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ABSTRACT

The purpose of this study was to determine the effect of varying organic liquid and
porous medium properties on the organic liquid saturation of dense non-aqueous phase
liquids in sandy aquifers. The migration of organic liquids in aquifers has been shown to
depend on the wetting characteristics and density of the organic liquid, on the porosity,
permeability and geometry of the porous medium, and on the velocity of the groundwater.
A theoretical model which relates the organic liquid saturation to the relative magnitude of
these properties was used to determine the anticipated effect of variations in wettability,
porosity, and pore geometry on organic liquid saturation. Adhesion tension, defined as the
product of the water-organic liquid interfacial tension and the cosine of the contact angle
formed between the solid, water and organic liquid phases, was used to describe the
wettability of the organic liquid. The model indicated that an increase in adhesion tension
should cause an increase in the groundwater velocity required to reach the minimum
residual saturation attainable by groundwater pumping. Higher aquifer porosity should
result in a decrease in the groundwater velocity required to reach the minimum residual
saturation. Porous media geometry should significantly influence the groundwater velocity

required to reach minimum residual saturation.

Adhesion tension was an important factor in determining the groundwater velocity
required to reach minimum residual saturation, therefore, experimental work was done to
determine the effects of groundwater characteristics, pH and ionic strength, on adhesion
tension. In this study, the dependence of contact angle on pH and ionic strength for two

dense organic liquids, trichloroethylene and carbon tetrachloride, on two common
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minerals, quartz and corundum, was studied. The pH range investigated was from 5.3 to
approximately 10. The ionic strength range was from O to 1M NaClO4. The investigation
showed variation in wettability with pH variation on corundum surfaces but not on quartz

surfaces. A significant decrease in wettability with increasing ionic strength was observed.

v
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NOMENCLATURE

A -Area

c - Pore geometry constant
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r, R - Radius
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Ow - Contact angle measured in water
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u - Chemical potential

Y - Electrical potential
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INTRODUCTION

Organic liquid contamination in the subsurface can serve as a continuing source of
pollutants to groundwater systems. Organic liquid that is insoluble or slightly soluble in
water exists in the subsurface as non-aqueous phase liquid (NAPL). Left untreated, this
liquid will slowly dissolve into the groundwater for many years. Even slight solubility of
these chemicals can cause the concentration in groundwater to be above regulatory
groundwater standards. However, the solubility is low enough (and mass transfer
limitations in the subsurface cause actual concentrations to be even lower) so that

dissolution is not a viable treatment approach.

When NAPL is introduced into the subsurface, it migrates downward through the
vadose zone to the water table, leaving some liquid entrapped in the pore spaces due to
capillary forces. A NAPL with density less than that of water (LNAPL, "light non-
aqueous phase liquid") will spread out on top of the water table. A dense non-aqueous
phase liquid (DNAPL, "dense non-aqueous phase liquid") has higher density than water,

so penetrates the saturated zone and continues to migrate downward (See Figure 1).

Migration continues until the DNAPL is immobilized in the pore spaces in
discontinuous blobs (Powers et al., 1989). The percentage of pore space occupied by the

DNAPL is defined as the organic liquid saturation (See Figure 2).
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VADOSE ZONE

BEEEE 33 '-E: %
3 SATURATED ZONE

IMPERMEABLE BOUNDARY

Figure 1 Spreading of DNAPL after penetrating the saturated zone. (After
Schwille, 1967)

Figure 2 DNAPL (dark areas) trapped in pore spaces as discontinuous
blobs. Water (light background) remains a continuous phase but DNAPL
blobs are not connected so are a discontinuous phase.
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The usual technique for removing organic chemicals from the subsurface is the so
called pump and treat method. Pumping is very effective for chemicals soluble in water,
but for sparingly soluble compounds pump and treat isn't efficient because it causes the
contamination of large volumes of water without complete removal of the contaminant. To
effectively remove DNAPL, the individual globules must be mobilized. Given sufficient
water flow rate during groundwater pumping, much of the organic liquid can be mobilized
and removed. However, a significant amount remains, the minimum residual saturation,

beyond which the system cannot be cleaned by water flooding.

The organic liquid saturation has been shown to depend on the direction and velocity
of the displacing water during pumping, the density of the organic liquid relative to that of
water, the wetting characteristics of the organic liquid, and the porosity, permeability, and
pore geometry of the porous medium (Anderson, 1987; Dawson, 1992; Lake, 1989;
Mercer and Cohen, 1990; Stegemeier, 1977; Wilson et al.,1990).

The wetting characteristics of the ofganic liquid affect both the infiltration and
removal of DNAPL in the subsurface (Anderson, 1987). A liquid will either wet (spread
out on) a solid surface or bead up on thé surface depending on the relative surface free
energies of the liquid and solid. Organic liquid drops are non-wetting, so they bead up on
most aquifer material. The wettability of a solid surface by an organic liquid can be
described by the adhesion tension of the liquid on the solid material in the presence of
water. The adhesion tension is defined as the interfacial tension between the organic liquid
and water times the cosine of the contact angle measured in the wetting phase. An organic
liquid with a high adhesion tension will likely penetrate only the largest pore spaces of the

aquifer, allowing it to be more easily removed by groundwater pumping than an organic
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liquid with lower adhesion tension. Conversely, a liquid with a low adhesion tension will
more likely wet the solid surfaces and invade the smaller pore spaces causing the liquid to
be difficult to displace and therefore leave a higher residual saturation. However, the
groundwater velocity at which the minimum residual saturation is reached may be lower in
a low adhesion tension liquid than a higher adhesion tension liquid, since the low adhesion
tension liquid located in the larger pore spaces is mobilized more easily. This will be

discussed more thoroughly in the Displacement Model Analysis section of this paper.

Aquifer conditions which may affect the adhesion tension of an organic liquid
contaminant are the aquifer material characteristics, pH, and ionic strength. An
understanding of the effects of aquifer conditions on adhesion tension may be critical in
predicting the effectiveness of remediation techniques such as pump and treat and
determining the groundwater velocity required to achieve the minimum level of residual

saturation.

This study will focus primarily on the effects of wettability on organic liquid
saturation, but will also consider the effects of porous medium properties. The results may
be used to determine the viability of purﬁp and treat clean-up efforts when one or more
DNAPL is present. It may also be the basis for study on methods to reduce residual

saturation such as surfactant addition, alkalinity adjustment, or bioreclamation.
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BACKGROUND AND DISCUSSION

Previous work has shown that wettability can affect the behavior of organic liquids in
the subsurface (Anderson, 1987). Organic liquid saturation can depend on the relative
wettability of the organic liquid and water and also on the porosity, permeability and
geometry of the porous medium. The scientific basis for this will be discussed in this

section.

Wettability

When a liquid contacts a solid and the liquid has a lower surface free energy than the
solid, the liquid will spread out on the solid (wet the solid) to minimize the system's
surface free energy. If, however, the liquid has higher surface free energy than the solid, it
will bead up on the solid (not wet the solid) to minimize the system's surface free energy.
In a three-phase system, the contact angle is a measure of the relative wettability of a solid
by each of the two fluids in the system. It is defined as the angle formed at the fluid-fluid-
solid interface (Figure 3). In this study, the contact angle was measured in the wetting

phase (water).

