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M.L. Brusseau

1. Introduction

The air-water interface plays a critical role in numerous processes in the
environment. This includes the subsurface environment, for which the air-
water interface is central to fluid distributions and flow, to inter-phase mass
and energy transfer, and to the adsorption and retention of matter. The
latter aspect has become a particular focus of attention recently, with the
advent of per and polyfluoroalkyl substances (PFAS) as emerging contami-
nants of critical concern. This study is focused on the role of the air-water
interface in the retention and transport of PFAS and other interfacially ac-
tive solutes in unsaturated porous media.

Recent research has demonstrated that adsorption at the air-water
interface can significantly impact the retention and transport of PFAS in un-
saturated porous media. These studies include laboratory miscible-
displacement experiments (e.g., Lyu et al., 2018, 2022; Lyu and Brusseau,
2020; Lyu et al., 2020; Brusseau et al., 2019, 2021; Yan et al., 2020; Li
et al., 2021), model-based analyses (Brusseau, 2018, 2020; Brusseau
et al., 2019; Guo et al., 2020, 2022; Silva et al., 2020; Newell et al., 2021;
Zeng et al., 2021; Gnesda et al., 2022; Wallis et al., 2022), and field-scale
investigations (Brusseau and Guo, 2022; Schaefer et al., 2022). The results
of prior studies have demonstrated that adsorption at the air-water inter-
face can also influence the retention and transport of other solutes, includ-
ing hydrocarbon surfactants (e.g., Kim et al., 1997; Allred and Brown, 2001;
Brusseau et al., 2007; Costanza-Robinson and Henry, 2017), hydrophobic
organic compounds (e.g., Brusseau et al., 1997; Kim et al., 1998, 2001,
2005; Popovicova and Brusseau, 1998), and pharmaceuticals (e.g., Dai
et al., 2020; Hamdollahi et al., 2022). Characterizing and quantifying the
impact of air-water interfacial adsorption on the retention of PFAS and
other interfacially active solutes requires knowledge of the amount of
air-water interfacial area present in the porous medium. Concomitantly,
measurements or estimates of air-water interfacial area are needed to pa-
rameterize models to simulate the transport of PFAS and other interfacially
active solutes in unsaturated media.

Multiple approaches are available to determine air-water interfacial
areas for unsaturated porous media. Several measurement methods have
been developed, including gas-phase interfacial tracer tests, various
aqueous-phase advective interfacial tracer tests, various aqueous batch-
mode mass-balance interfacial tracer tests, and several imaging methods
such as X-ray microtomography. Alternatives to these measurement
methods include thermodynamic analyses of soil-water characteristic data
and the application of pore-scale models. In addition to these six measure-
ment and prediction methods, interfacial areas can also be estimated based
on empirical correlations. While a detailed review of these methods is be-
yond the scope of this study, a brief overview is presented in the Supple-
mental Information (SI, Section 1). Initial discussions of methods for
measuring and estimating air-water interfacial areas specifically for PFAS
applications have been recently presented (Brusseau, 2018; Brusseau
et al., 2019; Brusseau and Guo, 2021; Silva et al., 2022).

Ideally, interfacial areas would be measured directly for the porous
medium of interest using one of the several methods that have been devel-
oped. However, this is often not practical, particularly for field-scale appli-
cations. Hence, methods are needed to estimate air-water interfacial areas.
Efforts to estimate interfacial areas between immiscible fluids have been
employed for several different applications, including the dissolution of
nonaqueous-phase liquids (NAPL), colloid transport, mass transfer in
packed-bed reactors, oxygen transport and attendant biological activity,
and the retention of interfacially active solutes. The focus of the present
study will be on the latter application.

The above-cited modeling and field studies that investigated the distri-
bution, retention, and transport of PFAS employed different methods for
determining air-water interfacial areas. Some studies used measured values
(Brusseau, 2018, 2020; Guo et al., 2020), others employed thermodynamic-
determined values (Silva et al., 2020), and still others used empirical esti-
mates based on a variety of approaches (Brusseau et al., 2019; Zeng et al.,
2021; Brusseau and Guo, 2022; Gnesda et al., 2022; Guo et al., 2022;
Newell et al., 2021; Schaefer et al., 2022; Wallis et al., 2022). The use of
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the different methods is complicated by the fact that they can produce dif-
ferent interfacial areas for the same medium (e.g., Brusseau et al., 2007;
Brusseau and Guo, 2021). These differences can significantly impact the
calculated magnitudes of retention by air-water interfacial adsorption,
which can for example lead to large differences in predicted travel times
for PFAS transport (Brusseau and Guo, 2021). Uncertainty as to which
methods produce the most representative air-water interfacial areas spe-
cific to the air-water interfacial adsorption of PFAS and other interfacially
active solutes engenders uncertainty in analyzing, interpreting, and model-
ing retention and transport. Resolving this issue is particularly critical now
given that research studies and site investigations are being implemented
to characterize the distribution, retention, and transport of PFAS in the
vadose zone.

Estimation methods are based on specific underlying methods of mea-
surement or prediction. To be robust, the estimation method must be
based on a measurement or prediction method that produces representative
interfacial areas for the relevant application. There is current uncertainty as
to which methods produce the most representative air-water interfacial
areas specific to the air-water interfacial adsorption of PFAS and other
interfacially active solutes. Three primary factors contribute to uncertainty
in determining the most relevant measurement or prediction methods. The
first is uncertainty in the sources of the disparities in interfacial areas pro-
duced with the different measurement and prediction methods noted
above. These disparities have been attributed by some investigators to
method-specific differences in the extents to which the contributions of dif-
ferent interfacial domains are characterized due to method design or imple-
mentation. Other investigators have speculated that the differences are due
primarily to errors or artifacts associated with certain methods, particularly
the aqueous advective interfacial tracer-test method. Resolving this issue
has been impeded by the fact that few specific investigations have com-
pared multiple methods at once for the same porous medium, and none
to date have simultaneously investigated all six primary measurement
and prediction methods.

The second contributing factor is uncertainty in delineating which
interfacial-area domains impact retention. It is well established that the
air-water interface is comprised of multiple domains. One domain consists
of the interfaces that exist between the bulk wetting and non-wetting fluids,
in this case water and air, which are typically referred to as meniscus or cap-
illary interfacial area. There is also air-water interface associated with
water that is wetting the surfaces of the solids, which is typically referred
to as film- or surface-associated interfacial area. A critical aspect of film-
associated area is the potential contribution of solid-surface roughness,
which can greatly increase total magnitudes. For any estimation method
to produce robust results for the intended application, it is critical that it
represent the contributions of all interfacial-domains that are relevant for
that application, in this case interfacial adsorption of solutes. However,
the specific contributions of the different interfacial domains to the reten-
tion of interfacially active solutes have received minimal investigation.
The third factor is uncertainty in the governing relationship between inter-
facial area and water saturation. Estimation methods need to produce
values that are consistent with this governing relationship, which notably
has been represented by both linear and nonlinear functions. There has
been no comprehensive assessment to date of which is correct.

The objective of this work is to determine the methods that produce the
most representative measurements and estimations of air-water interfacial
area specifically for the retention and transport of PFAS and other
interface-active solutes in unsaturated porous media. Prior measurements
and pore-scale model simulations of air-water interfacial areas are exam-
ined to determine the sources of the disparities in interfacial areas produced
with different measurement and prediction methods, to delineate the con-
tributions of different interfacial-area domains to the interfacial areas rele-
vant to air-water interfacial adsorption, and to elucidate the inherent
governing relationship between air-water interfacial area and water satura-
tion. Interfacial areas obtained with multiple measurement and prediction
methods are compared for paired sets of porous media comprising similar
median grain diameters, but one with solid-surface roughness (sand) and



M.L. Brusseau

one without roughness (glass beads). These comparisons are used to criti-
cally examine the robustness and validity of the various methods. For the
first time, the specific contribution of air-water interface associated with
solid-surface roughness is quantified with respect to interrelationships be-
tween the interfacial areas produced with different measurement methods
and the absolute-maximum interfacial area that is present in the medium.
The outcomes of these novel investigations are used to evaluate the efficacy
of existing estimation methods and to inform the development of new esti-
mation methods. The existing and new estimation methods are tested and
compared using independent data sets for PFAS retention and transport to
determine which approach is most representative for characterizing and
quantifying the air-water interfacial adsorption of PFAS. Finally, issues as-
sociated with determining air-water interfacial areas for field-scale applica-
tions are discussed.

2. Materials and methods

Prior measurements and pore-scale model simulations of air-water in-
terfacial area were aggregated from the literature. Multiple literature
searches were conducted using Web of Science, Scopus, and Google
Scholar. A variety of search terms were employed. Data sets were obtained
for several measurement methods, including the gas-phase interfacial
tracer test (GPITT), various aqueous interfacial tracer tests (AQITT), and
X-ray microtomography (XMT). The measured data sets were digitized
from the original works and brought into excel to allow for processing
and replotting. The Engauge freeware program was used for the digitization
(Mitchell et al., 2022). Several tests were conducted to ensure the accuracy
of the digitization process, including (1) digitizing data from figures for
comparison to the same data sets presented in tabular form and (2) compar-
ing digitization results of the same data sets obtained by multiple people.

The data sets were fit with linear and nonlinear (polynomial) functions
to assess the operative relationship between air-water interfacial area and
water saturation. The best-fit nonlinear function was used to determine
the effective maximum air-water interfacial area for each data set. Specific
focus is placed on the maximums obtained for the AQITT data, which is des-
ignated as AM™ (see Fig. 1 for an example). Regression analyses were con-
ducted to examine potential correlations between air-water interfacial area
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Fig. 1. Measured and predicted air-water interfacial areas obtained with different
methods for Vinton soil. Also included is the absolute-maximum interfacial area
(red dotted curve) as described in the text. The large red diamond, square, and
cross on the y-axis represent the geometric (smooth-surface) solid-surface area
(GSSA), the AQITT-related maximum interfacial area (ABM;X), and the NBET specific
solid surface area (NBSSA), respectively. AWIA is air-water interfacial area; GPITT
represents the gas-phase interfacial tracer-test method; AQITT represents various
aqueous interfacial tracer-test methods; XMT represents the x-ray microtomography
method. The measured data sources are presented in Section 2 of the SI.
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and porous-medium properties including median grain diameter and solid
surface area. Information reported in the original studies served as the
source of the property data. All data processing was conducted in Excel
using standard statistical methods.

Air-water interfacial areas are presented for three paired sets of two
media with similar median grain diameters, but one is a sand with solid sur-
face roughness and one is a glass-bead medium with minimal roughness.
The three sets comprise median grain diameters of approximately 0.35,
0.75, and 1.2 mm. Note that while these values will be used when referring
to the data sets, the actual diameters may vary somewhat. Measured data
sets reported by Brusseau and colleagues for Vinton soil, 0.35-mm sand,
and 1.2-mm sand are used as training data to develop new estimation
methods to determine air-water interfacial areas. The sources of all data
sets are reported in Section 2 of the SI. All measured and predicted air-
water interfacial areas are determined for primary drainage conditions, un-
less otherwise noted in the SI. Note that the pore-scale model simulations
are based on the assumption that the solid surfaces are smooth (SI,
Section 1.6). Hence, the simulated interfacial areas do not incorporate the
contributions of solid-surface roughness.

Solid surface areas are often used as reference areas. The geometric
smooth-surface specific solid surface area (GSSA) is one such area, deter-
mined as: GSSA (cm™!) = 6(1 — n) / dso, where n is porosity and dsg
(cm) is the median grain diameter of the porous medium. The nitrogen-
Brunauer-Emmett-Teller (NBET) solid surface area (NBSSA) is another rel-
evant surface area. A significant difference between the two is that the
NBSSA incorporates the contributions of solid-surface roughness whereas
the GSSA does not. The latter in effect represents equivalent smooth-
surface areas.

