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Abstract By employing kinetic interface sensitive (KIS) tracers, we investigate three different types of
glass-bead materials and three natural porous media systems to quantitatively characterize the influence of

the porous-medium grain-, pore-size and texture on the specific capillary-associated interfacial area (FIFA)
between an organic liquid and water. By interpreting the breakthrough curves (BTCs) of the reaction product of
the KIS tracer hydrolysis, we obtain a relation for the specific IFA and wetting phase saturation. The immiscible
displacement process coupled with the reactive tracer transport across the fluid—fluid interface is simulated
with a Darcy-scale numerical model. Linear relations between the specific capillary-associated FIFA and the
inverse mean grain diameter can be established for measurements with glass beads and natural soils. We find
that the grain size has minimal effect on the capillary-associated FIFA for unconsolidated porous media formed
by glass beads. Conversely, for unconsolidated porous media formed by natural soils, the capillary-associated
FIFA linearly increases with the inverse mean grain diameter, and it is much larger than that from glass beads.
This indicates that the surface roughness and the irregular shape of the grains can cause the capillary-associated
FIFA to increase. The results are also compared with the data collected from literature, measured with high
resolution microtomography and partitioning tracer methods. Our study considerably expands the applicability
range of the KIS tracers and enhances the confidence in the robustness of the method.

1. Introduction

The interfacial area between fluid phases plays a critical role in the coupled multiphase flow, solute transport
and reaction processes in porous media (Hassanizadeh & Gray, 1990; Reeves & Celia, 1996). Some applications,
where the fluid—fluid interfacial area (FIFA) plays a significant role, are the geological storage of CO, (e.g.,
Niemi et al., 2016), oil and gas recovery, the remediation of contaminated sites, such as from nonaqueous phase
liquid (Miller et al., 1990), per- and poly-fluoroalkyl substances (e.g., Brusseau, 2018, 2019), etc.

The fluid—fluid interfacial areas can be classified in capillary-associated FIFA (e.g., terminal menisci and corner
interfaces), and film-associated (or surface-adsorbed) interfacial areas (Brusseau et al., 2006; Costanza-Robinson
& Brusseau, 2002; Porter et al., 2010; Figure 1a). The sum of the two represents the total interfacial area.

1.1. Models for Calculating the FIFA

Due to difficulties in directly measuring the FIFA, initial studies focused on developing theoretical and mode-
ling approaches employing normalized interfacial area per unit of representative elementary volume (Bradford
& Leij, 1997; Cary, 1994; Dalla et al., 2002; Dobson et al., 2006; Gvirtzman & Roberts, 1991; Hassanizadeh
& Gray, 1993; Held & Celia, 2001; Leverett, 1941; Oostrom et al., 2001; Reeves & Celia, 1996). The models
can be classified into the following categories: pore-geometry models, where the porous medium is represented
using an idealized spherical packing (e.g., Gvirtzman & Roberts, 1991; Likos & Jaafar, 2013), or a bundle of
capillary tubes (Cary, 1994; Oostrom et al., 2001), and thermodynamic-based models (Bradford & Leij, 1997;
Grant & Gerhard, 2007; Leverett, 1941) measuring the net amount of reversible work. With the development of
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computational capabilities other categories were added: pore-network models that use a simplified representation
of the porous medium as a network of pore-bodies and pore-throats (Reeves & Celia, 1996); pore-morphology
models (e.g., Dalla et al., 2002); and direct pore-scale numerical simulations using particle-based methods
such as the Lattice Boltzmann (Porter et al., 2010), smooth particle hydrodynamics, and grid-based compu-
tational fluid dynamics methods, such as the level-set-, volume-of-fluid-, and phase field-methods (Meakin &
Tartakovsky, 2009). The pore-scale models calculate explicitly the magnitude of FIFA and allow for the calcula-
tion of upscaled per-volume normalized quantities, that is, capillary pressure, saturation and specific interfacial
areas, required by the continuum-based, Darcy-scale multiphase flow simulators. The expression of the FIFA as
volume averaged quantity allows its straightforward implementation into the Darcy-scale type flow simulators,
since no additional parameters other than the initial ones are required.

1.2. Measurement Techniques for Fluid—Fluid Interfacial Area

Several experimental methods were proposed to measure the fluid—fluid interfacial areas (FIFAs): inter-
face partitioning tracer test (IPTT), where the tracer is dissolved in an aqueous (Anwar et al., 2000; Brusseau
et al., 2007; Kim et al., 1997; Saripalli et al., 1997) or in a gaseous (Costanza-Robinson & Brusseau, 2002; Kim
et al., 1999) phase, high-resolution industrial X-ray microtomography (XMT), and synchrotron XMT (Araujo &
Brusseau, 2020; Brusseau et al., 2008; Culligan et al., 2006; McDonald et al., 2016; Narter & Brusseau, 2010;
Patmonoaji et al., 2018; Peche et al., 2016; Porter et al., 2010; Ying et al., 2017), the gas adsorption chemical
reaction (Ying et al., 2017), experiments using microfluidic devices (Karadimitriou et al., 2016), and the kinetic
interface sensitive tracer method (Tatomir et al., 2018). The experimental methods for measuring the FIFA are
usually applied in controlled laboratory conditions, that is, tracer methods, XMT, micro models (e.g., Dobson
et al., 2006; Karadimitriou et al., 2016; McDonald et al., 2016; Porter et al., 2010; Tatomir et al., 2018), but also
in the field, that is, tracer methods (Annable et al., 1998; Nelson & Brusseau, 1996; Simon & Brusseau, 2007).
Some methods are inherently designed for laboratory conditions only, for example, micro-models, and XMT.

Usually, standard tracer techniques measure the FIFA under steady state conditions, when a residual saturation
is formed. For instance, the gas-phase IPTT implies that a residual water saturation is created in the column,
while the gas phase together with two tracers, a conservative and a reactive one, are being circulated. The tracer
partitioning on the fluid—fluid interface is interpreted from the breakthrough curves (BTCs) and the FIFA is
calculated. Most of the literature related to the measurement of FIFA address to air-water fluid systems. However,
there is a consistent body of literature which addresses the NAPL-water or organic fluid-water fluid systems
(Brusseau et al., 2008, 2009, 2010; Cho & Annable, 2005; Dobson et al., 2006; Narter & Brusseau, 2010; Schnaar
& Brusseau, 2006; Tatomir et al., 2018; Zhong et al., 2016).

The kinetic interface sensitive (KIS) tracer method was proposed by Tatomir et al. (2018) for quantifying the
FIFA in a dynamic immiscible displacement process. KIS tracers are a category of non-polar, hydrolyzable
phenolic esters (Schaffer et al., 2013). In contact with water, they undergo an irreversible, pseudo zero-order
reaction at the fluid—fluid interface to form two highly soluble products, that is, an acid and a phenol, Equation 1.
Their non-polarity allows KIS tracers to be dissolved in non-polar liquids, for example, n-octane, while the reac-
tion product Naphthalene-2-Sulfonic Acid (2-NSA) is water soluble, as shown in Figure 1b. Thus, the reaction
(interphase mass transfer) is only controlled by the interfacial area. By measuring the reacted acid in the water, we
are able to back-calculate the interfacial area. Due to the pronounced fluorescent properties of the product acid,
the detection is performed by a fluorescence spectrophotometer.

