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ABSTRACT 1 

The interfacial tracer test (ITT) conducted via aqueous miscible-displacement column 2 

experiments is one of a few methods available to measure air-water interfacial areas for porous 3 

media. The primary objective of this study was to examine the robustness of air-water interfacial 4 

area measurements obtained with interfacial tracer tests, and to examine the overall validity of the 5 

method. The potential occurrence and impact of surfactant-induced flow was investigated, as was 6 

measurement replication. The column and the effluent samples were weighed during the tests to 7 

monitor for potential changes in water saturation and flux. Minimal changes in water saturation 8 

and flux were observed for experiments wherein steady flow conditions were maintained using a 9 

vacuum-chamber system. The air-water interfacial areas measured with the miscible-displacement 10 

method completely matched interfacial areas measured with methods that are not influenced by 11 

surfactant-induced flow. This successful benchmarking was observed for all three media tested, 12 

and over a range of saturations. A mathematical model explicitly accounting for nonlinear and 13 

rate-limited adsorption of surfactant at the solid-water and air-water interfaces as well as the 14 

influence of changes in surface tension on matric potentials and flow was used to simulate the 15 

tracer tests. The independently-predicted simulations provided excellent matches to the measured 16 

data, and revealed that the use of the vacuum system minimized the occurrence of surfactant-17 

induced flow and its associated effects. These results in total unequivocally demonstrate that the 18 

miscible-displacement ITT method produced accurate and robust measurements of air-water 19 

interfacial area under the extant conditions. 20 

 21 

 22 

     Keywords:  air-water interface; tracer test; adsorption; unsaturated; surfactant-induced flow. 23 
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1. Introduction 24 

It is widely recognized that the air-water interface plays a fundamental role in the 25 

distribution and flow of water and other fluids in unsaturated porous media. Mass and energy 26 

transfer processes such as evaporation, volatilization, gas exchange, and heat flow occur at this 27 

interface. In addition, the air–water interface can have a major impact on the retention and transport 28 

of materials, including colloids and organic contaminants. The vadose zone mediates the 29 

transmission of contaminants from the land surface to groundwater. Thus, understanding 30 

contaminant transport in this multi-phase system is critical for accurate characterization of 31 

groundwater contamination potential. 32 

While the importance of the air-water interface in porous media has long been established, 33 

it has taken on enhanced significance with the issue of per- and poly-fluoroalkyl substances 34 

(PFAS) in the environment. PFAS are a class of synthetic fluorinated surfactants that have been 35 

and are used in a wide variety of consumer products and industrial materials. Research has 36 

demonstrated that they are widespread in the environment and pose potential risks to human health. 37 

Of particular note, soil has been delineated as a major reservoir of PFAS (Anderson et al., 2019; 38 

Brusseau et al., 2020a; Guo et al., 2020), and a critical concern is the leaching behavior of PFAS 39 

and their potential to contaminate groundwater. Adsorption at the air-water interface is a primary 40 

retention process for PFAS transport in unsaturated media (Brusseau, 2018; Lyu et al., 2018; 41 

Brusseau et al., 2019; Lyu and Brusseau, 2020). Air-water interfacial adsorption has also been 42 

identified to be important for the retention and transport of other emerging contaminants, including 43 

antibiotics (Dong et al., 2016) and nanoparticles (Kumahor et al., 2015; Makselon et al., 2017). 44 

Characterizing and modeling multiphase fluid flow, interfacial mass-transfer processes, 45 

and the transport of interfacial-active substances requires accurate determination of air-water 46 

interfacial areas. Interfacial tracer tests (ITT) are one of the few methods available to measure air-47 
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water interfacial area in porous media (e.g., Karkare and Fort, 1996; Brusseau et al., 1997; Kim et 48 

al., 1997; Saripalli et al., 1997; Kim et al., 1999; Anwar et al., 2000; Anwar, 2001; Schaefer et al., 49 

2000; Costanza-Robinson and Brusseau, 2002; Peng and Brusseau, 2005; Araujo et al., 2015). ITT 50 

tests can be implemented in several ways. One standard approach is to conduct aqueous miscible-51 

displacement tracer tests wherein an aqueous solution containing a tracer that preferentially 52 

adsorbs at the air-water interface is injected into a packed column under steady unsaturated-flow 53 

conditions. This method was introduced by Rao and colleagues (Kim et al., 1997; Saripalli et al., 54 

1997), and has since been used in multiple additional studies (e.g., Kim et al., 1998; Brusseau et 55 

al., 2007; Costanza-Robinson et al., 2012; Brusseau et al., 2015, 2020b). 56 

A surfactant or other interfacial-active solute is used as the interfacial tracer for ITTs. One 57 

potential concern associated specifically with the miscible-displacement-based ITT method is the 58 

occurrence of surfactant-induced flow due to the change in surface tension upon the introduction 59 

and displacement of the surfactant solution (Kim et al., 1997). Surfactant-induced flow can add 60 

uncertainty to the determination of interfacial areas and should be assessed when employing this 61 

method. Brusseau et al. (2007) conducted miscible-displacement IT tests and showed no impact 62 

of surfactant-induced flow when employing a vacuum system. Conversely, Costanza-Robinson et 63 

al. (2012) observed surfactant-induced flow for miscible-displacement IT tests conducted with a 64 

hanging water-column system. Costanza-Robinson and Henry (2017) conducted mathematical 65 

modeling simulations of IT tests for hypothetical systems and concluded that surfactant-induced 66 

flow invariably affects all miscible-displacement IT tests and, therefore, that interfacial areas so 67 

obtained have significant uncertainty. 68 

The issue of the robustness of air-water interfacial areas measured with the miscible-69 

displacement IT test is critical to resolve as this method is one of the few available that can be 70 
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readily employed in a standard laboratory setting and without the need for advanced specialized 71 

instrumentation. The dearth of independent measurements of air-water interfacial area has limited 72 

the ability of prior studies to investigate the accuracy and robustness of interfacial areas measured 73 

with the miscible-displacement IT method. Such data are now available and can be used as 74 

independent benchmarks for comparative assessments. Another effective means of assessing 75 

robustness is the use of mathematical modeling, with the specific approach of employing a 76 

distributed-process model in forward-solution mode such that independent predictions of transport 77 

are produced. Such mathematical modeling has not been applied to actual miscible-displacement 78 

