
1.  Introduction
Per- and polyfluoroalkyl substances (PFAS) are emerging contaminants widely dispersed in the environ-
ment. Many field observations have demonstrated that PFAS accumulate in vadose zones and act as a long-
term contamination source to the groundwater underneath (Adamson et al., 2020; Anderson et al., 2019, 2022; 
Brusseau, Anderson, & Guo, 2020; Dauchy et al., 2019; Filipovic et al., 2015; Quinnan et al., 2021; Schaefer 
et al., 2022; Weber et al., 2017; Xiao et al., 2015). Most PFAS are surfactants that adsorb at solid–water (Higgins 
& Luthy, 2006; Van Glubt et al., 2021; Wei et al., 2017) and air–water interfaces (Brusseau, 2018; Brusseau, 
Khan, et al., 2019; Costanza et al., 2019; Lyu et al., 2018; Schaefer, Drennan, et al., 2019; Silva et al., 2019; 
Stults et al., 2022). In particular, adsorption at air–water interfaces has been shown to be a primary mechanism 
responsible for the strong retention of PFAS in vadose zones (e.g., Brusseau, 2018; Guo et al., 2020; Schaefer 
et al., 2022). Effective characterization and remediation of PFAS contamination sites will require a comprehen-
sive understanding of PFAS adsorption and retention processes at the air–water interfaces in vadose zones.

In the vadose zone, air–water interfaces arise from pendular rings between soil grains (referred to as “bulk 
capillary air–water interfaces” hereafter) and thin water films on grain surfaces (referred to as “thin-water-film 
air–water interfaces” hereafter) (see Figure 1). At near water-saturated conditions, the bulk capillary air–water 
interfaces are greater than the thin-water-film air–water interfaces. As the water saturation decreases, the bulk 
capillary air–water interfaces first increase and then decrease (Araujo & Brusseau,  2020; Dalla et  al.,  2002; 
Kibbey & Chen, 2012; Porter et  al.,  2009; Reeves & Celia,  1996). Conversely, the thin-water-film air–water 
interfaces increase monotonically as the water saturation decreases and quickly become the dominant air–water 
interfaces (Brusseau et al., 2007; Costanza-Robinson & Brusseau, 2002; Kibbey & Chen, 2012). When soil grain 
surfaces contain significant microscale roughness, thin-water-film air–water interfaces are much greater than that 
for smooth surfaces under the same capillary pressure or matric potential. The dominance of thin-water-film air–
water interfaces in unsaturated porous media has been confirmed by many studies (Brusseau et al., 2006, 2007; 
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Costanza-Robinson & Brusseau, 2002; Jiang et al., 2020b; Kibbey & Chen, 2012; Or & Tuller, 1999). For exam-
ple, Brusseau et al. (2007) reported that thin-water-film air–water interfaces account for more than 90% of the 
total air–water interfaces for a sand at a water saturation over 0.5, which is even greater than the water saturation 
in most sandy vadose zones. Given that air–water interfaces contribute significantly to PFAS retention, the domi-
nant thin-water-film air–water interfaces are expected to act as a primary factor controlling PFAS transport in 
vadose zones.

However, it remains unknown whether all thin-water-film air–water interfaces can be accessed by PFAS. Prior 
studies—using interfacially active tracers (not PFAS) to measure the air–water interfacial area—have demon-
strated that the liquid-phase interfacial partitioning tracers may not access all the thin-water-film air–water inter-
faces under certain experimental conditions (Costanza-Robinson & Brusseau,  2002; Kibbey & Chen,  2012). 
For instance, Costanza-Robinson and Brusseau  (2002) found that the air–water interfacial areas measured by 
liquid-phase interfacial partitioning tracers are much smaller than those by gas-phase interfacial partitioning 
tracers under drier conditions. They hypothesized that the discrepancy was caused by the gas-phase interfacial 
partitioning tracers having accessed additional thin-water-film air–water interfaces. Kibbey and Chen  (2012) 
studied the air–water interfacial areas measured by different liquid-phase interfacial partitioning tracer methods 
using a pore-network modeling approach and suggested that the liquid-phase interfacial partitioning tracers may 
not access all thin-water-film air–water interfaces under certain experimental transport conditions such as misci-
ble displacement experiments.

Like the non-PFAS interfacially active tracers, it is possible that PFAS may only access a fraction of the 
thin-water-film air–water interfaces under certain transport conditions. Recent mathematical modeling of PFAS 
transport using the total air–water interfacial area determined by liquid-phase interfacial partitioning trac-
ers agrees well with measured breakthrough curves (e.g., Brusseau, 2020; Brusseau, Khan, et al., 2019; Guo 
et al., 2022; Ji et al., 2021; Van Glubt et al., 2021; Zeng et al., 2021). It was suggested that the air–water interfacial 
area measured by liquid-phase interfacial partitioning tracers is representative for modeling PFAS transport in 
the water-unsaturated sand (Brusseau & Guo, 2021). However, those transport experiments were conducted at 
relatively large water saturation—all of them were greater than 0.6 except for one data set that used a water satu-
ration of approximately 0.4 (Lyu et al., 2020). While the thin-water-film air–water interfaces are more accessible 
at higher water saturation (Brusseau, 2020; Brusseau, Yan, et al., 2019; Guo et al., 2022; Ji et al., 2021; Stults 
et al., 2022; Zeng et al., 2021), they may not be fully accessible at drier conditions. As water saturation decreases, 
the pendular rings between soil grains disconnect and the bulk water between pores is only connected by thin 
water films (see Figure 1b) (Vanapalli et al., 1998; Wan & Tokunaga, 1997). Concomitantly, the water films 

Figure 1.  (a) Schematic for per- and polyfluoroalkyl substances (PFAS) contamination in the vadose zone and groundwater, (b) adsorption of PFAS at air–water 
interfaces arising from bulk capillary water and thin water films in soils under different wetting conditions, (c) mass transfer of PFAS between bulk capillary water and 
thin water films, and (d) an example PFAS molecule (e.g., PFOS), where the colors denote different atoms: gray–carbon, green–fluorine, red–oxygen, yellow–sulfur, 
and white–hydrogen. In panel (d), the molecule consists of a hydrophobic and oleophobic tail (the fluorocarbon chain on the left) and a hydrophilic head (the sulfonic 
acid functional group on the right).
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become much thinner as the water saturation in the soil medium decreases (down to <100 nm) (see Figure 1c) 
(Tokunaga, 2011). Additionally, thin water films become more curved following the microscale topography on 
rough grain surfaces under drier conditions, which significantly increases the length of thin water films (see 
Figure 1c) (Jiang et al., 2020a, 2020b; Zheng et al., 2015). These three factors collectively increase the time scale 
of mass transfer in thin water films and may substantially reduce the accessibility of thin-water-film air–water 
interfaces by PFAS.

An important phenomenon that has not been discussed in the hydrology literature is that PFAS adsorbed at 
air–water interfaces may also move along the interfaces driven by molecular diffusion (see Figure 1c), which 
can act as a critical additional mass-transfer process. Diffusion of adsorbed hydrocarbon surfactants at air–water 
interfaces have been reported in the surface science literature (often referred to as surface diffusion) (Karakashev 
& Ivanova, 2010; Stoyanov & Denkov, 2001; Valkovska & Danov, 2000, 2001). As shown by these studies, the 
surface diffusivity of hydrocarbon surfactants at air–water interfaces is close to that of the aqueous diffusivity. 
However, unlike the aqueous diffusion, surface diffusion does not scale with the film thickness—the surface 
diffusion flux does not decrease in thinner water films. Furthermore, for the interfacially active PFAS especially 
those with longer carbon chains and greater interfacial activity, the adsorbed mass at the air–water interfaces 
may represent the majority of their mass in a thin water film, especially when the thickness of the water films is 
down to <100 nm. Therefore, surface diffusion along the air–water interfaces is likely to become the dominant 
mass-transfer process for PFAS in thin water films. Yet, surface diffusion along the air–water interfaces has been 
overlooked—To our knowledge, it has not been considered in any of the prior work that used interfacially active 
tracers to measure air–water interfacial area nor in the recent literature of PFAS transport in the vadose zone. We 
hypothesize that surface diffusion may greatly enhance the accessibility of thin-water-film air–water interfaces 
and is a critical process that needs to be represented for quantifying PFAS transport in the vadose zone, especially 
under drier conditions.

The objective of the present study is to examine the accessibility of thin-water-film air–water interfaces with-
out and with the presence of the surface diffusion of PFAS adsorbed at air–water interfaces, and the impact of 
mass-transfer limitations in thin water films on PFAS transport in water-unsaturated porous media. To achieve this 
objective, we develop a new pore-scale model that represents PFAS adsorption at bulk capillary and thin-water-
film air–water interfaces and solid–water interfaces, and mass-transfer processes in thin water films including the 
surface diffusion of PFAS adsorbed at air–water interfaces. Constrained by experimentally determined hydraulic 
parameters and air–water interfacial area data sets, we conduct a series of numerical experiments to examine 
the impact of thin-water-film mass-transfer limitations on PFAS transport in a water-unsaturated sand medium.

2.  Pore-Network Modeling Framework
We develop a pore-scale modeling framework to represent the various retention and transport processes of PFAS 
in water–unsaturated porous media. The pore-scale modeling is built upon the spirit of pore-network models 
which have been widely used and shown to be reliable for pore-scale simulations of both passive and reactive 
solute transport (e.g., Bijeljic & Blunt, 2006; Bijeljic et al., 2004; Hasan et al., 2019; Kibbey & Chen, 2012; 
Li et al., 2006; Mehmani et al., 2014; Mehmani & Tchelepi, 2017; Oostrom et al., 2016; Qin et al., 2016; Qin 
& Hassanizadeh, 2015; Raoof et al., 2010; Raoof & Hassanizadeh, 2013; Yang et al., 2016). We present our 
new pore-network modeling framework below, including the pore-network representation, mathematical formu-
lations, and numerical methods. A complete list of notations used in describing the mathematical formulations 
is provided in Notation.

