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 Influence of Organic Acid Solution Chemistry on Subsurface Transport Properties. 2. Capillary Pressure-Saturation DAVID L. LORD,* AVERY H. DEMOND, AMIR SALEHZADEH, AND KIM F. HAYES Department of Civil and Environmental Engineering, University of Michigan, Ann Arbor, Michigan 48109-2125
 
 the pressure difference across the menisci that separate the fluids as a function of the fraction of pore space occupied by a particular fluid. Many numerical models of multiphase flow require the capillary pressure-saturation relationship as input data (9-12). Previous research has shown that the capillary pressure of a system containing organic compounds can be related systematically to changes in the interfacial tension and wettability, as measured by contact angle (1316). At the pore scale, the relationship between capillary pressure and the interfacial tension and contact angle is given by the Young-Laplace equation, written here for a spherical meniscus in a cylindrical pore:
 
 Pc )
 
 Two-phase flow models of subsurface transport often require the constitutive relationship of capillary pressure as a function of saturation as part of the data input. This part of the study correlates the solution chemistry findings from the previous paper with observed changes in the primary drainage capillary pressure-saturation relationship for a fine- to medium-grained quartz porous medium. The results showed that the solution chemistry was directly reflected in the capillary pressure-saturation relationship. The major factor determining the degree of reduction in capillary pressure was the concentration and speciation of octanoic acid dissolved in the aqueous phase, the same variables reported in part 1 as critical in determining the surface and interfacial tension. Because measurements of the contact angle showed that the system stayed strongly hydrophilic under all conditions, the capillary pressure relationships could be scaled adequately using the appropriate values of surface or interfacial tension only. Since organic acid speciation had opposite effects on capillary pressure in the air-water and o-xylene-water systems, the impact of pH on the movement of a contaminant front will depend on whether the contamination occurs in the vadose zone (air-aqueous phase system) or saturated zone (organic liquid-aqueous phase system).
 
 Introduction Many subsurface waste sites are contaminated with complex liquid mixtures comprising sparingly soluble organic liquid compounds as well as surface-active constituents (1, 2). Because of their ability to accumulate at the phase interfaces of the system, surface-active solutes may significantly impact the system’s interfacial properties, wettability and interfacial tension, despite relatively low concentrations in the bulk phases. In turn, wettability and interfacial tension determine the pores that a particular liquid will occupy and the pressure necessary to displace a particular liquid from those pores (3, 4). Because the contact angle and interfacial tension can exhibit a particular sensitivity to factors such as pH, concentration of surface-active solutes, and ionic strength (48), the subsurface migration of organic contaminants may be strongly influenced by solution chemistry. The impact of wettability and interfacial tension on the movement of multiphase mixtures in the subsurface can be inferred, in part, from their impact on the capillary pressuresaturation relationship, a constitutive relationship expressing * Author to whom all correspondence should be addressed. E-mail: [email protected]; phone: (313) 763-3708; fax: (313) 763-2275.
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 2γ cos θ r
 
 (1)
 
 where Pc is the capillary pressure, γ is the interfacial tension, θ is the contact angle, and r is the radius of the pore. However, a porous medium contains a distribution of pore sizes, and the pores and menisci have more complex shapes, necessitating a macroscopic approach to describe the relationship. At the macroscopic level, the capillary pressure of a system can still be related to interfacial tension and contact angle through the commonly used (13, 16, 17) function developed by Leverett (18). For the same porous medium, Leverett’s (18) function may be written as
 
 [
 
 ] [
 
 Pc(Se) γ cos θ
 
 )
 
 ow
 
 ]
 
