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The capillary pressure-saturation relationship, a fundamental relationship in the description
of multiphase flow, depends on the interfacial properties of the system. Sorption of a
cationic surfactant such as cetyltrimethylammonium bromide (CTAB) at the various
interfaces of a system changes interfacial properties such as electrophoretic mobility,
interfacial tensions, and contact 2agle. The objective of this paper is to examine the effect
of the changes in these interfacial properties on the capillary pressure-saturation
relationships for the air-water-silica system. The results presented here show that as the
sorption of CTAB increases, the naturally negatively-charged silica surface becomes
positively charged. This change in charge is reflected in the contact angle which passes
through a maximum when the electrophoretic mobility is close to zero. The spontaneous
imbibition capillary pressure reladonship is more sensitive to changes in interfacial
properties than the drainage relationship. In the air-water-silica system studied here, no
imbibition is observed at the maximum contact angle. The surface tension and contact
angle can be used to predict both the drainage and imbibition relationships of the air-water-

silica-CTAB systems from that of the air-water-silica system. The predicton is
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accomplished through scaling using the value of surface tension and the operational contact
angle, which can be obtained from the intrinsic angle through the incorporation of
corrections for roughness and interfacial curvature. A comparison of the measured and
calculated capillary pressure relationships shows that it is possible to predict the effect of
surfactant sorption on both drainage and imbibition capillary pressure-saturation

relationships for the system studied.

To describe the movement of water in the vadose zone, Richards' equation is commonly used. To apply
this equation, additional information in the form of constitutive relationships must be provided. Much
research has been devoted to the description and prediction of the constitutive relationship of capillary
pressure-saturation (/-3). However, many of these efforts seem implicitly to regard the soil matrix as
strongly water-wet. But that state, in reality, depends on the naturc of the soil solids, the composition of
the subsurface water and the properties of solutes present. If a surface-active compound is added to or
naturally occurs in the subsurface, it will sorb differentially at the three interfaces of the system: air-water,
water-solid and air-solid. The exact degree of sorption will be influenced by the pH and ionic strength of
the aqueous solution. The sorption will, in turn, alter the interfacial tensions and the contact angle of the
system, consequently impacting the capillary pressure-saturation relationships.

Since the interfacial tension between a fluid and a solid cannot be measured directly, surrogate °
measurements, such as electrophoretic mobility or zeta potential, are commonly used as indicators of
interfacial conditions. A number of studies have related sorption or zeta potential to the magnitude of the
contact angle in air-water-mineral-surfactant systems (4-7). These studies showed that the sorption of
cationic surfactants to a negatively-charged mineral surface caused the surface charge to become positive.
The increase in the surface charge resulted in the mineral surface to become first less water-wet and then
strongly water-wet once again. Similar effects are also noted in organic liquid-water-mineral studies, but
the range of wettability changes which result from the adsorption of surface-active compounds may be
even greater (8-9). While in each case cited above the effects of sorption on wettability were

demonstrated, the implications of these changes with respect to capillary pressure were not explored.
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On the other hand, Morrow (/0-11) and Demond and Roberts (/2) have looked at the effects of
interfacial tension and contact angle on capillary pressure-saturation relationships. Their work showed that
the contact angle affects the spontaneous imbibition relationship more strongly than the primary drainage.
Above a contact angle of about 65°, no spontaneous imbibitdon occurred. However, in these studies, the
changes in contact angle and interfacial tension were accomplished through the use of different organic
liquids, rather than through the sorption of a surface-active compound. Furthermore, Demond and
Roberts (12) demonstrated a means of scaling capillary pressure-saturation relationships using the liquid-
liquid interfacial tension and contact angle. Again, this methodology was developed for organic liquid-
water systems and its applicability to a system where the wettability changes are governed by sorption
reactions has yet to be demonstrated.

Thus, previous studies have focused on the relationship between sorption and contact angle, or on
the relationship between contact angle and capillary oressure. The purpose of this paper is to integrate
these foci and examine the effects of surfactant sorption on capillary pressure by correlating measurements
of sorption, electrophoretic mobility, surface tension and contact angle with changes in the capillary

pressure-saturation relationship for the air-water-silica system.