ITT data in prior studies. Another issue of import for method robustness is that of measurement 79 

uncertainty. Prior miscible-displacement IT studies have not examined measurement uncertainty 80 

by conducting multiple replicate measurements. 81 

 The objective of the present study is to examine the accuracy and robustness of air-water 82 

interfacial area measurements obtained with the aqueous miscible-displacement ITT method. The 83 

potential occurrence and impact of surfactant-induced flow will be investigated, as will 84 

measurement replication. Independent benchmarking analysis is conducted by comparing the 85 

interfacial areas measured with the miscible-displacement ITT method to measurements obtained 86 

with alternative methods that are not influenced by surfactant-induced flow. Mathematical 87 

modeling is employed to characterize flow and transport behavior associated with the miscible-88 

displacement system, and to directly examine the impact of surfactant-induced flow. The 89 

modelling is novel in that it is used specifically to produce independent-prediction simulations of 90 

the measured breakthrough curves and solution flux, which represents to our knowledge the first 91 

attempt to do so for the miscible-displacement ITT method. 92 

 93 
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2. Materials and Methods 94 

2.1. Materials  95 

 Three porous media were used in this study. Vinton soil (sandy, mixed thermic Typic 96 

Torrifluvent), collected locally in Tucson, AZ., a 45/50 mesh quartz sand (Accusand), and 97 

borosilicate glass beads with a relatively large diameter (1.16 mm). Vinton soil was sieved to 98 

remove the fraction larger than 2 mm.  Relevant properties of the porous media are presented in 99 

Table 1. 100 

 Sodium dodecyl benzene sulfonate (SDBS) was used as the air-water interfacial adsorptive 101 

tracer, with input concentrations of approximately 40 mg/L. Pentafluorobenzoic Acid (PFBA, 100  102 

mg/L) was used as the nonreactive tracer to characterize the hydrodynamic properties of the packed 103 

columns. Sodium chloride (0.01 M) was used as the background electrolyte to maintain a constant 104 

ionic strength, thus minimizing potential changes in electrostatic properties. 105 

 The columns used for the tracer tests were constructed of stainless steel and were 15 cm 106 

long by 2.2 cm in diameter. Each column was packed with air-dried media to obtain uniform bulk 107 

densities. The columns were oriented vertically for all experiments. A stainless steel distribution 108 

plate and a porous frit were placed at the bottom of the column to retain the solids and to maintain 109 

saturated conditions to promote uniform water flow. A distribution plate and a porous frit were 110 

placed at the top of the column for the saturated-flow experiments. The plate, frit, and endcap were 111 

removed from the top for the unsaturated-flow experiments. 112 

 A piston pump was used to provide a constant solution flow to the open top of the column 113 

for the unsaturated-flow experiments. Tubing from the bottom of the column was connected to a 114 

vacuum chamber that housed a fraction collector to which the column effluent line was connected 115 

for sample collection. This system allowed for effluent sample collection while a steady, 116 
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uninterrupted vacuum was maintained during the entire experiment. For four experiments (2 117 

Vinton and 2 sand), a flask apparatus instead of the vacuum chamber was used for the sample 118 

collection. In this case, the vacuum is interrupted when valves are switched during sample 119 

collection. 120 

 121 

2.2. Methods  122 

 The surface tension of the SDBS-electrolyte solution was measured using a Du Nouy ring 123 

tensionmeter (Fisher Scientific, Surface Tensiomat 21) following standard methods. The 124 

tensiometer was calibrated with a weight of known mass. Each sample was measured at least three 125 

times with a deviation between measurements of less than 1%. Two separate sets of measurements 126 

were conducted by different students several years apart. In addition, data for the same SDBS-127 

electrolyte system was collected from the literature for comparison. 128 

 The methods used for the miscible-displacement experiments were the same as used by 129 

Brusseau et al. (2007), who reported air-water interfacial areas for the Vinton soil. One set of 130 

experiments was conducted in the present study to examine measurement replication uncertainty. 131 

Thus, five additional tests were conducted for the Vinton soil at the same water saturation (~0.8) 132 

to supplement two prior measurements reported in the Brusseau et al. (2007) study. A second set 133 

of two experiments was conducted for Vinton at a lower water saturation to combine with the eight 134 

experiments reported in Brusseau et al. (2007). A third set of experiments was conducted in the 135 

present study to measure air-water interfacial areas for the sand (6 experiments) and glass beads 136 

(2 experiments), which were not used in the prior 2007 study. Two nominal flow rates were used 137 

for the Brusseau et al. (2007) study, 0.5 and 0.2 mL/min, equivalent to mean pore-water velocities 138 

of approximately 18 and 9 cm/h, respectively. A flow rate of 0.5 mL/min was used for all 139 
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experiments for the present study, with one exception of 0.2 for a replicate Vinton test at a water 140 

saturation of 0.77. 141 

 Experiments for Vinton soil were conducted under both primary drainage and primary 142 

imbibition conditions, whereas the experiments for the sand and glass beads were conducted under 143 

primary drainage. For imbibition conditions, electrolyte solution was introduced to the top of the 144 

dry packed column while it was connected to the vacuum system. For drainage conditions, the 145 

packed column was completely saturated with electrolyte solution prior to initiation of drainage. 146 