2.1.  Constructing Pore Networks to Represent the Soil Pore Structures

We represent the pore structure in a porous medium with a three-dimensional unstructured pore network, which 
can be constructed using a network generation algorithm (Qin & van Brummelen, 2019). Figure 2a shows an 
example pore network generated using the algorithm of Qin and van Brummelen (2019). The pore network can 
be calibrated to represent a specific porous medium using experimental data such as soil water characteristics 
and air–water interfacial area as a function of water saturation. We assign all the void volumes to pore bodies, 
which are represented by cubes (Joekar-Niasar et al., 2010; Thompson, 2002; Weishaupt et al., 2022; Weishaupt 
& Helmig, 2021). The pore bodies are connected by square-tube pore throats (see Figure 2b). The pore throats 
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are assumed volumeless and only provide hydraulic conductance for bulk capillary water and thin water films. 
We assume that only the air–water interfaces in the pore bodies contribute to the interfacial adsorption of PFAS. 
The pore walls are assumed water-wet with a zero contact angle.

2.2.  Modeling Air–Water Configuration and Unsaturated Water Flow in a Pore Network

2.2.1.  Modeling Pore-Scale Air–Water Configuration

We use the percolation theory (Broadbent & Hammersley,  1957; Frisch & Hammersley,  1963; Wilkinson & 
Willemsen,  1983) to determine the pore-scale air–water configuration in the pore network at different water 
saturations, as has been commonly done in the quasi-static pore-network modeling literature (e.g., Blunt, 2001; 
Celia et al., 1995). The pore network is initially filled by water. We gradually increase the air pressure at the inlet 
to displace the resident water by air. After air invades a pore body, the remaining water occupies part of the pore 
body as bulk capillary water at the corners and edges, and as water films on the solid surfaces (see Figure 2c). A 
pore throat provides full conductance for bulk water before air invasion. After air invasion, a pore throat provides 
conductance for bulk capillary water at the edges and for water films on the solid surfaces. In a soil medium, 
the bulk capillary water (i.e., pendular rings) between soil grains may become disconnected and trapped therein 
under drier conditions. We represent the disconnect of bulk water by removing the conductance for bulk capil-
lary water in the pore throats that connect the pore bodies where the bulk capillary water is disconnected. Those 
pore bodies are identified by comparing their capillary pressure to a threshold capillary pressure 𝐴𝐴 𝐴𝐴𝑐𝑐

𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 at which 

the discontinuity occurs. The threshold pressure for each pore body i is determined by assuming packed uniform 
spheres, which is given by (Wan & Tokunaga, 1997)

𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
9.068𝜎𝜎

2𝑟𝑟𝑖𝑖
,� (1)

where σ is the surface tension and ri is the radius of the inscribed sphere of pore body i. Once the capillary pres-
sure in a pore body i goes above 𝐴𝐴 𝐴𝐴𝑐𝑐

𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 , the bulk water in the pore body is trapped.

Figure 2.  (a) An example three-dimensional unstructured pore network constructed using a network-generation algorithm, (b) a zoom-in view of a pore body i and its 
connected pore throats in the pore network, and (c1–c3) the configuration of air–water interfaces in a water-unsaturated pore body i. Panel (c1) shows a pore body with 
only bulk capillary air–water interfaces in the corners and edges (no water films are present), and panel (c2) and panel (c3) show pore bodies with both bulk capillary 
and thin-water-film air–water interfaces. The pore walls in panel (c2) are smooth while those in panel (c3) contain microscale surface roughness.
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2.2.2.  Modeling Unsaturated Water Flow in the Pore Network

We consider steady-state water flow in the water-unsaturated pore network derived from Section  2.2.1. The 
pore-scale air–water configuration remains unchanged over time. For each pore body i, the water phase is 
governed by the following mass balance equation

𝑛𝑛𝑖𝑖
∑

𝑗𝑗=1

(

𝛿𝛿𝑖𝑖𝑖𝑖𝑞𝑞
𝑏𝑏
𝑤𝑤𝑤𝑤𝑤𝑤𝑤 + 𝑞𝑞

𝑓𝑓

𝑤𝑤𝑤𝑤𝑤𝑤𝑤

)

= 0,� (2)

where j = 1, 2, …, ni are the pore bodies that connect to pore body i (ni is the coordination number of pore body i), 
𝐴𝐴 𝐴𝐴𝑏𝑏

𝑤𝑤𝑤𝑤𝑤𝑤𝑤
 is the bulk capillary water flux between pore body i and j, δij is a Boolean function to account for the removal 

of bulk capillary water conductance in pore throat ij where the bulk capillary water is disconnected (i.e., δij = 0 if 
the bulk capillary water is disconnected in pore body i or j; otherwise, δij = 1), and 𝐴𝐴 𝐴𝐴

𝑓𝑓

𝑤𝑤𝑤𝑤𝑤𝑤𝑤
 is the water flux through 

the thin water films between pore body i and j. Assuming that the bulk capillary water follows the Stokes flow 
with no friction between air and water, 𝐴𝐴 𝐴𝐴𝑏𝑏

𝑤𝑤𝑤𝑤𝑤𝑤𝑤
 can be computed as

𝑞𝑞𝑏𝑏𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = 𝐺𝐺𝑏𝑏
𝑤𝑤𝑤𝑤𝑤𝑤𝑤(𝑝𝑝𝑤𝑤𝑤𝑤𝑤 − 𝑝𝑝𝑤𝑤𝑤𝑤𝑤),� (3)

where 𝐴𝐴 𝐴𝐴𝑏𝑏
𝑤𝑤𝑤𝑤𝑤𝑤𝑤

 is the bulk capillary water conductance in pore throat ij, which can be obtained from the relationship 
between the water conductance and the water configuration in the pore throat determined by computational fluid 
dynamics simulations (see e.g., Equations 9–16 in Chen et al. (2020)); pw,i and pw,j are the water pressures in pore 
bodies i and j, respectively. Similarly, assuming the thin-water-film water flow follows the Stokes flow with no 
friction between air and water, 𝐴𝐴 𝐴𝐴

𝑓𝑓

𝑤𝑤𝑤𝑤𝑤𝑤𝑤
 is given by

𝑞𝑞
𝑓𝑓

𝑤𝑤𝑤𝑤𝑤𝑤𝑤
= 𝐺𝐺

𝑓𝑓

𝑤𝑤𝑤𝑤𝑤𝑤𝑤
(𝑝𝑝𝑤𝑤𝑤𝑤𝑤 − 𝑝𝑝𝑤𝑤𝑤𝑤𝑤),� (4)

where 𝐴𝐴 𝐴𝐴
𝑓𝑓

𝑤𝑤𝑤𝑤𝑤𝑤𝑤
 is the thin-water-film water conductance. 𝐴𝐴 𝐴𝐴

𝑓𝑓

𝑤𝑤𝑤𝑤𝑤𝑤𝑤
= 0 if pore throat ij is water-saturated. If pore throat ij 

is water-unsaturated, 𝐴𝐴 𝐴𝐴
𝑓𝑓

𝑤𝑤𝑤𝑤𝑤𝑤𝑤
 can be computed as (Tuller & Or, 2001)

𝐺𝐺
𝑓𝑓

𝑤𝑤𝑤𝑤𝑤𝑤𝑤
=

(

ℎ
𝑓𝑓

𝑖𝑖𝑖𝑖

)3

𝐿𝐿
𝑓𝑓

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

3𝜇𝜇𝜇𝜇
𝑓𝑓

𝑖𝑖𝑖𝑖

,� (5)

where 𝐴𝐴 𝐴
𝑓𝑓

𝑖𝑖𝑖𝑖
 is the thickness of thin water films in pore throat ij (see Section 2.3.2 for the calculation of 𝐴𝐴 𝐴

𝑓𝑓

𝑖𝑖𝑖𝑖
 ), 𝐴𝐴 𝐴𝐴

𝑓𝑓

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 is 

the length of the thin water film (i.e., thin-water-film air–water interface) along the cross-section of pore throat 
ij, μ is the viscosity of water, 𝐴𝐴 𝐴𝐴

𝑓𝑓

𝑖𝑖𝑖𝑖
 is the length of the thin water film between pore bodies i and j (see Section 2.3.2 

for the calculation of 𝐴𝐴 𝐴𝐴
𝑓𝑓

𝑖𝑖𝑖𝑖
 ).

2.3.  Modeling PFAS Transport in a Water–Unsaturated Pore Network

We consider PFAS transport in the water-unsaturated pore network derived from Sections 2.1 and 2.2. We first 
compute the areas of air–water and solid–water interfaces (Section 2.3.1). Then, we present governing equations 
for interfacial adsorption and transport (i.e., advection, aqueous diffusion, and surface diffusion) of PFAS in the 
water-unsaturated pore network (Section 2.3.2).

2.3.1.  Calculating the Areas of Air–Water and Solid–Water Interfaces

PFAS in a water-unsaturated porous medium may access both the bulk capillary and thin-water-film air–water 
interfaces. We compute both types of air–water interfaces below. To be consistent with the transport models 
(Section 2.3.2) that separate the thin water films from the bulk capillary water, we also separate the solid–water 
interfaces to those covered by bulk capillary water and those covered by thin water films—we refer to the former 
as bulk capillary solid–water interfaces and the latter as thin-water-film solid–water interfaces.

2.3.1.1.  Areas of Bulk Capillary Air–Water and Solid–Water Interfaces

For a water-saturated pore body i, no air–water interfaces exist. Thus the bulk capillary air–water interfacial area 
is 𝐴𝐴 𝐴𝐴𝑏𝑏

𝑎𝑎𝑎𝑎𝑎𝑎𝑎
= 0 . The area of solid–water interfaces 𝐴𝐴

(

𝑎𝑎𝑏𝑏
𝑠𝑠𝑠𝑠𝑠𝑠𝑠

)

 is equal to the solid surface area of the pore body

𝑎𝑎𝑏𝑏𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 24𝑋𝑋𝑖𝑖𝑟𝑟
2

𝑖𝑖 ,� (6)
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where Xi is the surface roughness factor, which is defined as the ratio between the area of solid–water interfaces 
in the presence of microscale surface roughness and that when assuming a smooth solid surface.