Background

The presence at waste disposal sites of a variety of surface-active species, such as organic acids, chelating
agents, and humic substances, is not uncommon (/3). Despite this observation, little work has been
devoted to understanding the effects of sorption of these tynes of solutes on the movement of water in the
vadose zone. Progress has been made in the numerical solution of Richards' equation (/4-15); yet, little
attention has been devoted to the changes in key constitutive properties such as the capillary pressure-
saturation and relative permeability-saturation relationships that might result from the presence of surface-
active contaminants. Some recent studies examine the changes in these relationships which occur due to
the introduction of a separate organic liquid phase (12, 16-18). Nevertheless, this work is still primarily

oriented towards developing models for these constitutive properties, rather than towards understanding



the phenomema governing the behavior of these relatonships. Ultimately, to understand the behavior of
these macroscopic relationships, it is necessary to examine the microscale parameters influencing them.

Richards' equation may be written:
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where K = unsaturated hydraulic conductvity, which may be expressed

as relative permeability, kr, where kr = K/Ksat, and Kgat =
saturated hydraulic conductivity,

P = pressure,
= moisture content of wetting phase, often expressed in terms of

saturation, S, where S = 6/n, and n = porosity, and

subscript W wetting phase, usually water.

To solve this equation, additional information must be provided in the torm of constitutive relationships,

such as the capillary pressure-saturation relationship:

Pnw — Pw = Pc = f(S) (2)

where subscripts

c capillary, and

NwW

nonwetting.

in which capillary pressure, defined as the difference between the pressures in the wetting and nonwetting

fluids, averaged over a representative elementary volume, is expressed as a function of saturation.
Although this relationship is macroscopic, based on a continuum approach to describing flow in

porous media, it represents the effect of pore-level interfacial properties. At the scale of a single pore, the

capillary pressure is described by the Young-Laplace equation:



Pc= YH,0/ARR (1/R; + 1/R3) (3)

where R = principal radius of curvature,
Yy = interfacial tension,
subscripts AIR = air phase, and

H,0 = aqueous phase.

If the meniscus is spherical and the pore cylindrical, then equation 3 may be rewritten as:

2 Yu,0/AIR €050

Pc = - @)
where ® = contact angle, and
T = radius of pore.

The capillary pressure across a curved meniscus depends upon the contact angle which, according to

Young's equation, is a function of the interfacial tensions of the system:

TH,0/AIR €58 = YaR/s - Y H,0/5 (5)
where subscript
S = solid

In turn, these interfacial tensions are affected by the sorption density at the three interfaces of the system

according to the Gibbs adsorption equation:

dy=—RT (L T} d(In ay) 6)
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where a; = activity of species, i. in solution,
R = gasconstant,
T = temperature, and
I; = sorpton density of species, i, at a given interface.

These equations delineate a causal relationship between sorption and the advective movement of water in
the vadose zone. Thus, to understand how the presence of surface-active compounds might influence the
movement of water in the vadose zone implies examining the effect of sorption on constitutive
relationships such as capillary pressure-saturation.

The equations describing interfacial properties at a microscale cannot be applied directly to the
macroscopic description of flow in porous media. Accurate values of the interfacial tensions of solids are
difficult to obtain and surrogate measurerents of surface conditions, such as electrophoretic mobility, are
usually required. The contact angle defined by Young's equation for a smooth flat plate is often not the
operative contact angle in a porous medium. For example, the roughness of a natural surface causes the
contact angle to be hysteretic, showing an enlarged angle if advancing and a diminished angle if receding.
In addition, the magnitude of the contact angle necessary to make equation 4 an equality is affected by the
configuration of the pore. These factors make direct quantitative computations using the above equations
difficult

Yet with this framework in mind, methods have been developed for relating operative contact
angles to intrinsic contact angles. Recent measurements of contact angles on rough surfaces and in bead
packs have demonstrated that the operative contact angles show a systematic dependence on the Young's,
or intrinsic, contact angle (/9-22). Capitalizing on this work, Demond and Roberts (/2) developed a
methodology for calculating operative contact angles for drainage and imbibition in sands. They combined

the curvature correction factor, Z(6), defined by Melrose (20) to express the effect that the contact angle

has on drainage or imbibition in terms of deviations from the capillary tube model:
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with roughness corrections determined empirically by Morrow (21) (Table 1):

Table 1. Roughness Corrections for Well-Roughened Surfaces

Inirinsic Angle Operational Angle

drainage (receding angle) imbibition (advancing angle)

0° < ONT < 21.6° 6r=0° 0, =0°

21.6° < Ot < 87.6° 8, = 0.5exp(0.056mvT) = 1.5 |8y = 2(OmT — 21.6)

where subscripts
INT = intrinsic, and

r = corrected for roughness.