 Pc(Se) γ cos θ
 
 aw
 
 (2)
 
 where the subscripts aw and ow designate air-water and organic liquid-water systems respectively, Se is the effective saturation ) (Sw - Swr)/(1 - Swr) where Sw is the saturation of the wetting phase and Swr is the residual saturation of the wetting phase. To use this function requires the measurement of the capillary pressure-saturation relationship for a set of reference liquids, usually air and clean water, in the porous medium of interest. The utility of the function is that once this measurement is complete, the capillary pressure for an organic liquid-water with or without additional solutes or an air-water-solute system may be estimated based on a knowledge of the interfacial properties of the two systems. The importance of the contact angle in eq 2 has been the subject of several studies. Generally, the magnitude of the contact angle must be between about 50° and 130° for drainage and between 25° and 155° for imbibition in order to see an impact on capillary pressure (8, 16, 17, 19). Furthermore, the contact angle measured on a flat smooth solid substrate may need to be corrected for roughness (20) and for interfacial curvature (21) to obtain a contact angle applicable to processes in porous media. Equation 2 has seen widespread use in numerical studies to predict movement of separate phase organic liquids from waste sites (22, 23). To date, however, most experimental studies verifying the validity of this approach have achieved the variation in contact angles and interfacial tensions by using a range of pure organic liquids and solid substrates (13, 16, 17, 19). Thus, the ability of this approach to predict capillary pressure-saturation relationships in systems containing surface-active solutes, where the interfacial tension and contact angle may be a function of solution conditions, needs to be substantiated experimentally. The recent work of Desai et al. (24) and Demond et al. (8) found that eq 2 was adequate for estimating the capillary pressure-saturation relationships for air-water and o-xylene-water systems containing the cationic surfactant cetyltrimethylammonium bromide (CTAB), if the contact angles measured on smooth solids were corrected for roughness
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 and interfacial curvature. In both of these studies, variability in capillary pressure as a function of pH was reported. Since pH did not noticeably alter the solution speciation of CTAB, the surface tension in the air-water system and the interfacial tension in the organic liquid-water system were insensitive to pH. On the other hand, pH altered the charge density of the quartz surface. Thus, the observed sensitivity of the capillary pressure relationships to pH stemmed from changes in CTAB sorption to the solid surface resulting from the variable charge density. In contrast, part 1 of this study showed that the aqueous speciation of a surface-active organic acid (octanoic acid) depended strongly on pH. At pH < 4.8, octanoic acid existed primarily in the protonated neutral acid form, which proved to be more surface-active than the deprotonated anionic form that dominates at pH > 4.8. In fact, the concentration of the neutral acid appeared to be the operative variable in determining the surface tension in aqueous solutions, except under conditions of combined high pH and high octanoate anion concentration. In the o-xylene-water system, the neutral organic acid partitioned strongly into the o-xylene phase. This partitioning resulted in a decreased impact of the neutral acid on interfacial tension because once the neutral acid moved into the o-xylene, it exercised no discernible impact on the interfacial tension. Consequently, it is anticipated that an organic acid may bring about changes in the capillary pressure-saturation relationship as a function of pH as well. However, the mechanism will differ. Since quartz is negatively charged at pH values above 2 (25), organic acids, present in neutral and anionic forms, are expected to sorb minimally to the quartz surface. Thus, the contact angle should remain unchanged, as observed by McCaffery and Mungan (4) in the system comprising dodecane, water, and stearic acid. As such, the impact of pH on capillary pressure relationships of systems containing organic acids will likely be due to the pH sensitivity of the organic acid speciation rather than to the pH sensitivity of the charge density on quartz. Most studies reporting on the relationship between system composition and capillary pressure do not consider specific solution chemistry variables such as sorption density or pH (26-28). It is far more typical to examine either the relationship between solution conditions and interfacial properties (4, 29) or between interfacial properties and capillary pressure (16, 17). Because of the lack of a comprehensive approach, it is difficult to attribute changes in capillary pressure relationships to any specific mechanism such as changes in contaminant speciation. The only similar studies examined a compound, CTAB, which showed no speciation or partitioning dependence on pH (8, 24). In light of this, the purpose of this research was to quantify the relationship between solution chemistry and capillary pressure-saturation relationships in air-water and organic liquid-water systems containing organic acids. Part 1 examined the effects of pH, the concentration of octanoic acid, and ionic strength upon the surface tension in air-water and interfacial tension in o-xylene-water systems. In this paper, drainage capillary pressure-saturation relationships were measured for the same systems as in part 1, with the goal of elucidating the role of solution chemistry on capillary pressure-saturation relationships for these systems. Furthermore, scaling using the modified Leverett’s function (eq 2) was investigated for its applicability to systems where interfacial tension is a strong function of solution conditions to determine whether this is a useful method for estimating the capillary pressure relationships for such systems.
 