For a water–unsaturated pore body i, water resides at the corners and edges of the cube, forming bulk capillary 
air–water interfaces as menisci (see Figure 2c). Denoting the capillary pressure in the pore body by 𝐴𝐴 𝐴𝐴𝑐𝑐

𝑖𝑖
 , the radii 

of the menisci at the corners (denoted by ri,c) and those at the edges (denoted by ri,e) can be computed via the 
Young-Laplace equation as 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖 = 2𝜎𝜎∕𝑝𝑝𝑐𝑐

𝑖𝑖
 and 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖 = 𝜎𝜎∕𝑝𝑝𝑐𝑐

𝑖𝑖
 , respectively. The areas of menisci at the corners and at 

the edges are 𝐴𝐴 4𝜋𝜋𝜋𝜋2
𝑖𝑖𝑖𝑖𝑖

 and 12πri,e(ri − ri,c), respectively. An additional type of meniscus may arise at the intersection 
between a water-unsaturated pore body i and its neighboring water-saturated pore throats. This type of meniscus 
is often referred to as the main terminal meniscus. Suppose pore throat ij is water-saturated, the area of the main 

terminal meniscus is equal to 𝐴𝐴 8𝜋𝜋𝜋𝜋2
𝑖𝑖𝑖𝑖𝑖

(

1 −

√

1 − (𝑟𝑟𝑖𝑖𝑖𝑖∕𝑟𝑟𝑖𝑖𝑖𝑖𝑖)
2

)

 , where rij is the radius of the inscribed circle of the 

cross-section of pore throat ij. Summing the three areas gives the total area of bulk capillary air–water interfaces 
in pore body i

𝑎𝑎𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 4𝜋𝜋𝜋𝜋2𝑖𝑖𝑖𝑖𝑖 + 12𝜋𝜋𝜋𝜋𝑖𝑖𝑖𝑖𝑖(𝑟𝑟𝑖𝑖 − 𝑟𝑟𝑖𝑖𝑖𝑖𝑖) +

𝑛𝑛′
𝑖𝑖

∑

𝑗𝑗=1

8𝜋𝜋𝜋𝜋2𝑖𝑖𝑖𝑖𝑖

(

1 −

√

1 − (𝑟𝑟𝑖𝑖𝑖𝑖∕𝑟𝑟𝑖𝑖𝑖𝑖𝑖)
2

)

,� (7)

where 𝐴𝐴 𝐴𝐴 = 1, 2, . . . , 𝑛𝑛′
𝑖𝑖
 are the pore bodies connected to pore body i through water-saturated pore throat ij, 𝐴𝐴 𝐴𝐴′

𝑖𝑖
 is the 

number of water-saturated pore throats connected to pore body i. The area of the solid–water interfaces covered 
by the bulk capillary water at the corners and edges of pore body i can be computed as

𝑎𝑎𝑏𝑏𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑋𝑋𝑖𝑖

(

24𝑟𝑟2𝑖𝑖 − 6
(

4(𝑟𝑟𝑖𝑖 − 𝑟𝑟𝑖𝑖𝑖𝑖𝑖)
2
− (4 − 𝜋𝜋)(𝑟𝑟𝑖𝑖𝑖𝑖𝑖 − 𝑟𝑟𝑖𝑖𝑖𝑖𝑖)

2
))

.� (8)

2.3.1.2.  Area of Thin-Water-Film Air–Water and Solid–Water Interfaces

Thin-water-film air–water and solid–water interfaces only arise in water-unsaturated pore bodies. In a water–
unsaturated pore body i, thin water films spread on the solid surfaces that are not covered by bulk capillary water, 
and create thin-water-film air–water and solid–water interfaces. For a solid surface with microscale roughness, 
the thin-water-film air–water interfacial area will be curved and become significantly greater than those on a 
smooth surface (see Figure 2c). We need to account for the increased thin-water-film air–water interfacial area 
due to the presence of surface roughness. Using Xl,i to denote the amplification factor representing the ratio 
between the areas of thin-water-film air–water interfaces on rough and smooth surfaces, we can compute the 
thin-water-film air–water interfacial area in pore body i as

𝑎𝑎
𝑓𝑓

𝑎𝑎𝑎𝑎𝑎𝑎𝑎
= 6𝑋𝑋𝑙𝑙𝑙𝑙𝑙

(

4(𝑟𝑟𝑖𝑖 − 𝑟𝑟𝑖𝑖𝑖𝑖𝑖)
2
− (4 − 𝜋𝜋)𝑟𝑟2𝑖𝑖𝑖𝑖𝑖

)

.� (9)

The amplification factor Xl,i can be modeled by empirical functions such as the reciprocal function (Zheng 
et al., 2015) or logistic function (Jiang et al., 2020b) proposed in the literature. Here we employ the logistic func-
tion that was demonstrated to match the air-water interfacial area in various soil media measured by gas-phase 
interfacial partitioning tracer test experiments (Jiang et al., 2020b).

𝑋𝑋𝑙𝑙𝑙𝑙𝑙 =
𝑋𝑋𝑖𝑖 + 𝑒𝑒𝑘𝑘𝑖𝑖(ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎−ℎ𝑚𝑚𝑚𝑚𝑚)

1 + 𝑒𝑒𝑘𝑘𝑖𝑖(ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎−ℎ𝑚𝑚𝑚𝑚𝑚)
,� (10)

where ki and hm,i are fitting parameters that can be determined by comparing to experimentally measured air–
water interfacial areas, had,i is the thickness of absorptive film on smooth surfaces (Iwamatsu & Horii, 1996)

ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =

(

𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠

6𝜋𝜋𝜋𝜋𝑐𝑐
𝑖𝑖

)1∕3

,� (11)

where Asvl is the Hamaker constant that is a function of the solid surface materials and is available in the literature 
for a variety of solid surfaces (Or & Tuller, 1999).

The area of solid–water interfaces covered by the thin water films can be determined as

𝑎𝑎
𝑓𝑓

𝑠𝑠𝑠𝑠𝑠𝑠𝑠
= 6𝑋𝑋𝑖𝑖

(

4(𝑟𝑟𝑖𝑖 − 𝑟𝑟𝑖𝑖𝑖𝑖𝑖)
2
− (4 − 𝜋𝜋)(𝑟𝑟𝑖𝑖𝑖𝑖𝑖 − 𝑟𝑟𝑖𝑖𝑖𝑖𝑖)

2
)

.� (12)
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In the present study, we assume that the pore walls of all pore bodies have the same surface roughness, that is, Xi 
and Xl,i are the same across the entire pore network. If detailed information of the surface roughness heterogeneity 
is available, it can be accounted for by using spatially varying Xi and Xl,i in the pore network.

2.3.2.  Modeling PFAS Transport in a Water-Unsaturated Pore Network

Within each pore body, PFAS can reside in bulk water, thin water films, solid–water interfaces, and air–water 
interfaces. They can also transport between neighboring pore bodies via advection, aqueous diffusion, and surface 
diffusion along air–water interfaces through the bulk capillary water and thin water films in the pore throats. We 
represent these processes by formulating mass balance equations coupled with flux equations for each pore body 
i (which can be either water-unsaturated or water-saturated) in the pore network.

For each water-unsaturated pore body i, we assume PFAS are well-mixed in the bulk capillary water and in the 
thin water films, respectively. Assuming a well-mixed condition in the bulk capillary water in each pore body was 
shown to be valid for small to moderate pore-scale Péclet numbers (i.e., Pe ≤ 257) (Yang et al., 2016). Because 
PFAS in the two domains may not be in chemical equilibrium, we formulate separate governing equations for 
PFAS in the bulk capillary water and thin water films and represent the mass transfer between the two domains 
by a first-order flux driven by aqueous diffusion and surface diffusion along air–water interfaces. The governing 
equation for PFAS in the bulk capillary water of pore body i can be written as

𝜕𝜕
(

𝑉𝑉𝑖𝑖𝑠𝑠
𝑏𝑏
𝑤𝑤𝑤𝑤𝑤
𝑐𝑐𝑏𝑏
𝑖𝑖

)

𝜕𝜕𝜕𝜕
+

𝜕𝜕
(

𝑎𝑎𝑏𝑏
𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐾𝐾𝑏𝑏
𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑐𝑐𝑏𝑏
𝑖𝑖

)

𝜕𝜕𝜕𝜕
+

𝜕𝜕

(

𝑎𝑎𝑏𝑏
𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝐾𝐾𝑏𝑏
𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(

𝑐𝑐𝑏𝑏
𝑖𝑖

)𝑁𝑁𝑏𝑏
𝑠𝑠𝑠𝑠𝑠𝑠𝑠

)

𝜕𝜕𝜕𝜕

+
∑𝑛𝑛𝑖𝑖

𝑗𝑗=1
𝛿𝛿𝑖𝑖𝑖𝑖

(

𝑐𝑐𝑏𝑏𝑖𝑖𝑖𝑖𝑞𝑞
𝑏𝑏
𝑤𝑤𝑤𝑤𝑤𝑤𝑤 + 𝑎𝑎𝑏𝑏𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝐷𝐷

𝑏𝑏

0

𝑐𝑐𝑏𝑏
𝑖𝑖
− 𝑐𝑐𝑏𝑏

𝑗𝑗

𝑙𝑙𝑖𝑖𝑖𝑖
+𝐷𝐷𝑏𝑏

𝑎𝑎𝑎𝑎𝐿𝐿
𝑏𝑏
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐾𝐾𝑏𝑏
𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑐𝑐𝑏𝑏
𝑖𝑖
−𝐾𝐾𝑏𝑏

𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑐𝑐𝑏𝑏
𝑗𝑗

𝑙𝑙𝑖𝑖𝑖𝑖

)