+H,0 OH
> o +

o)
/ KIS /
S. R, S.
/ ’ /
d o—@ g/ TOH

Phenyl Naphthalene-2-Sulfonate Naphthalene-2-Sulfonic Acid  Phenol
A =280 nm — 343 nm A =225 nm — 338 nm A =269 nm — 296 nm
M
where RX!S . is the reaction rate constant, determined in static batch experiments.
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Figure 1. (a) [llustration of the different types of interfacial areas during a dynamic displacement process (a,,,
capillary-associated FIFA, a, area of the non-wetting phase; a,, area of the wetting phase; a, area of the solid phase); (b) KIS
tracer (a) adsorption on the fluid-fluid interface, followed by hydrolysis to form two by-products (B + C) dissolved in water,
an acid and a phenol, modified from Porter et al. (2010) and Tatomir et al. (2018).

The concept of the KIS tracer method has been proven by controlled column experiments with a well-characterized
glass-bead porous medium (Tatomir et al., 2018). The experimental results were interpreted by specifically devel-
oped numerical models for multiphase flow coupled with reactive transport, showing a general agreement of the
FIFA size with the theory. The interpretation of the BTCs of the product acid provides information about the size
of the FIFA.

1.3. Studies Comparing the Experimental Methods for FIFA Measurement

A particular measurement technique can quantify, either the total interfacial area, the capillary-associated
FIFA, or some combination of both the capillary-associated FIFA and some part of the film associated area.
Compared to aqueous-phase IPTT the gas-phase IPTT generally yields larger FIFA (Costanza-Robinson &
Brusseau, 2002). It is hypothesized that the gas-phase IPTT measures both capillary and film-adsorbed FIFA
while the aqueous-phase IPTT measures primarily FIFA formed by water held by capillarity, for example, pendu-
lar rings. At low water saturations the FIFA measured with gas-phase IPTT showed exponential increase with
saturation (Costanza-Robinson & Brusseau, 2002; Kim et al., 1999; Peng & Brusseau, 2005). Similarly, using
gas-phase IPTT, Peng and Brusseau (2005) showed that at low water saturations, the maximum air-water FIFA
approached those of the normalized solid surface areas. This indicates that indeed the gas phase IPTT measures
the total FIFA, as this was orders of magnitude larger than the calculated geometric smooth-sphere specific solid
surface area (GSSA), but in good agreement with the specific solid surface area (SSSA) measured with the Nitro-
gen Brunauer—-Emmett—Teller method (N,/BET).

Several studies reported that IPTT-measured FIFAs were larger than those measured with XMT, which can only
scan with a certain spatial resolution (Brusseau et al., 2006, 2007, 2010, 2015; McDonald et al., 2016). Narter
and Brusseau (2010) compared the aqueous-phase IPTT with high-resolution micro-tomography for an organic
liquid-water-glass bead porous medium system, in an attempt to address the hypothesis that the surface roughness
has an influence on the FIFA. Their findings suggest that IPTT can provide FIFA values similar to those obtained
from computed micro-tomography when the porous medium has no surface roughness. In that sense, the maxi-
mum specific FIFA, was found to be similar to the SSSA measured using N,/BET and using the smooth-sphere
assumption (Narter & Brusseau, 2010; Zhong et al., 2016; Ying et al., 2017). Because with limited resolution, the
computed micro-tomography measured FIFAs do not include areas associated with microscopic surface hetero-
geneities, that is, roughness-associated surface area (Brusseau et al., 2009, 2010). A review of the tracer-based
methods for measuring air-water FIFAs is provided in (Costanza-Robinson & Brusseau, 2002), while the various
sources of error of the IPTT are discussed in (Brusseau et al., 2008).
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Note that relations between the capillary-associated FIFA and the size of the total interfacial area can be
established. Grant and Gerhard (2007) used the previous pore-network data of Dalla et al. (2002) to obtain
the ratio of capillary-associated FIFA to total FIFA as a function of the saturation. Thus, the total FIFA
obtained from their thermodynamic model is able to be related to capillary-associated FIFA for a given fluid
saturation.

1.4. Effects of Porous Media Characteristics on FIFA

At the macro-scale, the FIFA is usually expressed as a function of fluid saturation. Literature studies have shown
that the grain texture (characteristics) of the porous medium has an effect on the FIFAs. In specific, porous
media with larger solid surface areas generate larger fluid—fluid interfacial areas. Several studies demonstrate that
fluid—fluid interfacial area is a function of soil properties such as grain size, grain size distribution, and surface
roughness (Anwar et al., 2000; Brusseau et al., 2008, 2009, 2010; Cary, 1994; Cho & Annable, 2005; Dobson
et al., 2006; Jiang et al., 2020; Peng & Brusseau, 2005). In the following, the available studies of major relevance
on the influence of these parameters are described.

1.4.1. Grain-Size Influence on Fluid—Fluid Interfacial Area

Both the FIFA models and experiments show that the maximum total specific FIFA is a function of the inverse
median grain diameter (e.g., Anwar et al., 2000; Brusseau et al., 2009). Costanza and Brusseau (2000) used the
theoretical model-based data reported by Cary (1994) to evaluate the influence of the porous-medium grain size
on the FIFA. One observation of these studies was that porous media with smaller grain sizes have larger specific
FIFAs. Using four high purity sands, Dobson et al. (2006) conducted aqueous-phase interface-partitioning tracer
tests in NAPL-water fluid systems and compared the results with the theoretical models (Bradford & Leij, 1997;
Oostrom et al., 2001) and a modified version of Bradford and Leij (1997). Even though the measured specific
FIFA was increasing with decreasing median grain diameter, three out of four reported experimental results were
following the theoretically expected trend. Brusseau et al. (2009) use 10 porous media to study the influence
of the grain-size and texture on the FIFA. The results show that the specific FIFA and maximum specific FIFA
correlate very well with the inverse grain diameter. Also, the FIFA correlates with SSSA and with the inverse
median grain diameter (IMGD). This, however, is obtained with tracer techniques which are indirect measure-
ments of the FIFA (Brusseau et al., 2009).

1.4.2. Porous-Medium-Texture Influence on the Fluid—Fluid Interfacial Area

Besides the mean grain diameter, surface roughness is one of the key parameters influencing not only the fluid—
fluid interface, but also the degree of wettability, the permeability of the medium, or the capillary pressure- and
relative permeability-saturation relations. Peng and Brusseau (2005) used the gas phase IPTT to measure the
air-water FIFA for eight soils and natural sands. The values were compared to the normalized surface areas
of the porous media. It was observed that FIFAs were generally larger for materials with larger SSSA meas-
ured with the N,/BET method, incorporating the surface roughness. Analyzing 10 different types of porous
media, comprising different grain-size distributions and geochemical properties, Brusseau et al. (2009) report
that grain-size distributions have minimal impact on the FIFA. Brusseau et al. (2010) conducted aqueous phase
IPTTs on two soils (Vinton and Eustis) and found that the maximum NAPL -water FIFAs are much larger than
those obtained by geometric calculations with the smooth-sphere assumption, that is, GSSA. Their observa-
tions suggest that the surface roughness has a significant impact on the total interfacial area and that the glass
beads' total specific FIFA is similar to the SSSA predicted using the smooth-sphere assumption. A linear relation
between the total solid area measured with the N,/BET and the IPTT-measured FIFA is established. However,
this is based on seven measurements, with one large N,/BET value dominant. Because the film-associated areas
are a significant component of the FIFAs measured with IPTT, they conclude that the IPTT methods measure
some fraction of the interfacial area associated with surface roughness. The findings are further confirmed by
Zhong et al. (2016), who used a modified version of aqueous-phase IPTT to measure FIFA at higher saturations
than residual, for several porous media made of glass beads, sand and Vinton soil during a series of drainage and
imbibition tests. Recently, Jiang et al. (2020) investigated the role of microscale surface roughness on the FIFA
assuming a triangular bundle-of-cylindrical capillaries, and their model belonging to the pore-geometry model
category. The exponential increase of the total FIFA observed with the gas-phase IPTT method when wetting
saturation approaches zero can be explained by the impact of surface roughness on the film-associated FIFA.
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gszl:zalry of Characteristic Properties of the Porous Media Used in the KIS Tracer Two-Phase Flow Experiments