to produce a means of calculating the operational angles for both drainage and imbibition. The
operational contact angles can then be combined with a form of Leverett's (23) equation, written here

assuming that the porosity and permeability of the systems are equal,

Pc(Se)2 = Pc(Se)1 (Y/Y1) (8

where Se

effective saturation = (S — Sp)/(1 = Sy),

St residual saturation of the wetting phase,

to yield:

[Y cosOr Z(0)]2
[Y cosBr Z(8)]h

Pc(Se)2 = Pc(Se (9)



Equaton 9 provides a means of calculating the capillary pressure of one fluid-fluid pair in a porous
medium from the capillary pressure of another fluid-fluid pair in the same porous mediurn. This
methodology has proven useful in organic liquid-water systems, but has yet to be applied to systems
which include surface-active compounds. If equation 9 is applicable to air-water-silica-surfactant systems,

then the changes in capillary pressure resulting from the sorption of surfactants can be esimated based on
a knowledge of the relationship between sorption and 'YH20/ AIR and 6.

Experimental Materials and Methods

Materials. The solid quartz (SiO) was selected as the mineral for this study because it represents one of

the most commonly occurring minerals in groundwater environments, and has surface properties
representative of many aluminosilicates. The surface of quartz is composed of silanol surface functional
groups which are deprotonated at all pH values normally encountered in subsurface environments, which
imparts a negative charge to the quartz surface. In addition, quartz is available in many forms, such as
smooth flat plates necessary for contact angle measurements and different particle sizes necessary for
capillary pressure and sorption density measurements. Cetyltrimethylammonium bromide (CTAB) was
selected as the surfactant for these studies, for complementary reasons. CTAB is a cationic surfactant
which sorbs relatively strongly to a negatively charged surface. Consequently, it had the potential for
causing well-defined changes in wettability.

Several forms of quartz were purchased and prepared for these studies. Two size fractions of
particles, #40 and F-65 (U.S. Silica, Berkel=y Springs, WV), were used. The #40 has a mean particle
diameter of 7.3 wm and a surface area of 0.31 m2/gm, and was used in the sorption and electrophoretic
mobility studies. The F-65 has a particle size range of 106 to 425 um and was used in the capillary
pressure-saturation experiments. The particles were cleaned by washing several times with 0.1 N HCI
followed by several washes with 15% hydrogen peroxide at a pH of about 4, to remove metal ions and
organic matter (24). Smooth quartz slides were used for the contact angle measurements (Quartz

Scientific, Fairport Harbor, OH); their cleaning is described in the section on contact angle measurements.
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The plrity of the CTAB, as hpurchased, was greater than 99% (Fluka Chemical, Hauppage, NY).
Based on electrical conductivity measurements, the critical micelle concentration (CMC) of the CTAB was
9.5x10 M, which is in close agreement with the literature values (25). The CTAB was further purified
by recrystallizing three times from a 4:1 mixture by volume of acetone and methanol (26). The
radiolabelled CTAB was obtained from American Radiolabeled Chemicals (St. Louis, MO) and was used
as purchased. All solvents used for cleaning were HPLC grade (Mallinckrodt Specialty Chemicals, Paris,
KY). Ultrapure water was obtained by passing deionized, distilled water through Milli-Q (Millipore,
Bedford, MA) cartridge filters.

Methods. To examine the relationship between sorption and capillary pressure, five types of
measurements were made: sorption, electrophoretic mobility, surface tension, contact angle and capillary
pressure-saturation. For the purposes of describing the experimental effort, these measurements are
divided into three parts: 1) surface chemical measurements, 2) surface tension and contact angle
measurements, and 3) capillary pressure-saturation measurements. Sodium chloride at a corcentration of
0.01 M was used as the background electrolyte in all the experiments. The experiments were conducted at

room temperature (233+2°C).

Surface Chemical Measurements. Adsorption isotherms giving adsorption density as a
function of aqueous solution concentrations were measured over pH 5-9. These isotherms were obtained
by mixing appropriate amounts of silica, aqueous solution coataining radiolabeled CTAB, background
electolyte, and acid or base in 12 ml polypropylene centrifuge tubes, and equilibrating for over 24 hours.
The slurry was centrifuged and the adsorption density calculated from the concentration of the radiotracer
in the supernatant.