 up the porous medium was F-65 silica (U.S. Silica, Berkeley Springs, WV), which has a particle size range of 106-425 µm, as specified by the supplier. The quartz particles were cleaned by washing several times with 0.1 N HCl followed by several washes with 15% hydrogen peroxide at pH ) 4 to remove metal ions and organic matter (30). Methods. To examine the relations between solution chemistry and capillary pressure-saturation relationships, measurements were made of (1) surface and interfacial tension, (2) contact angle, and (3) the primary drainage capillary pressure-saturation relationship. Surface and Interfacial Tension Measurements. The response of surface and interfacial tension to solution chemistry determined in part 1 was used as a guide to determine the solution conditions that would be of interest to examine in this portion of the study. Independent surface tension and interfacial tension measurements were made in this portion of the study on the particular solutions used for the capillary pressure-saturation experiments, using the same techniques and apparatus described in part 1. The surface and interfacial tension values were then used with the Leverett scaling equation (eq 2) to generate the scaled plots presented in the capillary pressure-saturation results. Contact Angle Measurements. The intrinsic contact angle was measured by imaging a sessile drop of the nonwetting fluid on a smooth quartz plate immersed in a bath of the wetting fluid. The Axisymmetric Drop Shape Analysis (ADSA) apparatus described in part 1 was used to perform the imaging and to analyze the images to determine the angle of intersection of the droplet with the quartz plate. The quartz plates were obtained from Quartz Scientific (Fairport Harbor, OH), and a 2 mm diameter hole was drilled in their centers. They were cleaned by soaking for 20 min each in acetone and methanol (HPLC grade, Mallinckrodt, Paris, KY), soaking overnight in Chromerge (VWR Scientific, Chicago, IL), soaking 20 min in 0.1 N NaOH, and finally rinsing thoroughly with Milli-Q water. The plates were then stored immersed in Milli-Q water.
 
 Materials and Methods
 
 The sample solutions were prepared in the same manner as for the surface tension and interfacial tension measurements in part 1. Thus, the volume ratio of o-xylene to water, sample mixing method, and sample equilibration time were identical. After equilibration, the aqueous phase was poured into a 45 mm × 30 mm × 45 mm optical quality quartz cell (Rame-Hart, Mountain Lakes, NJ), cleaned in the same manner as the quartz plates. Two blocks cut from Teflon were then placed in the cell to form a stage, and then the quartz plate was placed atop the blocks. A micrometer syringe containing the nonaqueous phase, either air or o-xylene, was fitted with a stainless steel needle (gauge 21, Hamilton Company, Reno, NV), and the end of the needle was lowered into the water bath such that the end of the needle protruded through the hole in the quartz plate. A droplet was then formed on the underside of the plate with the syringe, keeping the drop in contact with the plate such that the perimeter of the drop against the plate formed an advancing front. The drop volume was increased so that its final diameter was between 5 and 8 mm, so as to exceed the diameter of the hole in the slide considerably and thus minimize the impact of the needle and the hole on the droplet profile. Preliminary studies with this apparatus indicated that there was no discernible effect on the contact angle of drop diameter variation over the range of 5-8 mm for the systems studied here. The droplets were photographed a few minutes after formation. No variation in the contact angle was noted with time, unlike in the CTAB systems examined by Desai et al. (24) and Demond et al. (8). The contact angles were reported as advancing angles measured through the aqueous phase.
 
 Materials. The fluids and solutes used here were identical to those used in part 1 of this study. The quartz solid making
 
 For the air-water-quartz system, contact angles were measured over a range of octanoic acid concentrations at pH
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 TABLE 1. Experimental Conditions for Capillary Pressure-Saturation Measurements
 
 a
 
 system
 
 (MA)Ta (mol/L)
 
 (Na+) (mol/L)
 
 pH ((0.2)
 
 surface or interfacial tension (mN/m)
 
 porosity
 
 air-water air-water air-water air-water air-water o-xylene-water o-xylene-water o-xylene-water o-xylene-water o-xylene-water o-xylene-water o-xylene-water o-xylene-water o-xylene-water o-xylene-water
 