The initial saturation step was conducted using a separate apparatus wherein electrolyte solution 147 

was injected into the bottom of the column. The mass of the column was measured periodically, 148 

and complete saturation was assumed once the measurement stabilized. Note that a hanging water-149 

column method was used for the glass beads, as the vacuum system reduced water saturation to 150 

levels too low to maintain adequate flow. 151 

 The tracer tests were conducted after steady-state flow was established at the desired water 152 

saturation. Each set of tracer tests was performed in a newly prepared column, and the nonreactive 153 

and adsorptive tracer tests were conducted sequentially. Each effluent sample was weighed 154 

(measurement uncertainty = ~0.002%) and the mass of the solution reservoir was monitored 155 

(measurement uncertainty = <0.1%), providing a means of monitoring for potential variations in 156 

the amount of solution exiting the column and determination of any changes in water saturation of 157 

the packed column. The mass of the column was also measured periodically as a second 158 

determination of changes in water saturation (measurement uncertainty = <1%). Tracer tests were 159 

conducted under water-saturated conditions to measure the adsorption of SDBS by the solid 160 

matrix. Effluent samples were analyzed by UV-Vis spectrophotometry. Additional details of the 161 

method are reported in Brusseau et al. (2007). 162 
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2.3. Data Analysis 163 

The ITT method consists of conducting miscible-displacement tracer tests, from which 164 

retardation factors, R, are determined from the breakthrough curves using standard frontal and 165 

moment analyses (e.g., Kim et al., 1997; Brusseau et al., 2007). Numerous theoretical and 166 

experimental works have demonstrated that these methods produce accurate measures of R and 167 

associated distribution coefficients independent of nonideal adsorption constraints (Glueckauf, 168 

1955; Kucera, 1965; Buffham, 1973; Valocchi, 1985). Kim et al. (1997) discuss this specifically 169 

for application to the analysis of miscible-displacement ITT data. Costanza-Robinson and Henry 170 

(2017) demonstrated with mathematical modeling that this analysis approach recovered 171 

representative R and air-water interfacial area values for simulated miscible-displacement IT tests. 172 

The measured R-values are used in conjunction with equation 1 to determine interfacial 173 

area (with all other variables known): 174 

𝑅 ൌ 1 ൅ 𝐾ௗ
ఘ್

ఏೢ
൅ 𝐾௜

஺೔ೌ

ఏೢ
                (1) 175 

where Kd (cm3/g) is the sorption coefficient to the solid, ρb (g/cm3) is the bulk density, θw is the 176 

volumetric water content, Ki (cm) is the interfacial adsorption coefficient, and Aia (cm-1) is the 177 

specific air-water interfacial area (interfacial area normalized by the porous-medium volume, 178 

cm2/cm3). The Kd is determined by conducting the tracer tests under water-saturated conditions. 179 

The Ki is determined from the measured surface-tension function for the selected input 180 

concentration (e.g., Kim et al., 1997; Brusseau et al., 2007). It is important to note that the ITT 181 

method provides a measure of the “total” air-water interfacial area, and includes contributions of 182 

capillary (meniscus) and film-associated areas. Note that the interfacial areas for the data reported 183 

in Brusseau et al. (2007) were recalculated using the updated Ki value obtained from the 184 

aggregated surface-tension data. This maintains consistency among the prior and new data sets. 185 
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2.4. Mathematical Modeling 186 

 A one-dimensional numerical model that couples transient, variably saturated flow and 187 

solute transport (Guo et al., 2020) was used to investigate the potential for surfactant-induced flow 188 

under the extant experiment conditions.  The model simulates the impact of an interfacial tracer 189 

on surface tension, and the subsequent influence on displacement of the solution. The model also 190 

simulates transport of the interfacial tracer, and explicitly accounts for nonlinear and rate-limited 191 

adsorption at the solid-water and air-water interfaces. The baseline equations for flow and transport 192 

are presented in Guo et al. (2020). The following paragraph details the modification made to 193 

account for specific conditions of the tracer tests. 194 

 When a vacuum pump is applied at the outlet, the Richards equation for variably saturated 195 

flow needs to be modified to account for the vacuum pressure in the air phase. Denoting the water 196 

pressure head as ℎ௪, water flux in the column may be described by the two-phase extended Darcy’s 197 

Law as  198 

𝑞 ൌ െ𝐾 ቀడ௛ೢ

డ௭
െ 1ቁ,   (2) 199 

where 𝐾 (cm/min) is unsaturated hydraulic conductivity and 𝑧 (cm) is the vertical axis along the 200 

column (assuming positive downward). The water pressure head is related to the air pressure (ℎ௔, 201 

with a unit of cm w.r.t. water) and capillary pressure (ℎ௖, with a unit of cm w.r.t. water) heads as 202 

ℎ௪ ൌ ℎ௔ െ ℎ௖. Substituting ℎ௪ ൌ ℎ௔ െ ℎ௖ to Eq. (2) yields 203 

𝑞 ൌ െ𝐾 ቀെ డ௛೎

డ௭
൅ డ௛ೌ

డ௭
െ 1ቁ.   (3) 204 

The air pressure head at the inlet is zero (open to the atmosphere). The air pressure head at the 205 

outlet is negative due to the vacuum pump, i.e., ℎ௔ ൌ ℎ௔,଴, where ℎ௔,଴ is the vacuum pressure head. 206 