Potentiometric titrations were performed to give the electrophoretic mobility as a function of pH for
different total CTAB corcentrations. These measurements were made using a Matec ESA-8000 (Matec
Applied Sciences, Hopkinton, MA). By applying an alternating electrical field to a liquid, charged

particles suspended in the liquid will move electrophoretically, creating an alternating pressure wave. The



signal created by such movement can be converted to electrophoretic mobility or zeta potential using the
methodology developed by O'Brien (27).

At a particular total CTAB concentration, the silica was mixed with appropriate amounts of water,
CTAB, NaCl, and acid to give a pH close to 5.5. The titration curve was obtained by incrementally
adding NaOH in 0.1 pH unit aliquots and mixing for 5 mins (a time period which was sufficient to
stabilize the ESA signal) after each addition. The process was repeated up to a pH of 9.5. This data was
then combined with the adsorption data to give electrophoretic inobility as a function of aqueous CTAB

concentration.

Surface Tension and Contact Angle Measurements. The surface tension and the contact
angle on quartz of aqueous solutions of CTAB were measured for a range of CTAB concentrations at a pH
of 6 and NaCl concentration of 0.01M. These measurements were made using an automated
pendar/sessile drop instrument based on the Axisymmetric Drop Shape Analysis (ADSA) technique (28).
A droplet was formed with a microsyringe (Gilmont, Great Neck, NY). The droplet was then enlarged
with a M3Z Plan S microscope (Wild Leitz, Heerbrugg, Switzerland). The enlarged droplet was
photographed using a solid-state CCD monochrome camera (4810 Series, Cohu, San Diego, CA), and the
image sent to a digitizer where the analog signal was converted to a digital signal containing the image data
in the form of pixels. A microcomputer with a 80386 microprocessor acquired these data and performed
the image analysis and computation. The computational analysis involved fitting Laplace’s egnation to an
arbitrary array of coordinate points selected from the drop profile. An objective function that expresses the
deviation of the physically observed curve from the Laplacian curve was minimized to give the best value
for the surface tension or contact angle (29). To damp vibrations, the apparatus was placed on a vibration
isolation table (Technical Manufacturing, Peabody, MA).

Since the cleaning procedures influenced the reproducibility of the results, considerable attention
was devoted to developing rigorous techniques. To clean the quartz slides, syringe barrels, quartz cell and
other glassware, they were soaked for 20 minutes each in methanol, acetone, and Milli-Q water, followed
by overnight soaking in Chromerge solution (VWR Scientific, Chicago, IL.). These items were then again
thoroughly rinsed in Milli-Q water. The syringe barrels and other glassware were oven dried at 110°C.



The quartz slides were not dried, but were insteac stored in Milli-Q water. The stainless steel needles and
teflon syringe plungers and stage were soaked for 20 minutes each in hexane, methanol. acetone, and
Milli-Q water, after which the teflon parts were soaked in Micro (International Products, Trenton, NJ).
After rinsing thoroughly with Milli-Q water, the teflon and steel parts were dried in the oven at 110°C.

The surface tension measurements were made by forming pendant drops of CTAB solution in air.
These droplets were made using a teflon tube attached to a microsyringe adju ted with a micromanipulator
(World Precision, New Haven, CT) within an environmental chamber (Rame-Hart, Mountain Lakes, NJ)
which had been flushed with high purity nitrogen saturated with Milli-Q water. The surface tension
dropped sharply in the first 5 minutes after the pendant drop was formed. After about 10 minutes, the
surface tension became fairly constant, dropping by less than 0.3 dynes/cm every 10 minutes. Based on
this, all the surface tension measurements were made at 10 minutes equilibration time.

For contact angle measurements, the quartz slide was removed from the Milli-Q water, secured to a
teflon stage and placed in a quartz cell containing CTAB solution. The slide was allowed to equilibrate for
20 minutes with the CTAB solution. The needle attached to the microsyringe was passed through a teflon
septum mounted on the stage and a sessile air droplet was formed on the underside of the quartz slide
through a hole in the center of the slide. Both advancing and receding contact angles were measured. The
measurements were made 10 minutes after the droplet was advanced or receded. After this time, the

contact angle changed by less than one degree in 15 minutes.