Parameter name Unit Symbol GB55 GB170 GB240 NS130 NS210 NS250
Porosity (=) 3 0.41 0.42 0.42 0.42 0.42 0.4
dy, mean grain diameter (pm) dy, 55 167 240 132 206 248
G (pm) dy, 20 140 205 98 161 198
) (pm) dy, 57 172 244 138 214 258
Uniformity coefficient C, = dg/d,, =) C, 2.85 1.23 1.19 1.41 1.33 1.30
Mean pore diameter® (see Figure S1 in Supporting Information S1) (pm) D5 23.28 73.15 101.35 30.15 61.69 75.01
Pore uniformity coefficient* P, = p¢/p,, =) P, 1.67 1.51 1.67 1.68 1.75 2.34
SSSA- MIP (Rootare & Prenzlow, 1967) (cm™!) 648 558 129 7122 434 285
GSSA = 6(1 — ¢)/dy, (cm™h) 643 196 134 165 134
Bulk density (glem?) Pb 1.65 1.65 1.6 1.47 1.65 1.67
Lambda (Brooks-Corey) =) A 3.614 3.606 3.650 3.25 2.925 2.663
Contact angle n-octane -water ©) (7 32+6 34+9 10+3 32+ 10 32+10 32+10
Entry pressure (Pa) Dy 5937 1819 1606 4336 2050 1642
Residual wetting phase saturation =) S, 0.024 0.00 0.016 0.024 0.015 0.051
Longitudinal dispersivity (m) a, le-3 le-3 le-3 le-3 le-3 le-3
Transversal dispersivity (m) ar le-5 le-5 le-5 le=5 le-5 le-5
Feret diameter(mm) (mm) 0.054 0.173 0.24 0.135 0.245 0.273
Circularity =) 0.857 0.855 0.898 0.613 0.676 0.593
Aspect ratio (=) 1.062 1.065 1.018 1.574 1.457 1.59
Roundness =) 0.95 0.955 0.983 0.672 0.713 0.701

“Based on mercury intrusion porosimetry measurements.

1.5. Objective

To date, the KIS tracer method has been tested only for an ideal porous medium formed by well-sorted glass
beads. An important step in developing the KIS tracer method is implementing the method in the laboratory
column experiments for different soil types followed by interpreting and comparing the results. Two categories
of porous media are to be used, that is, glass-beads and natural sands with different textures, grain- and pore-size
distributions. Our objective is to prove the ability of the KIS tracer method to measure the capillary-associated
FIFA in porous media formed by various types of sands, and to understand the influence of grain size and surface
roughness on the capillary-associated FIFA during primary drainage.

The article is structured as follows: Section 2 explains the details of the methodology, including the study of the
porous media materials, the KIS tracer reaction kinetics, the column experiment setups, and the numerical model
for interpretation of the results; Section 3 demonstrates the results for the breakthrough curves, the comparison
between the experimental data and modeling results, and the comparison between the capillary-associated FIFA
measured by the KIS tracer and the published experimental data using various measurement techniques and
models; and finally Section 4 lists the main conclusions.

2. Methods
2.1. Materials
2.1.1. Porous Media Grains

Six porous media, three glass-bead media, and three natural sands are used to investigate the influence of the
grain size and texture on n-octane-water interfacial area. The quartz sands were commercially purchased. The
characteristic properties of the porous media are described in Table 1. Examples of microscopic images of the
grains and the grain-size distributions obtained by digital image analysis performed on these images are shown

TATOMIR ET AL. 5 of 21
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Figure 2. Characterization of the porous media used in the KIS tracer experiments: three glass beads (GB55, GB170, and GB240). Digital illustration of a few grains
on a glass sheet (left column), grain-size distribution with the cumulative frequency curve (middle), capillary pressure-saturation, p, — S, relation determined with MIP,
and the calculated a,,, — S, relation with the explicit interfacial area model of Grant and Gerhard (2007) (right column).

in Figures 2 and 3. The images were processed using ImageJ™ software to determine the grain-diameters, round-
ness, Feret diameter, aspect ratio (between the major axis and the minor axis when the grain is fitted to an
ellipse) and circularity (Tatomir, Halisch, et al., 2016). The three glass-bead porous media are a very fine sand
(10-80 pm, dy, = 55 pm), a fine sand GB170 (120-230 pm, ds, = 170 pm), and fine-to-medium sand GB240
(160-320 pm, dy, = 240 pm). GB240 from the company GRACE™ (Glass beads 80/60 mesh) is well sorted with
a shallow spectrum of the sand size distributions. The natural-sand porous media can be described as fine sand
NS130 (80-200 pm, ds, = 130 pm), fine-to-medium sand NS210 (120-320 pm, ds, = 210 pm), and medium sand
NS250 (180-380 pm, dg, = 250 pm).

The capillary pressuresaturation relations were determined by mercury-intrusion porosimetry (MIP). To scale

the relations to the n-octane-water system, we used the contact angles, 8, which were determined using digital

ow?
image analysis on microscopic images. The images are obtained under microscope for the sands mixed with
n-octane and water on the glass sheet (Table 1). The conversion of an air-mercury system to an octane-water

system is accomplished by rearranging the terms in the Washburn relation as given in Equation 2.

Gouw €0S Bo
Deypy = Pepgg—————— 2
o & CHgaCOSOHga

where p,, and p, . are the capillary pressure for the water-octane fluid system and mercury-air respec-
tively. The mercuryair contact angle 6, , is 140° and o, , is 480 mNem~!. ¢ . the interfacial tension of

ow?
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Figure 3. Characterization of the porous media used in the KIS tracer experiments: three natural sands (NS130, NS210, and NS250). Digital illustration of a few grains
on a glass sheet (left column), grain-size distribution with the cumulative frequency curve (middle), capillary pressure-saturation, p, — S, relation determined with MIP,
and the calculated a,,, — S,, relation with the explicit interfacial area model of Grant and Gerhard (2007) (right column).

water-n-octane is 50.8 mNem~! at room temperature (Fukunishi et al., 1996). The capillary pressuresaturation
relation curves from MIP were fitted to those of the Brooks and Corey (1964) model by minimizing the root
mean square error when determining the pore-size index A, entry pressure p,, and residual water saturation, S,,
in Equation 3:

r

—1/4
Sw— S,

(Sw) = Dw = Swr 3
Pe(Sw) Pd<1_Sw,> 3
A high value of the pore index A corresponds to a flat curve from the entry pressure, S, = 1, until reaching the
residual saturation values, indicating the medium is well-sorted and implicitly the pore-throats are of equivalent
size.