Three existing methods for estimating air-water interfacial areas (A,y,
em?/em® or cm ™ 1) will be compared to methods newly developed in this
study. The first is based on two assumptions, one that the GSSA defines
the maximum possible interfacial area and the second that air-water inter-
facial area is a linear function of water saturation (Costanza-Robinson et al.,
2008; Wallis et al., 2022):

Agusw) = (1 —Sy) x GSSA )

The second is based on the use of maximum interfacial areas
determined from linear extrapolation of A,,,-S,, data measured by aqueous
interfacial tracer tests, and an assumption of a linear relationship between
air-water interfacial area and water saturation (Lyu et al., 2018). The max-
imum interfacial areas are estimated from a correlation to the median grain
diameter, which results in the following combined equation:

Agwsw) = (1-Sy) x 39 x ds 2 )

This function was originally developed for application to only higher
water-saturation conditions under the recognition that measured interfacial
areas are typically nonlinear functions of water saturation. The third,
thermodynamic-based method employs an analysis of soil-water character-
istic (SWC) data and is given by Leverett (1941):

-1
n
Aaw(Sw) = (_’/ CPdSy 3)

Sw
where o is surface tension and CP is capillary pressure. The van Genuchten
function was applied to the measured SWC data to assist in the determina-
tion of interfacial areas with Eq. (3).
3. Results and discussion

3.1. Comparison of measured and predicted air-water interfacial areas

Multiple methods have been used to measure or predict air-water inter-
facial areas in porous media. Brief overviews of the methods are presented
in Section 1 of the SI. Several studies have demonstrated that the different
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methods can produce different magnitudes of air-water interfacial area for
the same porous medium. This disparity is illustrated in Fig. 1 for a soil and
in Fig. 2 for a sand. Additional comparisons for two other sands are pre-
sented in Figs. SI-1 and SI-2 (Section 3 of the SI). The GPITT method pro-
duces the largest magnitudes of air-water interfacial area, significantly
greater than those produced with the AQITT methods at lower water satu-
rations. The GPITT- and AQITT-measured interfacial areas are much larger
than the total interfacial areas measured by XMT. Note that while not
shown, capillary-only interfacial areas measured by XMT are typically sub-
stantially smaller than XMT-measured total interfacial areas (e.g., Brusseau
et al., 2007; Porter et al., 2010; Araujo and Brusseau, 2020). The interfacial
areas determined with the thermodynamic and pore-scale modeling
methods are similar to those measured by XMT, but are much smaller
than those measured by the GPITT and AQITT methods. The potential rea-
sons for the disparities in interfacial areas produced with the different
methods have been discussed in only a few studies. Two primary potential
reasons have been proposed.

Some investigators have speculated that the differences observed be-
tween AQITT measurements versus XMT and thermodynamic-based values
are due primarily to errors or artifacts associated with the AQITT method.
Deviations between XMT-based interfacial-area estimates and literature
AQITT data were attributed in part to possible issues with the AQITT
method, including tracer accessibility and mass-transfer limitations, uncer-
tainties in quantifying solid-phase sorption of the tracer, and surfactant-
induced flow (Costanza-Robinson et al., 2008). Subsequent work focused
on surfactant-induced flow as a source of error for the advective AQITT
method (Costanza-Robinson et al., 2012; Costanza-Robinson and
Henry, 2017). Thermodynamic-determined air-water interfacial areas
were observed by Kibbey and Chen (2012) to be larger than, similar to,
or smaller than measured literature data depending upon the medium
and measurement method (Section 4 of the SI). The observation that advec-
tive AQITT-measured interfacial areas for a soil were larger than the
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thermodynamic values was speculated to result from some “unidentified ex-
perimental artifact” impacting the AQITT measurements, with foam forma-
tion, surfactant-induced flow, and uncertainty in determining the air-water
interfacial adsorption coefficient three possible sources of error mentioned.
Based on the speculation that the AQITT measurements were erroneous, the
investigators concluded that air-water interfacial area can be represented by
the smooth-surface solid surface area (Costanza-Robinson et al., 2008;
Kibbey and Chen, 2012; Kibbey, 2013). Differences between AQITT-
measured interfacial areas and thermodynamic-derived values have also
been conjectured to result from changes in the configuration of the air-
water interface caused by the presence of the interfacial tracer (Silva
et al., 2022). In addition to the preceding, Kim et al. (1999) hypothesized
that observed differences between GPITT- and AQITT-determined interfa-
cial areas may in part have been due to the interfaces being mobile to
some degree for the advective AQITT system. It is important to recognize
that with the exception of surfactant-induced flow, none of the conjectured
sources of error or artifacts were specifically investigated, much less demon-
strated, in any of the cited studies. Additionally, the assessments were based
on a few select literature data sets rather than comprehensive evaluations,
and were focused solely on the AQITT method and did not include air-
water data sets measured by GPITT methods nor NAPL-water interfacial-
area data sets measured by AQITT.

The significantly greater interfacial areas measured by the GPITT
method versus the AQITT methods, and by AQITT compared to XMT and
thermodynamic methods have been hypothesized by other investigators
to result from the contribution of solid-surface roughness to film-
associated interfacial area. The potential contributions of roughness to
fluid-fluid interfacial areas have been proposed and discussed in several
studies following four different approaches. In the first approach, observa-
tions that GPITT- or AQITT-measured interfacial areas were larger than
GSSAs, which do not account for roughness contributions, were attributed
to the impact of solid-surface roughness (Kim et al., 1999; Schaefer et al.,
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Fig. 2. Measured and predicted air-water interfacial areas obtained with different methods for the 0.35-mm sand. The large red diamond on the y-axis represents the
geometric (smooth-surface) solid-surface area (GSSA). The measured data sources are presented in Section 2 of the SI. The measured AQITT data labeled Li-Lyu are from
a separate research group (Lyu et al., 2020; Li et al., 2021). For these data, the points at the higher and lower water saturations represent the mean of 12 and 2

experiments, respectively.
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2000; Costanza-Robinson and Brusseau, 2002). In a second approach,
GPITT- and AQITT-measured interfacial areas were observed to be signifi-
cantly larger than XMT-measured values for the same porous medium,
which was attributed to the impact of roughness (Brusseau et al., 2006,
2007, 2010, 2020; McDonald et al., 2016). Additionally, a correlation
was demonstrated between the maximum interfacial area and the NBET
solid surface area (Brusseau et al., 2010). In the third approach, interfacial
areas measured by the advective AQITT method were compared for two po-
rous media with the same or similar median grain diameters (i.e., similar
GSSA) but different magnitudes of NBSSAs due to differences in solid-
surface roughness. The interfacial areas measured for the medium with
greater roughness were larger than the areas measured for the medium
with lesser or no roughness for all three cases, which was attributed to
the impact of roughness (Brusseau et al., 2010; Brusseau, 2019; Lyu et al.,
2020). In the fourth approach, Jiang et al. (2020a) developed a pore-scale
mathematical model to simulate fluid-fluid interfacial area in variably sat-
urated porous media, with a specific focus on incorporating the effects of
solid-surface roughness. The model simulations demonstrated that the con-
tributions of surface roughness cause interfacial areas to be greater for
media with roughness compared to media comprising smooth surfaces,
and that the degree to which fluid-fluid interfacial area is influenced by
roughness is a function of fluid-retention characteristics, the nature of the
rough surfaces, and masking due to the formation of thick wetting films.
The cause of the observed disparities in interfacial areas determined
with the different methods is investigated by comparing interfacial-area
data sets obtained with the different methods for paired sets of porous
media comprising the same or similar median grain diameters. Because
the grain diameters are similar, the two paired media have essentially iden-
tical GSSAs. However, one set of media comprise glass beads that have min-
imal solid-surface roughness and effectively smooth surfaces, as
demonstrated by the fact that the measured NBSSAs are the same as the
GSSAs. Conversely, the second set of media is sands that have significant
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surface roughness, with NBSSAs that are much greater than the GSSAs.
The glass-beads data sets allow direct examination of the consistency be-
tween different measurement and prediction methods in the absence of sur-
face roughness, which serves as a means to test the validity of the two
proposed sources of disparity. These data sets represent the first time that
interfacial areas obtained with all of these methods have been compared si-
multaneously for the same media. Details of the sources of the data sets are
presented in Section 2 of the SI.

Data for the 0.35-mm glass beads are presented in Fig. 2. The air-water
interfacial areas measured with the AQITT and XMT methods are coinci-
dent. The interfacial areas simulated with the pore-scale models, which as-
sume smooth surfaces, match the AQITT and XMT measurements for the
glass beads. Additionally, the thermodynamic-determined interfacial
areas for the glass beads match the values determined with all of the
other methods. Similar results showing excellent consistency among inter-
facial areas determined with AQITT, XMT, pore-scale modeling, and ther-
modynamic methods are obtained for the 1.2-mm glass beads (Fig. 3) and
the 0.75-mm glass beads (Fig. SI-1, Section 3 of the SI). It is observed that
the XMT data for all three sets of glass beads extrapolate at low water satu-
ration to the GSSA, which represents the smooth-surface area. Furthermore,
the pore-scale modeling and thermodynamic-based values for all three
media extrapolate to the GSSA as well. Notably, the AQITT data for all
three sets of glass beads also extrapolate to the GSSA.

The consistency among all of the sets of interfacial areas for all three
glass-beads media demonstrates that the different methods are capable of
producing the same values despite the fact that they are based on greatly
different approaches and attendant implementation conditions. This dem-
onstrates that any differences in the method-specific approaches or systems
used for interfacial-area determinations have no measurable impact on
the resultant values produced, and do not prevent consistency among the
methods. These results represent an interdependent validation of the differ-
ent methods. Critically, the fact that the measurements obtained with the
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Fig. 3. Measured and predicted air-water interfacial areas obtained with different methods for the 1.2-mm sand. The large red diamond on the y-axis represents the geometric
(smooth-surface) solid-surface area (GSSA). The measured data sources are presented in Section 2 of the SI.
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AQITT methods match those produced by all of the other methods provides
incontrovertible validation of the AQITT methods.

As noted above, some investigators have speculated that differences in
air-water interfacial areas produced with AQITT methods versus other
methods are due to errors or artifacts associated with the AQITT methods
(Costanza-Robinson et al., 2008, 2012; Kibbey and Chen, 2012; Costanza-
Robinson and Henry, 2017; Silva et al., 2022). Several potential sources
of errors or artifacts have been mentioned, all of which are related in
some manner to the presence of the interfacial tracer. The XMT measure-
ments reported above serve as a key benchmark for evaluating the validity
of the AQITT methods. The robustness of the XMT method has been vali-
dated in prior studies (see Section 1 of the SI).

The XMT method directly images the phases within the sample under
conditions of static fluid distributions, and no interfacial tracers are used.
Hence, issues associated with the presence of an interfacial tracer are not
relevant. Similarly, interfacial-tracer issues are not relevant for the pore-
scale modeling and thermodynamic methods. The fact that interfacial
areas measured with the AQITT methods perfectly match those obtained
with XMT, pore-scale modeling, and thermodynamic methods for the dif-
ferent sets of glass beads clearly shows that the presence of the interfacial
tracer does not impact the capability of the AQITT methods to produce
accurate measurements of fluid-fluid interfacial areas. This proves that
tracer-related factors such as surfactant-induced flow, changes in air-
water interface configuration, foam formation, and uncertainties in deter-
mining solid-phase or air-water interfacial adsorption coefficients are not
relevant for the AQITT methods as employed for the measured data sets
used in this study. Significantly, these results demonstrate that if pore-
scale configurations of the air-water interface differ between the different
measurement systems, any such differences have negligible impact on the
measured interfacial areas. Additionally, as noted, the XMT method is
based on measurements of interfacial area conducted for static fluid distri-
butions. The measurements therefore are not impacted by interface mobil-
ity, mass-transfer limitations, or other issues related to dynamic flow and
tracer-transport conditions potentially present for the advective AQITT
method. This is similarly true for the pore-scale model simulations. The
consistency of the AQITT measurements with those of XMT and the pore-
scale modeling shows that issues of interface mobility, tracer mass-
transfer limitations, and other flow and transport related factors are either
irrelevant or inconsequential for the AQITT method. Hence, water flow and
tracer transport can be treated as ideal, mass transfer can be considered an
effectively equilibrium process, and interfaces can be assumed immobile
under the conditions used for the AQITT applications reported herein. In
total, these results demonstrate that the AQITT methods as employed in
the studies reported herein produce accurate and representative measure-
ments of air-water interfacial area.

In contrast to the glass beads, the air-water interfacial areas measured
by AQITT for the 0.35-mm sand are much greater than the XMT-
measured interfacial areas (Fig. 2). The GPITT-measured interfacial areas
are even greater. Similar results are observed for Vinton soil (Fig. 1), the
1.2-mm sand (Fig. 3), the 0.75-mm sand (Fig. SI-1), and the 0.17-mm
sand (Fig. SI-2, Section 3 of the SI). Notably, the XMT-measured interfacial
areas for the sand match the XMT values for the glass beads. As discussed,
the XMT method produces interfacial-area measurements that are equiva-
lent to smooth surfaces. The sand and glass beads for each paired set have
essentially identical GSSAs, meaning that their equivalent smooth-surface
areas are the same. This explains why the XMT-measured interfacial areas
for the sand are the same as those measured for the glass beads. Addition-
ally, it is observed that the XMT data for the sands extrapolate at low
water saturation to the GSSA, which supports the hypothesis that the
XMT method does not measure interfacial area associated with solid-
surface roughness as noted in prior works (Brusseau et al., 2006, 2007;
Costanza-Robinson et al., 2008). Conversely, the GPITT- and AQITT-
measured interfacial areas for the soil and all sands are much greater than
the respective GSSAs at lower water saturations.