+𝐷𝐷
𝑓𝑓

0
𝐿𝐿

𝑓𝑓

𝑎𝑎𝑎𝑎𝑎𝑎𝑎
ℎ
𝑓𝑓

𝑖𝑖

𝑐𝑐𝑏𝑏
𝑖𝑖
− 𝑐𝑐

𝑓𝑓

𝑖𝑖

𝑙𝑙
𝑓𝑓

𝑖𝑖

+𝐷𝐷
𝑓𝑓

𝑎𝑎𝑎𝑎𝐿𝐿
𝑓𝑓

𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐾𝐾𝑏𝑏
𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑐𝑐𝑏𝑏
𝑖𝑖
−𝐾𝐾

𝑓𝑓

𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑐𝑐
𝑓𝑓

𝑖𝑖

𝑙𝑙
𝑓𝑓

𝑖𝑖

= 0,

� (13)

where Vi is the volume of the pore body i. Using superscripts b and f to respectively denote the variables for 
bulk capillary water and thin water films, the variables are defined as follows. 𝐴𝐴 𝐴𝐴𝑏𝑏

𝑤𝑤𝑤𝑤𝑤
 is the bulk capillary water 

saturation. ci is the aqueous PFAS concentration, cij is the PFAS concentration in the upstream pore body of i 
and j (i.e., cij = ci if water flows from pore body i to pore body j, while cij = cj if water flows from pore body j to 
pore body i), 𝐴𝐴 𝐴𝐴𝑏𝑏

𝑤𝑤𝑤𝑤𝑤𝑤𝑤
 is the cross-sectional area of bulk water in the pore throat ij, Kaw,i is the air–water interfacial 

adsorption coefficient, Ksw,i and Nsw,i are the Freundlich isotherm parameters for the solid-phase adsorption, D0 
is the aqueous molecular diffusion coefficient, Daw is the surface diffusion coefficient which is assumed equal to 
D0, lij is the length of pore throat ij, 𝐴𝐴 𝐴𝐴

𝑓𝑓

𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 is the total length of the interfaces between bulk capillary water and thin 

water films, and 𝐴𝐴 𝐴
𝑓𝑓

𝑖𝑖
 is the thin-water-film thickness given by 𝐴𝐴 𝐴

𝑓𝑓

𝑖𝑖
= 𝑋𝑋ℎ,𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎 where Xh,i = Xi/Xl,i (Jiang et al., 2020b; 

Zheng et al., 2015). 𝐴𝐴 𝐴𝐴
𝑓𝑓

𝑖𝑖
 is the distance from the bulk capillary water to the center of the thin-water film in a face 

of the cubic pore body which is given by 𝐴𝐴 𝐴𝐴
𝑓𝑓

𝑖𝑖
= (𝑟𝑟𝑖𝑖 − 𝑟𝑟𝑖𝑖𝑖𝑖𝑖)(𝑋𝑋𝑙𝑙𝑙𝑙𝑙)

1∕2 . Detailed information for the geometrical param-
eters (e.g., 𝐴𝐴 𝐴𝐴𝑏𝑏

𝑤𝑤𝑤𝑤𝑤𝑤𝑤
 , lij, 𝐴𝐴 𝐴𝐴

𝑓𝑓

𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 , 𝐴𝐴 𝐴

𝑓𝑓

𝑖𝑖
 , and 𝐴𝐴 𝐴𝐴

𝑓𝑓

𝑖𝑖
 ) and their graphical representation is presented in Figure S1 in Supporting 

Information S1.

The governing equation for PFAS in the thin water films of pore body i yields

𝜕𝜕
(

𝑉𝑉𝑖𝑖𝑠𝑠
𝑓𝑓

𝑤𝑤𝑤𝑤𝑤
𝑐𝑐
𝑓𝑓

𝑖𝑖

)

𝜕𝜕𝜕𝜕
+

𝜕𝜕
(

𝑎𝑎
𝑓𝑓

𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝐾𝐾

𝑓𝑓

𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑐𝑐
𝑓𝑓

𝑖𝑖

)

𝜕𝜕𝜕𝜕
+

𝜕𝜕

(

𝑎𝑎
𝑓𝑓

𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝐾𝐾

𝑓𝑓

𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(

𝑐𝑐
𝑓𝑓

𝑖𝑖

)𝑁𝑁
𝑓𝑓

𝑠𝑠𝑠𝑠𝑠𝑠𝑠

)

𝜕𝜕𝜕𝜕

+
∑𝑛𝑛𝑖𝑖

𝑗𝑗=1

(

𝑐𝑐
𝑓𝑓

𝑖𝑖𝑖𝑖
𝑞𝑞
𝑓𝑓

𝑤𝑤𝑤𝑤𝑤𝑤𝑤
+ 𝑎𝑎

𝑓𝑓

𝑤𝑤𝑤𝑤𝑤𝑤𝑤
𝐷𝐷

𝑓𝑓

0

𝑐𝑐
𝑓𝑓

𝑖𝑖
− 𝑐𝑐

𝑓𝑓

𝑗𝑗

𝑙𝑙
𝑓𝑓

𝑖𝑖𝑖𝑖

+𝐷𝐷
𝑓𝑓

𝑎𝑎𝑎𝑎𝐿𝐿
𝑓𝑓

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐾𝐾
𝑓𝑓

𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑐𝑐
𝑓𝑓

𝑖𝑖
−𝐾𝐾

𝑓𝑓

𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑐𝑐
𝑓𝑓

𝑗𝑗

𝑙𝑙
𝑓𝑓

𝑖𝑖𝑖𝑖

)

−𝐷𝐷
𝑓𝑓

0
𝐿𝐿

𝑓𝑓

𝑎𝑎𝑎𝑎𝑎𝑎𝑎
ℎ
𝑓𝑓

𝑖𝑖

𝑐𝑐𝑏𝑏
𝑖𝑖
− 𝑐𝑐

𝑓𝑓

𝑖𝑖

𝑙𝑙
𝑓𝑓

𝑖𝑖

−𝐷𝐷
𝑓𝑓

𝑎𝑎𝑎𝑎𝐿𝐿
𝑓𝑓

𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐾𝐾𝑏𝑏
𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑐𝑐𝑏𝑏
𝑖𝑖
−𝐾𝐾

𝑓𝑓

𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑐𝑐
𝑓𝑓

𝑖𝑖

𝑙𝑙
𝑓𝑓

𝑖𝑖

= 0,

� (14)

where 𝐴𝐴 𝐴𝐴
𝑓𝑓

𝑖𝑖
 is the thin-water-film water saturation, 𝐴𝐴 𝐴𝐴

𝑓𝑓

𝑖𝑖𝑖𝑖
 is the PFAS concentration in the upstream of the thin-water-

film flow, 𝐴𝐴 𝐴𝐴
𝑓𝑓

𝑤𝑤𝑤𝑤𝑤𝑤𝑤
 is the cross-sectional area of thin water films in the pore throat ij (see Figure S1 in Supporting 
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Information S1), and 𝐴𝐴 𝐴𝐴
𝑓𝑓

𝑠𝑠𝑠𝑠𝑠𝑠𝑠
 and 𝐴𝐴 𝐴𝐴

𝑓𝑓

𝑠𝑠𝑠𝑠𝑠𝑠𝑠
 are the Freundlich isotherm parameters for the solid-phase adsorption at the 

thin-water-film solid–water interfaces. Note that the surface diffusion flux is zero for water-saturated pore throat.

The air–water interfacial adsorption coefficients 𝐴𝐴 𝐴𝐴𝑏𝑏
𝑎𝑎𝑎𝑎𝑎𝑎𝑎

 and 𝐴𝐴 𝐴𝐴
𝑓𝑓

𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 in Equations 13 and 14 are a function of the 

aqueous PFAS concentration, which can be modeled by the Gibbs adsorption equation combined with the 
Szyzskowski equation as

𝐾𝐾𝑏𝑏
𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =

1

𝑅𝑅𝑔𝑔𝑇𝑇

𝜎𝜎0𝛽𝛽

𝛼𝛼 + 𝑐𝑐𝑏𝑏
𝑖𝑖

& 𝐾𝐾
𝑓𝑓

𝑎𝑎𝑎𝑎𝑎𝑎𝑎
=

1

𝑅𝑅𝑔𝑔𝑇𝑇

𝜎𝜎0𝛽𝛽

𝛼𝛼 + 𝑐𝑐
𝑓𝑓

𝑖𝑖

,� (15)

where Rg = 8.314 J/K/mol is the universal gas constant, T is temperature in Kelvin, α and β are the Szyszskowski 
fitting parameters that can be determined from measured surface tension data, σ0 is the surface tension in the 
absence of PFAS.

For a water-saturated pore body, no thin water films exist. The governing equation for PFAS in thin water films 
(i.e., Equation 14) is degenerate. In addition, the mass flux between bulk capillary water and thin water films in 
the governing equation for PFAS in bulk capillary water (i.e., Equation 13) becomes zero.

In a porous medium, only a fraction of the solid surfaces provides adsorption sites for PFAS (e.g., the solid surface 
of organic carbon or clay minerals). We simplify the solid-phase adsorption in our pore network model by assum-
ing that all of the solid surfaces provide adsorption sites for PFAS. The adsorption capacity of the solid surface in 
the pore network represents the average adsorption capacity of the porous medium, that is, the adsorption coef-
ficients 𝐴𝐴 𝐴𝐴𝑏𝑏

𝑠𝑠𝑠𝑠𝑠𝑠𝑠
 and 𝐴𝐴 𝐴𝐴

𝑓𝑓

𝑠𝑠𝑠𝑠𝑠𝑠𝑠
 equal to the solid–water interfacial adsorption coefficient measured in a water-saturated 

soil sample normalized by its total solid surface area. The assumption of homogeneous solid-phase adsorption 
allows us to focus on the manifestation of the heterogeneous pore-scale air–water interfacial adsorption in the 
bulk capillary water and thin water films.