The glass beads are spherical and of uniform diameter, and therefore, the theoretical specific solid surface area
can be calculated using the smooth-sphere assumption expressed in cm™' using Equation 4 or in m?/g, using
Equation 5 (Costanza-Robinson & Brusseau, 2002; Peng & Brusseau, 2005):

_6-¢)

o “

GSSA(cm")
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Figure 4. Measured kinetic rates in static batch experiments. (a) 2-NSA concentration reaction rates over time expressed
in intensity units as a function of initial 2-NSAPh concentration in n-octane (the regression lines at each concentration
are plotted in dashed lines). (b) Calculated hydrolysis reaction rates as a function of initial 2-NSAPh concentration

using the experiments in subfigure (a) (the regression lines is plotted in dashed lines). Here, the unit of intensity (a)
u=86.293 - ¢y g5 + 62.6.

6
dSOPp

GSSA (mz/g) = 3)

where dj is the mean particle diameter (cm) and p,, is the particle density which is 2.65 g cm™3,

The theoretical total interfacial areas can be estimated based on geometrical calculations for smooth spheres and
compared to the specific solid surface areas measured with the MIP method, SSSA-MIP.

2.1.2. The KIS Tracer Reaction Kinetics

The pseudo zero-order hydrolysis reaction of the KIS tracer at the fluid—fluid interface has been proven with static
batch experiments, showing a linear increase of the concentration up to 2,000-3,000 min (Schaffer et al., 2013).
Tatomir et al. (2018) found that the reaction rate is dependent on the initial concentration of the KIS tracer in the
non-wetting phase. Generally, a higher reaction rate is preferable to obtain higher 2NSA concentrations in water,
because they can be better detected and measured with the fluorescence spectrophotometer. Using an initial
concentration up to 2 g/l KIS tracer, we extend our previous range of testing which was up to 0.7 g/l (Tatomir
et al., 2018). The setup of the static batch experiments is the same as that in Schaffer et al. (2013). A brief expla-
nation of the setup can be found in Figure S2 of Supporting Information S1. The 2-NSA intensity measured with
respect to time for tracer concentration ranging between 0.1 and 2 g/L is plotted in Figure 4a. A linear regression
across each data points is implemented to determine a single valued kinetic rate at each tracer concentration (the
regression lines are given in dashed lines), and the obtained kinetic rate coefficients are plotted in Figure 4b.
It can be observed that the resulting kinetic rate coefficient increases linearly with the tracer concentration. At
a tracer concentration of 2 g/L, we obtain R2¥54 = 1.25 x 107! kg-m~2 s. Considering a pseudo zero-order
reaction, with a given tracer concentration, the reaction rate is only dependent on the interfacial area. The differ-
ence between the static and dynamic conditions (e.g., with local velocity gradients, micro mixing or diffusion
processes) has minimal effects on the determined kinetic rates. It worth noting that as the tracer concentration is
in the range of g/L and the 2-NSA (reaction product) is in the range of pg/L (with the experimental time scale),
the depletion of KIS tracer in the experiment is neglectable. Thus, the kinetic rate can be assumed as constant
during the experiments.

The hydrolysis reaction is expressed as:

dcl
dt

K

=Tow = Ry i0@uons 6)

where ¢! is the concentration of component « in phase a, R.,_, is the reaction rate constant. For component
2-NSA in water phase, R.2¥52 was determined in static batch experiments. The a,, is the capillary-associated
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Figure 5. Experimental setup of two-phase flow system. (1) Graded cylinder containing n-octane with dissolved KIS
tracer. (2) Peristaltic pump. (3) Sand column. (4) Cap embedded with frit. (5) 5 ml measuring cylinder. (6) Fluorescence
spectrophotometer. (7) High precision fluorescence cuvette; (8) External pressure sensors; (9) High-precision syringe pump
with two glass syringes; (10) Laptop with a graphical user interface for controlling the pump and recording the data.

FIFA. Following Tatomir et al. (2018), we estimate the a,,, using the thermodynamic based, implicit interfacial
model proposed by Grant and Gerhard (2007). The model assumes that the interfacial area is dependent on the
work done on the system during the displacement, and thus the interfacial area is directly proportional to the
area under the pressure-saturation curve. The pressure-saturation curve obtained from the MIP and the inter-
facial area-saturation relation obtained using the implicit interfacial model are shown in Figures 2 and 3. The
details of the implicit interfacial model can be found in Tatomir et al. (2018), and a brief review of the main
equations is provided in Text S1 of Supporting Information S1. Then, to put the interfacial area-saturation rela-
tion of each sand to a uniform form we performing fitting to the polynomial expression given by Joekar-Niasar
and Hassanizadeh (2012). Through the dynamic pore network modeling for multiple drainage and imbibition
processes, Joekar-Niasar and Hassanizadeh (2012) found that a functional relation between the FIFA, saturation,
and capillary pressure can be expressed using the polynomial expression in Equation 7:

@un(Sw, pe) = ao(Sw)" (1 = Sw)? (™ — p)® @)

where a,, is the capillary-associated FIFA, S, is the wetting saturation, p, is the capillary pressure, a,,a,,a,,d;,
pr are empirically fitted parameters. As the capillary pressure is a function of saturation according to Brooks
and Corey's theory (Equation 3), the FIFA here reduces to be only a function of saturation. It is worth noting that
this closed form function may not necessary hold true when the flowrate dependency of the interstitial flow struc-
ture, the associated size distributions of fluidic elements of the disconnected non-wetting phase, and their effects
on the FIFA are taking into consideration (Armstrong et al., 2016; Aursjo et al., 2014; Valavanides et al., 2020).

2.2. Column Experiments Setup

The KIS tracer experimental procedure was developed and described in Tatomir et al. (2018). The technique consists
of transient drainage experiments of an initially fully water-saturated column. The drainage/invading fluid is n-octane
with KIS tracer dissolved in it. The laboratory experimental results are volumetric outflow BTCs and KIS tracer reac-
tion product in the water phase, that is, 2-NSA concentration BTCs. The experimental apparatus (Figure 5) consists
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of a stainless-steel column, 300 mm long and 30 mm in diameter. Two metal frits with extremely fine meshes are
placed at either end of the column holding the sand inside the column. A peristaltic pump with adjustable flow rate is
first used for saturating the column with water, and later for providing a constant flow to the bottom of the vertically
oriented column of n-octane with dissolved KIS tracer. The peristaltic pump can set the rotation speed, but the actual
flow rate depends on the permeability of the system. To improve the reproducibility of the experiments and remove
small fluctuations in the flow rate, we conducted a second set of experiments using a high-precision syringe pump,
neMESYS© Mid Pressure module 1000N from CETONL. It is worth noting that the two pumps impose different
boundary conditions on the flow system. The syringe pump directly imposes the volumetric flux of the non-waiting
phase at a preselected constant value, while the pressure build-up at the inlet results from the system's response.
In contrast, the peristaltic pump imposes cyclic smooth pressure pulses on the feed stream and the injection flux
depends on the reaction of the entire flow system. Furthermore, the chemical stability of the materials (e.g., tubings,
column) was tested in the presence of ultra-pure water and n-octane. We observed that many carbon-based materials
(i.e., tubings) interact with the n-octane inducing either swelling or brittleness. Therefore, only materials which did
not react with n-octane were selected when constructing the experimental setup Figure 5. Naphthalenesulfonates are
highly fluorescent and can be detected at low concentration levels in the range of pg/L using fluorescence spectrom-
etry. The 2-NSA concentration in water was measured using a Cary Eclipse™ fluorescence spectrophotometer from
Varian Inc. The excitation wavelength is 225 nm and the emission wavelength 338 nm.