Assuming that air flow is approximately steady-state and maintains a linear pressure distribution 207 
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along the column during the experiment, we obtain డ௛ೌ

డ௭
ൎ

௛ೌ,బି଴

௅
, where 𝐿 (cm) is the length of the 208 

column. Therefore, Eq. (3) can be rewritten as 209 

𝑞 ൌ െ𝐾 ቂെ డ௛೎

డ௭
൅

௛ೌ,బ

௅
െ 1ቃ.   (4) 210 

Substituting Eq. (4) into the mass balance equation for water yields a modified Richards equation 211 

as follows 212 

డఏೢ

డ௧
െ డ

డ௭
ቂ𝐾 ቀെ డ௛೎

డ௭
൅

௛ೌ,బ

௅
െ 1ቁቃ ൌ 0.   (5) 213 

We replace the Richards equation in the model of Guo et al. (2020) with Eq. (5) to simulate the 214 

column experiments that employ a vacuum pump at the outlet. Everything else remains the same. 215 

Note that Eq. (5) recovers the standard Richards equation with ℎ௔,଴ ൌ 0 when no vacuum is applied 216 

at the outlet. The coupled equations of flow and transport are solved by a fully implicit numerical 217 

framework using Newton-Raphson iterations. Details of the equations and numerical methods are 218 

provided in Guo et al. (2020). 219 

 Illustrative simulations are presented for the miscible-displacement tracer tests conducted 220 

with the sand. Two sets of simulations are conducted, one with the vacuum applied and one 221 

without. The simulation domain is vertical with a length of 14.7 cm and is discretized into 294 222 

numerical cells with a uniform size. The upper boundary is set as constant flux with an infiltration 223 

rate of 0.13 cm/min. The lower boundary is set as free drainage. Initially, the domain is under 224 

steady-state flow at 0.13 cm/min. The interfacial tracer solution with a concentration of 40.9 mg/L 225 

is applied at time zero and stopped at t = 4 hours. The simulation lasts for 8 hours. The vacuum 226 

pressure at the outlet is ℎ௔,଴ ൌ െ100 cm. All parameters used for the simulations were obtained 227 

from independent measurements, including saturated hydraulic conductivity 𝐾௦௔௧ ൌ 0.048 cm/228 

min, porosity 𝑛 ൌ 0.326, residual water content 𝜃௥ ൌ 0.015, diffusion coefficient 𝐷௠ ൌ 4.9 ൈ229 
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10ି଺ cmଶ/s, longitudinal dispersivity 𝛼௅ ൌ 0.29 cm, Freundlich solid-phase adsorption 230 

coefficients 𝐾௙ ൌ 0.107 /kg/ሺmg/Lሻ୬ and 𝑛 ൌ 0.85, bulk density 𝜌௕ ൌ 1.66 g/cmଷ. A two-231 

domain nonlinear, rate-limited adsorption model is used for both solid-phase and air-water 232 

interfacial adsorption. The fraction of sorbent for which solid-phase sorption is instantaneous 𝐹௦ ൌ233 

0.37, the first-order rate constant for rate-limited solid-phase adsorption 𝛼௦ ൌ 2.6 hour-1. The 234 

adsorption at all air-water interfaces is assumed rate-limited (𝐹௔௪ ൌ 0) with a first-order rate 235 

constant of 𝛼௔௪ ൌ 7 hour-1. Values for the adsorption parameters were obtained from Brusseau 236 

(2020). Note that a greater saturated conductivity was used for the no vacuum-pump simulation to 237 

maintain the same flow rate. The measured soil water characteristic curve and unsaturated 238 

hydraulic conductivity are modeled with the van Genuchten-Mualem model (Mualem, 1976; van 239 

Genuchten, 1980) with the parameters 𝛼 ൌ 0.0448 cmିଵ and 𝑛 ൌ 4. The air-water interfacial area 240 

is represented as an empirical function of water saturation based on aggregated measurements 241 

reported in Jiang et al. (2020). The fitting coefficients for the empirical function for sand are 242 

provided in Guo et al. (2020). The surface tension 𝛾 and 𝐾௜ are determined using the measured 243 

surface-tension data for SDBS. 244 

 245 

3. Results and Discussion 246 

3.1 Surface Tension 247 

 Measured surface tensions for SDBS in 0.01 M NaCl solution are presented in Figure 1. 248 

Two sets of measurements were conducted several years apart for the present study (UAZ-1 and 249 

UAZ-2). In addition, published data for SDBS for the same 0.01 M NaCl solution reported in two 250 

prior studies are included for comparison. There is very good correspondence among all four sets 251 

of measurements. This provides confidence in the accuracy of the measurements and in the Ki 252 
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value determined from the data. The Szyszkowski equation provides a good fit to these combined 253 

four data sets. A Ki value of 2.6 x 10-3 cm is determined for the relevant concentration used for the 254 

tests. 255 

 256 

3.2 Tracer Transport and Water Saturation 257 

 The breakthrough curves for PFBA, the nonreactive tracer, exhibit ideal transport behavior 258 

for all experiments under both water-saturated and unsaturated conditions (see Figure 2). The 259 

breakthrough curves for SDBS under saturated-flow conditions exhibit a small degree of tailing 260 

due to a combination of rate-limited and nonlinear adsorption (see Figure 2A for an example). The 261 

breakthrough curves for SDBS transport under unsaturated-flow conditions also exhibit tailing 262 

(Figure 2). 263 

 The mean retardation factors for SDBS under water-saturated conditions are approximately 264 

3 for the Vinton soil, 1.3 for the sand, and 1.1 for the glass beads. This retardation is due to 265 

surfactant sorption to the solid media. The retardation of SDBS under unsaturated conditions is 266 

larger than under saturated conditions due to SDBS retention at the air-water interface (see Figure 267 