The interfacial areas determined with the thermodynamic method for
the 0.35-mm sand are much smaller than the GPITT and AQITT measured
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values. Similar results are observed for Vinton soil (Fig. 1) and the other
sands (Fig. 3, Fig. SI-1, Fig. SI-2). This difference is also observed for data
sets reported by other investigators, as discussed in Sections 3 and 4 of
the SL For example, interfacial areas measured for two sands using varia-
tions of the mass-balance AQITT method are observed to be larger than
the values determined with the thermodynamic method (Figs. SI-3 and
SI-4 in Section 3 of the SI). The results of this and prior studies demonstrate
that measured interfacial areas for all GPITT data sets and the great major-
ity of AQITT data sets exceed the respective thermodynamic-determined in-
terfacial areas for sands and soils. Notably, these data sets comprise
measurements produced with several different methods and by different in-
vestigators.

Whereas the thermodynamic-determined interfacial areas for all of the
sands and the soil are much smaller than the GPITT and AQITT values,
they match those measured by XMT and simulated by the pore-scale
models. In addition, the thermodynamic values for the sands are essentially
identical to the thermodynamic values of the glass beads. Furthermore, the
thermodynamic-based interfacial areas for the sands and soil extrapolate to
the GSSA. These results strongly indicate that the thermodynamic method
does not fully capture the contribution of solid-surface roughness to interfa-
cial areas. Rather, the method appears to produce estimates consistent with
smooth-surface areas. This would explain the observation that the
thermodynamic-determined interfacial areas are much smaller than those
measured with AQITT and GPITT for the sands and soil, as both methods
characterize to some extent the contributions of solid-surface roughness,
whereas the thermodynamic-determined values match the AQITT-
measured interfacial areas for the glass beads which have no appreciable
roughness.

The data sets presented for Vinton soil, 0.17-mm sand, 0.35-mm sand,
and 0.75-mm sand comprise only air-water interfacial areas. Conversely,
the data sets presented for the 1.2-mm sand include NAPL-water and
air-water interfacial areas. The two sets of interfacial areas are plotted
together for each respective method. Inspection of Fig. 3 shows that
the two sets of interfacial areas are indistinguishable for each of the
methods. It is also observed that the thermodynamic-determined NAPL-
water interfacial area, produced from a NAPL-water SWC, is similar to
the thermodynamic-determined air-water interfacial area. The compari-
sons between the AQ-ITT, XMT, and thermodynamic-determined interfa-
cial areas for the NAPL-water systems are consistent with those discussed
for the air-water systems.

The AQITT data sets reported for the glass beads were obtained with the
advective AQITT and solution-recirculation mass-balance AQITT methods,
which were proven to produce accurate measurements of air-water interfa-
cial area. These same validated methods were used for the measurements
reported for the sands and Vinton soil. The robustness of the AQITT
methods specific to the 0.35-mm sand and Vinton soil training data sets is
further demonstrated by several additional factors. First, the aggregated
AQITT data for the 0.35-mm sand and Vinton soil each comprise measure-
ments obtained with four different methods (Section 2, SI), which all pro-
duced comparable results. Second, the AQITT data reported by a separate
research group are consistent with the data from Brusseau and colleagues
(Fig. 2). Third, a measured value obtained with the GPITT method is consis-
tent with the AQITT data (Fig. 2). The robustness of the advective AQITT
method has also been demonstrated in a prior study in which tracer trans-
port, water flux, and changes in water saturation were accurately predicted
with a mathematical model for which all input parameters were deter-
mined independently (El Ouni et al., 2021). The robustness of the data is
further demonstrated by the successful use of AQITT-measured interfacial
areas in several studies characterizing and modeling the retention, distribu-
tion, and transport of PFAS, as discussed in Section 5 of the SI.

The glass-beads results demonstrated that the AQITT methods as em-
ployed for the reported data sets were not affected by potential method-
associated errors or artifacts. The potential impacts of conjectured errors
or artifacts can be further investigated specifically for the sands and soil.
One possible error source mentioned is surfactant-induced flow. As noted,
the aggregated AQITT data comprise measurements obtained with multiple
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methods, all of which were demonstrated to mitigate issues associated with
surfactant-induced flow (Section 1, SI). Another potential concern men-
tioned is uncertainty in determination of air-water interfacial adsorption
coefficients. El Ouni et al. (2021) and Brusseau (2021) showed excellent
consistency among four and 10 separate surface-tension data sets, respec-
tively, used to determine the air-water interfacial adsorption coefficients
for interfacial tracers. In addition, air-water interfacial adsorption coeffi-
cients determined from surface-tension data were shown to match those
measured by neutron reflectometry (Brusseau, 2021), which is an advanced
high-resolution direct-measurement method. The impact of tracer mass-
transfer limitations is another potential concern mentioned specifically
for the advective AQ-ITT method. The air-water interfacial adsorption coef-
ficients measured with AQITT were demonstrated to also match those de-
termined by neutron reflectometry, which measures equilibrium values
(Brusseau, 2021). Additionally, the interfacial areas measured with the ad-
vective AQITT method are consistent with those measured with the mass-
balance AQITT method, which represent equilibrium conditions. A detailed
analysis of rate-limited air-water interfacial adsorption was conducted by
Brusseau (2020), who showed that equilibrium conditions effectively pre-
vail under the conditions of the AQITT. This is supported by the fact that
the studies discussed in the SI (Section 5) that quantified and modeled
PFAS retention and transport all employed the local equilibrium assump-
tion for air-water interfacial adsorption.

The only differences between the sands and glass beads for the paired-
media comparisons are that the sands may sorb the interfacial tracer
whereas measurements show negligible tracer sorption for the glass
beads, and that the sands have significant solid-surface roughness and the
glass beads do not. Uncertainty in measurements of solid-phase sorption co-
efficients for the interfacial tracer is a potential error source mentioned.
Brusseau and Taghap (2020) reported the results of 12 separate sorption
measurements for SDBS by the sand, the primary tracer used in the
AQITT methods. The sorption coefficient was quite small (0.04 cms/g),
with a coefficient of variation of 10 %. In addition, the sands used by the
separate research group (Lyu et al., 2020; Li et al., 2021) were pre-treated
to minimize solid-phase sorption. This was also done by Schaefer et al.
(2000) for their AQITT measurements. These results demonstrate that un-
certainty in measuring solid-phase sorption of the tracer is not a source of
error for these AQITT measurements.

One could hypothesize that the impacts of potential method-specific dif-
ferences in interface configuration, which was demonstrated to be insignif-
icant for the glass beads, may be greater for the sands and soil because of
the roughness. This issue can be illuminated by examining air-water inter-
facial area data measured by the GPITT method. As discussed in Section 1.3
of the SI, the GPITT method has been benchmarked by comparisons to the
NBSSA. Several theoretical and experiment-based studies have demon-
strated that the topography of the air-water interface duplicates that of
the solid surface when wetting films are very thin (high capillary pressures
and low water saturations). In such cases, the magnitude of air water inter-
facial area will be similar to that of the solid surface area. All reported
GPITT data sets are observed to extrapolate to the respective NBSSAs,
which confirms that the method produces accurate measurements of air-
water interfacial area. This indicates that the presence of the interfacial
tracer has no discernable influence on measured interfacial areas, and
hence has negligible apparent impact on interface configuration. The insen-
sitivity of measured air-water interfacial areas to potential differences in in-
terface configuration is demonstrated by the results of Peng and Brusseau
(2005) who reported that GPITT-measured interfacial areas for a sand
were similar under conditions of primary imbibition and pre-mixing
water with the medium (Fig. SI-2). This suggests that either the two
methods produced similar interface configurations or that the measure-
ments are insensitive to any differences produced. Similar results were re-
ported for AQITT-measured interfacial areas wherein values were similar
for drainage and imbibition conditions (Brusseau et al., 2007, 2015; El
Ouni et al., 2021). These results are supported by measurements of
water-film thicknesses on rough surfaces that showed no differences be-
tween drainage and imbibition conditions, indicating minimal change in
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wetting-film configuration (Tokunaga et al., 2003; Kim et al., 2012). They
are also supported by pore-scale modeling investigations that showed no
difference in simulated total interfacial areas between drainage and imbibi-
tion (Reeves, 1997; Chan and Govindaraju, 2011), and by XMT measure-
ments that have shown no difference in interfacial areas for sands or
Vinton soil wherein water was pre-mixed versus drainage conditions
(Brusseau et al., 2006; Costanza-Robinson et al., 2008) and no measurable
impact of interfacial-tracer presence on interface configuration or magni-
tude (Brusseau et al., 2007).

The results presented in the preceding paragraphs, in combination with
the results for the glass beads, validate the efficacy of the AQITT methods to
produce accurate and representative interfacial areas. Consequently, the
disparities between interfacial areas measured by AQITT and those deter-
mined by XMT and thermodynamic methods for the data sets presented
herein cannot logically be ascribed to uncertainties or errors in the AQITT
methods. This in turn provides compelling support to the hypothesis that
the disparities are due to the contributions of solid-surface roughness to
fluid-fluid interfacial areas. The degree to which the different measurement
methods characterize the contribution of roughness to interfacial area is in-
vestigated in the following section.

3.2. Contributions of interface domains to total interfacial area

This and prior studies have demonstrated that different methods can in
some cases produce different magnitudes of air-water interfacial area for
the same porous medium. The results in the preceding section indicate
that this is caused primarily by the differential contributions of solid-
surface roughness to the interfacial areas characterized by the different
methods. This phenomenon is demonstrated by comparing measured A,,-
S\ data sets reported for Vinton soil to the theoretical absolute-maximum
interfacial area present in the system (Fig. 1). The absolute-maximum inter-
facial area (Apay) is determined from application of the pore-scale model
developed by Jiang et al. (2020a), which was developed to explicitly
account for the contributions of solid-surface roughness. The absolute-
maximum interfacial area represents the total theoretically-possible interfa-
cial area present for a given wetting-fluid saturation based on the assump-
tion that the wetting films remain sufficiently thin such that the
contribution of solid-surface roughness to film-associated interface remains
at its maximum (i.e., there is no wetting-film masking). The A,,.x for a spe-
cific wetting-fluid saturation is equivalent to the solid surface area that is
available at that saturation.

Inspection of Fig. 1 shows that all of the measured air-water interfacial
areas are much smaller than the absolute-maximum air-water interfacial
area. The measurements obtained with GPITT produce the largest mea-
sured interfacial areas as discussed previously. These areas in most cases
will likely represent the maximum effective interfacial area potentially
available to interfacially active solutes. These areas represent on average
approximately 9 % of the absolute-maximum area across the 0.5 to 0.2
range of water saturation. The primary reason that the measured interfacial
areas represent such small proportions of the absolute-maximum interfacial
area is the impact of masking, wherein wetting films are sufficiently thick to
reduce the contribution of solid-surface roughness (Philip, 1978; Sweeney
et al., 1993; Costanza-Robinson and Brusseau, 2002; Kibbey, 2013; Jiang
et al., 2020a). The specific percentage increases significantly at the lowest
water saturations (<0.2), approaching for example ~50 % at a water satu-
ration of 0.05. Based on the model simulations, this occurs because the
great majority of pores are drained at this point and because the water
films have decreased in thickness such that the degree of masking has de-
creased significantly. The interfacial areas measured with the AQITT
methods represent an even smaller fraction of the absolute-maximum inter-
facial area, comprising only ~3.4 % on average over the measured range of
saturation and increasing from 2.6 % to 3.9 % as water saturation de-
creases. Notably, the interfacial areas measured with XMT are approxi-
mately 0.5 % of the absolute-maximum area.

The primary reason for the great disparity in measured values obtained
between the tracer and XMT methods in comparison to the absolute-
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maximum interfacial area is the differential contributions of solid-surface
roughness. The relative contribution of roughness-associated interfacial
area to the total air-water interfacial area measured by each of the methods
can be assessed by comparing the interfacial areas measured by GPITT and
AQITT to those measured by XMT. It is important to recall for this compar-
ison that the XMT-measured interfacial areas include the contribution of
both capillary and film-associated interfacial areas, but not the contribution
of solid-surface roughness. Hence, the XMT totals represent smooth-surface
equivalent interfacial areas. The XMT interfacial areas are approximately
10 to 30 % of the AQITT interfacial areas for Vinton soil. Hence,
film-associated interfacial area contributed by solid-surface roughness is
determined by difference to comprise approximately 70 to 90 % of the
total interfacial area measured by the AQITT methods. Similarly, the contri-
bution of roughness-associated interfacial area to the interfacial areas mea-
sured by the GPITT method is approximately 90 % or greater, given that the
XMT measurements are ~10 % or less of the GPITT measurements. Interest-
ingly, the difference between the tracer- and XMT-measured areas increases
as water saturation decreases. This indicates that the contribution of rough-
ness is greater at lower water saturations, which is consistent with the
model-based results of Jiang et al. (2020a, 2020b).