Interfacial tension (called surface tension when a substance is in equilibrium with its
own vapor) is a measure of the attraction of a molecule towards it's own kind relative to its
attraction to another kind of molecule. The contact angle can be described as the result of
three interactive interfacial tensions. Consider a drop of organic liquid on a solid surface

immersed in water as shown in Figure 3. The interfacial tensions between the solid and
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organic liquid, between the solid and water, and between the water and organic liquid
combine to produce the contact angle. The water-organic liquid-solid system proceeds
toward a state of minimum free energy. If system free energy is reduced by minimizing the
organic liquid-solid surface area, the organic liquid will minimize contact with the surface.

Contact angle and interfacial tension are related by Young's equation (Equation 1):
YowcosOw = Yos - Yws (1)

where Yow = interfacial tension between organic liquid and water
Yos = interfacial tension between organic liquid and the solid
Yws = interfacial tension between water and the solid
Ow = contact angle, measured in water.

The left hand side of the equation, YowcosOy, is the adhesion tension.

; Y,
or.ga'fw ov water
liquid

Yos A Yws

Figure 3 Schematic illustration of Young's equation: equilibrium of
interfacial forces at an organic liquid-water-solid interface.
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Young's equation can be looked at mathematically to determine the expected results

when one interfacial tension is changed due to chemical or physical changes in the system.

cos By, = o~ Ysw )

Yow

Mathematically, with all other values remaining constant and for a non-wetting organic
liquid (0°<6<90°),

1. Increasing yow decreases cos 0 so increases 0

2. Increasing ysw decreases cos 6 so increases 0

3. Increasing yso increases cos 0 so decreases 0

Realistically, however, changes which affect one interfacial tension will often affect
another. Interfacial tension between two phases can be estimated by the magnitude of the

difference between the pure phase surface tensions using Antonov's rule (:

YAB = lya-YBl 3)

Only the difference in surface energies is considered, so an increase in Y5 could result in
either an increase or decrease in yaAp depending on whether y4 is greater or less than yp.
Because the three phase system has three interfaces, solid-water, organic liquid-water, and

organic liquid-solid, there are three equations relating surface tensions to interfacial tension.

Yow = Yo - Ywl (4a)
Ysw = IYs - Ywl (4b)
Yso = Iys - Yol (4¢c)

For analysis of changes in any one surface tension it is helpful to know that for high

energy solids such as silicates and metal oxides, the surface tension of the solid ( >200
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dynes/cm, Parks, 1968) is much greater than the surface tension of water (72.6 dynes/cm,
Osipow 1962) and the surface tension of water is typically higher than the surface tensions
of organic liquids (15 - 50 dynes/cm, Osipow 1962). More simply, ys >> yw > Yo. For
example, if the surface tension of water were increased, both the water-organic liquid
interfacial tension and the water-solid interfacial tension would change. The solid-water
interfacial tension would decrease (Equation 4b) and the organic liquid-water interfacial

tension would increase (Equation 4a).

Effect of Wettability on Organic Liquid
Removal in_Sandy Aquifers

Groundwater systems contaminated with DNAPL are three phase systems containing
solid, water and organic liquid. In most sandy aquifer systems, the water is the phase
which wets the solid, and the organic liquid is the non-wetting phase (Schwille, 1967).
The DNAPL typically occurs as globules or blobs and are difficult to displace (Sitar et al.,
1987). This is because there is a pressure jump across curved interfaces. The Laplace

equation,

1 1
AP=Y(R* Ry (&)

describes the pressure jump across a curved surface. For a spherical interfacial surface, Ry

= R =r and the Laplace equation reduces to

AP =— (6)
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The curvature is partially due to the contact angle of the organic liquid on the solid. Ina
capillary tube of radius R, the Laplace equation of the pressure drop across the curved

surface becomes,

2ycosO
-

AP = 7

For a liquid where 0 is less than 90°, a non-wetting fluid, the pressure is less in the wetting

fluid than in the non-wetting fluid and the wetting fluid rises in the capillary tube until the
force from the weight of the column of liquid balances the pressure differential.

Conversely, for a liquid where 0 is greater than 90°, the wetting fluid is depressed in the

capillary tube (See Figure 4).

@) ' (®)
Figure 4 (a) Figure 4 (b)
Capillary rise for a wetting fluid Capillary depression

for a non-wetting fluid

In the sandy aquifer system, the water behaves as a wetting fluid would in a capillary
tube and easily passes through narrow capillary sized pores. The organic liquid behaves as
a non-wetting fluid would in a capillary tube. The organic liquid resists flow through

narrow capillary sized pores because the pressure in the organic liquid is higher than the
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pressure in the surrounding water. The pressure differential between the inside of the
organic liquid globule and the outside water as the organic liquid approaches the narrow
pore is the capillary pressure. The capillary pressure differential causes the organic liquid to
resist flow through the narrow pore. The force keeping the liquid from passing through the

narrow pores is the due to the capillary pressure and is called the capillary force.

Variations in Wettability Due to

Groundwater Characteristics

The characteristics of groundwater can influence the behavior of organic liquids in a
sandy aquifer. Both the chemical composition of the water and the pH of the water may
influence the surface tension of the water which will change the water-solid and water-
organic liquid interfacial tensions. These, in turn, affect the adhesion tension of the organic
liquid and therefore the minimum residual saturation and the groundwater velocity required
to remove the organic liquid. The interactions between aquifer characteristics and organic

liquid saturation will be discussed in the Porous Medium Properties section of this work.

Effect of Ionic Strength and pH on Water Surface
Tension

The chemical composition of the groundwater will affect its surface tension. If a salt
is added to water, the water's surface tension will rise (Osipow, 1962). If a salt is added to
water containing a high energy solid such as quartz or corundum (which have a surface
tension much higher than the surface tension of water), the solid-water interfacial tension
will decrease because the difference between surface tensions will decrease (Equation 4b).

When salt is added to water containing an organic liquid (which has a lower surface tension



T - 4420 11

than water), the organic liquid-water interfacial tension will increase because the difference
between surface tensions will increase (Equation 4a). Therefore, by Young's equation
(Equation 1) the addition of a salt to the water should have the net result of decreasing the

contact angle.

The pH of the water may or may not affect the water surface tension (Young and

Harkins, 1928, Stumm and Morgan, 1970).

Interfacial tension has been shown to depend on surface aging or equilibration time
(Defay and Hommelen, 1958). The magnitude of that effect for each component in the
three phase system is unknown so the effect of equilibration time on contact angle is

unknown.

Effect of pH and Ionic Strength on Solid Surface

Tension

Aquifers are solid surface dominant systems, so the solid composition will influence
the behavior of organic liquids in the aquifer. The composition and charge of the mineral
surfaces can have a significant affect on the wettability of the sandy aquifer. Surface
composition and charge can be affected by the properties of the water in the aquifer. The
charge and therefore surface tension of the solid surface is dependent on both the pH and
ionic strength of the groundwater (Parks, 1983). There are many chemical and physical
processes which occur in the aquifer system that may have an effect on the contact angle of

organic liquids. These processes will be discussed in this section.

Many reactions occur at the surface of an oxide mineral. For example, unfully

coordinated Si and O groups whose coordination numbers are unmatched, made during
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formation of a SiO, surface form SiOH, SiH* and Si- groups at the surface when water
comes in contact with the surface (hydroxylation). These are usually called SOH groups
(the $ refers to solid). The type of the majority of surface groups depends on the pH of the
water in which the solid is immersed. At pH's below a certain pH, called the point of zero
charge (PZC), the surface is net protonated (has many H* ions attached). This causes the
surface to be positively charged. At pH's above the PZC, the surface has many OH- ions
attached and becomes a negatively charged surface. At the PZC, the surface is net
electrically neutral. The bulk pH of the water may change when a charged surface is
immersed because the solid is an OH- acceptor at pHy, > pHp,c and the solid is an H*

acceptor at pHw < pH pyc.