2A for an example). The results of replicate tests displayed good reproducibility, as illustrated in 268 

Figure 2B. 269 

 A total of 13 sets of tracer tests were conducted under unsaturated conditions for the Vinton 270 

soil and the sand in this study. Mean changes in water saturation of ~1% or less were measured 271 

for the Vinton and sand tests for which the vacuum-chamber system was used. These values are 272 

within measurement uncertainty, demonstrating that no statistically significant drainage was 273 

observed for these tests. Conversely, a moderate degree of drainage was observed for the tests for 274 

which the vacuum chamber was not used, with a mean change in saturation of ~15%. The disparity 275 
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in observed results suggests that the interruption of the vacuum influenced the occurrence and/or 276 

magnitude of surfactant-induced flow. 277 

 278 

3.3 Air-water Interfacial Areas 279 

 The air-water interfacial areas measured for the three media are presented in Figures 3-5. 280 

The interfacial areas for the glass beads are approximately 20 cm-1 for water saturations of ~0.3 281 

(Figure 3). The accuracy of these values can be evaluated by comparing them to air-water 282 

interfacial areas measured by synchrotron x-ray microtomography (XMT). The XMT method has 283 

been demonstrated via independent benchmarking analysis to produce robust measures of air-284 

water interfacial area for coarse-grained monodisperse media (Araujo and Brusseau, 2020).  285 

 Inspection of Figure 3 shows that the interfacial areas measured by the ITT method are 286 

fully coincident with the XMT measurements. This observation is consistent with results reported 287 

by Narter and Brusseau (2010), who demonstrated consistency between ITT and XMT 288 

measurements of NAPL-water interfacial areas for the same glass-bead medium. These consistent 289 

results for the air-water IT tests were obtained with the use of a hanging water column for the 290 

experiments, albeit at a relatively low water saturation. 291 

 It is notable that the geometric smooth-surface solid surface area is essentially identical to 292 

the solid surface area measured with the nitrogen-BET method for these glass beads (see Table 1). 293 

In addition, the solid surface area measured by direct imaging of the solids with XMT is also the 294 

same as the geometric and NBET surface areas (Araujo and Brusseau, 2020). This congruence of 295 

solid surface area measurements is a manifestation of the fact that the glass beads have no 296 

measurable surface roughness. For an ideal medium such as these glass beads, XMT measures all 297 

air-water interfaces present in the system (Araujo and Brusseau, 2020). Critically, the 298 
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measurements are not affected by tracer-accessibility constraints, surfactant-induced flow issues, 299 

or other factors that can impact the ITT method. The fact that the ITT-measured interfacial areas 300 

match those measured by XMT indicates that the interfacial areas measured by the ITT method 301 

are accurate. 302 

 Air-water interfacial areas measured for the sand across a relatively large range of water 303 

saturation are presented in Figure 4. The values are observed to increase with decreasing saturation, 304 

as expected, ranging from ~30 to ~130 cm-1. The values are compared to air-water interfacial areas 305 

measured for the same sand in a prior study conducted with the ITT method, but employing 306 

surfactant concentrations of 1, 0.1, and 0.01 mg/L (Brusseau et al., 2020b). Data analysis and 307 

mathematical modeling demonstrated conclusively that surfactant-induced flow did not occur for 308 

these low-concentration tracer tests. 309 

 Both sets of measurements are observed to be coincident along the same curve (Figure 4). 310 

Thus, interfacial areas measured with the standard ITT method employing tracer concentrations of 311 

~40 mg/L are fully consistent with those measured using much lower concentrations for which 312 

surfactant-induced flow is irrelevant. This indicates that the measurements made using the higher 313 

concentrations are robust, and are not influenced measurably by surfactant-induced flow. 314 

 Air-water interfacial areas measured for the Vinton soil are presented in Figure 5. The 315 

values are observed to increase nonlinearly with decreasing water saturation, increasing from ~50 316 

to 300 cm-1. The results incorporate tests conducted at two different flow rates, one approximately 317 

two-times greater than the other. The results for the two sets of measurements are consistent, 318 

indicting no measurable impact of residence time over this range. 319 

 An analysis of measurement replication uncertainty for Vinton is presented in Table 2, 320 

wherein the mean, 95% confidence interval, and coefficient of variation (COV) are reported for 321 
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seven replicate measurements at a water saturation of ~0.81. The mean value is 66.2, with a 322 

confidence interval of 6 cm-1. The COV is 9%, which is quite low especially considering that each 323 

test was conducted with a new column pack and by different personnel several years apart. It is 324 

also notable that the COV for water saturation is extremely low, showing that the use of the vacuum 325 

system promotes robust replication of target water saturations. 326 

 The mean air-water interfacial area measured with the standard ITT method at the 0.81 327 

water saturation is compared in Table 2 to values measured with two alternative ITT methods 328 

developed by Brusseau et al. (2015). The first alternative method, named the dual-surfactant 329 

method, employs a second surfactant in the background electrolyte solution. The use of the two 330 

surfactants, one for the background solution and the other to serve as the interfacial tracer, prevents 331 

the formation of surface-tension gradients and thus eliminates surfactant-induced flow. The second 332 

alternative method, named the residual-air method, is based on establishing a discontinuous 333 