The preceding results highlight the fact that the contribution of solid-
surface roughness to film-associated interfacial area comprises a significant
portion of the total effective air-water interfacial area accessible to
interfacially active solutes. However, it is critical to note that the magni-
tudes of interfacial area contributed by solid-surface roughness as mea-
sured by the AQITT methods in particular represent just a very small
fraction of the total roughness-associated area that is present in the soil.
This result is consistent with the hypothesis of Costanza-Robinson and
Brusseau (2002) that the interfacial area measured by AQITT comprises a
small fraction of the total potential film-associated area. To our knowledge,
the present study represents the first demonstration of this functional inter-
relationship between interfacial areas obtained with different measure-
ment methods and the absolute-maximum potential interfacial area.
These results have significant implications for characterizing PFAS reten-
tion, given that the AQITT methods were demonstrated to produce the
most representative interfacial areas for the air-water interfacial adsorption
of PFAS (Section 5 of the SI). The following analyses will therefore focus on
comparisons of the AQITT results to theoretical and experiment-based
pore-scale investigations.

The observations that the interfacial areas measured with AQITT are
significantly greater than XMT-measured interfacial areas as well as the
respective GSSAs indicate that the air-water interfaces as characterized by
the interfacial tracer are rough rather than smooth. The AQITT-related
maximum air-water interfacial area A¥> can be compared to the GSSA to

define a roughness index as RA% . = AM™/GSSA, which represents the
comparative roughness of the tracer-characterized interface versus the
equivalent smooth surface. The values range between 2.4 and 5.8 for the
three sands of similar diameter (Figs. 2, SI-3, and SI-4) and is 8.3 for Vinton
soil, consistent with the greater solid-surface roughness of Vinton. How-
ever, the fact that the AQITT-measured interfacial areas represent small
proportions of the absolute-maximum interfacial area indicates that the

tracer-characterized air-water interfaces are considerably smoother than
the underlying solid surfaces. Comparison of A¥# to the NBSSA provides
a means to evaluate the effective roughness of the air-water interface, as
characterized by the interfacial tracer, relative to the solid-surface rough-
ness. The smooth-surface interfacial and surface areas (i.e., GSSA) are
subtracted from the AY®* and NBSSA, respectively, to scale the comparisons
specifically to the roughness-associated solid-surface area. The ratio of
these two differences produces what can be considered an index of the rel-
ative roughness of the air-water interface in comparison to the actual solid

surface: Ry1, = (Ape — GSSA)/(NBSSA — GSSA). The Ri%, is ~0.03 for
Vinton and ranges from 0.14 to 0.22 for the three sands. The small values
confirm that the air-water interfaces are much smoother than the solid sur-
faces. The observed increases in the contribution of roughness to air-water

interfacial area for lower water saturations suggest that the roughness of
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the interface increases at lower saturations. The Vinton soil has a much
greater magnitude of solid-surface roughness compared to the sands, with
an NBSSA that is >10-times greater. The smaller proportional contribution
of roughness for Vinton in conjunction with its much greater magnitude of
roughness suggests that relative film thickness is in general greater for
Vinton.

The results presented above can be compared to the seminal work of
Philip (1978), who presented an initial quantitative analysis of the configu-
ration of wetting fluid on rough surfaces and the impacts on film thickness
and the fluid-fluid interface. The analysis considered both adsorption and
capillary contributions to wetting and included an illustrative example for
a water-solid system. The results showed that the air-water interface is
rough for a rough solid surface, and that the interface roughness is a function
of film thickness. The air-water interface mimics the rough solid surface for
very thin films, and becomes smoother as film thickness increases. It was also
shown that film thicknesses were greater for rougher surfaces. Sweeney et al.
(1993) also conducted a theoretical analysis of wetting-fluid configuration
on rough solid surfaces and the impact on film thickness and the fluid-
fluid interface. They similarly showed that the fluid-fluid interface transi-
tions from smoother to rougher as capillary pressure increases, and that
the surface of the interface is similar to that of the rough solid surface at
high pressures. The results of another theoretical analysis similarly showed
that the roughness of the air-water interface is similar to that of the solid sur-
face for thin films (Bazrafshan et al., 2018). Investigations employing direct
measurements of wetting films on rough surfaces conclusively demonstrate
that fluid-fluid interfaces are rough, and that the interface is similar to that
of the solid surface for thin films (Zhao and Cerro, 1992; Sun et al., 2021).
Additionally, studies reporting direct measurements of film thicknesses
have shown that films are thicker for rough versus smooth surfaces and
that the films thin as capillary pressure is increased (Tokunaga et al., 2000,
2003; Kim et al., 2012, 2013). The results presented herein indicating that
tracer-characterized air-water interfaces are rough, that they are smoother
than the solid surfaces, that the interface roughness increases at lower satu-
rations, and that film thickness is greater for the medium with greater rough-
ness are consistent with the results of all of these prior studies.

The present results can additionally be compared to the study by Kibbey
(2013), who also conducted a theoretical analysis of water configuration on
rough surfaces and impacts to film thickness and the air-water interface. The
results demonstrated that the air-water interfaces exhibited roughness even
at very low capillary pressures. The fact that the air-water interfaces exhib-
ited roughness was reflected in the observation that the calculated air-water
interfacial areas were greater than the smooth-surface solid-surface area for
all capillary pressures examined. Additionally, the roughness of the air-
water interface was shown to increase at greater capillary pressures as the
films thinned. Consequently, the difference between the air-water interfa-
cial area and the smooth-surface solid-surface area also increased. These
outcomes clearly illustrate that solid-surface roughness causes air-water in-
terfaces to be rough, and that this results in air-water interfacial areas ex-
ceeding those equivalent to smooth surfaces. This is consistent with the
results presented in the studies discussed in the preceding paragraph.

Analysis of the configurations and thicknesses of the water films indi-
cated that only a small proportion of the actual solid-surface roughness
was manifest in the air-water interfacial areas (Kibbey, 2013). In other
words, the air-water interfaces were smoother than the underlying solid
surfaces. This is also consistent with the results presented in the studies dis-
cussed in the preceding paragraph. A Rﬁmh can be calculated for the illus-
trative example provided for a sand (Table 1 and Fig. 8, Kibbey, 2013),
which is ~0.28 for the highest capillary pressure. Hence, the air-water in-
terface is approximately one quarter as rough as the solid surface at that
pressure. The muted impact of roughness was attributed to the relative
thicknesses of the water layers. For example, it was estimated that at the
highest capillary pressure only 5 % of the surface-associated water would
be considered adsorbed water for the sand (Kibbey, 2013).

Recall from above that only a very small fraction (~3.5 %) of the total
solid-surface roughness contributed to the air-water interfacial areas mea-
sured by the AQITT methods for Vinton soil. Additionally, Rﬁ)‘fgh values
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ranging between 0.14 and 0.22 were calculated for the sands. These rela-
tively small proportional contributions of solid surface roughness are in
complete agreement with the Kibbey results. Additionally, the results
herein indicated that the tracer-characterized air-water interfaces were sig-
nificantly smoother than the solid surfaces and that the contribution of
solid-surface roughness to air-water interfacial area increased at lower
water saturations. These observations are also fully consistent with the
Kibbey results.

While the two sets of results are congruent, the conclusions reached dif-
fer significantly. Kibbey concluded that the relatively small proportional
contributions of roughness to air-water interfacial area are of inconsequen-
tial importance, and therefore proposed that air-water interfacial area is
reasonably well represented by the smooth-surface solid surface area. How-
ever, the GPITT- and AQITT-measured interfacial areas reported in the
present study for the soil and sands, which have been independently
validated, greatly exceed the respective GSSAs. Additionally, the smooth-
surface assumption will be demonstrated in Section 3.4 to produce inaccu-
rate air-water interfacial areas that fail to reproduce multiple measured
PFAS retention and transport data sets. Conversely, the results presented
herein demonstrate that the relatively small proportional contributions of
solid-surface roughness provide a very significant impact to measured air-
water interfacial areas. Methods to characterize solid-surface roughness in
relation to fluid-fluid interfacial areas, the relationship between roughness
and medium properties, and methods to quantify its impact were discussed
in detail in Jiang et al. (2020b).

3.3. Estimating air-water interfacial areas

To be robust, the estimation method should be based on measurement
or prediction methods that produce representative interfacial areas for
the relevant application. The results presented in Section 5 of the Sl indicate
that the AQITT methods provide the most representative air-water interfa-
cial areas for air-water interfacial adsorption of PFAS in unsaturated porous
media, consistent with the conclusion of Brusseau and Guo (2021). This is a
logical outcome given that these methods produce measurements of an ef-
fective total air-water interfacial area that is accessible to the interfacial
tracer, which is typically a surfactant or other interfacially active solute.
Hence, the measurements of air-water interfacial area are conducted
under conditions similar to those relevant for PFAS transport in unsaturated
media.

Another important criterion for robust estimation methods is that they
produce representative interfacial areas for the full range of water satura-
tion. It has been widely demonstrated that water saturation is a critical fac-
tor mediating the magnitude of air-water interfacial area present in a given
porous medium. The relationship between air-water interfacial area and
water saturation has been represented with both linear and nonlinear func-
tions, depending in part upon which measurement method was employed
as well as which media were used for the measurements. A comprehensive
discussion of this issue is presented in Section 6 of the SI, the results of
which support the conclusion that the A,,,-S,, relationship is inherently
nonlinear. The degree of nonlinearity that will be manifest in measure-
ments for a given porous medium will depend upon properties of the me-
dium (e.g., pore-size distribution, solid surface area magnitude and
structure) and the measurement method employed (e.g., the degree to
which the method characterizes roughness contributions), as demonstrated
and discussed in detail in Jiang et al. (2020a). Any relevant estimation
method needs to reflect the nonlinear nature of the A,,,-S,, relationship to
produce reasonable and representative interfacial areas.

Several methods have been used to estimate air-water interfacial areas
(see Section 1.7 in the SI). Three primary ones are presented in Egs. (1)-
(3). As discussed in the SI, none of the three existing methods are
anticipated to be adequate for producing estimates representative of the
air-water interfaces relevant for air-water interfacial adsorption of PFAS
and other interfacially active solutes. This will be further demonstrated in
the following section. In addition, the empirical correlation reported by
Peng and Brusseau (2005) based on measured GPITT data should not be
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used because interfacial areas measured with the method greatly exceed
those measured by AQITT methods at lower water saturations. Therefore,
new estimation methods are needed. Three new estimation methods are de-
veloped herein based on the outcomes of the preceding investigations. Mea-
sured data sets reported by Brusseau and colleagues for Vinton soil, 0.35-
mm sand, and 1.2-mm sand are used as training data to develop the new es-
timation methods. These data sets have been validated in multiple ways as
discussed above.

The first method is termed the AQITT-based nonlinear method. A
three-step procedure was employed in the development. First, a nonlinear
polynomial function was fit to each individual A,,-S,, data set to obtain
an effective maximum air-water interfacial area (AQ@:X). The three sets of
training A,,-Sy, were then plotted with their measured interfacial areas nor-
malized by their respective maximum interfacial areas to establish a master
A,w-Sw function. Finally, the normalized literature data sets were plotted
with the training data to test the generality of the master function.

Inspection of the resultant plot reveals that a single nonlinear function
provides a reasonably good representation of all the measured data sets,
recognizing that significant data scatter exists for some of the data sets
(Fig. SI-5 in Section 7 of the SI). It is important to emphasize that only the
three training data sets were used to establish the master function. The abil-
ity of this function to represent the literature test data reasonably well indi-
cates that the master function is relatively robust. Hence, this function
serves as a means to determine an estimated normalized air-water interfa-
cial area for a given porous medium as a function of water saturation.
Knowledge of the AY™ is required to employ this method to determine spe-
cific interfacial areas. A correlation to the NBET specific solid surface area
was determined, based on all data sets for which NBSSAs were available,
as: AM™ = 761 x logNBSSA — 2025; r* = 0.986, where AM™ and NBSSA
both have units of cm ~*. Combining this with the equation presented in
Fig. SI-5 produces the combined function to estimate air-water interfacial
area:

[0.83(1 — Sy + 0.16(1 — sw)}
x [761 x logNBSSA — 2025] 4

Aaw(Sw) =

It should be noted that the great majority of measured data sets used to
establish the estimation method comprise relatively ideal media. Addi-
tional measurements need to be conducted using soils comprising a range
of physical and geochemical properties to further develop the method.

This new estimation method requires measured NBET solid surface
areas, which is a standard measurement available at select commercial lab-
oratories. Hence, it is anticipated that this approach can be readily applied
in many cases. There may be instances however where such data are not
available. A second empirical estimation method is developed as an alterna-
tive for such cases. The estimation method presented by Lyu et al. (2018)
has an advantage in that the required correlation input parameter, median
grain diameter, is a simple and commonly reported measure. However, the
method does not represent the nonlinear nature of the A,,,-S,, relationship.
This estimation method can be revised to address this limitation by devel-
oping a correction factor. This revised method is termed the corrected
AQITT-based linear method.