The pH affects adsorption because H* is a potential determining ion for oxide
surfaces and proton activity affects the solution phase speciation of solutes. The Tﬁple
Layer Model (Davis et al., 1978) includes three planes of adsorption: the surface (O-plane),
a plane for ion pairs (f-plane), and all non-specifically adsorbed ions present to satisfy the
conservation of charge, located in the diffuse layer. At a pH designated pHpzc, the
surface has a net zero charge in the absence of O-plane bound species other than a proton or
hydroxide. Ions which are covalently bound at the O-plane can affect surface charge and
are therefore potential determining. Ions which are located at the B-plane sorb in response
to the surface charge and potential generated by potential determining ions (e.g., proton,
hydroxide, and other solutes forming inner sphere, O-plane, complexes). Thus, at a pH
such that the surface charge is net zero, the driving force for the sorption of charged species

(which would be located at the §-plane, outer sphere complexes) should also vanish.
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Potential

Figure 5 Schematic diagram of the Triple Layer Model (Davis et al., 1978)
as modified by Papelis et al., 1988.

The possible solid surface effects of adding a salt or varying pH of the water on the
solid surface tension can best be seen by looking at the Gibbs equation (Equation 9) at

constant temperature and pressure. Note that y can be an interfacial or surface tension.
dGg tot = YdA + Ady + Zpidng; + ngidp; + od¥ €))

This is the free energy change which accompanies a change in interfacial tension, surface

area, chemical composition, or electrical potential. At equilibrium, AG = 0. Assuming

surface area is constant, the Gibbs adsorption equation becomes,
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dy=-(ZRdw +Tigdns +~a) )

Equation 9 shows that the positive adsorption (i.e. positive change in ng;) of anything at an
interface must result in a decrease in interfacial tension. This indicates physical adsorption
of positive or negative ions at the solid-water interface must decrease ygy, causing a
decreased contact angle (Equation 2). Equation 9 also shows that an increase in the
electrical potential difference between the solid and a liquid will decrease the solid-liquid
interfacial tension. This indicates that an increased surface charge may cause decreased yso
and ysw (Equations 4a and 4b). The decrease in 5o may be greater than the decrease in Ygw
because the organic liquids have much lower dielectric constants than water (CCly, € =
2.23, TCE, £ = 3.4; Water, € = 80) which would cause the potential difference across the
interface to be greater between the solid and organic than between the solid and water. In
other words, the water will orient itself to minimize the potential gradient where the organic
liquids cannot do so. The result of a decrease in Y is an increase in 8y (Equation 2) and
the result of a decrease in ygw is @ decrease in Ow. If the magnitude of the decrease in yso is
greater than the decrease in ygy, the contact angle would be expected to increase with
increasing surface charge. To characterize this relationship between surface charge and
surface tension/contact angle, experiments were conducted to determine contact angle at

varying pH and ionic strength levels.

It is unknown at which layer the organic liquid "contacts" the solid. The organic
liquid may actually touch the surface of a smooth solid in which case the surface charge
will determine the potential gradient at the interface. However, even on a perfectly smooth

surface there may be a thin layer of physically adsorbed ions between the solid and organic
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liquid in which case the charge at the beta plane or the charge at the outside of the diffuse
layer would determine the potential gradient at the interface. Surface roughness would
increase the probability of the organic liquid not actually touching the surface because the
organic liquid would not wet the small indentations in the surface and therefore would not
completely cover the actual surface. In other words, the organic liquid may or may not
experience the charge from the surface or the electrical potential near the surface. This
would affect any variation in organic liquid-solid interfacial tension due to the potential

gradient.

Another complication in the organic liquid-solid interfacial location is the ionic
strength of the water. Increasing salt concentration "reduces the charge and potential
observed electrokinetically. This screening effect suggests positive ions are attracted to
negative surfaces and negative ions to positive surfaces to minimize electrical potential
energy and preserve electrical neutrality” (from Parks, 1983). Coagulation of solids
increases at high ionic strength because the diffuse double layer is smaller so particles can
get closer and coagulate. This might have implications for an organic liquid dropped on the
surface. If the ionic strength is high, the surface charge is neutralized with a very short
diffuse layer of counter ions, and the organic liquid drop may experience no polarity that
would arise from a charged surface. The ions neutralize the charge, causing the organic
liquid dropped on the surface to be unaffected by the surface charge. Under this condition,

little pH dependence on the organic liquid-solid interfacial tension would be expected.

Previous work, as described above, has shown that bulk water pH can affect the
contact angle of an organic liquid in contact with a solid because of the change it may cause

in surface charge and adsorption of ions. If the surface is charged it will attract polar
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compounds such as water. This attraction will decrease the interfacial tension between the
water and the solid (Parks, 1990) and increase the area of contact between water and solid.
This means an increase in charge should cause a decrease in the contact angle. A neutral
surface will have no additional attraction for water so the water-solid interfacial tension
should be a maximum and the contact angle should be a maximum at the PZC. The PZC is
about pH = 2 - 4 for quartz (SiO2) and 8.6 for corundum (Al>03). Therefore, in a pH
range of 5 to 10, contact angles on quartz should show no dependence on pH, while
contact angles on corundum should reach a maximum at pH 8 and be lower at both lower
and higher pH. Note that this is the opposite of the effect predicted by the Gibbs equation
above unless the decrease in water-solid interfacial tension is greater than the solid-organic
liquid interfacial tension. The experimental portion of this work will investigate the actual

effect of varying the surface charge through pH variation.

Previous experimental work has shown ionic strength to affect the quartz-water
interfacial tension, where salt addition caused a decrease in the interfacial tension of quartz
by as much as 15% at high pH (See Figure 6, from Parks, 1990). No study was found
that reported similar behavior for corundum or other minerals. Variations in contact angle
on quartz and corundum at various pH's and ionic strengths were investigated in this

study.
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Figure 6 Surface tension of quartz vs. pH for varying pH (From Parks,
1990)

Porous Medium Properties

Much previous work has been done on the behavior of soluble organic liquids and
petroleum hydrocarbons in the subsurface, primarily by the petroleum industry to increase
production and to remediate accidental spills. Unfortunately, much of this information is
not applicable to DNAPLs because petroleum hydrocarbons are "light" so less likely to
penetrate the saturated zone (Schwille, 1967), while DNAPLs are dense enough to

penetrate and become trapped in the saturated zone.
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globules. The water (the wetting phase) in the saturated zone exists as a single continuous
phase, but at residual saturation, DNAPL (the nonwetting phase) is actually a
discontinuous phase (Mercer and Cohen, 1990; USEPA, 1991). Previous experimental
work has been done to visualize the behavior of DNAPL in the subsurface (Schwille,
1981, 1984, 1988) and residual saturations of 10 - 30% were reported, but no quantitative
relationships were developed relating chemical properties of the liquid or physical

properties of the soil to the organic liquid saturation.