 0.000 0.003 0.100 0.003 0.003 0.030 0.100 0.300 0.000 0.030 0.100 0.300 0.030 0.100 0.300
 
 0.010 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500
 
 5.9 6.5 6.5 3.0 10.0 3.1 3.0 3.1 6.5 6.8 6.8 6.8 8.6 8.7 8.8
 
 70.9 65.4 27.8 36.7 71.4 27.8 21.6 17.0 31.3 18.8 11.7 7.1 21.4 14.0 7.4
 
 0.32 0.32 0.33 0.32 0.32 0.32 0.34 0.33 0.33 0.33 0.33 0.32 0.33 0.33 0.33
 
 Concentrations are reported as total octanoic acid in system normalized by the volume of aqueous phase.
 
 ) 3.1, 6.5 and 10.0, the same pH values at which surface tensions were measured in part 1. In the o-xylene-waterquartz system, contact angles were measured over the same range of octanoic acid concentrations as for the air-waterquartz system, but only at pH ) 6.5. In all contact angle measurements, the sodium counterion concentration was fixed at (Na+) ) 0.50 M. Capillary Pressure-Saturation Relationships. Table 1 summarizes the experimental conditions for the capillary pressure-saturation measurements conducted in this study. Octanoic acid concentrations were selected such that the surface and interfacial tensions of the systems spanned the values obtained in part 1 of this study. For the air-water systems, measurements were made at (MA)T ) 0.00 M for pH ) 5.9 ( 0.2, at (MA)T ) 0.003 and 0.10 M for pH ) 6.5 ( 0.2, and also at (MA)T ) 0.003 M for pH ) 3.0 ( 0.2 and 10.0 ( 0.2, where ( ) denotes concentration, M within the brackets denotes a monovalent cation including H+, the subscript T denotes the total amount of octanoic acid present normalized by the volume of water, and the M outside the brackets represents concentration units of mol/L. Since no variation in surface or interfacial tensions with ionic strength were noted in part 1, the sodium counterion concentration was held constant at 0.5 M in all the systems, except for the measurement at (MA)T ) 0.00 M where the concentration was 0.01 M. For the o-xylene-water systems, drainage capillary pressure-saturation relationships were measured for octanoic acid concentrations of (MA)T ) 0.03, 0.10, and 0.30 M at three pH values at each concentration: pH ) 3.1 ( 0.2, 6.7 ( 0.2, and 8.7 ( 0.2. In addition, the relationship was measured in the absence of octanoic acid at pH ) 6.7 ( 0.2. In all cases, the sodium counterion concentration was 0.5 M. To prepare the octanoic acid solutions for the capillary pressure measurements, the same procedures were used as in part 1. The only differences were the manner of mixing and the volumes prepared. Since the volumes prepared were on the order of liters, the solutions were prepared in large glass jars sealed with rubber stoppers covered with aluminum foil and mixed using a magnetic stir plate. The capillary pressure-saturation relationships measured in this study were primary drainage relationships. They were obtained using a more rapid version of a traditional pressure cell apparatus described in Salehzadeh and Demond (31). Procedures detailing the cleaning of the apparatus, soil packing, determination of packing porosity as well as a discussion of experimental accuracy are given in Salehzadeh and Demond (31). The porosities obtained for the capillary pressure experiments are given in Table 1.
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 FIGURE 1. Primary drainage capillary pressure-saturation relationships for air-water system at pH ) 5.9 and pH ) 6.5 as function of octanoic acid concentration.
 
