el, in a symmetric 322 

electrolyte solution confined between charged plates is related to f through  323 

     (8) 324 
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where Ye,1 and Ye,2 are dimensionless electrical potentials at opposing interfaces 1 and 2.      It 325 

should be noted that this approximation is most satisfactory when  , or equivalently 326 

 < 50 mV in 1:1 electrolytes (for T = 298 K).  If Ye,1 = Ye,2, configurations similar to those 327 

of Langmuir’s can be examined for lower magnitudes of surface potential (using 2f as the gap 328 

distance).  By  representing  the dimensionless  electrostatic potential  at  the  solid‐water  as 329 

Ye,1 and its value at the water-air interface as Ye,2, Gregory’s compression model can be used to 330 

estimate adsorbed water films up to moderate ionic strength, on surfaces of low to moderate 331 

electrostatic potential.  Moreover, because opposing interfaces with different surface potentials 332 

are accommodated, implications of charging at the air-water interface can be examined.  333 

 Another useful approximate relation between matric potential and film thickness follows 334 

from the linear superposition approximation (LSA) for pairs of planar double layers.  When film 335 

thicknesses are large relative to the characteristic double layer thickness (f > 1), interactions 336 

between opposing double layers are sufficiently small such that their electrostatic potentials are 337 

approximately additive [Verwey and Overbeek, 1948].  The pressure in a symmetric electrolyte 338 

solution confined between charged plates in the LSA model gives 339 

     (9) 340 

The LSA-predicted pressures are also intermediate to the constant surface potential and constant 341 

surface charge based predictions, but closer to the latter [Gregory, 1975].  Note that the 342 

interfacial tension contribution to film pressure can be included by simply adding 4/ to the left 343 

sides of equations (8) and (9). However, as noted earlier, this influence is relatively small.   344 

 An important influence on adsorbed water film thicknesses appears to be the electrostatic 345 

potential associated with the air-water interface, e2 in equations (8) and (9). The possibility that 346 

a finite surface potential at the film’s air-water interface could influence thickness relations was 347 
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raised by Read and Kitchener [Read and Kitchener, 1969], although very few measurements of 348 

air-water interfacial charge were available at that time.  Demonstrations of clay colloid 349 

partitioning at air-water interfaces suggest that these interfaces are weakly negatively charged 350 

[Wan and Tokunaga, 2002]. Since then, a number of investigations into charge and electrical 351 

potential at air-water interfaces have been conducted based on air bubble electrophoretic 352 

mobility. The data and literature values reported recently [Najafi et al., 2007; Takahashi, 2005] 353 

exhibit considerable variability, but nevertheless show trends with respect to pH, ion type, and 354 

ion concentration. For the 10 mol m-3 NaCl solutions, zeta potentials () decreased from ≈ 0 ±10 355 

mV at pH 2 to 3, to ≈ -40 ±20 for pH ≥ 8.  Within the range of 4 < pH < 8,  ≈ -25 ±10 mV.  356 

Being associated with the slip plane, values of  potentials are lower in magnitude than the 357 

electrostatic potential at the air-water interface, e,2. Lacking direct measurements of the latter,  358 

= 0, -1, -25, and  -50 mV will be used as estimates for e,2 in some of the following examples. 359 

 Specific cases for increased ionic strength (with e,1 = -50 mV for the solid-water 360 

interface) predicted by the compression model and the LSA are shown in Figure 6, along with 361 

Langmuir’s model (flat surface limit). For these comparisons,el is equated with –m. Film 362 

thicknesses less than 1 nm are not plotted because they are below the resolution of these mean 363 

field (continuum) approaches.  It should be noted that e,2 for the air-water interface is set to -1 364 

mV for the LSA for these comparisons because the model requires opposing interfaces with 365 

finite potentials of identical sign.  These comparisons show that as the requirement of dilute ionic 366 

strength solutions employed in Langmuir’s model is relaxed, thinner adsorbed water films result. 367 

The compression approximation model exhibits thicker films than the LSA because of its greater 368 

confinement of counterions between charged surfaces.  It should be noted that the predictions 369 

from the compression approximation at 0.1 mol m-3 approach the Langmuir curve more closely 370 
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as e,1 is increased to higher magnitudes (not shown).  Although an upper limit of e,1≈ 50 371 

mV (Ye,1 ≈ 2) was recommended for the compression model and LSA [Gregory, 1975], 372 