Displacement Model

A theoretical model of the relative effects of viscous, buoyant and capillary forces on
residual saturation, and experimental work to calibrate the model was developed by
Dawson (1992). The study used the Capillary Number.(a dimensionless group giving the
ratio of viscous to capillary forces, Equation 10) and Bond Number (a dimensionless group
giving the ratio of buoyant to capillary forces, Equation 11) to relate the physical and
chemical properties of a subsurface system to its residual saturation. In the current study,

where only horizontal flow was considered, the Bond Number was eliminated from the

model.
Capillary Number: Ng = —4w (10)
Yowc0sOyw
where vw = velocity of displacing water

Uy, = water viscosity
Yow = interfacial tension between the organic liquid and water

Ow = contact angle, measured in water
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Bond Number: Ng, = 2PEVN¢ (11)
gowC0sOw
Where Ap = density difference

g = gravitational constant
k = permeability

¢ = porosity
Yow = interfacial tension between the organic liquid and water
0w = contact angle, measured in water

Dawson primarily used vertical displacement, where water was pumped up through
the porous media, so the effect of buoyant forces would be magnified; however,
groundwater pumping usually produces horizontal flow. At low water flow rates,
horizontal displacement is expected to produce lower residual saturations than upward
displacement because gravity is not hindering the displacement of DNAPL. In contrast,
the minimum residual saturation (organic liquid saturation achieved at high flow rates) is
expected to be equivalent to that obtained in upward displacement (Figure 7) since the
minimum residual saturation is governed by the adhesion tension of the organic liquid and
the soil pore geometry. However, the hydraulic gradient required to achieve the minimum
residual saturation in horizontal displacement is lower than is required in vertical

displacement.
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Figure 7 Residual saturation of trichloroethylene as a function of Capillary
Number and displacement direction. (From Dawson, 1992)

Soil Geometry

Pore geometry and the contact angle of the organic liquid together play an important
role in determining residual saturation. Even minimal soil heterogeneity can have a dramatic
influence on trapping (Wilson et al., 1990). Blobs of organic liquid are trapped in the soil
by two mechanisms: snap-off and by-passing (Wilson et al., 1990). Snap-off occurs when

the soil has a high aspect ratio (pore body size much greater than pore throat size). Water
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flowing through the pores preferentially wets the soil. If the contact-angle of the organic
liquid (measured in water) is low, the curvature of the organic liquid front is very large
allowing water to reach the outlet throat before all the DNAPL is pushed through, leaving a
blob of organic liquid in the pore around which water will flow (Figure 8a). Conversely, if
the aspect ratio is lower and the pore body size is closer to the pore throat size, the
curvature of the organic liquid front in the pore body will fit through the pore throat and no

snap-off will occur (Figure 8b).

Pore
Body

j Pore
Throat

(a)

Pore
Body

Water————— £
K—/va

Throat

(b)

Figure 8 (a) Entrapment of DNAPL via snap-off. (b) No snap -off. (After
Wilson et al, 1990)
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By-passing occurs because displacing water will take the path of least resistance. If
water faces two possible paths, a narrow one (a) and a wider one (b), both filled with
organic liquid, the water will enter the narrower path (a) first due to capillarity. If path (a)
remains narrower, the water will continue through this narrow pore, by-passing path (b),
leaving the DNAPL trapped in path (b). If, however, path (a) widens so it is wider than
path (b), water will then enter the other pore space thereby displacing the DNAPL from

both pathways (Figure 9).

No Trapping

Trapping via By-Passing

X

CRAHHR

(NS
QLK

a a a a
(b)
Figure 9 (a) No entrapment of DNAPL (b) Entrapment of DNAPL in pore
spaces via by-passing. (After Wilson et al., 1990)
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Literature on both LNAPL and DNAPL state that the only way to significantly reduce
residual saturation is to reduce adhesion tension. Several methods of accomplishing this
have been examined: surfactants, steam flooding (Hunt et al., 1988), CO> flooding (Sale

and Piontek, 1988), alcohol flooding (Taber, 1981), and alkalinity adjustment.
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EXPERIMENTAL PROCEDURE AND -
EQUIPMENT

To determine the effect of groundwater pH and ionic strength on the wettability of a
sandy aquifer by an organic liquid and thus the residual saturation of the organic liquid,
experiments were conducted to determine the effect of pH and ionic strength on the contact
angle of organic liquids on typical aquifer solids. Two liquids, tricloroethylene and carbon
tetrachloride, chosen because of their predominance in contaminated aquifers, and two
solids, quartz and corundum (representing oxide minerals), were studied. Chemical and

physical properties of the organic liquids are shown in Table 1.

Table 1
Properties of Organic Liquids Studied
Chemical Density Interfacial Contact Viscosity
(g/cm3) Tension? AngleP (cp)
(dynes/cm)
Trichloroethylene 1.464 34.8 40° 0.566
CCly 1.594 49 33° 0.979

“Sources: Density and viscosity data from Riddick et al., 1986. Interfacial tension and
contact angle data from Dawson, 1992.

a Interfacial tensions measured between organic liquid and water.
b Contact angle measured in water on glass.
Three types of contact angle experiments were run. The first was to determine the

effect of varying pH on contact angle. These were performed at constant ionic strength (I =

1 x 103M). The second was to determine the effect of ionic strength on contact angle.
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These were performed without purposeful variation in pH, however pH was not regulated.
The third was to determine the effect of equilibration time on contact angle. These
experiments were performed at constant ionic strength (I = 1 x 103M) and without
purposeful variation in pH, however pH was found to vary slightly with equilibration time.

Two types of interfacial tension experiments were also run. The first was to
determine the effect of water pH on the interfacial tension between water and the organic
liquid. The second was to determine the effect of water ionic strength on the interfacial

tension between water and the organic liquid.

Contact Angle Experimental Setup and Procedure

Contact angle measurement may be done using various methods. In this study the
flat plate method was used because it was the most practical method for measuring contact
angles of the organic liquids studied. The more commonly used tilting plate method was
not practical in this work because the dfops have very low contact angles and would rapidly
flow off very slightly unlevel surfaces and would not stay on a plate tilted any significant

amount. The methods used in this study are described below.

Contact angles were observed by use of a contact angle goniometer. The goniometer
is a horizontal microscope through which a liquid drop may be observed. The microscope
lens has a built in protractor which allows for direct measurement of the contact angle. The
specimen is placed on a platform which is adjustable in all directions to facilitate leveling
the solid on which the contact angle is measured. A quartz cell, a 1" x 2" x 2" clear

rectangular cup, was used to hold the mineral and liquids during contact angle
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measurements. The quartz cell was used because it allowed optically undistorted

measurements of contact angle.

Cleaning of Glassware and Mineral Crystals

Initially, the quartz cell and syringe used to dispense organic liquid were washed in
Chromerge acid at the beginning of each day and the mineral crystals were cleaned by
washing in detergent, rinsing thoroughly in deionized water, rinsing in pH = 4 acid rinse,
then rinsing thoroughly in nanopure water. It was thought the acid rinse might change the
characteristics of the solid surface, however, so this practice was discontinued.
Subsequently the crystals were just washed well in detergent, rinsed thoroughly with
nonionic water, then rinsed thoroughly with nanopure water. All measurements reported
and analyzed for this report were done with this second rinsing procedure to minimize

potential changes in the surface with the previous method.

pH Variation Experimental Procedure

The quartz cell was filled three-quarters full with the 0.001M NaClO4 solution
(approximately 30 ml). The mineral crystal and some organic liquid were added. The
solution was stirred to allow the organic liquid and water to become mutually saturated.
The solution was allowed to sit overnight so it would reach equilibrium and insure mutual
saturation of water and the organic liquid. The next day or later, pH measurement was
made using an Orion pH meter while the solution was being stirred by a magnetic stir bar.