Before the experiment, the steel-column was packed with dry granular material (i.e., sand, or glass beads). The
pouring of sand into the column is along with slight vibrations or more uniform bulk properties. After packing,
the column is slowly filled with water from the bottom to avoid air entrapment. The columns are saturated for
more than 24 hr by pumping deaired, ultra-pure, deionized water. The porous medium properties are reported in
Table 1. The KIS tracer (phenyl naphthalene-2-sulphonate) is dissolved in the non-aqueous phase liquid (n-octane)
with concentrations of 0.5 g/l and 2 g/I. The experiments are conducted in two batches with different KIS tracer
concentrations: 0.5 g/l for the first batch (EXP_1, 2, 3 with peristaltic pump for GB55, EXP1_pp and EXP2_pp
for GB170, EXP_1, 2, 3 with peristaltic pump for NS210); and 2 g/l for the second batch (GB240 experiments).

When the experiment starts, the n-octane (with the KIS tracer dissolved) is injected into the column at a rate
between 0.4 and 0.8 ml/min. At the outlet, the two-phase flow BTC was captured by collecting the fluid volumes
in a 5 ml graded measuring cylinder. Using a glass pipette, the water containing the reaction product 2-NSA is
taken and placed in a 0.5 ml cuvette to be analyzed in the spectrophotometer. A predefined calibration curve
allows for the conversion of intensity readings into 2-NSA concentration. Initially, only pure water is drained
from the system at the outlet, and the water samples are collected and measured at 5 ml intervals. Just before the
arrival of the first n-octane at the outlet, the water sampling intervals are increased to 1 ml to provide the BTCs at
a higher temporal resolution. In the experiments, the viscosity ratio between the invading fluid and receding fluid
is 0.5, and the capillary numbers (calculated in Table S1 of Supporting Information S1) are between 1.15 x 1077
and 2.36 x 1077, Thus, the experiments are in the range of the capillary fingering regime according to Lenormand
et al. (1988). Since the capillary numbers of the experiments are close, potential effects on the flow system
induced by the difference in the flowrate intensity are minimal. Thus, the measurement results are mainly to be
studied with respect to the differences in sand sizes and textures.

After every experiment, the glass beads and the natural sands are washed and dried for more than 48 hr. The
porous steel frits of the columns are washed and dried before each experiment and the packing process is repeated.
However, each packing will lead to a different grain geometric configuration, which may lead to differences in
petrophysical parameters, that is, permeability and tortuosity, with little influence on porosity. The experiments
are done for each of the sand with the setup with the peristaltic pump (pp) or the syringe pump (sp). For GB170,
GB240, NS210, experiments are performed with both pump setups. Each experiment is conducted in triplicate to
verify the reproducibility of the results.

2.3. Mathematical Modeling and Interpretation of the Results

The interpretation of the experimental results is done using an immiscible two-phase flow model with reac-
tive transport, and it accounts for the specific FIFA (Tatomir et al., 2018). The mathematical model is
implemented in COMSOL Multiphysics™. Several models capable of addressing the KIS tracers in multiphase
flow in porous-media systems were developed in the past (Tatomir et al., 2013, 2015, 2018; Tatomir, Halisch,
et al., 2016; Tatomir, Jyoti, & Sauter, 2016). Besides the immiscible two-phase flow models, a compositional
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model investigating the KIS tracer application in supercritical CO, brine fluid systems was developed in the
DuMuX simulator (Flemisch et al., 2011; Tatomir et al., 2015). Comparing the two models applied with experi-
mental data, Tatomir et al. (2018) showed only minor differences. Thus, in this study, the results are interpreted
by implementing only the COMSOL model.

The details of the mathematical model can be found in Tatomir et al. (2018). Here, we briefly review the main
equation to be implemented in the model. The drainage process, defined as the non-wetting phase displacement
of the wetting phase, can be mathematically represented by the governing macro-scale equations for immiscible
two-phase porous media flow:

a(Sg(tppa) -V. (ana) — Pafa = Oa Witha =w,n (8)
kroz
Vg = —Kﬂ—(vl’a = PaB): ®

The system of partial differential Equation 5 is closed with the following equations:
Sw+ S, =1, 10)
Pn = Dw = Pe, an

where a denotes the phase (with w, as the wetting phase and n as the non-wetting phase), S, is the phase satura-
tion, p,, is the phase density, ¢ is the porosity of the matrix g, is the phase source or sink term, K is the intrinsic
permeability, k,, is the relative permeability, p, is the phase dynamic viscosity, g is gravitational acceleration, p,
is the phase pressure, p denotes the capillary pressure, and v, is the apparent velocity of the fluid as given by the
extended multiphase Darcy's law. The capillary pressure and saturation are according to Equation 2. The relative
permeability-saturation relation is written according to the Burdine theorem (Burdine, 1953; Helmig, 1997):

2434
kno(Sw) =S, * (12)

244
k(Sw) = (1 —Se>2<1 -8t > (13)

where S, denotes the residual saturation, p,, refers to the entry pressure, A is the pore-size distribution parameter,
and S, is effective saturation S, = (S, — S,,)/(1 — S,,). The transport of the tracer reacted product (2-NSA) is
described by an advection-dispersion-reactive transport equation, which is solved decoupled from the two-phase
flow equations, assuming there is no back-partitioning, secondary reactions, or any other mass transfer processes
(e.g., n-octane dissolved in water phase, or water in n-octane phase).

o(pSucy, )
% —V - (b — Dl VEl) + P =0, @ =10, n (14)

Here, ¢}, is the concentration of 2-NSA (x) in the aqueous phase, Dy, , is the hydrodynamic dispersion coef-

ficient, and r*

nw—w

denotes the tracer reaction rate over the fluid—fluid interface. The hydrodynamic dispersion
coefficient can be calculated as Dj,, ,

the interfacial area is modeled by fitting Equation 7 to the thermodynamic model by Grant and Gerhard (2007),

=v,_a,. The hydrolysis reaction is formulated according to Equation 6, and

refer to Tatomir et al. (2018). The solute dispersivities were determined using fluorescent tracer experiments to
be Df,

o = 103 m (Tatomir et al., 2018). Note that dispersivities measured in single-phase flow conditions is

not necessarily valid when another fluid-phase is present (Karadimitriou et al., 2016). By applying the root mean
square error (RMSE) as a criterion the best fitting curves were found.

A two-step approach is employed to interpret the results. The first step is the calibration of the two-phase flow
model to the experiment by performing a sensitivity analysis with respect to flow rate, O, and intrinsic permea-
bility, K. It is estimated that both have the highest measurement uncertainty, due to the expected small oscillations
in the pumping rate (+0.05 ml/min), the unknown influence of repacking the columns, and of the column frits.
The peristaltic pump is set to operate at a fixed number of rotations per minute. As pressure in the column and
the n-octane reservoir at the inlet changes during the experiment, flow rate fluctuations should be expected. The
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Table 2
Fluid and Soil-Fluid Properties

permeabilities of the sand are determined with a falling head permeameter,
which may provide a wide range of permeability values. The permeability

Parameter name

of the system is affected by the condition of the porous frits and the repack-

Diffusion coefficient

Density water

Density n-octane

Viscosity of water

Viscosity of n-octane

Surface tension n-octane -water *
Longitudinal dispersivity °

Transversal dispersivity

Unit Symbol  Value/range ) A ) )
ing before each experiment. The modeling parameters determined from the
2 . . .
(m?s) D, le-9 petrophysical characterization of the natural sands and glass beads samples
(kg/m?) Py 1,000 are reported in Table 1 and of the fluid system in Table 2.
3 . . .
(kg/m”) P 703 Once the outflow volume ratio curves are matched, we proceed with the cali-
(Pa-s) Hy 1.00e—03 bration of the concentration BTCs of the KIS tracer reaction product, that is,
(Pa-s) U, 5.42e—04 2-NSA. In this sense, a sensitivity analysis using the specific interfacial-area
(N/m) & 0.0508 relation, a,, — S,, that is, Equation 7 and its associated parameters as the
' unknown parameter is conducted. The reaction rate expressed in Equation 6
(m) a; le-3 X .. .
@ leus depends on the reaction rate coefficient, known from experiments and on a,,.
m ar &=