Equations 13 and 14 presented above account for potential mass-transfer limitations between the bulk capillary 
water and thin water films in each water-unsaturated pore body. For comparison, we formulate a base model that 
assumes no mass-transfer limitations, that is, 𝐴𝐴 𝐴𝐴

𝑓𝑓

𝑖𝑖
= 𝑐𝑐𝑏𝑏

𝑖𝑖
 for all pore bodies. Using ci to denote the aqueous PFAS 

concentration in the bulk capillary water and thin water films (if they exist) in pore body i, we obtain the govern-
ing equation for PFAS in pore body i as

𝜕𝜕(𝑉𝑉𝑖𝑖𝑠𝑠𝑤𝑤𝑤𝑤𝑤𝑐𝑐𝑖𝑖)

𝜕𝜕𝜕𝜕
+

𝜕𝜕(𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑖𝑖)

𝜕𝜕𝜕𝜕
+

𝜕𝜕

(

𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐
𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑖𝑖

)

𝜕𝜕𝜕𝜕

+
∑𝑛𝑛𝑖𝑖

𝑗𝑗=1
𝛿𝛿𝑖𝑖𝑖𝑖

(

𝑐𝑐𝑖𝑖𝑖𝑖𝑞𝑞
𝑏𝑏
𝑤𝑤𝑤𝑤𝑤𝑤𝑤 + 𝑎𝑎𝑏𝑏𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝐷𝐷

𝑏𝑏

0

𝑐𝑐𝑖𝑖 − 𝑐𝑐𝑗𝑗

𝑙𝑙𝑖𝑖𝑖𝑖
+𝐷𝐷𝑏𝑏

𝑎𝑎𝑎𝑎𝐿𝐿
𝑏𝑏
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑖𝑖 −𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑗𝑗

𝑙𝑙𝑖𝑖𝑖𝑖

)

+
∑𝑛𝑛𝑖𝑖

𝑗𝑗=1

(

𝑐𝑐𝑖𝑖𝑖𝑖𝑞𝑞
𝑓𝑓

𝑤𝑤𝑤𝑤𝑤𝑤𝑤
+𝐷𝐷

𝑓𝑓

0
𝑎𝑎
𝑓𝑓

𝑤𝑤𝑤𝑤𝑤𝑤𝑤

𝑐𝑐𝑖𝑖 − 𝑐𝑐𝑗𝑗

𝑙𝑙
𝑓𝑓

𝑖𝑖𝑖𝑖

+𝐷𝐷
𝑓𝑓

𝑎𝑎𝑎𝑎𝐿𝐿
𝑓𝑓

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑖𝑖 −𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑗𝑗

𝑙𝑙
𝑓𝑓

𝑖𝑖𝑖𝑖

)

= 0,

� (16)

where 𝐴𝐴 𝐴𝐴𝑤𝑤𝑤𝑤𝑤 = 𝑠𝑠𝑏𝑏
𝑤𝑤𝑤𝑤𝑤

+ 𝑠𝑠
𝑓𝑓

𝑤𝑤𝑤𝑤𝑤
 is the total water saturation in pore body i, 𝐴𝐴 𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑎𝑎𝑏𝑏

𝑎𝑎𝑎𝑎𝑎𝑎𝑎
+ 𝑎𝑎

𝑓𝑓

𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 is the total air–water inter-

facial area, and 𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑎𝑎𝑏𝑏
𝑠𝑠𝑠𝑠𝑠𝑠𝑠

+ 𝑎𝑎
𝑓𝑓

𝑠𝑠𝑠𝑠𝑠𝑠𝑠
 is the total solid–water interfacial area.

2.4.  Numerical Methods

We compute the water saturation and the air–water configuration in each pore body using the percolation algo-
rithm described in Section 2.2. After that, we solve Equation 2 to obtain the water pressure pw,i in each pore body 
and the bulk capillary water and thin-water film velocity in each pore throat. The air–water configuration and the 
velocity field are then used to solve the equations for PFAS transport in the pore network. For the complete trans-
port model (i.e., Equations 13 and 14), the primary variables are 𝐴𝐴 𝐴𝐴𝑏𝑏

𝑖𝑖
 and 𝐴𝐴 𝐴𝐴

𝑓𝑓

𝑖𝑖
 in each pore body i. Conversely,  the 

base model (i.e., Equation 16) only has one primary variable ci in each pore body i. We solve the equations 
implicitly (backward Euler) using the Newton-Raphson method.

For the transport simulation, we solve Equations 13 and 14 or Equation 16 using the Newton-Raphson method. 
We employ an adaptive time step size by cutting or increasing the time step size based on the number of iterations 
needed for the Newton-Raphson solver to converge. Specifically, if the Newton-Raphson solver does not converge 
after a maximum number of iterations (set to 10 in our study), we cut the time step size by half and recompute the 
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current time step. If the Newton-Raphson solver converges fewer than half of the maximum number of iterations, 
we double the time step size and move to the next time step. For situations other than these two, the time step size 
remains unchanged. We also set a maximum time step size to prevent unrealistically large time step sizes. The 
initial and maximum time step sizes are set to 1/100 and 1/10 of the residence time of water in the pore network, 
respectively. The convergence tolerance (i.e., the L∞ of the update of primary variables—PFAS concentrations) 
for the Newton-Raphson iterations is set to 10 −12 mg/L.

3.  Pore-Network Modeling of PFAS Transport in a Water-Unsaturated Sand Medium
We apply the pore-network modeling framework (Section 2) to simulate PFAS transport in an example sand 
medium under water-unsaturated conditions. Below, we present details about the construction of the pore network 
and the design of the numerical experiments.

3.1.  Pore-Network Representation of a Well-Characterized Sand Medium

We construct an unstructured pore network that consists of 30 × 30 × 150 randomly distributed pore bodies (see 
Figure  3a) to represent the pore structure of a commercially available 45/50 mesh quartz sand (UNIMIN Corp.) 

Figure 3.  (a) Calibrated pore-network representation of a sand medium, (b) experimentally measured P c–Sw curve (denoted by “Measured”) versus that simulated by 
the pore-network model (denoted by “PNM”), and (c) experimentally measured Aaw–Sw curves versus that simulated by the pore-network model. Panel (c) includes 
three types of measured Aaw: (1) bulk capillary Aaw measured by X-ray microtomography (denoted by “𝐴𝐴 𝐴𝐴𝑏𝑏

𝑎𝑎𝑎𝑎 (XMT)”), (2) total Aaw (combining bulk capillary and 
thin-water-film Aaw) assuming smooth grain surfaces measured by X-ray microtomography (denoted by “𝐴𝐴 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (XMT)”), and (3) total Aaw (combining bulk capillary 
and thin-water-film Aaw) measured by aqueous interfacial partitioning tracer test experiments accounting for the impact of microscale surface roughness (denoted 
by “𝐴𝐴 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ”). The 𝐴𝐴 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 measured by two types of tracer test experiments are included—miscible displacement experiment (denoted by “𝐴𝐴 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (MD)”) (Brusseau 
et al., 2007) and mass balance experiment (denoted by “𝐴𝐴 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (MB)”) (Araujo et al., 2015). The three corresponding simulated Aaw are denoted by “𝐴𝐴 𝐴𝐴𝑏𝑏
𝑎𝑎𝑎𝑎 (PNM)”, “𝐴𝐴 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 
(PNM)”, and “𝐴𝐴 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (PNM)”, respectively.
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whose grain size (diameter d) distribution is: 250  μm  ≤  d  <  300  μm (1.4%), 300  μm  ≤  d  <  355  μm (47.1%), 
355 μm ≤ d < 425 μm (51.4%), and d ≥ 425 μm (0.1%). The sand medium is experimentally well-characterized. The 
detailed characterization data, including porosity, mean grain size, grain size uniformity, geometrical smooth solid 
surface area, and actual rough solid surface area, are reported in the literature including Peng and Brusseau (2005); 
Brusseau et al. (2007); Jiang et al. (2020b). The capillary pressure water saturation curve (P c–Sw) and the specific 
air–water interfacial area curve (Aaw–Sw) measured by various methods were reported in the literature (Araujo & 
Brusseau, 2020; Araujo et al., 2015; Brusseau et al., 2007). Note that Aaw denotes the specific air–water interfacial area 
in the pore network, which is different from aaw (i.e., the air–water interfacial area in a pore body) in Section 2. These 
experimental data are used to constrain the pore-network structures, including the distributions of pore body and pore 
throat sizes, the coordination number, and the surface roughness. The specifics are presented below.

We begin by using the measured P c–Sw curve to calibrate the distributions of pore body and pore throat sizes, and pore 
body connectivity (i.e., coordination number). The calibration process is as follows: Step 1—Construct an unstructured 
pore network using an initial pore body size distribution (assuming lognormal distributions) obtained by fitting a 
bundle-of-tubes model to the measured P c–Sw curve; Step 2—Determine the size of each pore throat ij by multiplying 
the minimum size of its connected pore bodies i and j by a ratio (namely, pore body-to-throat size aspect ratio); Step 
3—Apply the percolation algorithm to the pore network to compute its P c–Sw curve and compare it with the measured 
P c–Sw curve from Brusseau et al. (2007); Step 4—Repeat steps 1–3 until a good agreement between the simulated 
and measured P c–Sw curves is obtained. During the above processes, we tune the mean pore size, pore size standard 
deviation, pore body-to-throat size aspect ratio, and pore connectivity when repeating step 1, and randomly shrink a 
small fraction of pore throats when repeating step 2. Figure 3b shows the final comparison between the simulated and 
measured P c–Sw curves. The mean and standard deviation of pore body sizes are 106.4 and 40.7 μm, the mean and 
standard deviation of pore throat sizes are 65.8 and 37.3 μm, and the mean coordination number is 3.2. The pore body 
and pore throat size distributions are presented in Figure S2 in Supporting Information S1.