Then drops of the previously water-saturated organic liquid were dropped on the mineral
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surface and contact angle measurements were made with the goniometer. Both sides of
three drops were measured three times, giving a total of eighteen contact angle

measurements per pH.

One run consisted of determining the contact angle of one organic liquid on one
crystal surface at three or more pH's. pH was varied by the addition of 0.1M NaOH or
HCI solutions. This allowed for one solution to be used for all three pH values to minimize
surface and solution variations that might occur if the solution were changed when pH was
changed. Two sets of contact angle experiments were run for each organic liquid-mineral

pair.

Ionic Strength Experimental Procedure

The quartz cell was cleaned according to the previously described procedure, then
was filled with 30.0 ml of nanopure water. The mineral crystal and a magnetic stir bar
were added. Organic liquid was added to saturate the water and the solution was allowed
to sit overnight or longer. Contact angle measurements were made as described above.
Then the ionic strength of the solution was increased by the addition of powdered NaClO4.
The solution was stirred for several minutes then allowed to sit overnight before

subsequent contact angle measurements were made.

Equilibrium Time Experimental Procedure

It was discovered that the amount of time the solution was allowed to equilibrate

greatly affected the contact angle measurements. Therefore a study to determine the
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relationship between contact angle and equilibration time was conducted. The materials
were cleaned as previously described. 1x10-3 M NaClOy4 solution was added to the quartz
cell. Then the corundum crystal was added to the cell and as quickly as possible the contact
angle measurements of TCE on corundum were made. A specified time was allowed to
pass, then contact angle measurements were made again. During one run, the pH was
determined after the contact angle measurements were made at the various equilibration
times and pH varied from 6.5 after the first measurement to 5.3 after 24 hours; no pH

measurements were made on the other run of this experiment.

Interfaciél Tension Experimental Procedure

The contact angle goniometer is equipped for interfacial tension measurements using
the pendant drop technique. A syringe attached to a syringe holder is used to form a drop.
of organic liquid and a photograph of the drop is taken. Characteristic measurements of the
drop are taken to estimate interfacial tension. In this work, where interfacial tension
between the organic liquid and water is of interest, the organic liquid drop was suspended
in a water solution contained in the quartz cell. The photograph of the drop was taken with
a Polaroid camera attachment to the goniometer using black and white Polaroid 107C or

607C film.

pH Variation Experimental Procedure

The quartz cell and glassware were cleaned as for contact angle measurements. The

syringe needle was dipped in Chromerge and thoroughly rinsed with nanopure water when
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a new organic liquid was used. This was to keep the organic liquid from adhering to the
sides of the needle instead of forming a pendant drop. The organic liquid was aspirated
into the syringe and the syringe emptied twice to be sure the liquid in the syringe didn't

include free water. Fresh liquid was then aspirated into the syringe.

1x10-3 M NaClQy4 solution was added to the quartz cell. The syringe was inserted in
the holder on the goniometer so the tip was fully immersed in water, usually 2 cm under
water, and care was taken to keep the needle tip away from the sides of the quartz cell. The
needle was placed in the center of the camera's viewfinder and the camera focused. A drop
of organic liquid was formed and the syringe turned so the drop contained enough liquid to
form a pendant drop, but not so much that the drop would fall off the needle. A picture
was made of the drop and the process was repeated with a different drop. pH was adjusted

using NaOH or HCl. Two drops were photographed and measured at each pH.

Ionic Strength Experimental Procedure

The same procedure as described above was used except the initial fluid in the quartz
cell was nanopure water, and varying ionic strength was accomplished by addition of

NaClO4.
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Equipment

A summary of the equipment used in the experiments is given below.

Goniometer: For contact angle measurements. A platform used to hold the specimen is
available for leveling the specimen. A syringe holder is available for interfacial tension
measurements and for applying drops for contact angle measurements. A Polaroid camera
attachment is available for interfacial tension measurements. Two lenses are available. One
has a protractor to facilitate direct contact angle measurements. The other is clear for use in

interfacial tension measurement photography.

Quartz cell: Used to hold the water and mineral crystal on which an organic liquid is
dropped. The optics of the cell are good which allows undistorted measurements of contact

angle.

pH meter: Orion model 720A. Measures pH to nearest .001 pH unit, but measurements in
this experiment were made to the 0.1 place. Measurements are made in a stirred liquid so a
magnetic stir bar was inserted in the quartz cell for experiments which required pH

measurements.

Corundum and Quartz crystals: The corundum crystal was about .75" long with a machine
polished face about .3" wide. Opposing sides had been polished to allow the top face to sit
level, but one side appeared smoother and was consistently used in contact angle
measurements. The quartz crystal was longer, about 1.5" in length. It's sides had not
been polished, but one side appeared very smooth so that side was always used for contact

angle measurements. The quartz crystal was long and prevented the stirring rod used for
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pH measurements from moving freely. The surfaces of the quartz cell and crystal can
cause local variation in pH so the incomplete stirring may have contributed to pH

measurement inconsistencies.

0.001M NaClOg4 solution: Used as the water phase in pH variation contact angle
measurements. This was used instead of pure nonionic water so variations in ionic
strength caused by adding acid or base to alter pH did not significantly change the ionic
strength. Changing ionic strength could have confounded the pH dependent results.
Powdered NaClO4 was used in Nanopure water to mix this solution. One solution was

mixed and used in all measurements.

0.1M NaOH solution: Used to raise the pH of the water. Solid NaOH was added to

nanopure water to make this solution.

0.1M HCI solution: HCl was used to lower the pH of the water, mainly when NaOH

solution raised the pH higher than the desired amount.

Carbon tetrachloride: Carbon tetrachloride was placed in a clean glass bottle and water was

added. The mixture was stirred well to saturate the carbon tetrachloride with water.

Trichloroethylene: Trichloroethylene was placed in a clean glass bottle and water was

added. The mixture was stirred well to saturate the trichloroethylene with water.

Polaroid 107C and 607C black and white high resolution film was used for interfacial

tension photographs.
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Data Analysis

Two statistical tests were used to analyze the contact angle measurement data. One
was the Duncan multiple range test (Pfaffenberger, 1977). The other was the Spearman

rho test (Miller, 1965).

The Duncan multiple-range test is a multiple-comparison test to simplify the
comparison of many means. It is perfformed on the data by calculating the least significant
range, Rp, using equations 12 and 13, where sy is an estimate of the standard deviation of
the means, rp, is dependent on the desired level of significance and can be looked up in a

table, n is the number of samples per mean, and p is the number of means being compared.

2
s = \/Mean Square Error (12)

n

Rp = Sx*rp ( 13)

The range of values of the dependent variable are compared to the least significant range. If
the range exceeds the least significant range, there are significant differences in the means.
Any number of adjacent means may be tested using the least significant range for the
desired number of means. The analysis used in this study compared adjacent means in all

combinations of adjacent means.

The Spearman's rho test is used to determine if an increase in one parameter results in
the increase or decrease of another parameter. To perform this test, the data are ranked in
order of largest to smallest. The test statistic is calculated using equation 14, where R(X)

designates the rank of the X value.
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X)) - R(Y)]?
n(n? - 1)

o = 1-63 (14)

The test statistic, p, is compared to a table of p values and if the calculated p is greater than
the table value for the desired level of significance, there is a trend for increasing X's to be

associated with increasing Y's.
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MODELING

Two models were used to help visualize the physical and chemical processes expected
to influence residual saturation of an organic liquid in a sandy aquifer. The first, an organic
liquid displacement model developed by Dawson (1992), was used to determine the relative
influence of aquifer characteristics on organic liquid saturation. Porosity, permeability,
pore geometry, and the wettability of the organic liquid were the characteristics varied in
this model. The second model used was the HYDRAQL (Papelis et al., 1988) model.
HYDRAQL was used to conceptualize the variation in wettability due to the surface

changes which occur with pH or ionic strength variation.