 Results and Discussion Air-Water System. Figure 1 shows the variation in the primary drainage capillary pressure-saturation relationship for the air-water-octanoic acid-quartz system near neutral pH as a function of the total octanoic acid concentration. This figure shows that the displacement pressure, defined as the capillary pressure at which substantial drainage of the wetting phase, here the aqueous phase, first occurs, decreased from about 50 cm of H2O to about 17 cm of H2O as (MA)T increased from 0.00 to 0.10 M. Since the pKa of octanoic acid is 4.8 (32), the fraction of the anionic form to the total organic acid is 97-98% near neutral pH; yet the more efficient surfaceactive species is the neutral acid form. The results obtained in part 1 showed that, unless the pH was high and (MA)T g 0.01 M, the surface activity was dominated by the neutral acid species. Thus, the reduction in displacement pressures observed in Figure 1 is attributable to the decrease in surface tension (Table 1) caused by increases in the neutral acid concentration. Figure 2 shows the changes in capillary pressure as a function of pH at a constant (MA)T equal to 0.003 M. This figure shows that increasing the pH from 6.5 to 10.0 does not alter the displacement pressure appreciably. However, lowering the pH to 3.0 causes a decrease in the displacement pressure from about 45 cm of H2O to about 25 cm of H2O. While little change in octanoic acid speciation is observed when pH is raised from 6.5 to 10.0, lowering the pH to 3.0 converts most of the octanoic acid to the neutral form, the more surface-active species. As Figure 2 shows, this variation in speciation is directly reflected in the capillary pressure in a manner similar to that for the surface tension.
 
 FIGURE 2. Primary drainage capillary pressure-saturation relationships for air-water system at (MA)T ) 0.003 M as a function of pH.
 
 FIGURE 3. Primary drainage capillary pressure-saturation relationships for air-water system scaled using the corresponding values of surface tension.
 
 TABLE 2. Contact Angles for Air-Water-Octanoic Acid-Quartz System
 
 a
 
 (MA) (mol/L)
 
 θ (deg)
 
 95% CIa (deg)
 
 1.0E-05 1.0E-04 1.0E-03 5.0E-03
 
 pH ) 3.0 16 16 16 17
 
 3 3 3 3
 
 0.0E+00 1.0E-02 5.0E-02 1.0E-01
 
 pH ) 6.5 7 14 13 12
 
 3 3 3 3
 
 1.0E-04 1.0E-02 1.0E-01 5.0E-01
 
 pH ) 10.0 13 12 14 15
 
 3 3 3 3
 
 95% CI denotes 95% confidence interval.
 
 The changes in capillary pressure may depend on speciation-induced changes not only in surface tension but also in wettability. To examine that possibility, measurements of the intrinsic contact angle for air-water-octanoic acidquartz systems were made over a range of pH values and octanoic acid concentrations and are presented in Table 2. These data indicate that the contact angle varied from about 7° at (MA)T ) 0.0 M and pH ) 6.5 to 17° at (MA)T ) 5 × 10-3 M and pH ) 3.0. Thus, the system’s wettability was effectively independent of pH and octanoic acid concentration, resulting in the system’s remaining strongly water-wet over the range of conditions tested. Since the contact angle varies minimally, it can be neglected in the modified Leverett’s function (eq 2). Hence, eq 2 implies that the capillary pressure relationships for these systems can be adequately scaled using the values of surface tension only. To test the validity of that approach, the capillary pressure data were divided by the appropriate surface tension values from Table 1 and then were plotted. As Figure 3 shows, following this strategy generates a common curve. This observation implies that the drainage behavior of soils contaminated with aqueous solutions of organic acids such as octanoic acid may be related quantitatively to the surface tension. The surface tension, in turn, may be related to pH and organic acid concentration. With a low molecular weight organic acid such as octanoic acid, the operative variable underlying the whole phenomenon is the concentration of the neutral acid form. At a fixed pH, increases in organic acid concentration increased the neutral acid species concentration, resulting in a drop in surface tension and a proportional drop in capillary pressure. At a fixed octanoic
 
 FIGURE 4. Primary drainage capillary pressure-saturation relationships for o-xylene-water system as a function of octanoic acid concentration: (a) at pH ) 3.1; (b) at pH ) 6.7; (c) at pH ) 8.7. acid concentration, lowering the pH below 6.5 similarly induced a increase in the neutral acid concentration. And again, this increase caused a reduction in surface tension and capillary pressure. Thus, an equivalent decrease in capillary pressure may be achieved by either increasing the octanoic acid concentration or lowering the pH below 6.5 because both actions result in an increase in the dominant surface-active species, the neutral acid form. o-Xylene-Water System. The measurements of primary drainage capillary pressure-saturation relationships for the o-xylene-water-octanoic acid-quartz systems are shown in Figure 4. This figure clearly illustrates the effects of adding octanoic acid to the o-xylene-water system. For example, at pH ) 6.7, the displacement pressure decreased from approximately 20 cm of H2O at (MA)T ) 0.00 M to 5 cm of
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 TABLE 3. Contact Angles for o-Xylene-Water-Octanoic Acid-Quartz System at pH ) 6.5
 