The air-water interfacial-area ratios of the nonlinear-function values
(polynomial fits) and the linear-based estimates are plotted in Fig. SI-6
(Section 7 of the SI) for the three training data sets. The ratios are observed
to be linear inverse functions of water saturation. Additionally, the values
for the three media are comparatively similar. The mean of the three func-
tions is selected for use as a representative correction factor to translate air-
water interfacial areas estimated with the linear estimation method to
equivalent nonlinear-based values. The combined function to estimate
air-water interfacial area is given by:

Amusw) = [—285 x Sy + 3.6]
x [(1=Sw) x 3.9 x ds = ' 5
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This estimation approach can be used for cases wherein soil texture and
grain-size distribution data are the only relevant soil-property information
available.

The two new empirical estimation methods as well as the existing esti-
mation methods represented by Egs. (1) and (2) all involve determining a
maximum air-water interfacial area for the selected porous medium, and
then applying a linear or nonlinear A,,-S,, function to estimate an A,,, for
a specific water saturation. Costanza-Robinson and Brusseau (2002) intro-
duced the concept of using solid surface areas to scale measured air-water
interfacial areas, and investigated the use of GSSA and NBET solid-surface
areas for the scaling. The estimation methods presented by Costanza-
Robinson et al. (2008) and Wallis et al., 2022 use the GSSA, whereas the
first new method presented above uses the NBSSA. This latter approach is
consistent with prior work that developed correlations for estimating air-
water or NAPL-water interfacial areas based on the NBSSA to account for
the contributions of solid-surface roughness (Peng and Brusseau, 2005;
Brusseau et al., 2010). Of the two specific solid surface areas typically
used as reference, it is likely that the NBET-measured area will be more rel-
evant for the air-water interfacial adsorption of PFAS and other interfacially
active solutes given the significant contributions provided by solid-surface
roughness demonstrated in Section 3.2. Therefore, it is anticipated that
the new empirical estimation methods, which account directly or indirectly
for roughness contributions, will produce more representative estimates in
comparison to methods based on scaling to the GSSA. This will be evaluated
in Section 3.4.

The thermodynamic method is a convenient approach that has been
used as an alternative to determine air-water interfacial areas in lieu of di-
rect measurement (SI, Section 1.5). However, the results presented in this
and prior studies clearly demonstrate that this method does not produce
representative air-water interfacial areas for characterizing air-water inter-
facial adsorption of PFAS. While thermodynamic-determined values should
not be used directly, they may be used with the application of a scaling
procedure. Guo and Brusseau introduced the concept of scaling
thermodynamic-determined air-water interfacial areas to values that
would be representative for the retention and transport of PFAS (Zeng
etal., 2021; Guo et al., 2022). This was accomplished by developing a func-
tional relationship between air-water interfacial areas determined with the
thermodynamic method and values measured for the same porous medium
with the AQITT method (Zeng et al., 2021). The scaling function can then
be applied to thermodynamic values produced for other media for which
measured SWC data are available. This approach can also be used with
SWC data obtained from means other than measurement. Guo et al.
(2022) developed scaled thermodynamic estimates of air-water interfacial
area for several soils, with the SWC parameters obtained from the Rosetta
pedotransfer model (Zhang and Schaap, 2017). Hence, this approach can
be used even in the absence of measured SWC data. In this case, surrogate
soil properties such as those representing texture can be characterized for
the soil, and the resultant measurements used to obtain estimates of soil hy-
draulic parameters that are then employed to produce air-water interfacial
areas with the thermodynamic method. The scaling procedure is then ap-
plied to these values to produce interfacial areas representative for air-
water interfacial adsorption. Silva et al. (2022) presented an estimation
method employing the same approach as Zeng et al. (2021) that scaled
thermodynamic-determined interfacial areas to AQITT-measured values,
using the measured A,,,-S,, data sets of Brusseau and colleagues for the
Vinton soil (Fig. 1) and 0.35-sand (Fig. 2). However, they incorrectly ex-
cluded portions of the measured data sets, which resulted in significantly
smaller scaling factors compared to those of Zeng et al. and those reported
below (see Section 1.7 of the SI). Silva et al. did not test their estimation
method against independent data sets, but the smaller scaling factors they
obtained may likely lead to underestimates of representative air-water in-
terfacial areas.

The approach developed by Guo and Brusseau is expanded upon herein,
which constitutes the third new estimation method. AQITT-measured and
thermodynamic-determined air-water interfacial areas are compared for
the three training media (Vinton soil, 0.35-mm sand, and 1.2-mm sand).
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Note that the mean of 5 separate SWC measurements, spanning a range of
porosities and bulk densities, was used for the Vinton soil to account for
the inherent variability of soils. The ratios of the two sets of interfacial
areas for each of the three media are presented in Fig. SI-7 Top (Section 7
of the SI). It is observed that the ratios vary over a relatively narrow
range as a function of water saturation, as was reported previously (Zeng
etal., 2021). In addition, the ratios for all three media are relatively similar.
The specific profiles differ somewhat among the three, likely due at least in
part to their respective grain/pore-size distributions. These ratios can be
used as scaling factors (SF) for translating thermodynamic-determined
values to interfacial areas consistent with those measured by the AQITT
methods.

Mean ratios determined for the data sets are 4.5 (4 %), 4.8 (6 %), and
4.9 (3 %) for the 1.2-mm sand, 0.35-mm sand, and Vinton soil, respectively,
across a water-saturation range of 0.2-0.8. The values in parentheses are
the coefficients of variation for the 95 % confidence intervals. The selected
water-saturation range is used to eliminate some of the extreme changes in
the ratio, and represents a typical range of saturations encountered in the
field. Given the similarity in mean ratios, the simplest approach for apply-
ing this scaling-factor estimation would be to use a standard fixed value
for all soils and saturations (Zeng et al., 2021). Alternatively, the moderate
impact of grain size can be accounted for to determine a medium-specific
scaling factor. The mean ratios are a function of the median grain diameter,
with a correlation equation of SF,ean = —0.45 X dsg + 5, 2 = 0.989.

The preceding equation produces scaling factors averaged across the en-
tire range of water saturation. An additional function can be applied to ac-
count for the water-saturation dependency observed in Fig. SI-7 Top. The
ratios of AQITT-measured and thermodynamic-determined air-water inter-
facial areas normalized by the respective mean ratios are plotted in Fig. SI-7
Bottom (Section 7 of the SI). Also presented is the mean of the three sets of
normalized ratios. It is observed that the mean can be approximated reason-
ably well with a linear function. This function can be combined with the
prior scaling-factor equation to produce the following:

SFsw = [—065Sy + 1.33] x [—045dsy + 5] )

This equation can be used to calculate a scaling factor for a given porous
medium and specific water saturation. It is critical to note that this correla-
tion is based on only three data sets. Therefore, there is inherent uncertainty
in its applicability beyond sands and sandy soils. Additional characteriza-
tion is needed with a range of soils to further test the correlation.

3.4. Comparison and testing of estimation methods

The significant differences in estimated interfacial areas produced with
the new versus the existing methods are illustrated for Vinton soil in Fig. 4.
The interfacial areas estimated with the GSSA-based linear approach
(Eq. (1)), wherein the maximum possible interfacial area is equal to the
GSSA, are significantly smaller than the measured values. The GSSA-
based interfacial areas approach a factor of 10 smaller for low saturations.
The non-representativeness of the AQITT-based linear method (Eq. (2))
for moderate and lower water saturations is clearly illustrated, wherein
the estimated interfacial areas begin to deviate from the measured areas
at water saturations of approximately 0.88. As the water saturation de-
creases below this range, the deviation increases greatly, with the estimated
interfacial areas several factors smaller than the measured at the lowest sat-
urations. Similar results are observed for the 0.35-mm sand, with deviations
beginning at ~0.7 water saturation (data not shown). The specific water
saturation below which significant deviations begin may vary somewhat
based on soil properties. The inadequacy of the thermodynamic approach
(Eq. (3)) is also illustrated in Fig. 4, wherein the interfacial areas are several
times smaller than the measured values as noted previously. In contrast to
the existing methods, the interfacial areas produced with the three new es-
timation methods (AQITT-based nonlinear, corrected AQITT-based linear,
and scaled thermodynamic) all reproduce the measured data very well.
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Fig. 4. Comparison of air-water interfacial areas estimated with existing and new methods to measured data for Vinton soil.

The effectiveness of the different existing and new estimation methods
for producing representative air-water interfacial areas is evaluated by test-
ing with four independent PFAS retention and transport data sets. The first
test uses data for PFOA transport in unsaturated commercial sand (Unimin
Corp.) reported by a separate research group (Lyu et al., 2020). They deter-
mined retardation factors from the breakthrough curves measured for
PFOA transport in two sands with different median diameters. They then
determined air-water interfacial areas from the measured retardation fac-
tors, with measured values known for all other parameters. The SWC and
NBET data (Schroth et al., 1996; Peng and Brusseau, 2005; Brusseau and
Guo, 2021) used to parameterize the estimation methods comprise mea-
surements conducted for sands of similar size obtained from the same
source (Unimin Corp).

The measured interfacial areas are presented in Table 1, along with
interfacial areas estimated with the different methods. The estimated inter-
facial areas obtained with the GSSA-based linear and standard-
thermodynamic methods are approximately 6 times smaller than the mea-
sured areas, while those estimated with the AQITT-based linear method are
roughly 3 times smaller. Conversely, the estimated interfacial areas ob-
tained with the three new methods are all significantly closer to the mea-
sured values. While the measured data set comprises only two values and
measurement uncertainty needs to be kept in mind, these results further il-
lustrate the large differences in estimated values obtained with the new

Table 1
Comparison of estimated air-water interfacial areas to measured values.

Method 0.75-0.85 sand 0.35-0.45 sand
Agy (em™) Ag (em™)
Measured (Lyu et al., 2020) 161 272
GSSA-based linear 26 50
AQITT-based linear 45 102
Thermodynamic 24 45
AQITT-based nonlinear 191 203
Corrected AQITT-based linear 104 237
Scaled thermodynamic 125 233
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versus existing methods, and that the former are clearly more representa-
tive of the measured data.

The second test employs data reported by Li et al. (2021) for PFOA
transport in the same sand as used in the Lyu et al. (2020) study discussed
above. A representative measured breakthrough curve is presented in
Fig. 5, along with simulated breakthrough curves obtained using interfacial
areas determined from the different estimation methods. It is clear that the
measured retardation is greatly underpredicted when using interfacial
areas produced with the three existing estimation methods, indicating
that the respective estimated interfacial areas are too small. Conversely,
the simulations produced using interfacial areas from the three new
methods produce much better matches to the measured data, particularly
the corrected AQITT linear and scaled-thermodynamic methods. This
congruency indicates that these methods produced estimated air-water in-
terfacial areas that are representative of the measured PFOA air-water inter-
facial adsorption.

The third test employs measured PFAS porewater-concentration data
reported by Schaefer et al. (2022), who conducted a pilot field study at a
site impacted by aqueous film-forming foam to investigate PFAS distribu-
tion in the vadose zone (see Section 5 of the SI for details). They compared
predicted and measured porewater concentrations for PFOA, PFOS, and
perfluoroheptanesulfonate (PFHpS), with the latter two reported to be sig-
nificantly impacted by air-water interfacial adsorption. The measured data
for those two are presented in Table 2 along with estimated concentrations
obtained using air-water interfacial areas from the different estimation
methods presented herein. No SWC data were reported for the site media.
Therefore, data measured for the 0.35-mm sand are used as a surrogate.
This is anticipated to be a reasonable proxy given the similar grain diame-
ters and the fact that the site medium comprises 90-92 % sand. The
porewater concentrations were calculated using the comprehensive-
distribution model developed for PFAS (Brusseau and Guo, 2022). The
sources of the required input parameters are noted in Table 2.

The estimated porewater concentrations obtained with the GSSA-based
linear correlation and the standard-thermodynamic method are approxi-
mately 28,000 and 30,000 ng/L respectively, which are roughly three
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Fig. 5. Measured and simulated transport of PFOA in unsaturated sand (S,, = 0.64; input concentration = ~7 pg/L; 30 mM CaCl, solution). Measured data from Li et al.,
2021. Simulations produced with the model of Brusseau (2020). All input parameters are constant except for the air-water interfacial area, which is estimated using the
methods discussed in the main text. The estimated values range from 24 to119 cm ™~ '. Values for the equilibrium sorption coefficient, air-water interfacial adsorption

coefficient, bulk density, and porosity are reported in the source paper.

times larger than the measured porewater concentration of 10,000 ng/L.
The similarity of the two estimates supports the use of the surrogate SWC
data for the thermodynamic determination, given that GSSA-based and
thermodynamic-based results were shown to be very similar in the prior as-
sessments (Figs. 4, 5 and Table 1). The AQITT-based linear method pro-
duces an estimate of ~21,000, approximately double that of the
measured concentration. Similar results are observed for PFHpS, wherein
the estimated porewater concentrations obtained with the three existing
methods are 2-2.5 times larger than the measured concentration. These re-
sults demonstrate that the air-water interfacial areas obtained with the
existing estimation methods are too small to adequately quantify the mag-
nitude of air-water interfacial adsorption that is mediating the measured
porewater concentrations. Conversely, the estimated porewater concentra-
tions obtained with the corrected AQITT-based method and the scaled-
thermodynamic method are much closer to the measured values for both
PFOS and PFHpS. While this analysis does not directly account for uncer-
tainty in the measured or predicted porewater concentrations, their poten-
tial impacts are mitigated by the use of the same set of values for all input

Table 2
Comparison of estimated PFAS porewater concentrations obtained with different
air-water interfacial areas to measured values.