Capillary Pressure-Saturation Measurements. The capillary pressure-saturation
measurements were made using custom-made teflon-coated stainless steel pressure cells were patterned
after Tempe cells (30). The coreholder had a height of 3.0 cm and an interior diameter of 5.5 cm. It was
consistently packed with cleaned, dry F-65 silica to a consistent porosity of 0.34, in contact with a 1-bar
porous ceramic plate. The cell was evacuated and then an aqueous solution (pH = 6, NaCl = 0.01 M)
containing CTAB at a particular concentration was pumped through the cell at a rate of 5 ml/min untl
influent and effluent CTAB concentrations were the same. The CTAB concentration was measured to an

accuracy of 5% by two-phase titration with mixed indicator using sodium dodecy! sulfate as the titrant



(31). To ensure that the system was at equilibrium, several additional pore volumes were pumped through
the cell after this point.

The pressure in the aqueous phase in the cell was maintained constant, close to ammospheric
pressure. The pressure in the air phase was controlled by compressed air, passed through particulate and
hydrocarbon traps, regulated by two regulators in series (Model 23, Scott Specialty Gases,
Plumsteadville, PA; Model 40-7, Moore Products, Spring House, PA), and monitored by a low pressure
gauge (Series 66-050, Wallace and Tiemnan, Belleville, NJ). The drainage relatdonship was measured by
increasing the air pressure in small increments. After each increment in air pressure, the cell was allowed
to equilibrate for at least 24 hours. The decreésc in saturation within the porous medium was calculated
based on the increase in weight of the bottle collecting the effluent. This procedure was repeated until a
negligible efflux was achieved in response to a step increment in pressure, suggesting that residual
saturation had been achieved. This point served as the beginning of spontaneous imbibition. After each
small reduction in air precsure, the system was allowed to equilibrate and the increase in saturation was

calculated based on the weight loss of the effluent bottle.
Results and Discussion

Surface Chemical Measuremenis. Figures 1 and 2 give the adsorption d=nsity and electrophoretic
mobility as a function of agueous CTAB concentration over the pH range of 6-9. Silica is negatively -
charged above its point of zero charge, which is in the vicinity of pH 2 (32). Therefore, above pH 2, a
cationic surfactant such as CTAB will show strong affinity for silica, giving an isotherm shape that has
been previously noted as characteristic of adsorption in these systems (33-34). The adsorption mechanism
can be inf-rred from the adsorption isotherm and the electrophoretic mobility data. The adsorption
isotherm can be divided into four regions (Figure 3). In region I, the adsorption is characterized by
electrostatic attraction between the negatively charged surface and the positively charged head group of
isolated CTAB molecules. As the negative values of the electrophoretic mobility measurements suggest,
the curface does not yet have a monolayer coverage. In region II, the marked increase in adsorption is

mainly duc tc hemimicelle formation, a result of lateral interaction between the surfactant's hydrocarbon



tails. Also in this region, the electrophoretic mobility becomes increasing less negative and finally turns
positive, with the isoelectric point occurring at a CTAB concentration of about 1.5 x 104 M. In region III,
the slope in the isotherm decreases suggesting a lessening tendency for a positively charged surfactant to
adsorb onto a increasingly positively charged surface. The adsorption which does occur in this region
results primarily from the hydrophobic interaction between the hydrocarbon tails of the surfactant
molecules. This strong hydrophobic interaction leads to formation of a bilayer of surfactant molecules on
the surface. Finally, the adsorption isotherm reaches a plateau in region I'V at an aqueous solution
concentration of 5x104 M, when a complete bilayer is formed on the surface. Here, the adsorption
density on the silica surface remains constant because additional molecules of surfactant introduced into the

solution phase form solution-phase micelles rather than adsorbing to the solid surface.

Surface Tension and Contact Angle Measurements. Figure 4 shows the surface tension of
aqueous solutions of CTAB at pH 6. The functional dependence shown in this figure is characteristic of
aqueous solutions of surfactants (35). The surface tension decreases log-linearly from a CTAB
concentration of about 1x10-3 M to 2.2x104 M, after which the surface tension is almost constant. These
data suggest that the critical micelle concentration (CMC) of CTAB at pH 6 and NaCl =0.01M is 2.2x10%
M, which compares favorably with previously reported values (36).

Figure 5 shows the advancing and receding contact angles on quartz as a function of CTAB
concentration at pH 6. This figure indicates that, at iow CTAB concentrations of about 1x100 M, the
silica surface is highly hydrophilic. A comparison of Figures 2 and 5 shows that this portion corresponds
to the region where the silica is negatively charged. As the CTAB concentration increases, the contact
angle increases. At an aqueous phase concentration of about 1x10% M, which is ciose to the isoelectric
point, the advancing contact angle passes through a maximum of 64°. At concentrations close to the
CMC, the contact angle decreases, suggesting that the formation of a surfactant bilayer makes the surface
strongly hydrophilic again.