Displacement Model
A model developed by Dawson (1992) to describe the behavior of DNAPL in the

subsurface was used in this study to predict the variation in organic liquid saturation due to
variations in the chemical and physical properties of a subsurface system. The model was
developed for vertical displacement, so adjustments were made to allow for horizontal

flow. The model equations used in this study are shown in Table 2.

This model was available as an EXCEL spreadsheet. Organic liquid saturations for a
range of displacement velocities were calculated by the model. Calculating the residual
saturation at each groundwater velocity is an iterative process, so an organic liquid
saturation was assumed, the spreadsheet calculated the expected saturation, and the process
was repeated until the input saturation equaled the calculated saturation to three decimal

places.
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: Table 2 A
DNAPL Displacement Model and Associated Equations
(From Helen E Dawson, 1992; adjusted for horizontal flow)
Description Equation
M . Mobilisati g Nea( 1 )= mP*; oq
acroscopic Mobilization Model Krw ALK/ D)5
. Vwllw
Capillary Number Ng =———m—m
YowCOsOw
.5
Residual Saturation P¥eeq = Poeq(/®)>
YowCOsOw
Sor(P*ceq) = Sw,dm(P *ceq) - Sw inb(P*ceq)
S P* a)
E 3 t3 — C €
S (P ceq) =7 Sol0)
Relative permeability Kw = (Se)?
Globule length AL = of YowCOSOy )5
qwhiw/KKrw

(Terms deﬁned in Nomenclature section)

Adhesion Tension

Adhesion tension, defined as YycosOy, varies from chemical to chemical and when

interfacial tension or contact angle is altered by surfactant addition, pH variation, ionic

strength variation, or changing soil composition (see Background section). Increased

adhesion tension occurs if the contact angle (measured in water) is decreased or interfacial

tension between the DNAPL and water is increased.

Increased adhesion tension is



T - 4420 36

expected to result in lower minimum residual saturation because less-of the organic liquid

penetrates the smaller pore spaces where the DNAPL is most difficult to remove.

A graph of residual saturation vs. capillary number from the model shows chemicals
with a wide variety of contact angles follow the same decreasing displacement curve (See
Figure 10). This, along with similar graphs produced by varying porosity and
permeability, shows that the dimensionless capillary number should be useful in
developing universal curves to predict organic liquid saturation of any chemical in a porous
medium.

Figure 10 suggests that the Capillary number vs. Normalized residual saturation
relationship is similar for chemicals with different adhesion tension, but this does not mean
that there is no difference in actual residual saturation. First, the figure uses normalized
saturation. Normalized residual saturation is defined as the ratio of the actual saturation to
the minimum residual saturation achievable for a specific chemical in a specific porous
medium. Therefore the graph does not indicate the actual residual saturation, it just
indicates at which capillary number the minimum residual saturation is achieved. Second,
the capillary number depends on both the velocity and the adhesion tension. To separate
the influences of velocity and adhesion tension, Darcy velocity vs. normalized residual
saturation (See Figure 11) was plotted. Figure 11 shows a significant difference in the
velocity required to reach minimum residual saturation for chemicals of varied adhesion
tension. Figure 11 also shows that decreasing adhesion tension (i.e., increasing wettability
of organic liquid) decreases the velocity required to reach minimum residual saturation. An
increase of 2 orders of magnitude in adhesion tension causes an increase of 2 orders of

magnitude in required velocity. The relationship does not appear linear.
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The médel showed that a change in adhesion tension can cause gi gnificant change in
the maximum effective velocity for contaminant removal, so a study of the effects of
groundwater conditions on contact angle and interfacial tension is potentially significant.
The range of contact angles measured in this work were used in the DNAPL displacement
model (Figure 12). Some variation in the organic liquid saturation curves within the range

of contact angles measured is shown.

Porosity

The model predicts that changing the porosity of the porous medium does not change
the residual saturation vs. capillary number relationship (See Figure 13). Varying porosity
in the model causes residual saturation to change but also causes capillary number to
change. Like adhesion tension changes, however, changes in porosity will change the
velocity at which the minimum residual saturation is reached (See Figure 14). Decreasing
porosity will cause a decreased velocity required to reach minimum residual saturation.
This is an expected result since a constant Darcy velocity will produce an increased linear

velocity, and therefore a higher displacement force, in a lower porosity medium.
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Permeability.

- The model showed no change in residual saturation or capillary number when
permeability was varied in the model. A look at the equations governing the model shows
that permeability cancels out of the capillary pressure equation, and permeability is not part
of the capillary number, so changing permeability does not change either the abscissa or
ordinate of a residual saturation vs capillary number plot. However, differences ir;
permeability may influence the average groundwater velocity, which does appear in the
Capillary number. Unlike adhesion tension changes and porosity changes, though, the
velocity required to achieve minimum residual saturation does not appear to depend on
permeability. This is a reasonable result when the methods of trapping are considered.
Neither by-passing nor snap-off result directly due to permeability, they occur because of
the pore body to pore size ratio. Pore body to pore size ratio is considered in the ¢ value in

the globule length calculation so shouldn't also be included in the permeability.

Pore Geometry

Pore geometry has long been seen as a determining factor in determining residual
saturation. This model included a constant, c, that represents the filament length to filament
radius ratio. Consider a filament of constant average width (e.g.. when the pore neck
decreases the pore body increases to keep the average filament width constant). As the
pore body to pore throat ratio increases, the stable length of a filament would decrease due
to snap-off in the pores. Therefore if the stable filament length decreases, ¢ decreases and
AL decreases. Decreased AL causes decreased P*; eq Which causes increased residual
saturation. This was predicted in the model as shown in Figures 15and 16. An increase in

c caused a decrease in residual saturation at a given capillary number or Darcy velocity.



T - 4420

JUDISUO I

<0-900°1

K112w023 a40d patava 4of 4aquiny Livjpdvy) sa uonvanvs onpisay  ¢J 24nSiy

€0-400°1

9=0 —W¥——
§=0 —0—
[=D —@—-
€= —(+—

P=0—u—-

$0-400°'1

IaquinN Areqjide)
$0-400°'1

90-400°1

LOH00'T

80-400°'1

l

|
1

0000

001°0

0020

00€0

00v°0

00S0

0090

00L0

0080

UOTIBINIES [ENPISY PIZI[BULION



45

‘JupIsuod K43ou0a8 aiod parva aof £1100124 Louvq ‘sa uoyvangvs npisay 9g 24nsd1y

(sjwo) £3100[9 A Kore(
10-400°1 20-400°1 €0-900°1 $0-400°1 S0-400°1
_ 0000
-~ 0010
T 000

T 00€0

9=0 —v—

§=0 ——o0—r

|
1
:
uoneInjes [enpisay PIZI[BULION

I=)—e—-

T - 4420

- 0090
£€=0 —1O——
V=0 —8—- L ooL0
— 0080



T - 4420 46

HYDRAQL Model

HYDRAQL (Papelis et al., 1988) is in the MINEQL (Westall et al., 1976) family of
programs. It combines a computational algorithm for aqueous speciation with a series of
interfacial configurations for ion adsorption at the particle/water interface. The version of
the Triple Layer Model (Davis et al., 1978) used in HYDRAQL allows the assignment of
adsorbing species to both the surface (as coordination complexes) and beta plane as ion pair
complexes. An additional modification from the original Triple Layer Model configuration
is the selection of the Standard State for all species, solution and surface, to be infinite

dilution relative to the aqueous phase and zero surface charge.