Method Porewater concentration (ng/L)
PFOS PFHpS
Measured (Schaefer et al., 2022) 10,000 410
GSSA-based linear 28,280 1000
AQITT-based linear 20,940 860
Thermodynamic 29,930 1025
Corrected AQITT-based linear 11,690 597
Scaled thermodynamic 12,480 620

parameters except for the A,,, estimates. These results again illustrate the
significant differences in interfacial areas estimated with the existing and
new methods, and provide support for the robustness of the new methods
for estimating air-water interfacial areas that are representative for quanti-
fying the air-water interfacial adsorption of PFAS.

The fourth test employs measured PFAS porewater and soil concentra-
tions obtained from an outdoor lysimeter experiment. The raw data re-
ported in Felizeter et al. (2021) were analyzed by Brusseau and Guo
(2022) using the newly developed PFAS mass-distribution model to com-
pare predicted versus measured soil-to-porewater concentration ratios.
Comparisons of predicted concentration ratios obtained using interfacial
areas estimated with two estimation methods, one existing and one new,
are compared to the measured data in Table 3 for the most surface-active
PFAS. SWC data are not available to use the thermodynamic-based
methods. It is observed that the predicted ratios produced with corrected
AQITT-based method are closer to the measured data compared to the
GSSA-based linear method. This is consistent with the prior tests.

The preceding analyses support the conclusion that the three existing
estimation methods tested are inadequate for producing estimated air-
water interfacial areas that are relevant for air-water interfacial adsorption
of PFAS. Conversely, the results of the testing demonstrate that the new es-
timation methods are capable of producing representative interfacial areas

Table 3
Comparison of estimated PFAS soil-porewater concentration ratios obtained with
different air-water interfacial areas to measured values.

Method PFOS PFNA PFDA PFUnDA PFTDA
Measured (Brusseau and Guo, 2022)  28.9 7.9 37.5 128 233
GSSA-based linear 10 3.8 13.8 41 175
Corrected AQITT-based linear 27.2 8.7 37.8 94 259

Parameter sources: mean grain diameter (Schaefer et al., 2022); mean water satura-
tion (Schaefer et al., 2022, Fig. 2); equilibrium sorption coefficients, K4 (Schaefer
et al., 2022); air-water interfacial adsorption coefficients (Brusseau and Van
Glubt, 2021); SWC (Brusseau and Guo, 2021).

PFOS = perfluoroctane sulfonic acid; PFNA = Perfluorononanoic acid; PFDA =
Perfluorodecanoic acid; PFUNDA = perfluoroundecanoic acid; perfluorotridecanoic
acid (PFTDA). Details on parameters used for the calculations are presented in
Brusseau and Guo (2022).
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that adequately quantify the adsorption of PFAS at the air-water interface
and the resultant impact on PFAS retention and transport in unsaturated
porous media. This difference in efficacy is due to two primary factors.
One is that the new methods in some manner account for the contribution
of solid-surface roughness to interfacial area, which was demonstrated
in Section 3.2 to be greatly significant. This is accomplished either di-
rectly by determining maximum interfacial areas from correlation to
the NBSSA, or indirectly by scaling interfacial areas to be consistent with
AQITT-measured values, which implicitly account for roughness. The
other major factor is that the new methods account in some manner
for the nonlinear relationship between air-water interfacial area and
water saturation.

The results presented in this section have critical implications for char-
acterizing and quantifying the air-water interfacial adsorption of PFAS and
other interfacially active solutes, and the concomitant impacts to retention
and transport. This is illustrated by the results presented in Brusseau and
Guo (2021), who conducted mathematical modeling to investigate the im-
pact of estimated versus measured air-water interfacial areas on simulated
PFOA leaching in the vadose zone for a representative fire-training sce-
nario. The predicted travel times for PFOA migration to groundwater varied
from 3 to 20 years depending on the respective air-water interfacial area
used in the simulation (all other parameters were constant). The predicted
travel time was 6 years for the simulation that used an interfacial area ob-
tained from XMT data, which is equivalent to the GSSA-based linear estima-
tion method. The predicted travel time was also 6 years for the simulation
using the interfacial area obtained with the thermodynamic method. The
predicted travel time was 20 years for the simulation that used an interfa-
cial area obtained from measured AQITT data. Similar under-predictions
of PFAS retention and travel times obtained using interfacial areas produced
with the existing estimation methods are evident in the independent-data
testing results.

The preceding illustrates how differences in estimated interfacial areas
can translate to significant differences in predicted PFAS retention and
transport in unsaturated media. Hence, it is critical to employ estimation
methods that produce representative magnitudes of air-water interfacial
area. The results suggest that PFAS studies that have used one of the existing
methods to estimate interfacial areas have the potential to under-predict the
contributions of air-water interfacial adsorption to PFAS retention. For ex-
ample, interfacial areas estimated with the standard-thermodynamic
method and the GSSA-based linear method were used in the PFAS modeling
studies reported by Silva et al. (2020) and Wallis et al., 2022, respectively.
The resultant estimated interfacial areas are much smaller than the values
measured herein for the sand and soil. Conversely, Gnesda et al. (2022)
used the empirical correlation from Peng and Brusseau (2005) that is
based on measured GPITT data. Hence, the estimated interfacial areas for
low water saturations are likely to be greater than those determined herein
to be representative of PFAS retention.

3.5. Determining air-water interfacial areas for field applications

A critical issue for characterizing and modeling the retention and transport
of PFAS and other interfacially active solutes in vadose zones at field sites is
the determination of representative air-water interfacial areas. The GPITT
and AQITT methods can be employed at the field scale to produce in-situ mea-
surements of air-water interfacial area. A notable aspect of the GPITT method
is that a suite of tracers can be used to characterize different retention domains
(Brusseau et al., 1997). For example, a water-partitioning tracer can be used
to measure water saturation. Costanza-Robinson et al. (2013) demon-
strated a pilot field-scale application of the GPITT for measuring water sat-
urations and air-water interfacial areas to successfully predict retardation
and vapor-phase transport of trichloroethene. The air-water interfacial
areas measured with the GPITT will need to be scaled to be representative
for characterizing the aqueous-phase transport of PFAS and other
interfacially active solutes. Details of the method and issues for field-scale
applications are presented in Brusseau et al. (2003). While it is feasible to
conduct interfacial tracer tests at the field scale, they represent non-
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standard methods that may not be practical for routine application in
many cases. Another approach would be to collect soil samples from the
site of interest and measure air-water interfacial areas in the laboratory,
using preferably an AQITT method. This site-specific A,,,-S,, relationship
would then be used along with measured water saturations to determine
air-water interfacial areas for the conditions present at the site. Again, how-
ever, this approach may not be possible in many cases as most commercial
laboratories do not conduct measurements of air-water interfacial area. The
alternative is to employ a robust estimation method, wherein surrogate soil
properties are characterized either in-situ or in the laboratory and water
saturations are measured to support the application of the estimation
method.

A number of factors need to be considered when measuring and estimat-
ing air-water interfacial areas for field-scale applications. First, it is critical
to note that measurements of water saturation are required for establishing
measured A,,-S,, relationships and for determining representative esti-
mates. Such measurements are not routinely conducted at most sites, partic-
ularly periodically over long time frames. Multiple methods are available to
measure water saturations at the field scale. Efforts should be made to in-
corporate measurements of water saturation as a routine method of investi-
gation for PFAS-impacted sites.

Another critical factor to consider is the potential spatial variability of
air-water interfacial area due to soil heterogeneity. Interfacial area can
vary across a site due to variability in the inherent maximum interfacial
areas of different soils. For example, interfacial areas for a medium with
large fractions of silt and clay are typically much larger than for a coarse
sand for a given water saturation (e.g., Peng and Brusseau, 2005). Interfa-
cial area can also vary due to spatial variability in water saturations,
which are also a function of soil properties. More research is needed to de-
termine the degree to which air-water interfacial area is spatially variable at
sites, and the scale and resolution to which such variability needs to be
characterized and quantified.

Other factors to consider involve the dynamic aspects of water move-
ment and distribution in the vadose zone and their impacts on air-water in-
terfaces. One aspect to consider is potential hysteresis of the air-water
interface as the vadose zone undergoes cycling through infiltration, redis-
tribution, and drainage events. Prior research has demonstrated that total
interfacial areas as measured by interfacial tracer tests exhibit minimal im-
pacts of hysteresis (Brusseau et al., 2007, 2015; El Ouni et al., 2021). The
results of XMT measurements (Brusseau et al., 2007, 2009; Porter et al.,
2010; Landry et al., 2011) and pore-scale modeling investigations (Reeves,
1997; Chan and Govindaraju, 2011) support this observation. This is a result
of film-associated area typically comprising a major fraction of total interfa-
cial area, especially at moderate and lower water saturations. However, cap-
illary interfacial area is influenced by hysteresis (e.g., Culligan et al., 2004).
This could influence the status of pore-scale flow and transport pathways,
which in turn could affect the accessibility of air-water interfaces. In addi-
tion, potential interface-accessibility and mass-transfer limitations could be
exacerbated in heterogeneous or structured soils for which preferential
flow phenomena are prevalent.

Another aspect relevant during infiltration and drainage cycles is the
change in air-water interfacial area due to temporal changes in water satu-
ration. Changes in water saturation will clearly cause changes in the magni-
tude of air-water interfacial areas as a function of the governing A,,,-S\y
relationship. If characterizing the temporal variability of air-water interfa-
cial area is an objective of a project, the monitoring of water saturations
at the site will need to be of sufficient frequency to characterize the tempo-
ral changes in water saturation. The use of automated measurement instru-
mentation would facilitate the collection of such data.

An additional aspect is the movement of air-water interfaces under non-
steady flow conditions prevalent during infiltration and drainage cycles. It
is typically assumed that air-water interfaces are effectively immobile dur-
ing steady-state flow. The successful independent-prediction simulations of
measured surfactant transport data with this assumption employed for both
hydrocarbon surfactants and PFAS indicates that air-water interfaces can
be treated as effectively immobile under relevant conditions. This is also
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supported by the results presented in Section 3.1. Conversely, some, pri-
marily capillary, air-water interfaces will be mobile during nonsteady
flow, which can translocate matter that is adsorbed at the mobile interfaces
(e.g., Lazouskaya et al., 2011; Chahal et al., 2016).

In considering the dynamic aspects discussed in the preceding
paragraphs, it is important to distinguish between short-term events and
long-term conditions and how the two impact the relevant status of air-
water interfacial areas. The impacts of individual infiltration/drainage
events are typically dampened with depth (e.g., Turkeltaub et al., 2014;
Dickinson and Ferré, 2018; Zhou et al., 2018). As a result, the systems are
generally treated as quasi-steady state for analyses focusing on extensive
time scales. The adequacy of assuming steady-state conditions for assessing
long-term leaching behavior of PFAS in the vadose zone was demonstrated
by Guo et al. (2022). Hence, measurements or estimates of air-water
interfacial area under quasi-steady state conditions are anticipated to
be adequate for site-characterization projects focused on longer-term
applications. In these cases, a representative long-term average water sat-
uration would be determined, along with a corresponding representative
air-water interfacial area. Conversely, projects focused specifically on the
impacts of infiltration and recharge should consider the dynamics-related
factors discussed above.

4. Conclusion

This study produced several key outcomes relevant to the determination
of air-water interfacial areas in general, and specifically for applications fo-
cused on air-water interfacial adsorption of PFAS and other interfacially ac-
tive solutes. The first key outcome is the determination of the reason for the
differences in air-water interfacial areas measured with AQITT methods
versus those determined with XMT and thermodynamic methods. Some in-
vestigators have speculated that these differences were due to errors or ar-
tifacts of the AQITT method, whereas others have hypothesized that the
disparities are related to the impact of solid-surface roughness on interfacial
area. It was demonstrated that the multiple diverse methods produced con-
sistent interfacial areas for glass beads that have minimal surface rough-
ness. This concurrence provides validation of the AQITT methods, and
clearly negates the speculation that the differences are due to errors or arti-
facts in the AQITT method. Consequently, the results indicate the role of
solid-surface roughness in the disparities.