Overbeek noted that models based on linear approximations can yield reasonable results up to 373 

e,1≈ 100 mV (Ye,1 ≈ 4) [Overbeek, 1990].   374 

 The influences of e,1 at the solid-water interface on film thickness predicted by the 375 

compression and LSA models are shown in Figure 7 for a background ionic strength of 10 mol 376 

m-3. For reasons mentioned previously, the electrostatic potential at the air-water interface e,2 377 

was limited to -1 mV for the LSA calculations. Again, thicker films are predicted with the 378 

compression model relative to the LSA, and both models yield thinner films than the Langmuir 379 

model. These results show the importance of surface potential, with higher magnitude e,1 380 

stabilizing thicker films because of the requisite higher concentration of counterions required 381 

within the film for charge balance.  The surface charge density, *, associated with e,1 can be 382 

calculated from the Grahame equation [Grahame, 1953], which for 1:1 electrolyte solutions is 383 

     (10) 384 

Based on this relation, the e,1 of -10, -50, and -100  mV cases depicted in Figure 7 correspond 385 

to surface charge densities of 2, 13, and 40 mC m-2 (at an ionic strength of 10 mol m-3). Quartz 386 

and colloidal silica exhibit this range of surface properties in solutions ranging from pH 4 to pH 387 

8 [Dove and Craven, 2005; Kitamura et al., 1999]. Calculations summarized in Figure 7 also 388 

illustrate how the electrostatic component of film thickness diminishes as the pH associated with 389 

the point of zero charge (p.z.c.) [Sposito, 1998] is approached.  At the p.z.c., no variations in 390 

counterion concentrations relative to n∞ are required, hence the mineral surface electric double 391 

layer film is fully collapsed. 392 
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 The final double layer variable to examine is the electrostatic potential at the air-water 393 

interface.  Based on  values noted previously, e = -25 mV is taken as a reference value for the 394 

air-water interface, for interaction with a solid-water interface with e = -50 mV, in 10 mol m-3 395 

bulk solution ionic strength.  The film thickness relations obtained from the compression and 396 

LSA models are shown in Figure 8 for air-water interface e values of 0 (or -1), -25, and -50 397 

mV.  With a more highly negatively charged air-water interface e, thicker adsorbed films are 398 

supported through repulsive interactions with the negatively charged solid surface.  Repulsion 399 

will diminish with decreases in negative charge density (or even charge reversal) on both 400 

surfaces as pH is decreased.  Thus, these models predict generally thinner adsorbed water films 401 

at lower pH. 402 

 403 

7.  Combining van der Waals and electrostatic influences on adsorbed water films 404 

  The combination of dispersion and electrostatic forces for predicting interactions between 405 

colloidal interfaces is central to DLVO theory, where their associated pressures are commonly 406 

treated as additive in colloidal suspensions and mineral-water-oil systems [Gee et al., 1990; 407 

Israelachvili, 1991; Low, 1987; Russel et al., 1989].  Various DLVO analyses have also been 408 

developed for adsorbed water films [Churaev, 2003; Novy et al., 1989]. However, to our 409 

knowledge, application of the DLVO theory to predictions of adsorbed water film thicknesses in 410 

porous media while delineating grain scale-dependent m constraints has not previously been 411 

reported.  With respect to the matric potential, this additivity takes the form  412 

       (11) 413 

Here, we combine the dispersion component with two different electrostatic approximations 414 

(compression and LSA) in order to estimate the relative contributions of each interaction on flat 415 
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solid surfaces.  The reference conditions to be illustrated are for water films on an SiO2 surface 416 

with e,1 = -50 mV, the air-water interface e,2 = -25 mV, and A132 = -1.3 x10-20 J.  Calculations 417 

were done for m(f) using equations (1), (11) and either (8) (compression) or (9) (LSA), then 418 

plotted as f(m) in Figure 9. The ionic strength influence is shown in these figures for 1:1 419 

electrolyte solution concentrations of 1 mol m-3 and 100 mol m-3.  Comparisons between 420 

electrostatic only (compression and LSA) and DLVO (electrostatic plus dispersion) model 421 

calculations show that the dispersion contribution is relatively small over most of the plotted 422 

matric potential range under the selected surface potentials. However, these graphs do indicate 423 

that dispersion is important at low matric potentials in dilute solutions.  As expected, the DLVO 424 

calculated film thicknesses in the more dilute solution concentration (1 mol m-3) examples 425 

approach the Langmuir model predictions. It is also important to recall that, being based on mean 426 

field relations, the DLVO calculations have a lower film thickness limit of about 1 nm 427 