(residual) saturation of air prior to the test. This promotes single-phase flow conditions with no 334 

surfactant-induced flow. 335 

 The interfacial areas measured with the two alternative methods are both ~61cm-1 at the 336 

same 0.81 water saturation. These values are within the 95% CI determined for the measurements 337 

made with the standard miscible-displacement ITT method (Table 2). This consistency among the 338 

three methods indicates that the interfacial areas measured with the standard ITT method are 339 

robust, and not influenced measurably by surfactant-induced flow. 340 

 One of the seven experiments listed in Table 2 was conducted without the vacuum 341 

chamber, whereas the other six were. While no measurable change in water saturation was 342 

observed for the latter six, the mean water saturation decreased temporarily by a maximum of 7.5% 343 

for the experiment conducted without the chamber. In this case, the interfacial area was calculated 344 
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using the mean water saturation. Inspection of Table 2 shows that the air-water interfacial area 345 

determined for this experiment is consistent with the other six values. Similarly, two experiments 346 

for the sand were conducted without the vacuum chamber and exhibited changes in water 347 

saturation. However, the air-water interfacial areas determined for these two experiments using 348 

mean saturations (the two lowest water-saturation data points in Figure 4) are consistent with all 349 

other values. This indicates that consistent air-water interfacial areas were obtained for the few 350 

experiments for which moderate changes in water saturation were observed (i.e., those conducted 351 

without the chamber). 352 

 Four of the seven tests presented in Table 2 were conducted under primary drainage while 353 

three were conducted under primary imbibition. Inspection of Table 2 shows that the two sets of 354 

values are consistent. In addition, there is no statistical difference in the means of the two sets of 355 

values (67 vs 65), and furthermore the two means are very similar to the aggregate mean. These 356 

results suggest that there is no measurable impact of initial fluid disposition on measured 357 

interfacial areas. This is likely a reflection of film-associated interfaces contributing the majority 358 

of total area (Or and Tuller, 1999; Brusseau et al., 2007; Jiang et al., 2020). 359 

 The measured air-water interfacial areas are largest for the soil, smallest for the glass beads, 360 

and intermediate for the sand for a given water saturation. The disparity in interfacial areas between 361 

the three porous media can be attributed to the differences in median grain diameter and solid 362 

surface areas (Table 1). This is consistent with the relationships between interfacial areas and grain 363 

size and surface areas reported in prior studies (Cary, 1994; Anwar et al, 2000; Costanza and 364 

Brusseau, 2000; Cho and Annable, 2005; Peng and Brusseau, 2005; Dobson et al., 2006; Costanza-365 

Robinson et al., 2008; Brusseau et al., 2009; Brusseau et al., 2010).  366 

 367 
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3.4 Mathematical Modeling 368 

 Costanza-Robinson and Henry (2017) conducted a mathematical-modeling study of the 369 

potential impact of surfactant-induced flow on air-water interfacial areas measured with the 370 

miscible-displacement ITT method. A series of simulations was conducted for hypothetical 371 

conditions representative of ITT experiments reported by Costanza-Robinson et al. (2012). The 372 

model was not used to simulate actual ITT data sets. Standard and alternative miscible-373 

displacement boundary conditions were employed. Their results showed that the presence of 374 

surfactant-induced flow caused deviations of the “measured” interfacial areas, those back-375 

calculated from the simulated breakthrough curves, from the true (input) values. For example, 376 

deviations of 14% and 23% were obtained for an initial water saturation of 0.75, depending upon 377 

which set of boundary conditions was used. 378 

 As discussed above, the interfacial areas measured in the present study with the miscible-379 

displacement ITT method fully match independent measurements produced with methods for 380 

which surfactant-induced flow is not relevant by design. This is true for all three media tested, 381 

which range from an ideal medium with no surface roughness to a soil that has a very large solid 382 

surface area to which microscopic surface roughness contributes greatly. These comparisons 383 

demonstrate that the interfacial areas measured by the miscible-displacement ITT method exhibit 384 

no deviations from the independent benchmark values. Given that the mathematical modeling 385 

results reported by Costanza-Robinson and Henry (2017) show that air-water interfacial areas 386 

exhibit deviations when surfactant-induced flow occurs, the absence of deviations in the measured 387 

data sets for the present study is another indication that surfactant-induced flow was negligible for 388 

the miscible-displacement ITT measurements reported herein. 389 
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 The results of the mathematical modeling conducted for the present study are presented in 390 

Figure 6. Two sets of simulations are presented, one with vacuum applied and one without. The 391 

simulation incorporating the vacuum provides a good match to the measured breakthrough curves 392 

for SDBS (Figure 6A). In addition, the simulated flux history provides a reasonable match to the 393 

measured data, with some of the small perturbations simulated (Figure 6B). These accurate 394 

simulations of the measured data are especially noteworthy as the simulations are predictions, 395 

wherein values for all input parameters were obtained independently. The ability of a distributed-396 

process model to successfully predict the measured data strongly indicates that the interfacial tracer 397 

tests produced robust results consistent with physically-based flow and transport theory and were 398 

not impacted by experimental artifacts. To our knowledge, this is the first time that the transport 399 

data for an air-water miscible-displacement IT test have been directly simulated with a 400 

mathematical model, much less via independent prediction. 401 

 Treating the simulated breakthrough curve as a “measured” data set, the air-water 402 

interfacial area can be determined based on moment analysis of the data and application of Eq. 1, 403 

i.e., employing the standard data analysis used for measured data sets obtained from the ITT 404 

method. This application produces interfacial areas of 46.4 and 46.0 cm using moment analysis of 405 

the full breakthrough curve and frontal analysis (area above the curve), respectively. These 406 

compare well to the measured value of 46.6 cm. 407 

 Inspection of Figures 6B and 6C reveals that there was minimal change in effluent flux and 408 

column-average water saturation, respectively, during the simulated tracer test with applied 409 

vacuum. The modeling results show that employing a vacuum system significantly reduces, and 410 

in some cases essentially eliminates, the extent of surfactant-induced flow. This is because adding 411 

a vacuum is equivalent to increasing the gravity driving force. Based on Eq. (5), the effective 412 
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gravity driving force becomes െ
௛ೌ,బ