 FIGURE 5. Primary drainage capillary pressure-saturation relationships for o-xylene-water system as a function of pH: (a) at (MA)T ) 0.03 M; (b) at (MA)T ) 0.10 M; (c) at (MA)T ) 0.30 M. H2O at (MA)T ) 0.30 M. Similar results are obtained at pH ) 8.7. However, at pH ) 3.1, the impact is not nearly as substantial: the displacement pressure only drops to about 13 cm of H2O at (MA)T ) 0.30 M. The results obtained in part 1 showed that the interfacial activity of octanoic acid is governed by the aqueous phase concentration and speciation. The major distinction between the air-water and o-xylenewater systems is that the neutral acid can partition into the o-xylene phase, where it then exerts little impact on the interfacial properties of the system. Thus, adding octanoic acid in its neutral acid form at low pH simply increased the concentration of the acid in the o-xylene phase, resulting in a minimal effect on the capillary pressure. At pH 6.7 and pH 8.7, however, the majority of the octanoic acid resides in the anionic form that remains in the aqueous phase. Although this form is a less efficient surfactant than the neutral acid form, the fact that it remains in the aqueous phase allows it to impact the capillary pressure of the system to a greater extent. Figure 5 shows the same data as in Figure 4 replotted to illustrate the role of pH in determining the capillary pressuresaturation behavior of the o-xylene-water system. The displacement pressures in the o-xylene-water system show a dependence on pH that is the inverse of that observed for the air-water system (Figure 2). In the o-xylene-water system, the capillary pressures associated with a constant value of (MA)T are the highest at pH ) 3.1; in the air-water system, the capillary pressures were the lowest. This effect again stems from the differential partitioning of the octanoic acid species. Lowering the pH below the pKa in the o-xylenewater system results in proportionately more acid partitioning into the xylene phase where its interfacial activity is minimal. In contrast, in the air-water system, the same event results
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 (MA)T (mol/L)
 
 θ (deg)
 
 95% CI (deg)
 
 0.0E+00 5.0E-02 7.5E-02 3.0E-01
 
 13 11 11 17
 
 3 2 2 3
 
 in a higher aqueous concentration of the more surface-active species. The capillary pressure measurements at pH 6.7 and pH 8.7 are very similar at (MA)T ) 0.10 and 0.30 M, respecgively; however, the capillary pressures at pH 6.7 are decidedly less than at pH 8.7 at (MA)T ) 0.03 M. To determine whether the wettability was affected by the variation in solution conditions, the contact angle was measured for four total octanoic acid concentrations at pH ) 6.5. The values for the contact angle, presented in Table 3, ranged from 11° at (MA)T ) 0.05 M to 17° at (MA)T ) 0.3 M, indicating that the wettability is virtually independent of octanoic acid concentration over the range examined. In this system, contact angles were not measured as a function of pH. Because of the insensitivity of the contact angle in the air-water-quartz to both pH and octanoic acid concentration and its insensitivity to the octanoic acid concentration in the o-xylene-water-quartz, it was surmised that the contact angle in the o-xylene-water-quartz system would be independent of pH as well. Since the system remained strongly water-wet over the range of conditions examined here, the decreases in displacement pressure were attributed solely to changes in interfacial tension caused by the interfacial activity of the dominant aqueous phase species. Because the values of the contact angles remained constant across the systems examined, the capillary pressure-saturation relationships were again scaled without using the contact angle in the modified form of Leverett’s function (eq 2). The fact that the scaled capillary pressure relationships presented in Figures 4 and 5 collapse reasonably well to a single curve, as shown in Figure 6, suggests that the changes in interfacial activity impacting capillary pressure are reflected in a single parameter, the interfacial tension. The variable controlling the interfacial tension is the aqueous phase species concentration. At low values of pH (
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