Initially, the Grant and Gerhard's model is used to approximate the specific

aMeasurements of surface tension determined by capillary rise method FIFA a,, curves from the MIP measured p, — S, relations. Afterward, the

showed no differences between pure n-octane and n-octane with 2 g/l
dissolved KIS tracer. ®Measured by single-phase tracer experiments in the

column.

polynomial expression in Equation 7 is used to fit the modeled a,,,,, by finding
best fitting parameters, ao, ai, az, pi'®*. This provides the theoretical a,,, — S,
of the fluid—fluid porous medium system. The second step comprises the
calibration of the KIS reaction product BTCs. This is performed running a
parameter sweep on parameter ¢, in Equation 7, while the other parameters
ai, az, pi’* remain unchanged. The parameter a, controls the maximum specific FIFA, a},»* while maintaining the
general shape of the S, — a,,, curve (Tatomir et al., 2018).

3. Results and Discussion

The experimental and modeling results and the discussions for the six porous media (three glass beads, GBS5S5,
GB170, GB240, and three natural sands, NS130, NS210, NS250), are presented in this section.

3.1. Two-Phase Flow Calibration

The calibration of the two-phase flow is done based on the effluent volume of the fluids, while the kinematic vari-
ables, for example, pressures, relative permeabilities etc., are estimated from the calibrated model. The kinematic
variables are dependent on several factors, for example, the geometry of the repacked unconsolidated media, the
condition of the frits, the configuration of the non-wetting phase invading pathways, etc. With the difficulties to
identify these factors during each experiment and to simplify the problem, the two-phase flow model here focuses
on matching the experimental effluent volumes and breakthrough times which are important for the tracer exper-
iment. The experimental BTCs of the volume fraction of the non-wetting phase to the total fluid volume, together
with the simulated BTCs are illustrated in Figure 6. Triplicate experiments are conducted for each glass-beads
and quartz sand medium using either the peristaltic pump (pp) or the syringe pump (sp), with the results labeled
as EXP1, EXP2, and EXP3. The results using the peristaltic pump show some differences in the breakthrough
time due to the higher variations in the flow rates than in the case of the syringe pump. Despite using the same
packing procedure (vibrating and adding small increments) and washing and drying the frits before each exper-
iment, slight differences in the porosity and the overall permeability of the formed porous media are inevitable.
This makes the reproducibility of the experiments challenging. In contrast, the use of the syringe pump with fixed
flow rates resulted in consistent breakthrough times for the triplicate experiments, for each sand type. Table 3
provides the flowrate, permeability, and porosity data of each experiment.

It can be observed that the simulated results from the two-phase flow model can generally match well the experi-
mental BTCs, as shown in Figure 6. However, the volume fraction of the non-wetting phase to total fluid volume
(in the outflow) is slightly overestimated by the model for several experiments such as EXP1_pp and EXP3_pp
for GB55, and EXP2_pp for GB170. Conversely, the model slightly underestimates the volume fraction of the
non-wetting phase to total fluid volume for several experiments where the breakthrough occurred relatively
earlier (around 3000s). These experiments include EXP1_sp, EXP2_sp, EXP3_sp with syringe pump for GB170,
EXP2_sp and EXP3_sp for GB240, EXP1_sp, EXP2_sp, EXP3_sp with syringe pump for NS210. These devi-
ations are likely due to variations in the p, — S, relation used in the model, and to the conversion of the relation
from Mercury-Air system (measured by MIP) to Water-Octane system.
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Figure 6. Plot of the breakthrough of the volumetric fraction of the non-wetting phase to the total fluid volume at the column
outlet versus time, for experimental data (crosses) and simulated BTCs (dashed lines) of triplicate experiments (EXP1, EXP2,
and EXP3) with the peristaltic pump (pp) and the syringe pump (sp).

Furthermore, the BTCs of the volume fraction of the non-wetting phase to total fluid volume from the experiments
with the natural sands show a faster change from 0 to 1 compared to those from the experiments with the glass beads.
This leads to a smaller volume of displaced water from the column and fewer measurement points, especially for
NS130 and NS210. The irregular pore geometries of the unconsolidated porous media induced by the irregular grain
geometries of the natural sand grains (with low roundness as shown in Table 1) may explain this phenomenon. The
irregular pore geometries likely facilitate the formation of stable flow pathways for fluid displacement, that is, larger
pores are preferred by the invading phase, and the possibility of remobilization of the receding phase is reduced. Thus,
the volume of water samples obtained after breakthrough is smaller for experiments conducted with natural sands.

3.2. Interpretation of the Hydrolyzed KIS Tracer Reaction Product Breakthrough Curves

The BTCs of the reacted 2-NSA concentration are plotted in Figure 7, with measured 2-NSA concentrations
in water ranging between O and 12 pg/L. As discussed in Section 2.3, to obtain the specific interfacial area

TATOMIR ET AL.