These observations are not unilaterally corroborated by previous investigators. For a system of

air-water-quartz-CTAB (in the absence of any background electrolyte), McCaffery and Mungan (36)

observed a maximum advancing contact angle of 60°, which occurred at a CTAB concentration of 7x10-
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M, slightly bélow the CMC of CTAB in pure water of 9.5x10< M. In the presence of NaCl as the
electrolyte, Pashley and Israelachvili (37) also found a maximum contact angle of about 65°. However,

they believe the accurate value to be closer to 95°, attributing the lower value to impurities removable by

recrystallization from a 70:30 acetone-ether mixture 38).

Capillary Pressure-Saturation Measurements. Figure 6 shows the drainage and imbibition
capillary pressure-saturation measurements for various concentrations of CTAB at pH = 6. The imbibition
relationship shows a greater range of behavior than the drainage relationship, implying a greater
dependence on the surface conditions. At small contact angles, the aqueous phase imbibes strongly. As
the contact angle increases, the aqueous phase imbibes less. At the isoelectric point of the CTAB-coated
silica, corresponding to the maximum value of the contact angle of 64°, the aqueous phase does not
imbibe. As the silica surface becomes positively charged, the contact angle decreases and the aqueous
phase once again imbibes.

To determine whether these changes can be predicted on the basis of equation 9, the appropriate
scaling factors were calculated (Table 2). The intrinsic angles for drainage were the receding angles given
in Figure 5, whereas the intrinsic angles for imbibition were the advancing angles shown in the same
figure. These angles were corrected for roughness using the equations listed in Table 1, and the suitable
curvature correction factors, Z(8), calculated according to the method outlined in Melrose (20). By
multiplying the capillary pressures of the air-water-silica system by the calculated scaling factors, the
corresponding capillary pressures for the air-water-silica-CTAB systems were estimated.

A comparison of the measured and estimated capillary pressure relationships is shown in Figure 7.
This comparison demonstrates the methodology outlined here and described in more detail in Demond and
Roberts (12) for organic liquid-water systems has the capability of predicting the effect of surfactant

concentration on both drainage and imbibition capillary pressure-saturation relationships.



Table 2. Calculated Scaling Factors

Y Nt Oy
Process CTAB conc. (dynes/cm)  (degs) (degs) Z(9) Scaling factor
(moles/liter)
DRAINAGE 0.0 72 2 0 1.00 1.00
2.5x 105 59 37 2 1.05 0.86
1.0x 104 49 47 4 1.12 0.68
3.0x 104 45 17 0 1.01 0.60
IMBIBITION 0.0 72 5 0 0.94 1.00
2.5x 10 59 47 51 0.21 0.12
1.0x 104 49 64 85 No imbibition 0.00
3.0x 104 45 22 1 0.68 0.31




Conclusion

The results of this research show the relationship between the sorption of CTAB and capillary
pressure-saturation relationships for an air-water-silica system. As CTAB sorbs to the silica
surface, the silica surface becomes less negatively charged. This is reflected in the increase in the
contact angle, and the corresponding decrease in spontaneous imbibition in the capillary pressure
measurements. At the isoelectric point of the silica surface, the contact angle passes through a
maximum of about 65°, corresponding to a total lack of imbibition. As a bilayer of surfactant
molecules is formed on the silica surface, the surface becomes positively charged; the contact angle
decreases, and substantial imbibition occurs again. A comparison of the measured and calculated
capillary pressure relationships for these systems shows reasonable agreement, thus suggesting
that the effect of surfactant sorption on capillary pressure-saturation relationships can be estimated
if the surface tensions and contact angles are known. Because of the magnitude of the impact of
surfactant sorption on the capillary pressure-saturation relationships, it is anticipated that the
presence of surface-active contaminants in the vadose zone will have a significant effect on the

advective movement of water and its dissolved constituents.
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Figure 1: Adsorption of CTAB on silica as function of pH.
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Figure 2: Electrophoretic mobility of CTAB-coated silica as a function of pH.
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Figure 3: Adsorption density and electrophoretic mobility for CTAB on silica.
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Figure 4: Surface tension of water as a function of CTAB concentration.
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Figure 5: Advancing and receding contact angle of water as function
of CTAB concentration.
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