௅
൅ 1 times greater (7.8 times in our example simulation) than 413 

what it is without a vacuum applied. The perturbation caused by the change of surface tension due 414 

to surfactant addition is relatively insignificant compared to the effective gravity driving force, 415 

and surfactant-induced flow is therefore greatly reduced. In total, the simulation results 416 

demonstrate that there was minimal surfactant-induced flow for the experiment conditions. This is 417 

consistent with the results and conclusions reported in the preceding section based on 418 

benchmarking analysis of the measured data sets. 419 

 Inspection of Figure 6C shows that the water saturation decreases significantly upon 420 

introduction of the surfactant solution for the simulation conducted without the vacuum. This 421 

denotes an impact of surfactant-induced flow. It is observed that the water saturation recovers to 422 

its initial value within ~2.5 pore volumes due to the constant-flux boundary at the inlet. This 423 

temporal variability of water saturation impacts the flux history and transport of the surfactant. 424 

Flux is observed to first increase and then decrease compared to the initial value (Figure 6B). The 425 

breakthrough of surfactant is delayed compared to the simulation with vacuum and the measured 426 

data (Figure 6A). Another interesting observation is that the simulated breakthrough curve without 427 

vacuum applied has a spike wherein the concentration of SDBS is greater than 𝐶଴. The spike is 428 

caused by the change in water saturation and the resultant impact on the magnitude of interfacial 429 

area. The initial decrease in water saturation upon surfactant introduction creates additional air-430 

water interface, which increases the amount of surfactant adsorbed at the air-water interface. These 431 

additional interfaces are eliminated when water saturation increases, thus resulting in transfer of 432 

SDBS back to solution. 433 

The mathematical modeling conducted herein demonstrates minimal impact of surfactant-434 

induced flow on the measurement of air-water interfacial areas for the extant conditions of the 435 
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experiments (vacuum application). This is consistent with the independent-benchmarking analyses 436 

reported above. Conversely, significant surfactant-induced flow effects were observed for the 437 

simulation that did not employ a vacuum. This latter observation is consistent with the observations 438 

of surfactant-induced flow reported by Costanza-Robinson et al. (2012), who used a hanging 439 

water-column method for their experiments. It is also consistent with the modeling results of 440 

Costanza-Robinson and Henry (2017), who did not incorporate vacuum conditions in their 441 

simulations. 442 

Costanza-Robinson and Henry (2017) specifically attempted to address the experiment 443 

results reported by Brusseau et al. (2007), for which no surfactant-induced drainage was observed 444 

in terms of no change in mean water saturation of the column or in effluent flux. Their simulation 445 

results showed significant differences between the calculated and input interfacial areas. Based on 446 

this, they concluded that the experiments of Brusseau et al. (2007) were impacted by surfactant-447 

induced flow. Conversely, the results of the independent-benchmarking analyses and the 448 

mathematical modeling conducted in the present study clearly demonstrate that surfactant-induced 449 

flow did not measurably impact the prior or present experiments. As discussed above, this is due 450 

to the application of the vacuum system. Costanza-Robinson and Henry (2017) employed constant-451 

flux conditions for both the upper and lower boundaries to simulate the Brusseau et al. system, 452 

which are not representative of the actual experiment conditions. Critically, they did not account 453 

for the presence of the vacuum in their simulations. These differences explain the disparity in 454 

modeling outcomes obtained. 455 

Kibbey and Chen (2012) also attempted to simulate the interfacial-area measurements 456 

reported by Brusseau et al. (2007), using a pore-network model. Their simulated air-water 457 

interfacial areas were significantly smaller than the measured values. They attributed this 458 



 
 

20 
 

observation to the impact of some unidentified artifact of the experiment, such as surfactant-459 

induced flow or other factor, presuming that the measured values were in error. However, the 460 

measured interfacial areas have been demonstrated to be accurate, as discussed above. The 461 

difference in outcomes is related to the simplifications employed in the pore-network modeling, a 462 

primary one of which is the assumption that the solid surfaces are smooth (i.e. no surface 463 

roughness). It is well established that natural porous media have surface roughness, and several 464 

studies have established that such roughness contributes to film-associated interfacial area (e.g., 465 

Kim et al., 1999; Or and Tuller, 1999; Schaefer et al., 2000; Brusseau et al., 2007; Jiang et al., 466 

2020). The Vinton soil used in the Brusseau et al. (2007) and present studies in particular has a 467 

very large magnitude of roughness. This is manifest in the extreme difference between the 468 

nitrogen-BET solid surface area and the geometric smooth-surface solid surface area reported in 469 

Table 1, wherein the former is 332-times greater. Not accounting for this roughness and its 470 

contribution to interfacial area would lead to artificially smaller simulated interfacial areas. 471 