A second relevant outcome was that a comparison of measured interfa-
cial areas to the absolute-maximum potential interfacial area indicated that
roughness contributions are a major component of GPITT- and AQITT-
measured interfacial areas. However, these contributions represent a very
small proportion of the total solid-surface roughness. The analyses indi-
cated that the air-water interface as characterized by tracer tests is rough,
but significantly smoother than the solid surface. In addition, the results
indicated that interface roughness increases at lower saturations. These re-
sults are fully consistent with outcomes of both theoretical and experiment-
based studies that have investigated the configuration of wetting films on
rough surfaces and related impacts to film thickness and interfacial area,
all of which demonstrate that fluid-fluid interfaces are rough for rough
solids. There is no question that solid-surface roughness causes interfacial
areas to exceed equivalent smooth-surface areas. The question is to what
magnitude does roughness-associated area manifest for a particular me-
dium and system conditions, and to what extent it is accessible and measur-
able by any specific measurement method.

A third important outcome is the identification of methods that do and
do not produce representative air-water interfacial areas for characterizing
the air-water interfacial adsorption of PFAS. Some investigators have pro-
posed that air-water interfacial areas are equivalent to the smooth-surface
solid surface area (GSSA). However, the results presented herein over-
whelming show that GPITT- and AQITT-measured interfacial areas for
sands and a soil are significantly greater than the respective GSSAs. This
is consistent with the results of prior theoretical and experiment-based stud-
ies demonstrating fluid-fluid interfaces are rough. The results also clearly
demonstrate that air-water interfacial areas measured by GPITT and
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AQITT for sands and a soil are significantly greater than interfacial areas de-
termined with the thermodynamic method. The many measured data sets
presented herein comprise data measured by multiple investigators with
several different methods. Critically, it was demonstrated in Section 3.4
that both the smooth-surface assumption and standard thermodynamic
method produced inaccurate air-water interfacial areas that failed to repro-
duce multiple measured PFAS retention and transport data sets. Based on
these results, it is recommended that the GSSA- and thermodynamic-
based methods should not be used to estimate interfacial areas for applica-
tions involving the air-water interfacial adsorption of PFAS and other
interfacially active solutes. In contrast, the results showed that interfacial
areas measured with AQITT methods accurately represent that air-water in-
terfacial adsorption of PFAS and associated retention and transport.

Fourth, three new estimation methods were presented and successfully
tested against independent data sets for PFAS retention measured from
miscible-displacement experiments and field porewater concentrations.
The three new estimation methods have different input requirements,
which provides flexibility to account for different data availability. The
use of these or any estimation method should consider the potential impact
of inherent soil-property variability as well as measurement uncertainty on
estimated values. This can be addressed by determining estimated values
with multiple robust approaches when possible and by using a range of
values obtained with a single method. Further testing and development of
these approaches is needed, employing soils comprising a range of physical
and geochemical properties.

Differences in estimated interfacial areas can translate to significant dif-
ferences in predicted PFAS retention and transport. Hence, it is critical to
employ estimation methods that provide representative magnitudes of air-
water interfacial area to produce accurate characterizations and simulations
of PFAS retention and transport for unsaturated systems. Robust estimation
of air-water interfacial areas at the field scale will typically require the mea-
surement of soil properties such as the grain-size distribution, which is rel-
atively standard, and the soil-water characteristic and NBET solid surface
area, which have not been routinely measured for field investigations. Ad-
ditionally, characterization of air-water interfacial areas at sites will require
monitoring of water saturations, which also is not a routine measurement. It
is therefore recommended that such measurements be conducted for PFAS-
impacted sites for which vadose-zone sources are important.

CRediT authorship contribution statement

Mark L. Brusseau: Conceptualization, Methodology, Investigation,
Analysis, Writing- Original draft preparation.

Data availability

The data used are obtained from prior published works and therefore are
available in the literature

Declaration of competing interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the
work reported in this paper.
Acknowledgements

This research was supported in part by a grant from the NIEHS
Superfund Research Program (P42 ES04940) and the Hydrologic Sciences
Program of the NSF (2023351). I thank the reviewers for their constructive
comments.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.163730.


https://doi.org/10.1016/j.scitotenv.2023.163730
https://doi.org/10.1016/j.scitotenv.2023.163730

M.L. Brusseau

References

Allred, B.J., Brown, G.O., 2001. Anionic surfactant mobility in unsaturated soil: the impact of
molecular structure. Environ. Geosci. 8, 95-109.

Bazrafshan, M., de Rooij, M.B., Schipper, D.J., 2018. Adhesive force model at a rough interface in
the presence of thin water films: the role of relative humidity. Int. J. Mech. Sci. 140, 471-485.

Brusseau, ML.L., 2018. Assessing the potential contributions of additional retention processes
to PFAS retardation in the subsurface. Sci. Total Environ. 613-614, 176-185.

Brusseau, M.L., 2019. Estimating the relative magnitudes of adsorption to solid-water and air/
oil-water interfaces for per- and poly-fluoroalkyl substances. Environ. Pollut. 254,
113102.

Brusseau, M.L., 2020. Simulating PFAS transport influenced by rate-limited multi-process re-
tention. Water Res. 168, 115179.

Brusseau, M.L., 2021. Examining the robustness and concentration dependency of PFAS air-
water and NAPL-water interfacial adsorption coefficients. Water Res. 190, 116778.
Brusseau, M.L., Guo, B., 2021. Air-water interfacial areas relevant for transport of per and

poly-fluoroalkyl substances. Water Res. 207, 117785.

Brusseau, M.L., Guo, B., 2022. PFAS concentrations in soil versus soil porewater: mass distri-
butions and the impact of adsorption at air-water interfaces. Chemosphere 302, 134938.

Brusseau, M.L., Taghap, M., 2020. NAPL-water interfacial area as a function of fluid saturation
measured with the interfacial partitioning tracer test method. Chemosphere 260, 127562.

Brusseau, M.L., Van Glubt, S., 2021. The influence of molecular structure on PFAS adsorption
at air-water interfaces in electrolyte solutions. Chemosphere 281, 130829.

Brusseau, M.L., Popovicova, J., Silva, J.A.K., 1997. Characterizing gas-water interfacial and
bulk-water partitioning for gas-phase transport of organic contaminants in unsaturated
porous media. Environ. Sci. Technol. 31, 1645-1649.

Brusseau, M.L., Nelson, N.T., Costanza-Robinson, M.S., 2003. Partitioning tracer tests for char-
acterizing immiscible-fluid saturations and interfacial areas in the vadose zone. Vadose
Zone J. 2, 138-147.

Brusseau, M.L., Peng, S., Schaar, G., Costanza-Robinson, M.S., 2006. Relationships among air-
water interfacial area, capillary pressure, and water saturation for a sandy porous medium.
Water Resour. Res. 42, W03501.

Brusseau, M.L., Peng, S., Schnaar, G., Murao, A., 2007. Measuring air-water interfacial areas
with X-ray microtomography and interfacial partitioning tracer tests. Environ. Sci.
Technol. 41, 1956-1961.

Brusseau, M.L., Narter, M., Schnaar, G., Marble, J., 2009. Measurement and estimation of
organic-liquid/water interfacial areas for several natural porous media. Environ. Sci.
Technol. 43, 3619-3625.

Brusseau, M.L., Narter, N., Janousek, H., 2010. Interfacial partitioning tracer test measure-
ments of organic-liquid/water interfacial areas: application to soils and the influence of
surface roughness. Environ. Sci.Technol. 44, 7596-7600.

Brusseau, M.L., El Ouni, A., Araujo, J.B., Zhong, H., 2015. Novel methods for measuring air-
water interfacial area in unsaturated porous media. Chemosphere 127, 208-213.

Brusseau, M.L., Yan, N., Van Glubt, S., Wang, Y., Chen, W., Lyu, Y., Dungan, B., Carroll, K.C.,
Holguin, F.O., 2019. Comprehensive retention model for PFAS transport in subsurface
systems. Water Res. 148, 41-50.

Brusseau, M.L., Lyu, Y., Yan, N., Guo, B., 2020. Low-concentration tracer tests to measure air-
water interfacial area in porous media. Chemosphere 250, 26305.

Brusseau, M.L., Guo, B., Huang, D., Yan, N., Lyu, Y., 2021. Ideal versus nonideal transport of
PFAS in unsaturated porous media. Water Res 202, 117405.

Chan, T.P., Govindaraju, R.S., 2011. Pore-morphology-based simulations of drainage and wet-
ting processes in porous media. Hydrol. Res. 42 (2-3), 128-149.

Chahal, M.K., Harsh, J.B., Flury, M., 2016. Translocation of fluoranthene in porous media by
advancing and receding air-water interfaces. Colloids Surf. A: Physicochem. Eng. Asp.
492, 62-70.

Costanza-Robinson, M.S., Brusseau, M.L., 2002. Air-water interfacial areas in unsaturated
soils: evaluation of interfacial domains. Water Resour. Res. 38, 131-137.

Costanza-Robinson, M.S., Henry, E.J., 2017. Surfactant-induced flow compromises determina-
tion of air-water interfacial areas by surfactant miscible-displacement. Chemosphere 171,
275-283.

Costanza-Robinson, M.S., Harrold, K.H., Lieb-Lappen, R.M., 2008. X-ray microtomography
determination of air-water interfacial area-water saturation relationships in sandy porous
media. Environ. Sci. Technol. 42, 2949-2956.

Costanza-Robinson, M.S., Zheng, Z., Henry, E.J., Estabrook, B.D., Littlefield, M.H., 2012.
Implications of surfactant-induced flow for miscible-displacement estimation of air-water
interfacial areas in unsaturated porous media. Environ. Sci. Technol. 46, 11206-11212.

Costanza-Robinson, M.S., Carlson, T.D., Brusseau, M.L., 2013. Vapor-phase transport of tri-
chloroethene in an intermediate-scale vadose-zone system: retention processes and
tracer-based prediction. J. Contam. Hydrol. 145, 182-189.

Culligan, K.A., Wildenschild, D., Christensen, B.S.B., Gray, W.G., Rivers, M.L., Tompson,
A.F.B., 2004. Interfacial area measurements for unsaturated flow through a porous me-
dium. Water Resour. Res. 40, W12413.

Dai, Y., Zhuang, J., Chen, X., 2020. Synergistic effects of unsaturated flow and soil organic
matter on retention and transport of PPCPs in soils. Environ. Res. 191, 110135.

Dickinson, J.E., Ferré, T.P.A., 2018. Filtering of period infiltration in a layered vadose zone: 1.
Approximation of damping and time lags. Vadose Zone J. 17, 180047.

El Ouni, A., Guo, B., Zhong, H., Brusseau, M.L., 2021. Testing the validity of the miscible-
displacement interfacial tracer method for measuring air-water interfacial area: indepen-
dent benchmarking and mathematical modeling. Chemosphere 263, 128193.

Felizeter, S., Jiirling, H., Kotthoff, M., De Voogt, P., McLachlan, M.S., 2021. Uptake of
perfluorinated alkyl acids by crops: Results from a field study. Environ. Sci. Proc. Impacts
23, 1158.

Gnesda, W.R., Draxler, E.F., Tinjum, J., Zahasky, C., 2022. Adsorption of PFAAs in the vadose
zone and implications for long-term groundwater contamination. Environ. Sci. Technol.
56, 16748-16758.

15

Science of the Total Environment 884 (2023) 163730

Guo, B., Zeng, J., Brusseau, M.L., 2020. A mathematical model for the release, transport, and
retention of per- and polyfluoroalkyl substances (PFAS) in the vadose zone. Water
Resour. Res. 56, e2019WR026667.

Guo, B., Zeng, J., Brusseau, M.L., Zhang, Y., 2022. A screening model for quantifying PFAS
leaching in the vadose zone and mass discharge to groundwater. Adv. Water Resour.
160, 104102.

Hamdollahi, E., Lotfi, M., Shafiee, M., Hemmati, A., 2022. Investigation of antibiotic surface
activity tracking hydrodynamic of a rising bubble. J. Ind. Eng. Chem. 108, 101-108.
Jiang, H., Guo, B., Brusseau, M.L., 2020a. Pore-scale modeling of fluid-fluid interfacial area in
variably saturated porous media containing microscale surface roughness. Water Resour.

Res. 56, €2019WR025876.

Jiang, H., Guo, B., Brusseau, M.L., 2020b. Characterization of the micro-scale surface rough-
ness effect on immiscible fluids and interfacial areas in porous media using the measure-
ments of interfacial partitioning tracer tests. Adv. Water Resour. 146, 103789.

Kibbey, T.C.G., 2013. The configuration of water on rough natural surfaces: implications for
understanding air-water interfacial area, film thickness, and imaging resolution. Water
Resour. Res. 49, 4765-4774.