Then, we validate the pore-network representation calibrated from the measured P c–Sw curve by simulating the 
Aaw measured by X-ray microtomography (XMT). The measured Aaw includes the area of bulk capillary air–water 
interfaces 𝐴𝐴

(

𝐴𝐴𝑏𝑏
𝑎𝑎𝑎𝑎

)

 and the total area of bulk capillary and thin-water-film air–water interfaces 𝐴𝐴
(

𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎

)

 . Because the 
XMT images do not resolve the microscale surface roughness, the total air–water interfacial area measured by 
XMT represents the air–water interfacial area that assumes smooth grain surfaces (Araujo & Brusseau, 2020). We 
denote the XMT-measured total air–water interfacial area as 𝐴𝐴 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 —the subscript “ss” represents smooth surface. 
Comparing with the XMT air–water interfacial areas allows us to validate the pore-network representation inde-
pendent of the grain surface roughness. Figure  3c shows an excellent agreement between the predicted and 
XMT-measured 𝐴𝐴 𝐴𝐴𝑏𝑏

𝑎𝑎𝑎𝑎 and 𝐴𝐴 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 over a wide range of water saturation degrees, which provides a direct validation 

of the pore-network representation calibrated from the measured P c–Sw curve.

Finally, we calibrate the surface roughness parameters (i.e., X, k, and hm) by comparing the simulated Aaw with 
that measured by aqueous-phase interfacial partitioning tracers. The Aaw measured by aqueous-phase interfacial 
partitioning tracers represents the total area of bulk capillary and thin-water-film air–water interfaces, which 
accounts for the impact of grain surface roughness. The  air–water interfacial areas were measured by either 
miscible displacement experiments (Brusseau et al., 2007) or mass balance experiments that were based on mass 
partitioning of the aqueous-phase interfacial partitioning tracer in an unsaturated medium assuming chemical 
equilibrium conditions (Araujo et al., 2015). We denote the air–water interfacial area measured by aqueous-phase 
interfacial partitioning tracers as 𝐴𝐴 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 —the subscript “rs” represents rough surface. After calibration, X = 9.2, 
k = 0.42, and hm = 13.9 nm give a good agreement between the simulated and measured 𝐴𝐴 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (see Figure 3c).

In the final pore network, the simulated water and air–water interfacial areas are distributed relatively uniformly 
across the lateral direction of the pore network at different pore-network-averaged water saturations (see Figure 
S3 in Supporting Information S1), which suggests that the pore network is sufficiently large for flow and transport 
analysis at a representative-elementary-volume scale. The cross-section-averaged water saturation and air–water 
interfacial area at two pore-network-averaged water saturation values (i.e., Sw = 0.5 and Sw = 0.3) are presented 
in Figure S4 in Supporting Information S1.

3.2.  Design of the Pore-Network Modeling Experiments

We conduct four sets of numerical experiments in the pore network to study the transport of PFAS under 
water-unsaturated conditions. The first set includes three simulations: (a) not accounting for PFAS adsorption at 
air–water and solid–water interfaces (i.e., nonreactive tracers), (b) only accounting for PFAS adsorption at bulk 
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capillary air–water and solid–water interfaces, and (c) accounting for PFAS 
adsorption at bulk capillary and thin-water-film air–water and solid–water 
interfaces. The first set of simulations are considered as the base simulations. 
They do not account for surface diffusion of PFAS adsorbed at air–water 
interfaces, mass-transfer limitations between bulk capillary water and thin 
water films inside each water-unsaturated pore body (referred to as intra-
pore mass-transfer limitations hereafter), or the disconnect of bulk capillary 
water under drier conditions. These three factors are examined by the other 
three simulation sets. See detailed designs for all of the four simulation sets 
in Table 1. Note that when the bulk capillary water disconnects in some pore 
bodies, water in those pore bodies is only connected by thin water films, 
which introduces additional mass-transfer limitations in those pore clusters. 
The disconnect of bulk capillary water is accounted for in the fourth simula-
tion set (using the algorithm presented in Section 2.2.1).

To examine the dependence of air–water interfacial adsorption and 
mass-transfer limitations on wetting condition, surface roughness, and PFAS 
chain length, all simulations in Table 1 consider two averaged water satura-
tion values in the pore network (i.e., Sw = 0.5 and Sw = 0.3), two representa-
tions of surface roughness (i.e., smooth and rough surfaces), and three 
PFAS (i.e., a shorter-chain PFAS presented by PFPeA, and two longer-chain 

PFAS represented by PFOA and PFOS). For each simulation, we impose a unit pressure gradient across the pore 
network to establish a steady-state water flow field that effectively represents gravity-driven flow. Then, we inject 
10 pore volumes of PFAS solution at the inlet at the concentration of 1 mg/L, which is representative of pore 
water concentration measured in some PFAS source zones (Anderson et al., 2022; Quinnan et al., 2021; Schaefer 
et al., 2022). A zero gradient of aqueous PFAS concentration is applied at the outlet of the pore network. The 
parameters for PFAS transport and adsorption are presented in Table 2.

4.  Results and Analysis
4.1.  Contribution of Thin-Water-Film Air–Water Interfaces to PFAS Retention

We use the first simulation set to examine the contribution of the thin-water-film air–water interfaces to PFAS 
retention. These simulations neglect surface diffusion of PFAS adsorbed at air–water interfaces, intra-pore 
mass-transfer limitations between bulk capillary water and thin water films inside each water-unsaturated pore 
body, and the disconnect of bulk capillary water under drier conditions as explained in Section 3.2. Because the 
sand medium employed in our simulations has negligible solid-phase adsorption capacity for all three PFAS, our 
analysis in this and the following sections focus on the adsorption at air–water interfaces only. In each simula-
tion, we model the breakthrough curves and compute the retardation factors by analyzing the temporal moments. 
The breakthrough curve represents the temporal evolution of the average aqueous PFAS concentration at the 

Simulation 
sets

Bulk capillary 
SWIA and 

AWIA a

Thin water-
film SWIA 
and AWIA

Intra-pore 
mass-transfer 

limitations SD b DPR c

#1 ✕ ✕ ✕ ✕ ✕
✓ ✕ ✕ ✕ ✕

✓ ✓ ✕ ✕ ✕

#2 ✓ ✓ ✕ ✕ ✕

✓ ✓ ✓ ✕ ✕

#3 ✓ ✓ ✕ ✓ ✕

✓ ✓ ✓ ✓ ✕

#4 ✓ ✓ ✕ ✓ ✓

✓ ✓ ✓ ✓ ✓

 aSWIA and AWIA refer to solid–water and air–water interfacial adsorption, 
respectively.  bSD refers to surface diffusion.  cDPR refers to discontinuous 
pendular rings.

Table 1 
Design of the Four Simulation Sets Used in the Numerical Experiments

Parameters Units PFPeA PFOA PFOS

Molecular weight g/mol 264.046 414.07 500.13

𝐴𝐴 𝐴𝐴𝑏𝑏

0
 , 𝐴𝐴 𝐴𝐴𝑏𝑏

𝑎𝑎𝑎𝑎 , 𝐴𝐴 𝐴𝐴
𝑓𝑓

0
 , 𝐴𝐴 𝐴𝐴

𝑓𝑓

𝑎𝑎𝑎𝑎
cm 2/s 1.2e−5 4.9e−6 5.4e−6

α μmol/cm 3 6.82 5.97e−2 8.2e−3

β – 0.132 0.120 0.118

𝐴𝐴 𝐴𝐴𝑏𝑏
𝑠𝑠𝑠𝑠 , 𝐴𝐴 𝐴𝐴

𝑓𝑓

𝑠𝑠𝑠𝑠 𝐴𝐴 cm ⋅

(

𝜇𝜇mol/cm
3
)1−𝑁𝑁𝑠𝑠𝑠𝑠  2.92e−6 1.23e−5 8.33e−6

𝐴𝐴 𝐴𝐴𝑏𝑏
𝑠𝑠𝑠𝑠 , 𝐴𝐴 𝐴𝐴

𝑓𝑓

𝑠𝑠𝑠𝑠
– 0.87 0.87 0.81

Note. A few other parameters are not presented in the table, which include Asvl = 6 × 10 −20 J (Or & Tuller, 1999), T = 293.15 K, and σ0 = 71 dyn/cm.

Table 2 
Transport and Adsorption Parameters for PFAS Including Molecular Weight, Aqueous Diffusion Coefficient (Schaefer, Drennan, et al., 2019), Surface Diffusion 
Coefficient (Karakashev & Ivanova, 2010; Stoyanov & Denkov, 2001; Valkovska & Danov, 2000, 2001), and Coefficients for Adsorption at Air–Water Interfaces and 
Solid–Water Interfaces (Brusseau, 2020; Brusseau & Van Glubt, 2019; Guo et al., 2020; Van Glubt et al., 2021)
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outlet of the pore network normalized by the injection concentration at the inlet. The retardation factor reflects 
the degree of PFAS retention. Here the retardation factor is given by 𝐴𝐴 𝐴𝐴 = 𝜇𝜇inlet

1
− 𝜇𝜇outlet

1
 , where 𝐴𝐴 𝐴𝐴inlet

1
 and 𝐴𝐴 𝐴𝐴outlet

1
 

are respectively the first temporal central moments of the average aqueous concentration at the inlet and outlet 
and 𝐴𝐴 𝐴𝐴1 = ∫

∞

0
𝑡𝑡𝑡𝑡(𝑡𝑡)𝑑𝑑𝑑𝑑∕ ∫

∞

0
𝐶𝐶(𝑡𝑡)𝑑𝑑𝑑𝑑 with t being the dimensionless time and C(t) being the aqueous concentration 

normalized by the injection concentration at the inlet.

As shown in Figures 4a1 and 4a2, due to relatively weak adsorption at air–water interfaces, the breakthrough 
curves of shorter-chain PFAS (i.e., PFPeA whose Kaw is 5.7 × 10 −5 cm as shown in Table S1 of Supporting Infor-
mation S1) almost overlap regardless of the existence of thin water films. Correspondingly, the retardation factors 
are almost identical (see Table S2 in Supporting Information S1).

However, the breakthrough curves of longer-chain PFAS (i.e., PFOA and PFOS) suggest significant retention 
behaviors when thin water films are included (see Panels b1, b2, c1, and c2 in Figure 4). The computed retarda-
tion factors for PFOA and PFOS, when thin water films are included, are 1.4∼9.0 times (for Sw = 0.5) and 3.9∼13 
times (for Sw = 0.3) greater than those without the presence of thin water films (see Table S2 in Supporting 
Information S1). This contrast indicates that the adsorption at the thin-water-film air–water interfaces contributes 
significantly to the overall retention of longer-chain PFAS in the pore network even at relatively high water satu-
rations for the sand medium used in the present study.