 472 

4. Conclusion 473 

 Air-water interfacial areas were measured with the aqueous miscible-displacement ITT 474 

method for three porous media—a natural soil, a well-sorted sand, and uniform glass beads. The 475 

results of replicate tests showed that the standard IPTT method employing the vacuum-chamber 476 

system provided excellent reproducibility and precision in the ability to obtain a target water 477 

saturation and in the measurement of interfacial area. The interfacial areas obtained for the soil are 478 

larger than the values for the sand and the glass beads. This is consistent with the relationship 479 

between grain size, pore size, and surface area, and their impact on interfacial area. 480 
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 No significant changes in water saturation or flux were observed for the tests conducted 481 

with the vacuum-chamber system. Independent predictions produced with a flow and transport 482 

model provided very good matches to the measured SDBS transport and solution flux, and revealed 483 

that surfactant-induced flow was negligible under the extant conditions. The most definitive way 484 

to effectively evaluate the accuracy of a particular measurement method is to compare measured 485 

values produced with the method to independent benchmarks. Air-water interfacial areas measured 486 

with the miscible-displacement ITT method were compared to values measured by four different 487 

methods, each of which are by design exempt from surfactant-induced flow. The air-water 488 

interfacial areas measured with the standard ITT method were completely consistent with the 489 

values measured by the alternative methods. 490 

 The results reported herein unequivocally demonstrate that the air-water interfacial areas 491 

measured by the miscible-displacement ITT method in this study and the prior study of Brusseau 492 

et al. (2007) are accurate, and were not measurably impacted by surfactant-induced flow. This 493 

outcome encompasses results for three porous media with great differences in surface roughness 494 

and for a relatively wide range of water saturations. Clearly, surfactant-induced flow can affect 495 

miscible-displacement IT tests under certain conditions, as demonstrated in prior studies. Hence, 496 

it is critical to assess its potential occurrence and impact for each application. However, it is 497 

important to recognize that surfactant-induced flow and its impacts are not endemic to all 498 

applications of the method. Costanza-Robinson and Henry (2017) and Kibbey and Chen (2012) 499 

both suggested that air-water interfacial areas determined with the miscible-displacement ITT 500 

method have significant uncertainty in all cases, questioning the utility of the method in general. 501 

The results of the present study demonstrate that the method does produce accurate measurements, 502 

as long as it is implemented in a manner that minimizes or eliminates surfactant-induced flow. In 503 
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the present case, this was accomplished by employing a vacuum system. It can also be 504 

accomplished for example by employing low tracer-input concentrations (Brusseau et al., 2020b) 505 

or dual-surfactant solutions (Brusseau et al., 2015). This study should help to resolve potential 506 

misconceptions and concerns about the general efficacy of the miscible-displacement ITT method. 507 
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Table 1. Relevant physical properties of the porous media used in the experiments 673 

 674 

 675 

 676 
 677 
 678 
 679 
 680 
 681 
 682 
 683 
 684 
 685 
 686 
aU = (d60/d10). 687 
b Geometric smooth-surface specific solid surface area (SSSA): 6(1-n)/d, where n is the porosity 688 

and d is the median grain diameter. 689 
c Specific solid surface area measured by the N2/BET method. 690 

 691 
 692 

Table 2. Analysis of experiment replication [Vinton soil data] 693 

Source Method Status Sw Aia (cm-1) 
This study Standard Drainage 0.810 73.9 
This study Standard Drainage 0.820 69.0 
This study Standard Drainage 0.817 62.1 
This study Standarda Drainage 0.801 63.6 
This study Standard Imbibition 0.805 60.5 

Brusseau et al. 
2007 

Standard Imbibition 0.810 55.5 

Brusseau et al. 
2007 

Standard Imbibition 0.818 78.6 

Mean   0.81 66.2 
95% CIb   0.005 6.0 

COV (%)c   0.6 9 
Brusseau et al. 

2015 
Dual Surfactant Drainage 0.81 61.0 

Brusseau et al. 
2015 

Residual Air Sec. Imbibition 0.81 61.3 

 aA vacuum system without the enclosed chamber was used for this experiment; the mean 694 

Sw of the column decreased temporarily by ~7% during the experiment. 695 

 b95% confidence interval 696 

 ccoefficient of variation based on the 95% CI 697 
 698 

Medium 

Median 
diameter 

d50  
(mm) 

Uniformity 
coefficient 

Ua 

Geometric 
SSSAb (cm-1) 

N2/BET 
SSSAc 
(cm-1) 

Vinton 0.23 2.4 160 53100 

Sand 0.35 1.1 115 1800 

Glass Beads 1.16 1.0 31 30 
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 699 

Figure 1. Surface tension data sets for SDBS measured in 0.01 M NaCl solution. UAZ-1 and 700 

UAZ-2 denote measurements made for the present study, at different times. The fit is produced 701 

with application of the Szyszkowski equation. 702 
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 705 

 706 

 707 

 708 

Figure 2. Example breakthrough curves for SDBS transport in (A) Vinton soil (for saturated and 709 

unsaturated conditions) and (B) sand (for unsaturated conditions). NRT = non-reactive tracer  710 
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 712 

 713 

Figure 3. Air-water interfacial areas measured with the miscible-displacement interfacial tracer 714 

method and by x-ray microtomography (XMT) for glass beads. XMT data reported by Araujo 715 

and Brusseau (2020). The line represents the best fit to the XMT data. 716 
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 718 

 719 

Figure 4. Air-water interfacial areas measured with the miscible-displacement interfacial tracer 720 

method for sand. The “Low Conc” data were measured using tracer-input concentrations ≤1 721 

mg/L for which there was no measurable surfactant-induced flow; data reported by Brusseau et 722 

al. (2020). The curve represents the best fit to the ensemble data set. 723 
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 726 

 727 

Figure 5. Air-water interfacial areas measured with the miscible-displacement interfacial tracer 728 

method for Vinton soil. Red vertical bars are the 95% confidence intervals. Some of these data 729 

were reported previously in Brusseau et al. (2007). The curve represents the best fit to the data 730 

set. 731 
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Figure 6. Simulated and measured results for a representative miscible-displacement interfacial 737 

tracer test. (A) breakthrough curves for SDBS transport in the sand. (B) effluent solution flux. (C) 738 

column-average water saturation. 739 
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