Kibbey, T.C.G., Chen, L., 2012. A pore network model study of the fluid-fluid interfacial areas
measured by dynamic-interface tracer depletion and miscible displacement water phase
advective tracer methods. Water Resour. Res. 48, W10519.

Kim, H., Rao, P.S.C., Annable, M.D., 1997. Determination of effective air-water interfacial
area in partially saturated porous media using surfactant adsorption. Water Resour.
Res. 33 (12), 2705-2711.

Kim, H., Rao, P.S.C., Annable, M.D., 1998. Influence of air-water interfacial adsorption and
gas-phase partitioning on the transport of organic chemicals in unsaturated porous
media. Environ. Sci. Technol. 32, 1253-1259.

Kim, H., Rao, P.S.C., Annable, M.D., 1999. Gaseous tracer technique for estimating air-water
interfacial areas and interface mobility. Soil Sci. Soc. Am. J. 63, 1554-1560.

Kim, H., Annable, M.D., Rao, P.S.C., 2001. Gaseous transport of volatile organic chemicals in
unsaturated porous media: effect of water-partitioning and air-water interfacial adsorp-
tion. Environ. Sci. Technol. 35, 4457-4462.

Kim, H., Lee, S., Moon, J.-W., Rao, P.S.C., 2005. Gas transport of volatile organic compounds
in unsaturated soils: quantitative analysis of retardation processes. Soil Sci. Soc. Am. J.
69, 990-995.

Kim, T.W., Tokunaga, T.K., Shuman, D.B., Sutton, S., Newville, M., Lanzirotti, A., 2012.
Thickness measurements of nanoscale brine films on silica surface under geologic CO2
sequestration conditions using synchrotron X-ray fluorescence. Water Resour. Res. 48,
W09558.

Kim, T.W., Tokunaga, T.K., Shuman, D.B., Sutton, S., Newville, M., Lanzirotti, A., 2013. Brine
film thicknesses on mica surfaces under geologic CO2 sequestration conditions and con-
trolled capillary pressures. Water Resour. Res. 49, 5071-5076.

Landry, C.J., Karpyn, Z.T., Piri, M., 2011. Pore-scale analysis of trapped immiscible fluid struc-
tures and fluid interfacial areas in oil-wet and water-wet bead packs. Geofluids 11,
209-227.

Lazouskaya, V., Wang, L.-P., Gao, H., Shi, X., Czymmek, K., Jin, Y., 2011. Pore-scale investiga-
tion of colloid retention and mobilization in the presence of a moving air-water interface.
Vadose Zone J. 10, 1250-1260.

Leverett, M., 1941. Capillary behavior in porous solids. Trans. AIME 142, 152-169.

Li, Z., Lyu, X., Gao, B., Xu, H., Wu, J., Sun, Y., 2021. Effects of ionic strength and cation type
on the transport of perfluorooctanoic acid (PFOA) in unsaturated sand porous media.
J. Hazard. Mater. 403, 123688.

Lyu, Y., Brusseau, M.L., 2020. The influence of solution chemistry on air-water inter- facial ad-
sorption and transport of PFOA in unsaturated porous media. Sci. Total Environ. 713,
136744.

Lyu, Y., Brusseau, M.L., Chen, W., Yan, N., Fu, X., Lin, X., 2018. Adsorption of PFOA at the air-
water interface during transport in unsaturated porous media. Environ. Sci. Technol. 52,
7745-7753.

Lyu, Y., Wang, B., Du, X., Guo, B., Brusseau, M.L., 2022. Air-water interfacial adsorption of
C4-C10 perfluorocarboxylic acids during transport in unsaturated porous media. Sci.
Total Environ. 831, 154905.

Lyu, X., Liu, X., Sun, Y., Gao, B., Ji, R., Wu, J., Xue, Y., 2020. Importance of surface roughness
on perfluorooctanoic acid (PFOA) transport in unsaturated porous media. Envrion. Pollut.
266, 115343.

McDonald, K., Carroll, K.C., Brusseau, M.L., 2016. Comparison of fluid-fluid interfacial areas
measured with X-ray microtomography and interfacial partitioning tracer tests for the
same samples. Water Resour. Res. 52, 5393-5399.

Mitchell, M., Muftakhidinov, B., Winchen, T., 2022. Engauge Digitizer Software. http://
markummitchell.github.io/engaugedigitizer.

Newell, C.J., Adamson, D.T., Kulkarni, P.R., Nzeribe, B.M., Connor, J.A., Popovic, J., Stroo,
H.F., 2021. Monitored natural attenuation to manage PFAS impacts to groundwater: sci-
entific basis. Groundw. Monit. Remed. 41, 76-89.

Peng, S., Brusseau, M.L., 2005. Impact of soil texture on air-water interfacial areas in unsatu-
rated sandy porous media. Water Resour. Res. 41, W03021.

Philip, J.R., 1978. Adsorption and capillary condensation on rough surfaces. J. Phys. Chem.
82, 1379-1385.

Popovicova, J., Brusseau, M.L., 1998. Contaminant mass transfer during gas-phase transport
in unsaturated porous media. Water Resour. Res. 34, 83-92.

Porter, M.L., Wildenschild, D., Grant, G., Gerhard, J.I., 2010. Measurement and prediction of
the relationship between capillary pressure, saturation, and interfacial area in a NAPL-
water-glass bead system. Water Resour. Res. 46, W08512.

Reeves, P.C., 1997. The Development of Pore-scale Network Models for the Simulation of
Capillary Pressure-saturation-interfacial Area-relative Permeability Relationships in
Multi-fluid Porous Media. Princeton University Ph.D. Dissertation.

Schaefer, C.E., DiCarlo, D.A., Blunt, M.J., 2000. Experimental measurement of air-water inter-
facial area during gravity drainage and secondary imbibition in porous media. Water
Resour. Res. 36, 885-890.


http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738012614
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738012614
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260725182264
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260725182264
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260725224504
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260725224504
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260725313174
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260725313174
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260725313174
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260725371614
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260725371614
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260725436874
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260725436874
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738039654
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738039654
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260725499564
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260725499564
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260726010554
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260726010554
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260726078074
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260726078074
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738078674
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738078674
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738078674
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260726122714
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260726122714
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260726122714
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260726218094
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260726218094
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260726218094
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738137014
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738137014
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738137014
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738170563
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738170563
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738170563
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260726278934
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260726278934
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260726278934
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260726520314
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260726520314
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738200663
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738200663
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260727038414
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260727038414
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260727101264
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260727101264
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260727192394
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260727192394
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260727359884
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260727359884
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260727359884
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260727400664
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260727400664
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738233613
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738233613
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738233613
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738268843
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738268843
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738268843
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738314833
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738314833
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260727442874
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260727442874
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260727442874
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260727538294
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260727538294
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260728068394
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260728068394
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260728106504
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260728106504
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738355063
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738355063
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738355063
http://refhub.elsevier.com/S0048-9697(23)02351-3/optstkOPqp4qv
http://refhub.elsevier.com/S0048-9697(23)02351-3/optstkOPqp4qv
http://refhub.elsevier.com/S0048-9697(23)02351-3/optstkOPqp4qv
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738391113
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738391113
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738391113
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260728167294
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260728167294
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260728167294
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260728239554
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260728239554
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260728239554
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260728310054
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260728310054
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260728382794
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260728382794
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260728382794
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260728489224
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260728489224
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260728489224
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738463933
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738463933
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738463933
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260728577884
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260728577884
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260728577884
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738502343
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738502343
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738502343
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260729050414
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260729050414
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260729050414
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738519843
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738519843
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260729109734
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260729109734
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260729109734
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738542773
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738542773
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738542773
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260729213444
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260729213444
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260729213444
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260729259054
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260729259054
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260729259054
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738576113
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738576113
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260738576113
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260729398364
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260729398364
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260729398364
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260732423114
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260732558574
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260732558574
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260732558574
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260739004073
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260739004073
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260739004073
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260739038593
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260739038593
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260739038593
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260733389075
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260733389075
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260733389075
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260733468305
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260733468305
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260733468305
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260739080733
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260739080733
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260739080733
http://markummitchell.github.io/engaugedigitizer
http://markummitchell.github.io/engaugedigitizer
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260734326114
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260734326114
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260734414554
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260734414554
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260739102373
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260739102373
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260739127924
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260739127924
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260734494394
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260734494394
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260734494394
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260737323184
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260737323184
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260737323184
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260739159713
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260739159713
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260739159713

M.L. Brusseau

Schaefer, C.E., Lavorgna, G.M., Lippincott, D.R., Nguyen, D., Christie, E., Shea, S., O'Hare, S.,
Lemes, M.C.S., Higgins, C.P., Field, J., 2022. A field study to assess the role of air-water
interfacial sorption on PFAS leaching in an AFFF source area. J. Contam. Hydrol. 248,
104001.

Schroth, M.H., Ahearn, S.J., Selker, J.S., Istok, J.D., 1996. Characterization of Miller-similar
silica sands for laboratory hydrologic studies. Soil Sci. Soc. Am. J. 60, 1331-1339.

Silva, J.A., Simunek, J., McCray, J.E., 2020. A modified HYDRUS model for simulating PFAS
transport in the vadose zone. Water 12, 2758.

Silva, J.A., Simunek, J., McCray, J.E., 2022. Comparison of methods to estimate air-water
interfacial areas for evaluating PFAS transport in the vadose zone. J. Contam. Hydrol.
247, 103984.

Sun, Z., Mehmani, A., Torres-Verdin, C., 2021. Subpore-scale trapping mechanisms following
imbibition: a microfluidics investigation of surface roughness effects. Water Resour. Res.
57, €2020WR028324.

Sweeney, J.B., Davis, T., Scriven, L.E., Zasadzinski, J.A., 1993. Equilibrium thin-films on
rough surfaces 1.Capillary and disjoining effects. Langmuir 9, 1551-1555.

Tokunaga, T.K., Wan, J., Sutton, S.R., 2000. Transient film flow on rough fracture surfaces.
Water Resour.Res. 36, 1737-1746.

Tokunaga, T.K., Olson, K.R., Wan, J., 2003. Moisture characteristics of Hanford gravels: bulk,
grain-surface, and intragranular components. Vadose Zone J. 2, 322-329.

16

Science of the Total Environment 884 (2023) 163730

Turkeltaub, T., Dahan, O., Kurtzman, D., 2014. Investigation of groundwater recharge
under agricultural fields using transient deep vadose zone data. Vadose Zone J. 13
vzj2013.10.0176.

Wallis, 1., Hutson, J., Davis, G., Kookana, R., Rayner, J., Prommer, H., 2022. Model-based
identification of vadose zone controls on PFAS mobility under semi-arid climate condi-
tions. Water Res. 225, 119096.

Yan, N., Ji, Y., Zhang, B., Zheng, X., Brusseau, M.L., 2020. Transport of GenX in saturated and
unsaturated porous media. Environ. Sci. Technol. 54, 11876-11885.

Zeng, J., Brusseau, M.L., Guo, B., 2021. Model validation and analyses of parameter sensitivity
and uncertainty for modeling long-term retention and leaching of PFAS in the vadose
zone. J. Hydrol. 603, 127172.

Zhang, Y., Schaap, M.G., 2017. Weighted recalibration of the Rosetta pedotransfer model
with improved estimates of hydraulic parameter distributions and summary statistics
(Rosetta3). J. Hydrol. 547, 39-53.

Zhao, L., Cerro, R.L., 1992. Experimental characterization of viscous film flows over complex
surfaces. Int. J. Multiphase Flow 18, 495-516.

Zhou, Y., Wang, X.-S., Han, P.-F., 2018. Depth-dependent seasonal variation of soil water in a
thick vadose zone in the Badain Jaran Desert,China. Water 10, 1719.


http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260734560574
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260734560574
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260734560574
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260735042604
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260735042604
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260735118394
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260735118394
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260735226344
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260735226344
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260735226344
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260735319464
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260735319464
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260735319464
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260735411334
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260735411334
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260735570704
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260735570704
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260736016724
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260736016724
http://vzj2013.10.0176
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304290238343772
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304290238343772
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304290238343772
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260739179974
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260739179974
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260736117364
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260736117364
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260736117364
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260739230614
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260739230614
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260739230614
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260740162863
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260740162863
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260736327454
http://refhub.elsevier.com/S0048-9697(23)02351-3/rf202304260736327454

	Determining air-�water interfacial areas for the retention and transport of PFAS and other interfacially active solutes in ...
	1. Introduction
	2. Materials and methods
	3. Results and discussion
	3.1. Comparison of measured and predicted air-water interfacial areas
	3.2. Contributions of interface domains to total interfacial area
	3.3. Estimating air-water interfacial areas
	3.4. Comparison and testing of estimation methods
	3.5. Determining air-water interfacial areas for field applications

	4. Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References