Additionally, the relative importance of adsorption at thin-water-film air–water interfaces depends on several other 
factors, including surface roughness and water saturation (or capillary pressure). For the sand medium used in our 
simulations, the presence of surface roughness increases the retardation factors by 2.7∼5.2 times (see Table S2 in 
Supporting Information S1). The retention also increases as the water saturation decreases. The retardation factors 
for Sw = 0.3 are 1.7∼2.6 times greater than that of Sw = 0.5 (see Table S2 in Supporting Information S1). The greater 
retention at a lower water saturation is due to the increased air–water interfacial area from the newly formed thin 
water films on the pore walls. These observations are consistent with how the relative contributions of thin-water-
film and bulk capillary air–water interfaces change with water saturation in the sand medium (see Figure 3).

Figure 4.  Simulated breakthrough curves by the pore-network model for three PFAS (i.e., PFPeA, PFOA, and PFOS), two pore-network-averaged water saturation Sw 
(i.e., Sw = 0.5 and Sw = 0.3), and with and without accounting for grain surface roughness (smooth surface is denoted by “SS” and rough surface is denoted by “RS”). 
For each scenario, three cases are simulated: no adsorption of PFAS at air–water and solid–water interfaces (denoted by “w/o adsorption”), adsorption of PFAS at bulk 
capillary air–water interfaces and solid–water interfaces but not accounting for the presence of thin water films (denoted by “w/o film”), and adsorption of PFAS at both 
bulk capillary and thin-water-film air–water interfaces and solid–water interfaces (denoted by “w/ film”). All simulations assume chemical equilibrium between bulk 
capillary water and thin water films inside each water-unsaturated pore body, and do not account for surface diffusion of PFAS adsorbed at air–water interfaces, and the 
disconnect of bulk capillary water (i.e., assuming continuous pendular rings).
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4.2.  Impact of Thin-Water-Film Mass-Transfer Limitations on PFAS Transport

4.2.1.  Continuous Pendular Rings

The second and third simulation sets assume all bulk capillary water in the pore network is well connected (i.e., 
assuming continuous pendular rings in the sand medium), which allows us to focus on examining how intra-
pore mass-transfer limitations between bulk capillary water and thin water films inside each water-unsaturated 
pore body influence the PFAS transport. To evaluate the importance of surface diffusion of PFAS adsorbed at 
air–water interfaces, we analyze the impact of intra-pore mass-transfer limitations without (the second simu-
lation set) and with (the third simulation set) accounting for surface diffusion. The dependence of intra-pore 
mass-transfer limitations and surface diffusion on various factors—PFAS chain length, surface roughness, and 
water saturation—are also discussed.

The second simulation set (surface diffusion not included) shows that intra-pore mass-transfer limitations lead 
to significant deviation in the breakthrough curves for PFOA and PFOS from those in the base simulations that 
exclude intra-pore mass transfer limitations (i.e., assuming chemical equilibrium between bulk capillary water 
and thin water films inside each water-unsaturated pore body) (see Figure 5). However, this is not the case for 
PFPeA. A closer inspection reveals that the adsorbed mass of PFPeA at the thin-water-film air–water interfaces 
is negligible—it accounts for less than 4.7%∼11% (see Figure 6). While intra-pore mass-transfer limitations are 
still present, the amount of PFPeA mass that the thin water films can hold is minor and thus the mass-transfer 
limitations have almost no impact on the overall transport of PFPeA in the pore network. Because of the negli-
gible impact of mass-transfer limitations for PFPeA, we focus on analyzing the two more interfacially active 
longer-chain PFAS in the rest of the paper. In contrast, the adsorbed mass of PFOA and PFOS at the thin-water-
film air–water interfaces is much greater than those in the bulk capillary water and bulk capillary air–water 
interfaces—it accounts for 75%∼84% for PFOA and 88%∼91% for PFOS (see Figure 6). Because the thin water 

Figure 5.  Simulated breakthrough curves by the pore-network model for three PFAS (i.e., PFPeA, PFOA, and PFOS), two pore-network-averaged water saturation Sw 
(i.e., Sw = 0.5 and Sw = 0.3), and with and without accounting for grain surface roughness (smooth surface is denoted by “SS” and rough surface is denoted by “RS”). 
For each scenario, two cases are simulated: assuming chemical equilibrium between bulk capillary water and thin water films inside each water-unsaturated pore body 
(denoted by “EQ”), and accounting for intra-pore mass-transfer limitations between bulk capillary water and thin water films inside each water-unsaturated pore body 
(denoted by “NEQ”). All simulations do not account for the surface diffusion of PFAS adsorbed at air–water interfaces and the disconnect of bulk capillary water (i.e., 
assuming continuous pendular rings, denoted by “CPR”).
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films can hold a significant amount of mass for these more interfacially active PFAS, mass-transfer limitations 
between the bulk capillary water and thin water films strongly influence the overall transport of PFOA and PFOS. 
Comparing PFOA and PFOS, the latter is more interfacially active and hence is expected to be more strongly 
influenced by the intra-pore mass-transfer limitations. This is consistent with our observations in Figure 5.

The deviation of the breakthrough curves from the base cases represents the nonequilibrium behaviors caused by 
the intra-pore mass-transfer limitations. The extent of nonequilibrium behaviors can be quantified by computing 
the relative difference between the second central moments of the breakthrough curves (Valocchi, 1985, 1990), 

𝐴𝐴 𝐴𝐴𝜇𝜇2 = |𝜇𝜇2,𝐸𝐸𝐸𝐸 − 𝜇𝜇2,𝑁𝑁𝑁𝑁𝑁𝑁|∕𝜇𝜇2,𝐸𝐸𝐸𝐸 , where μ2,EQ and μ2,NEQ are the second central moments for simulations with-
out and with accounting for intra-pore mass-transfer limitations, respectively. The second central moment is 
given by 𝐴𝐴 𝐴𝐴2 = ∫

∞

0
(𝑡𝑡 − 𝜇𝜇1)

2
𝐶𝐶(𝑡𝑡)𝑑𝑑𝑑𝑑∕ ∫

∞

0
𝐶𝐶(𝑡𝑡)𝑑𝑑𝑑𝑑 , where μ1 is the first central moment as defined and computed in 

Section 4.1. As expected, 𝐴𝐴 𝐴𝐴𝜇𝜇2 increase with the interfacial activity of PFAS (PFOS > PFOA > PFPeA)—𝐴𝐴 𝐴𝐴𝜇𝜇2 are 
up to 2.8% for PFPeA, 38% for PFOA, and 79% for PFOS.

We can also use the second central moment to quantify how the surface roughness and water saturation influence 
the nonequilibrium behaviors in the breakthrough curves. In the presence of surface roughness, 𝐴𝐴 𝐴𝐴𝜇𝜇2 increases by 
1.3∼4.7 times for PFPeA, 1.04∼2.5 for PFOA, and 1.2∼12 for PFOS (see Table 3), which indicates that surface 
roughness strongly enhances the nonequilibrium behaviors. Microscale roughness on soil grains increases the 
length of thin water films, which subsequently increases the time scale of intra-pore mass transfer between the 
bulk capillary water and thin water films inside each water-unsaturated pore body. This can be shown by analyzing 
the Damköhler number (see details in Section S1 and Table S4 in Supporting Information S1). As expected, the 
presence of surface roughness reduces the Damköhler number by 49∼57 times. Because the pore water velocity 
(vp) remains almost unchanged, the reduced Damköhler number and hence the more significant nonequilibrium 
behaviors can be entirely attributed to the greater intra-pore mass-transfer time scale in the presence of surface 
roughness. For the different water saturations, we observe that the computed 𝐴𝐴 𝐴𝐴𝜇𝜇2 for Sw = 0.3 is 2.5∼25 times 
smaller than that for Sw = 0.5 (see Table 3). A closer inspection reveals that the pore water velocity vp at Sw = 0.3 

Figure 6.  The fractions of PFAS mass in the bulk water (𝐴𝐴 𝐴𝐴𝑏𝑏
𝑤𝑤 , aqueous), bulk capillary solid–water interfaces (𝐴𝐴 𝐴𝐴𝑏𝑏

𝑠𝑠𝑠𝑠 , solid-phase adsorption), bulk capillary air–water 
interfaces (𝐴𝐴 𝐴𝐴𝑏𝑏

𝑎𝑎𝑎𝑎 , air–water interfacial adsorption), thin water films (𝐴𝐴 𝐴𝐴
𝑓𝑓

𝑤𝑤 , aqueous), thin-water-film solid–water interfaces (𝐴𝐴 𝐴𝐴
𝑓𝑓

𝑠𝑠𝑠𝑠 , solid-phase adsorption), thin-water-
film air–water interfaces (𝐴𝐴 𝐴𝐴

𝑓𝑓

𝑎𝑎𝑎𝑎 , air–water interfacial adsorption). All simulations account for PFAS adsorption at air–water and solid–water interfaces and grain surface 
roughness, but they all assume chemical equilibrium between bulk capillary water and thin water films inside each water-unsaturated pore body, and do not account for 
surface diffusion of PFAS adsorbed at air–water interfaces, and the disconnect of bulk capillary water (i.e., assuming continuous pendular rings).
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is 3.6 times smaller. Correspondingly, the Damköhler number increases by 
7.2∼8.4 times (see Table S4 in Supporting Information S1). This suggests 
that the nonequilibrium behaviors become less significant under a drier 
condition when both surface diffusion and the disconnect of bulk capillary 
water are not accounted for.

A direct indicator of the nonequilibrium behaviors is the early arrival and 
long tailing in the breakthrough curves. We define the arrival time as the time 
when 0.1% of the total injected PFAS mass reaches the outlet, and define the 
depletion time as the time when 99.9% of the injected PFAS mass is recov-
ered at the outlet. When the intra-pore mass-transfer limitations are included, 
the arrival time is 1.3∼5.9 times smaller for PFOA and 1.7∼9.4 times smaller 
for PFOS. Similarly, the depletion time is up to 10 times greater for PFOA 
and 5.2 times greater for PFOS.