[Israelachvili, 1991; Ninham, 1999; Russel et al., 1989; Verwey and Overbeek, 1948], which 428 

corresponds to a matric potential limit typically in the range of about -105 Pa. Also shown on 429 

these figures are estimated water film thicknesses at matric potentials of -105 and -106 Pa in soils 430 

studied by Campbell and Shiozawa [Campbell and Shiozawa, 1992] and Tuller and Or [Tuller 431 

and Or, 2005]. These estimates were obtained by dividing gravimetric water contents reported 432 

by Campbell and Shiozawa by the product of water density times specific surface area reported 433 

by Tuller and Or. Film thicknesses at higher (closer to zero) m were not calculated from these 434 

soil data because of expected greater contributions from capillary water. For reasons described in 435 

Tuller and Or [Tuller and Or, 2005], the Salkum soil was excluded from this calculation. The 436 

remaining five soils yielded estimated film thicknesses of 1.4 to 2.0 nm at m = -105 Pa, and 1.0 437 

to 1.2 nm at m = -106 Pa, in fairly good agreement with the DLVO calculations.   438 
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 439 

8.  Summary 440 

The dependence of water film thickness on matric potential, solution chemistry, and interfacial 441 

properties was studied through calculating capillary drainage in model systems, and predicted 442 

interfacial interactions under the resulting unsaturated conditions. Dispersion (van der Waals) 443 

and electrostatic interactions were determined for conditions representative of many unsaturated 444 

soil and rock environments through calculating nonretarded Hamaker constants for adsorbed 445 

water films between air and common mineral surfaces, and through applying approximate 446 

expressions for electrical double layer pressures, respectively. Together, these contributions yield 447 

DLVO relations between film thickness and matric potential. Thinner water films are predicted 448 

with higher ionic strength solutions and lower interfacial electrostatic potentials. Therefore, 449 

thinner films are also expected when the pore waters have pH close to the PZC of the solid 450 

surface.  For similar reasons, neutralization of the negative electrostatic potential at the air-water 451 

interface at low pH is also expected to cause film thinning.  In very dilute solutions on interfaces 452 

with higher surface potentials, thicker films are stable and approach the matric potential 453 

dependence predicted by the Langmuir model. Under commonly encountered unsaturated zone 454 

conditions with moderate ionic strength (≈ 10 mol m-3), moderate mineral surface potentials (≈ -455 

50 mV), and weakly negative electrostatic potential at the air-water interface (≈ -25 mV), the 456 

models predict that adsorbed water films will typically have thicknesses ranging from a few nm 457 

to about 20 nm.  Such thin films limit flow and transport rates in unsaturated geological media. 458 
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Tables (total of 1) 617 

Table 1. Hamaker constants (A11) of oxides, aluminosilicates, and other common soil minerals 618 

reported in the literature, and their calculated nonretarded A132 for water films.   *Values of A11 619 

derived from aqueous suspension A131 measurements were estimated using the combining 620 

relation, , with A33(water) = 3.7x10‐20 J. 621 

solid phase source A11,  J A132,  J 

SiO2 [Derjaguin et al., 1978] 5 x10-20 -6 x10-21 

SiO2 [Hough and White, 1980] 6.55 x10-20 -1.0 x10-20 

SiO2 [French, 2000] 6.8 x10-20 -1.3 x10-20 

Al2O3 [French, 2000] 1.65 x10-19 -4.1 x10-20 

-Al2O3 [Hough and White, 1980] 1.56 x10-19 -3.9 x10-20

-Al2O3 [Bergstrom, 1997] 1.52 x10-19 -3.8 x10-20

-FeOOH (goethite) [Blakey and James, 2003] 1.8 x10-19* -4.5 x10-20

TiO2 [French, 2000] 1.49 x10-19 -3.7 x10-20 

muscovite mica [Israelachvili and Tabor, 1972] 1.35 x10-19 -3.4 x10-20 

muscovite mica [Hough and White, 1980] 1.0 x10-19 -2.4 x10-20 

illite [Novich and Ring, 1985] 1.8 x10-19* -4.5 x10-20 

kaolinite [Welzen et al., 1981] 1.25 x10-19* -3.1 x10-20 

kaolinite [Berka and Rice, 2004]  1.67 x10-19* -4.2 x10-20 

montmorillonite, lowest potential [Li et al., 2009] 1.09 x10-19* -2.6 x10-20 

montmorillonite, highest potential [Li et al., 2009] 1.98 x10-19* -4.9 x10-20 

CaCO3 [Hough and White, 1980] 1.2 x10-19* -2.9 x10-20 

CaCO3 [Bergstrom, 1997] 1.2 x10-19* -2.4 x10-20 

soils (fit to moisture characteristics) [Or and Tuller, 1999] - -6 x10-20 
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Figures (total of 9 figures) 623 

 624 

 625 

Figure 1.  Comparisons of grain surface area normalized water volumes on close-packs of 626 

monodisperse spherical grains of different diameters (), based on pendular ring volumes and 627 