13 of 21



~1
AGU

ADVANCING EARTH

AND SPACE SCIENCES

Water Resources Research 10.1029/2023WR035387

fitting to the experimental data, simulations with a sweep of the parameter

Table 3
Parameters Applied in the Model to Fit the Experimental Data a, in the polynomial Equation 7 are implemented to change the magnitude
Volume ratio BTC 2-NSA concentration BTC of the a,, — S, curve while maintaining the shape of the curve (Tatomir
et al., 2018). Generally, the overall trend of the experimental BTCs can
Experiment  Q(ml/ R, Tiom be accounted for as linearly increasing, as it is predicted by the numerical
index min) K(m?) ¢ %o (kgms™h (™) models. The obtained a,, values and the reaction rate of the tracer for all sands
GBS5_1pp 073 6x107% 041 12x107° 3x107* 1,020  are shown in Table 3, and the corresponding a,,, — S, curves are shown in
GB552 pp 0.67 6x107% 041 12x107° 3x 1072 1,020 Figure 8.
CEosdop B exIUT GA1 LU0 FsiiT LD While the overall trend of the experimental results matches the simu-
GBI70_I.pp 055 8x1072 042  3x10° 3x107 847  |uted curve in Figure 7, some temporal data points still display discrepan-
GB170_2_ pp 074 8x107'2 042 3x107° 3x107'2 847 cies. For several experiments, the last experimental data point (circled in
GB170.3_pp 0.65 8x1072 042 3x10° 12x10°! 847 gray in Figure 7) exhibits a lower concentration than this predicted by the
GBI70_1sp 1 §x10-2 042 3x%10-5 12x10-! 847 model. This is mainly due to the fact that the water samples at late stages
GBI70.2.sp 1 8x10-2 042 3x10-° 12x10-" 847 f)f the expe.rlments (i.e., the ending of the dlsplacemel'lt. wl"len the.system
is approaching the steady state) come from the remobilization of isolated
GBI70 3.sp 1 ERIT BAL Dl 2l BT trapped water inside the column. These isolated trapped zones are bypassed
GB240_Ipp 049 1x1072 042  3x107° 12x107"" 779 quring the displacement, leading to a smaller FIFA compared to the FIFA
GB2402 pp 076 1x1072 042 3x107° 12x107'" 779  averaged at the displacement front. As a result, remobilized water collected
GB240 3_pp 075 1x1072 042 3x10° 12x10°! 779 at a later stage of the experiment exhibits a smaller concentration. However,
GB240_1_sp 1 1x10-2 042 3%10-5 12x%10-" 779 in the KIS tracer experiments, the main focus is on the water sample obtained
GB240.2 sp 1 1x10-2 042  3x10° 12x 101! . from.the front (i.e., samples shortly after F)reakthrough), as t.hls is wheré the
transition zone occurs, and where saturation changes over time. A previous
GB240_3.sp 1 I 107 0 S ll™ Il 7o pore-scale study by Gao et al. (2021a) confirmed that the FIFA at the front
NSI30_1sp 1 5x107° 0.4 4x107 12x107" 2,130 g only relevant to the tracer concentration in water belonging to the front
NS130_2_sp 1 5%10718% 043  4x107° 1.2x107" 2,130 and in direct proximity to the outflow. Generally, there are no more effective
NS130_3_sp 1 5% 1073 043 4x1075 12x10°" 2,130 concentration data points when V,/V of the effluent is larger than 0.9, indi-
NS210_1_pp 073 7x10% 042 5% 105 3% 102 1,400 cating that the tracer test is finished. Therefore, concentration data obtained
NS2102.pp 076 7x10-4 042  5x 105 3% 107 1400 wh.en V./Vin tl.le effluent is larger than 0.9 is .not take into consideration.
This also explains why there are fewer data points for the BTCs of 2-NSA
NS2103.pp 076 7x107¢ 042  5x10™  3x107% 1400 concentration (in Figure 7) than the BTCs of the volume fraction of the
NS210_1_sp 1 7x107% 042 5x107 12x107"" 1400 pon-wetting phase (in Figure 6) for the same experiments.
NS210_2_sp 1 7x 107 0.42 5%x10™ 1.2x 107" 1,400
In Figure 7, the second y-axis (on the right side) was used for a tracer concen-
NS210_3_sp 1 7x 10714 0.42 5107 1.2x 1071 1,400 . . .
tration of 0.5 g/l. In our previous study (Tatomir et al., 2018), we used the
NS250_Lpp 08  5x107% 04  4x107 12x107" 965 oo olags beads of GB240 and ran four experiments with an initial KIS
NS250_2_pp 085 5x107% 04 4x107 12x107"" 965  tracer concentration of 0.5 g/l. The results from Tatomir et al. (2018) provided
NS250 3 pp 05 5x107> 04 4x1075 12x107"" 965  arange of g™ values: 4.1 < g™ < 54 cm™!, 5.0 < g™ <7.5cm™}, 3.0 <
a™ < 15 cm~! and 4.6 < @™ < 11.5 cm~!. In comparison, the fitted results

in Figure 8 give a™ of 7.79 cm~!, which falls within the range of our previ-
ous experiments. These results indicate a different tracer concentration does not affect the measurement if the
reaction rate is accurately determined. Furthermore, the measured interfacial area (Figure 8) is much smaller
than the calculated GSSA or SSSA-MIP (Table 1) for each type of sand or glass beads. This is a strong indica-
tion that the KIS tracer method measures the capillary-associated FIFA rather than the total FIFA including the
films. Additionally, the slight difference in the shape of the a,,—S,, curve is due to the difference in the P -S,
curve obtained from MIP measurements for each sand. To compare our results with literature data on measuring
the capillary-associated interfacial area, we used the maximum value on the p_ — S, curve (a}}%*) as an index for

comparison (Tatomir et al., 2018).

3.3. Comparison of Measured Interfacial Area With Literature Data

To compare FIFA with literature data, it is necessary to consider the type of FIFA being compared, that is, total
or capillary-associated FIFA, as well as the porous medium-fluids system types used in the experiments. Most
commonly, the fluid-systems used in the reported experiments are air-water and, less often, NAPL-water. To
the authors' knowledge there are only four studies that report the measured specific capillary-associated FIFA
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Figure 7. Plot of BTC of 2-NSA concentration (hydrolyzed KIS tracer) at column outlet versus time, for experimental

data (crosses) and simulated BTCs (dashed lines) of triplicate experiments (EXP1, EXP2, and EXP3) with setup of the
peristaltic pump (pp) and the syringe pump (sp). The experimental data points at late stage of the displacement showing some
discrepancies from the modeling curves are circled in gray.

(Araujo & Brusseau, 2020; Brusseau et al., 2006; Culligan et al., 2006; Porter et al., 2010). XMT was used in
each of these studies. In this study, we plot the maximum values of the capillary-associated specific interfacial
area-saturation curves obtained from KIS tracer test and those reported in the literature versus the inverse median
grain diameter (Figure 9).

Figure 9 compares the a)2* values obtained with the KIS tracer method and with XMT experiments using
NAPL-water fluid system from (Culligan et al., 2006; Porter et al., 2010), and air-water fluid system from
(Araujo & Brusseau, 2020; Brusseau et al., 2006). Likos and Jaafar (2013) developed a pore-geometry model
that calculates the specific FIFA based on the measured grain-size distributions. They apply their model to four
porous media (small glass beads, F75 Ottawa sand, large glass beads, river sand) and plot the capillary-associated
FIFA, a,,. Note that the capillary-associated FIFA determined by Culligan et al. (2006) for air-water (AW)
was smaller than this from oil-water (OW) fluid systems in the same porous medium during primary drainage.
The XMT revealed that air is located in larger continuous fluid configurations while the oil forms smaller, less
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well-connected configurations at similar saturations, leading to larger inter-
facial areas. Here, we do not apply any scaling to a,,, values.

The results in Figure 9 show that, at the same grain sizes, both the Grant and
Gerhard and the Likos and Jaafar models predict a larger capillary-associated
FIFA than that measured from the KIS tracer test. Both models predict an
increasing trend of capillary-associated FIFA when the IMGD is larger.
However, the KIS measured capillary-associated FIFA for glass beads with
different sizes are close to each other, and it matches the results from (Araujo
& Brusseau, 2020), even though the size of glass beads they use is larger.

Implementing a linear regression over the aja* — IMGD data, we obtain the

nw

following relation for the glass-beads material:

0.016
00 ape = +7.31 15)
Sw 50
Figure 8. Plot of the specific capillary-associated FIFA versus saturation, The observed slope of the curve indicates that the grain size has a negligible

a,, — S, relations, for the six porous media.

effect on the capillary-associated FIFA for glass-beads. This could be attrib-
uted to the high roundness factor of all three glass beads, and the formation
of unconsolidated porous media with similar porosities (ranging from 40% to
43%), as shown in Table 3. Brusseau et al. (2010) reported a strong correlation between the total specific FIFA,
a,, its related, a,,,, and the IMGD. This observation is not in conflict with the results from this study, since the
majority of total specific interfacial area is associated with films, and is highly dependent on the solid surface area
and the grain size. On the smooth surfaces of glass beads, the adsorbed water film (with a thickness of only a few
molecules) depletes fast due to the hydrolysis reaction with the tracer (Gao et al., 2023), and therefore these water
films contribute very little to the overall results. In this case, the KIS tracer method excludes the film-associated
interfacial area and only measures the capillary-associated FIFA. An assembly of the total interfacial area (in
ay™) and the capillary-associated interfacial area (in aj)2*) measured from literature are given in Figure S3 of
Supporting Information S1.