As discussed in the Background section of this work, the Gibbs equation indicates
that surface charge is directly related to surface tension. Because the surface tensions
determine contact angle, surface charge should affect contact angle. As surface charge
decreases, contact angle may decrease or increase depending on the relative effect of
electrical potential on the solid-water and solid-organic liquid interfacial tensions. The
HYDRAQL model was used to conceptualize the effect of varying pH and ionic strength on
the mineral surface charge. The HYDRAQL model was run using equilibrium constants

summarized by Davis et al., 1978.

The model was run to simulate conditions found during the corundum pH variation
experiments. The ionic strength used in the model was adjusted at high pH to correlate
with the addition of NaOH. The magnitude of surface charge was plotted versus pH as

shown in Figure 17.
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This shows the expected result that surface charge will be zero at the zero point of
charge and increase at pH's on either side of the PZC. This will be compared to the

experimental results of the pH variation experiments on corundum.

The model was also run to conceptualize the effect of ionic strength on surface charge
and therefore the effect of ionic strength on contact angle, although the ionic strength-
contact angle relationship involves more than just surface charge. Surface charge vs. pH
was plotted at several ionic strengths (Figure 18). Because the plane at which the organic
liquid meets the solid is unknown, the net charge at the beta plane of adsorption vs. pH
was also plotted (Figure 19). Both plots show that increasing ionic strength increases the
magnitude of the solid surface charge at points away from the PZC. As discussed earlier,
the surface charge will not change at the PZC no matter how ionic strength is varied. The
increasing solid surface charge at the higher ionic strengths indicates that contact angle may
increase with increasing ionic strength. It must be considered, however, that varying ionic
strength causes more changes than just the surface or beta plane charge. The surface
tension of water also changes and the plane of adsorption on which the organic liquid drop

sits may also change.
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RESULTS AND DISCUSSION

The laboratory experiments were conducted to show variation in contact angle with
pH and ionic strength. The solid, water, organic system is complex and the role of surface
chemistry on interfacial tension and contact angle is not well understood. However, based
on the analysis presented above, a number of responses were expected. With water pH
variation, the contact angle of the organic liquid was expected to change near the PZC of
the solid mineral because the surface charge is varying. An increase or decrease in contact
angle was expected depending on the relative effect of electrical potential on the solid-water
and solid-organic liquid interfacial tensions. Addition of a salt was expected to decrease the
contact angle because the water surface tension is increased by addition of a salt and
because the adsorption of ions at the surface decreases the solid surface tension. The
addition of a salt may also cause an increase in the surface charge, however, which would
be expected to increase contact angle. The surface tensions of the solid and liquids were
expected to decrease with increasing equilibration time, but no previous correlation has
been shown for the variation of contact angle over time. The actual results will be

presented and discussed in this section.

Analysis of Contact Angle Variation with pH

Contact angle was expected to vary near the PZC of the mineral. No contact angle
variation with pH was expected for either chemical on quartz because the PZC of quartz is

out of the pH range studied in this work. For corundum, however, the PZC is 8.6 so
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contact angle would be expected to change within the experimental pH range. As expected,
the experiments on quartz showed no significant variation in contact angle with pH
variation for TCE or CCl4. The contact angle of CCl4 on corundum showed a decrease in
contact angle near the PZC, but no significant contact angle variation with pH was shown
for TCE on corundum. These results are discussed below. A Duncan multiple range test
for comparison of several means was performed on the data for each chemical-mineral pair

studied. The test indicates which means, if any, are statistically different.

Contact angles of TCE on quartz and corundum ranged from 16.5° to 24°. The
contact angle of carbon tetrachloride on the two minerals ranged from 16° to 26° (Table 3).
These values, while showing a wide range, are significantly lower than previously reported
values for contact angles of these liquids on glass and all four mineral-organic liquid
combinations show contact angles more similar to each other than to the previously
reported values of contact angles on glass. Possible reasons for this are that the charge on
the mineral surfaces is not expected on glass, the long equilibration time allowed in this

study, or the background electrolyte that was used in this study.

Table 3
Average and Range of Contact angles of TCE and CCly on

Corundum and Quartz in 1 x 10-3 M NaClOy4

Contact Angles Corundum Quartz

Trichloroethylene (TCE) 20° (Ranged from 18° to 22°) | 19° (Ranged from 17° to 24°)

Carbon Tetrachloride 21° (Ranged from 16° to 26°) | 21° (Ranged from 19° to 23°)
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TCE on Corundum and Quartz

The contact angles measured for TCE on corundum and quartz as a function of pH
are shown in Figures 20 and 21 respectively. The figures show the results for both
experimental runs #1 (open squares) and run #2 (closed squares). The horizontal error
bars indicate plus or minus one standard deviation. For TCE on corundum, the Duncan
multiple range test showed that three of the contact angle means were significantly higher
than the rest of the means, but not significantly different from each other. These three
means were calculated from the contact angles measured at pH's 9.9, 5.6 and 8.2, which
cover the entire range of pH studied and both experimental runs. The remaining means

showed no variation in contact angle for a pH range of 5.2 to 9.1.

The contact angles measured for TCE on quartz as a function of pH are shown in
Figure 21. The Duncan multiple range test showed that one of the contact angle means,
that at pH = 5.5, was significantly higher than the rest of the means. The remaining means

showed no variation in contact angle for a pH range of 5.1 to 9.7.

Due to the large amount of variation within the individual measurements and no
consistent trend in contact angle with pH, the results of this experiment were inconclusive.
Because the Duncan multiple range test showed some significant differences, pH may in
fact have a slight effect on contact angle, but other factors not considered overshadowed the

pH effect.
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Carbon Tetrachloride on Corundum and Quartz

The contact angles measured for carbon tetrachloride on corundum and quartz as a
function of pH are shown in Figures 22 and 23. For carbon tetrachloride on corundum,
the Duncan multiple range test showed that three of the contact angle means, those at pH's
5.7, 5.8, and 9.0, were significantly different than the rest of the means. The placement of
these statistically different contact angles fits the anticipated variation in contact angle near
the PZC. Notice the smallest contact angles were observed near the PZC of corundum.
Larger contact angles were observed at pH's away from the PZC. Surface charge would
be expected to level out within two pH units of the PZC, but a corresponding leveling out

of the contact angle was not observed because of the limited pH range studied.

The contact angles measured for carbon tetrachloride on quartz as a function of pH
are shown in Figure 23. The Duncan multiple range test showed that one of the contact
angle means, that at pH = 9.0, was significantly different than the rest of the means. The
remaining means showed no significant variation in contact angle for a pH range of 5.6 to
9.4. A Spearman Rho test was run on the carbon tetrachloride on quartz data set to detect
the trend. No trend for contact angle to increase or decrease with increasing pH was

found.

The contact angle of carbon tetrachloride on corundum appears to be directly related
to surface charge. The trend was not observed for TCE on corundum, however, and one
would expect the two organic liquids to behave similarly on the same surface. Possible

explanations for this are experimental error or the lack of symmetry in the TCE molecule.