Langmuir’s adsorbed film model for substrates with high electrostatic surface potential. Upper 628 

limits of all curves terminate at the condition where pendular rings become interconnected, and 629 

are indicated by circles. Extensions of the Langmuir curves to higher (less negative) energies 630 

depict film thicknesses on isolated grains, but are not applicable in porous media because pores 631 

become saturated. The upper x-axis on this and later graphs indicates the smallest spherical grain 632 

size in close packing in which pores are drained and pendular rings are discontinuous.   The 633 

water-air surface tension is taken as 73 mN m-1 and contact angle is zero. 634 

 635 
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 636 

 637 

Figure 2.  Predicted matric potential dependence of water film thicknesses on various common 638 

mineral surfaces, based solely on van der Waals interactions (equation (3a)) and Hamaker 639 

constants (A132) listed in Table 1.  The upper x-axis indicates the approximate smallest grain size 640 

allowing adsorption-dominated films.  Pores in smaller grain size systems are capillary-filled. 641 

 642 

 643 

 644 
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 645 

Figure 3.  Predicted matric potential dependence and grain size dependence of water film 646 

thicknesses on SiO2 surfaces, based solely on van der Waals interactions (A132 = -1.3 x10-20) and 647 

surface tension (equation (3b)).   The planar surface limit is given by the  = ∞ curve (equation 648 

(3a)).  Other curves are for spherical grains, with circles indicating the condition for pendular 649 

ring merging (wetting curves). 650 
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 652 

 653 

Figure 4.  Configurations of water in unsaturated porous media, and associated electrostatic 654 

potential profiles.  (a.) regions of thick capillary films between widely separated solid surface. 655 

(b.) regions of thinner water films confined between opposing solid surfaces with overlapping 656 

electric double layers.  (c.) regions with adsorbed water films with negligible electrostatic 657 

potential gradient at the air-water interface. (d.) regions with adsorbed water films with finite 658 

electrostatic potential gradient at the air-water interface. 659 
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 660 

 661 

Figure 5.  Comparison of Langmuir-model (equation (6)) for dilute 1:1 aqueous film thicknesses 662 

(solid black curve), Low’s [Low, 1987] empirical relation (equation (7)) for smectite interlayer 663 

half-space thickness saturated with 10-1 mol m-3 KCl (red curve), and predictions based an 664 

effective Hamaker constant of -6x10-20 J (equation (3a)) [Or and Tuller, 1999].  The open 665 

squares on Low’s regression equation represent lower and upper limits of the experimental 666 

results [Viani et al., 1983]. “R+K” denote data for KCl solutions adsorbed on silica [Read and 667 

Kitchener, 1969]. 668 
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 670 

Figure 6. Matric potential dependence of water film thicknesses at different concentrations of a 671 

1:1 electrolyte on a solid surface with e = -50 mV, from electrostatic interactions predicted by 672 

(a.) the compression model (equation (8)), and (b.) the LSA (equation (9)).  Note that e for the 673 

air-water interface is set to 0 mV in the Langmuir and compression models, and -1 mV for the 674 

LSA cases shown here.  675 
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 677 

Figure 7. Matric potential dependence of water film thicknesses at differente at a solid surface, 678 

with 10 mol m-3 ionic strength, predicted by electrostatic interactions of (a.) the compression 679 

model (equation (8)), and (b.) the LSA (equation (9)). Note that e for the air-water interface is 680 

set to 0 mV in the Langmuir and compression models, and -1 mV for the LSA cases shown here. 681 

 682 
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 684 

Figure 8. Matric potential dependence of water film thicknesses at 10 mol m-3 ionic strength, for 685 

a solid surface with e = -50 mV, and different values of e for the air-water interface, predicted 686 

by electrostatic interactions estimated from (a.) the compression model (equation (8)), and (b.) 687 

the LSA (equation (9)).  688 

 689 
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 691 

Figure 9.  Matric potential dependence of water film thicknesses with e,1 = -50 mV, e,2 = -25 692 

mV, and A132 = -1.3 x10-20 J, for 1 mol m-3 and 100 mol m-3 background ionic strength solutions, 693 

based on (a.) the compression model (equation (8)), and (b.) the LSA (equation (9)).  The DLVO 694 

curves in these figures result from adding the van der Waals pressure component to the 695 

corresponding electrostatic pressure component following equation (11).  The data points at -105 696 

and -106 Pa are calculated film thicknesses based on soil moisture characteristics by Campbell 697 

and Shiozawa, and specific surface areas by Tuller and Or for the same 5 soils. 698 

 699 
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