Furthermore, Figure 9 shows that only the coarsest natural sand has a similar capillary-associated FIFA with
the glass beads, while for the other two finer natural sands the capillary-associated FIFA measured with KIS

100
# this study, OW, GB, KIS
#® this study, OW, NS, KIS
v Brusseau et al. 2006, AW, GB, XMT
8o 4| O Culligan et al. 2006, OW, GB, XMT
<& Porter et al. 2010, OW, GB, XMT ©)
A Araujo and Brusseau 2020, AW, GB, XMT .
Araujo and Brusseau 2020, AW, NS, XMT P
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Figure 9. Plot of a}s* (maximum capillary-associated interfacial area) determined by KIS tracer experiment in an n-octane-

water fluid system and comparison with literature data for capillary-associated interfacial area. Dashed lines are the
regression lines for KIS tracer measurement for glass beads and natural soils.
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tracer is larger than the results of glass beads. This is attributed to the rough surfaces of the natural sands. The
pore-scale study by Gao et al. (2021b) showed that the bursting process during Haines jumps induced by rough
grain surfaces can significantly increase the capillary-associated (mobile) FIFA at the front. Besides, this finding
is also in agreement with Brusseau et al. (2009) and consistent with the results of Araujo and Brusseau (2020)
for measurements at the steady-state. Implementing a linear regression over the aj..* — IMGD data we obtain the
following relation for the natural sands:

am = 0';97 - 1.307 (16)

50

In contrast to the results for glass beads, the aj,;* for natural sands follow a linearly increasing trend with an
increase in IMGD, indicating that the measured capillary-associated FIFA for natural sands can be associated
with the solid surface area. The slope of the linear regression line follows the overall increasing trend predicted
by the models of Grant and Gerhard (2007) and Likos and Jaafar (2013). This trend may be attributed to the intro-
duction of corner interfaces and capillary condensed water on rough surface of the natural sand samples, which
have low roundness and irregular shapes (as shown in Figure 3). This causes the increase of the production of

tracer reaction product due to the increase of the capillary-associated interfaces at the front.

4. Conclusions

In this study, we demonstrated the potential of the KIS tracer technique as a robust and effective technique for
characterizing capillary-associated fluid—fluid interfaces during (dynamic) two-phase displacement processes in
porous-media-filled columns. By performing 27 sets of measurements on six different porous media (glass beads
and natural soils of different grain sizes), we were able to test and successfully extend the range of applicability
of the KIS tracers beyond the one type of glass-beads material previously studied.

Our main findings are summarized below.

e The two-phase flow model is capable of predicting the fluid volumes ratio BTCs, with good accuracy.
However, small deviations are observed in the experiments conducted with natural soil NS210. The model
tends to slightly underestimate the non-wetting phase to total fluid volume ratio in the experiments with high
capillary number.

* By assuming the shapes of the a,,, — S, curves according to the model proposed by Grant and Gerhard (2007),
the reactive transport model is capable of replicating the experimentally obtained concentration data. Further-
more, the model accurately captures the overall increasing trend of the tracer concentration breakthrough
curves.

* Withthea,, — S, curves assuming the shapes following the model from Grant and Gerhard (2007), the results
from the reactive transport model can match the experimentally measured concentration, and the overall
increasing trend of the data is captured. The deviations of some data points between modeling and experimen-
tal results are mainly found at late stages of the breakthrough due to the remobilization of the trapped water.

e By comparing the measured and interpreted data presented in this study with literature data, valuable insights
into the characterization of the fluid—fluid/NAPL-water interfaces were further gained. In particular, the find-
ings suggest that for porous media composed of glass beads with similar porosity, a decrease in the grain size
does not result in a significant increase in the measured specific capillary-associated FIFA.

e The maximum specific capillary-associated FIFA, as measured by the KIS tracer, increases linearly with the
inverse mean grain diameter for the porous media composed of natural soils. This linear relation follows a
trend similar to the model reported by Grant and Gerhard (2007) and Likos and Jaafar (2013). Furthermore,
it was observed that natural sands exhibit larger capillary-associated FIFA compared to glass beads, which
is consistent with the observations made for the total specific FIFA. For natural soils characterized by rough
surfaces and irregular shapes, the capillary-associated FIFA increases linearly with an increase in the inverse
mean grain diameter.

Our study represents a crucial step toward establishing KIS tracer as a robust characterization technique capable
of measuring capillary-associated fluid—fluid interfacial area in multiphase flow in porous media systems. The
KIS tracer has a potential to be used in practical applications where a transient non-wetting phase fluid flooding
is involved. For example, in geological storage of carbon dioxide, the KIS tracer can be used during (supercritical)
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CO, injection to monitor the movement of plume and the saturations distributions of the CO, through measuring

the FIFA. The KIS tracer can also be applied in laboratory experiments to estimate the FIFA during infiltration of

NAPL contaminants into the aquifer, for example, KIS tracer experiment setup with approximate flow conditions

and the medium excavated from the site.

Further research is required to extend the application of KIS tracer and investigate their reactive transport in

two-dimensional or three-dimensional systems, considering the effects of porous media heterogeneity and

fluid density. Additionally, extending the applicability of the method to a wider range of flow conditions and
fluid—fluid-porous media systems (e.g., super critical CO, water) is required before applying the technique
in real-field conditions. Besides, it is worth to further research about study the system in a dimension-

less format. This approach can unveil systematic behavior and provide valuable insight into the underlying

patterns.

Nomenclature

Symbol Parameter name Unit

a,, Specific fluid-fluid interfacial area 1/m

anp Maximum specific fluid-fluid interfacial area 1/m

ay, a,, a,, a, Fitting parameter for the polynomial Equation 7 -

a, Longitudinal dispersivity m

ar Transversal dispersivity m

@ 2-NSA concentration in water pg/L

C, Grain size uniformity —

d, Grain mean diameter pm

dy, Mean grain size cm

Dy, Dispersion coefficient m?%/s

K Intrinsic permeability m?

k., Relative permeability of wetting phase -

k., Relative permeability of non-wetting phase -

P pressure Pa

P, Pore size uniformity =

P, Entry pressure Pa

P, Capillary pressure Pa
max Maximum capillary pressure Pa

(0] Flow rate mL/min

Rey_w Reaction rate constant kg s~'m~2

[ Reaction rate kg s~'m=3

S, Wetting phase saturation -

S, Residual wetting phase saturation -

S, Non-wetting phase saturation -

S, Effective saturation —

v Darcy velocity m/s

Vv Total effluent volume mL/min

v, Non-wetting phase effluent volume mL/min

¢ Porosity _

0 Contact angle -

c Interfacial tension N/m

A Pore index coefficient (Brooks-Corey) -
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Symbol Parameter name Unit
p Fluid density kg/m?
s, Particle density kg/m?
H Dynamic viscosity Paes
Acronyms

AW Air-water

BTC Breakthrough curve

FIFA Fluid-fluid interfacial area

GB Glass beads

GSSA Geometric smooth-sphere specific solid surface area

IPTT Interface partitioning tracer test

IMGD Inverse median grain diameter

KIS Kinetic Interface Sensitive

MIP Mercury-intrusion porosimetry

N,/BET Nitrogen Brunauer—-Emmett—Teller method

NS Natural sands

NAPL Non-aqueous phase liquid

ow Oil-water

PP Peristaltic pump

sp Syringe pump

SSSA Specific solid surface area

XMT X-ray microtomography
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