57

T - 4420

ot

"Unpunios uo aproyyovys) uoqins 4of [gd ‘sa ajSuv jovpuoy gz aunsu gy

Hd
8 L 9 S 14
| -+ i + “ 0
T S
- Ol
Q
o
5
+ §L &
_ _ >
=
0@
- a
- _ _ +— 0¢
_ - 0
- o=
-+ S¢
|
— 0€



T - 4420

oL

'2140nb uo apriopyovayay uoquvo aof gd sa a13uv 1ov3U0)

Hd
6 8 YA 9 S

£C 24n81y
b

0
+ S

ToLQ

=

5

<

>

®

+ Sl &
+ 02
-+ g2




T - 4420 59

Potential sources of experimental error in contact angle experimeﬁts were temperature
variations, contamination of the syringe or organic liquid, and solid surface irregularities.
Further experimentation with TCE and CCl4 contact angles on corundum where pH is
varied by a very small increment near the PZC of corundum might be helpful in

determining the cause of the different behavior of these two chemicals on the same surface.

Analysis of Contact Angle Variation
with Ionic Strength

The contact angles measured for TCE on corundum as a function of ionic strength are
shown in Figure 24. The figure shows the results for both experimental run #1 (open
squares) and run #2 (closed squares). The horizontal error bars indicate plus or minus one
standard deviation. The pH was not controlled for the ionic strength experiments, but the
pH range seen in one run was 5.3 to 6.2. The values of contact angle at an ionic strength
of 1.0 M were attained in a separate experiment, but are included here for the sake of
completeness. The original tests didn't cover an adequate range of ionic strength, though
most groundwater has ionic strength approximately 1 x 103 to 1 x 10-2 and was covered in
the original range of ionic strengths studied. The Duncan multiple range test showed that
the contact angle decreases significantly with increasing ionic strength within the entire

range of ionic strength studied.

The ionic strength clearly has an effect on contact angle and causes variation in
contact angle from 11° to 27°, with increasing ionic strength causing decreasing contact

angle. This effect is much stronger than pH variations had in the previous experiments.
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Analysis of Contact Angle Variation
with Equilibration Time

It was discovered during the experimental process that equilibration time had a
significant effect on the contact angle of TCE on corundum. Originally, experiments were
run with very little equilibration time allowed. The solution was saturated with the organic
liquid then contact measurements were taken. To determine if equilibration time could
confound the results of the ionic strength and pH experiments, a kinetic study was done to
determine the effect of equilibration time on contact angle. The results are shown in Figure
25. The Duncan multiple range test showed significant changes in contact angle with time
up to approximately 200 minutes. After 200 minutes there was no significant change in
contact angle with increasing time. The dependence of contact angle on equilibration time
is expected as the mineral and quartz cell surfaces and the water must reach local
equilibrium. A decline in pH (pH = 6.5 to 5.5) was also observed with increasing
equilibration time indicating equilibration was not complete during the lower equilibration
times because part of the equilibration process involves the surfaces exchanging ions with

the water.

Due to the significance of equilibration time to contact angle measurements, all pH
and ionic strength experiments were conducted with at least 3 - 4 hours equilibration time
(and only when the solution was stirred), and most were done with a minimum 12 hour

equilibration time (no stirring).
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Analysis of Interfacial Tension Measurements

The interfacial tension measurement data has an extremely high variance due to the
highly sensitive nature of the experimental procedure. The primary problem was that any
focusing required changed the photographic size-actual drop size ratio. Many drops didn't
fit into the cameras field of view so the syringe needle didn't appear in each picture for size

comparison. Consequently, this data was not adequate for meaningful analysis.

Water-organic liquid interfacial tension information is necessary for the complete
analysis of adhesion variation with varying groundwater pH and ionic strength and
therefore further research in this area is indicated. Interfacial tension experiments should be
done in a constant temperature environment. If the pendant drop method is used high
resolution film is necessary for accurate measurements. Also, several pictures at each pH
or ionic strength should be taken, and the pendant drops should be aged (allowed to hang

in the water) for some time to get a true equilibrium interfacial tension.
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SUMMARY AND CONCLUSIONS

This study was performed to determine the effect of aquifer conditions on the residual
saturation of DNAPLSs in sandy aquifers. Work with the DNAPL Displacement model
showed that the groundwater velocity required to reach the minimum residual saturation
depends on the adhesion tension of the organic liquid and the porosity and pore geometry
of the porous medium. Factors which may affect the adhesion tension were then studied
conceptually with the assistance of the HYDRAQL adsorption model and were also studied

experimentally.

The experimental work attempted to determine the effect of groundwater pH and ionic
strength on adhesion tension. The assumption that contact angle will increase with
increasing surface charge, which increases as solution pH departs from the PZC of the
solid, was shown to be correct for carbon tetrachloride on corundum, but the TCE on
corundum data did not confirm this. Possible causes of the variation between the two
organic liquids on the same solid surface were experimental error, differences in symmetry
of the liquids, or the relatively large pH increments used in the study. Contact angle on
quartz was not expected to vary with pH because the surface charge would not vary within
the experimental pH range and the experimental results showed this to be true. Contact
angle was expected to vary with varying ionic strength and the experimentation showed this

to be true. Contact angle decreased significantly with increasing ionic strength.

The study has also shown that contact angles of organic liquids on corundum and

quartz depend on the equilibration time of the water, organic liquid and solid. The results
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showed that the contact angle did not reach equilibrium until approximately 12 hours after
the organic liquid saturated water was placed in contact with the mineral. Equilibration time

should be considered in future contact angle studies of all kinds.

The study has provided reasonable estimates of contact angle of TCE and carbon
tetrachloride on two common aquifer minerals at ionic strengths and pH's normally found
in groundwater. These contact angles are significantly lower than those previously
reported in the literature as measured on glass, possibly because of the long equilibration
time used or because a background electrolyte was used. Therefore, because DNAPL's in
the subsurface have a long time to equilibrate and groundwater contains electrolytes, lower
contact angles should be used in modeling DNAPL's in the saturated zone. The range of
contact angles measured in this work were used in the DNAPL Displacement model. Some
variation in the organic liquid saturation curves within the range of contact angles measured

was shown.
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APPENDIX A

The Duncan multiple range test (Pfaffenberger, 1977) was used to analyze the contact

angle measurement data. A sample calculation is shown below.

|CC14 on Quartz (18 Samples per Mean)
Mean Contact Anglé pH

22.833 57

21.694 56

21.556 94

21.222 7.4

20.583 8.1

20.361 7.3

19.861 7.5

18.778 9

Degrees of Freedom = (# Treatments)*(n-1) =8 * 17 = 136

(MSE/n)M0.5 = 0.520677977
Least Significant Range
for 136 Degrees of Freedom
# of Means Rp

2 1.457898335
3 1.536000032
4 1.58286105
5 1.624515288
6 1.650549187
7 1.676583085
8 1.692203425

Ref: Miller, 1965; Table X(a)



T - 4420

# of Means

Range

Significant?

NN NOWWLWWLWWWWRARRAMAMMMAMNOUULUULWLMAOAAOAAJIJX®

4.055
2.972
2.916
2.472
1.833
2.778
2.25
1333
1.695
2.444
1.611
1.111
1.195
1.361
1.805
1.277
0472
0.973
0.861
0.722
1.583
1.139
0.138
0334
0.639
0.222
0.5
1.083

1.692
1.676

1.65

1.625

1.582

1.536

1.458

yes
yes
yes
yes
yes
yes
yes
no
yes
yes
yes
no
no
no
yes
no
no
no
no
no
yes
no
no
no
no
no
no
no
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