Up to now, all the presented results are from the second simulation set, which 
neglects an important transport process—surface diffusion of PFAS adsorbed 
along the air–water interfaces. As discussed in the Introduction, surface diffu-
sion may substantially accelerate the intra-pore mass transfer between the bulk 

capillary water and thin water films inside each water-unsaturated pore body, and hence reduce intra-pore mass-transfer 
limitations. We now analyze the third simulation set (surface diffusion included) to quantify the impact of surface 
diffusion on the intra-pore mass-transfer limitations and the resulting nonequilibrium behaviors in the breakthrough 
curves. Unlike the results from the second simulation set that does not include surface diffusion, accounting for 
surface diffusion completely eliminates the nonequilibrium behaviors in the breakthrough curves (see Figure 7). The 
simulated breakthrough curves without and with representing the intra-pore mass-transfer limitations are identical, 
regardless of PFAS chain length, surface roughness, and Sw. This is also confirmed by the several orders of magnitude 
lower 𝐴𝐴 𝐴𝐴𝜇𝜇2 (see Table 3). Further analysis reveals that surface diffusion has increased the mass-transfer rate between the 
thin water film and bulk capillary water by 542 609 times for PFOA and 3.2 × 10 3 ∼ 4.4 × 10 3 times for PFOS. The 
orders of magnitude greater mass-transfer rates suggest that surface diffusion of PFAS at air–water interfaces is the 
most important process responsible for the mass transfer between bulk capillary water and thin water films. Because 
of surface diffusion, PFAS in the bulk capillary water and thin water films inside the water-unsaturated pore bodies 
can be assumed in chemical equilibrium.

4.2.2.  Discontinuous Pendular Rings

The second and third simulation sets discussed above assume that all of the pendular rings in the soil medium is 
connected. However, this assumption may be invalid under drier conditions when the pendular rings between soil 
grains disconnect from each other. As pendular rings disconnect between some pores, their hydraulic connectivity 
is only provided by thin water films. The fourth simulation set relaxes this critical assumption by explicitly repre-
senting the disconnect of bulk capillary water in the pore network under drier conditions. The disconnect of bulk 
capillary water in large clusters of pores is expected to greatly increase the time scale of mass transfer in the pore 
network, which could subsequently enhance the nonequilibrium behaviors of PFAS transport. This subsection 
focuses on examining this issue.

In contrast to the simulations that assume continuous pendular rings (Section 4.2.1), accounting for the disconnect 
of bulk capillary water leads to strong nonequilibrium behaviors in the breakthrough curves even in the presence 
of surface diffusion (see Figure 7). The computed 𝐴𝐴 𝐴𝐴𝜇𝜇2 range from 21%∼150% for PFOA and 81%∼240% for PFOS 
(see Table 4). Because surface diffusion removes any intra-pore mass-transfer limitations between the bulk capillary 
water and thin water films inside each water-unsaturated pore body (see Section 4.2.1 and Figure S5 in Supporting 
Information S1), the nonequilibrium behaviors observed here can be attributed entirely to the disconnect of bulk 
capillary water. For the pore bodies whose bulk capillary water is disconnected, mass transfer between them can 
only occur through the thin water films. As discussed earlier in Section 4.2.1, surface roughness and smaller water 
saturation both increase the lengths of thin water films and subsequently lead to greater time scales of mass transfer 
between bulk capillary water and thin water films. When the disconnect of bulk capillary water is accounted for, the 
reduction in water saturation increases mass transfer limitations by two means. First, it increases the lengths of thin 
water films inside water-unsaturated pore bodies (see Figure 2). Second, as the water saturation in a soil medium 
decreases, the clusters of pore bodies with disconnected bulk capillary water increase and subsequently increase the 

Surface 
diffusion Sw

PFPeA PFOA PFOS

Smooth Rough Smooth Rough Smooth Rough

✕ 0.5 3.6e−3 1.7e−2 1.5e−1 3.8e−1 6.4e−1 7.9e−1

0.3 2.2e−2 2.8e−2 5.0e−2 5.2e−2 2.6e−2 3.2e−1

✓ 0.5 3.7e−3 4.3e−3 4.1e−3 1.9e−2 6.8e−3 1.3e−2

0.3 5.5e−3 8.3e−3 1.9e−3 3.6e−3 1.4e−3 1.6e−3

Note. All simulations do not account for the disconnect of bulk capillary water 
(i.e., assuming continuous pendular rings).

Table 3 
Difference Between the Second Central Moments (μ2) for Simulations 
Without and With Accounting for the Intra-Pore Mass-Transfer Limitations 
Between Bulk Capillary Water and Thin Water Films Inside Each 
Water-Unsaturated Pore Body (i.e., 𝐴𝐴 𝐴𝐴𝜇𝜇2 = |𝜇𝜇2,𝑁𝑁𝑁𝑁𝑁𝑁 − 𝜇𝜇2,𝐸𝐸𝐸𝐸|∕𝜇𝜇2,𝐸𝐸𝐸𝐸 )
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overall time scale of mass transfer in the soil medium. To demonstrate that, we recompute the Damköhler number 
(see details in Section S1 in Supporting Information S1). As shown in Table S4 in Supporting Information S1, the 
Damköhler numbers for PFOA and PFOS simulations are reduced by 11∼18 times in the presence of disconnected 
pendular rings, which indicates more strong nonequilibrium behaviors. These results and analyses clearly suggest 
that the disconnect of bulk capillary water as the water saturation in a soil medium decreases is a primary factor 
controlling PFAS transport in unsaturated soil media and needs to be represented in mathematical models and data 
analyses.

4.3.  Impact of Thin-Water-Film Mass-Transfer Limitations on the 
Accessibility of Thin-Water-Film Air–Water Interfaces

A critical question is whether the mass-transfer limitations in the thin water 
films reduce the accessibility of thin-water-film air–water interfaces by PFAS. 
We examine this question by further analyzing the numerical simulations in 
Section 4.2. The amount of air–water interfacial area accessed by PFAS is 
reflected in the overall retention they experience moving through the pore 
network. Thus, the accessed air–water interfacial areas can be estimated from 
the breakthrough curves at the outlet. To differentiate from the actual Aaw in 
the pore network, we refer to the air–water interfacial area accessed by PFAS 
as effective Aaw.

To compute the effective Aaw, we first obtain the retardation factors R from 
the temporal moment analysis presented in Section 4.1. The computed R are 
then used to estimate the effective Aaw via

Sw

PFPeA PFOA PFOS

Smooth Rough Smooth Rough Smooth Rough

0.5 9.3e−2 1.3e−1 2.1e−1 1.3 8.1e−1 1.4

0.3 5.0e−1 4.1e−1 3.4e−1 1.5 8.2e−1 2.4

Note. All simulations account for intra-pore mass-transfer limitations between 
bulk capillary water and thin water films inside each water-unsaturated pore 
body, and surface diffusion of PFAS adsorbed at air–water interfaces.

Table 4 
Difference Between the Second Central Moments (μ2) for Simulations 
Not Accounting for the Disconnect of Bulk Capillary Water (i.e., 
Assuming Continuous Pendular Rings, Denoted by “CPR”) and 
Those Accounting for the Disconnect of Bulk Capillary Water (i.e., 
Considering Discontinuous Pendular Rings, Denoted by “DPR”), That Is, 

𝐴𝐴 𝐴𝐴𝜇𝜇2 = |𝜇𝜇2,𝐷𝐷𝐷𝐷𝐷𝐷 − 𝜇𝜇2,𝐶𝐶𝐶𝐶𝐶𝐶|∕𝜇𝜇2,𝐶𝐶𝐶𝐶𝐶𝐶

Figure 7.  Simulated breakthrough curves by the pore-network model for three PFAS (i.e., PFPeA, PFOA, and PFOS), two pore-network-averaged water saturation Sw 
(i.e., Sw = 0.5 and Sw = 0.3), and with and without accounting for grain surface roughness (smooth surface is denoted by “SS” and rough surface is denoted by “RS”). 
For each scenario, three cases are simulated: assuming chemical equilibrium between bulk capillary water and thin water films inside each water-unsaturated pore body 
(denoted by “EQ”) and continuous pendular rings (denoted by “CPR”), accounting for intra-pore mass-transfer limitations between bulk capillary water and thin water 
films inside each water-unsaturated pore body (denoted by “NEQ”) but not the disconnect of bulk capillary water (i.e., assuming continuous pendular rings, denoted by 
“CPR”), and accounting for intra-pore mass-transfer limitations between bulk capillary water and thin water films inside each water-unsaturated pore body (denoted by 
“NEQ”) and the disconnect of bulk capillary water (i.e., considering discontinuous pendular rings, denoted by “DPR”). All simulations account for surface diffusion of 
PFAS adsorbed at air–water interfaces.
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𝐴𝐴𝑎𝑎𝑎𝑎 =
(

𝜃𝜃(𝑅𝑅 −𝑅𝑅0) −𝐾𝐾𝑠𝑠𝑠𝑠𝐴𝐴𝑠𝑠𝑠𝑠𝐶𝐶
𝑁𝑁−1

)

∕𝐾𝐾𝑎𝑎𝑎𝑎(𝐶𝐶),� (17)

where R0 is the retardation factor for a nonreactive tracer, θ is the average water content of the pore network, C is 
a representative concentration (which is assumed equal to the concentration applied at the inlet), Asw is the specific 
solid–water interfacial area. The other parameters are defined in Section 2 or given in Table 2. We compute the 
retardation factors and effective  Aaw for all three simulation sets presented in Section 4.2 (see Table S3 in Support-
ing Information S1 and Table 5). For the moment analysis, we simulate 5,000 pore volumes of injection and use the 
full breakthrough curve to compute the retardation factor. We found that not capturing the full breakthrough curve 
will underestimate the retardation factor due to missing the long tailing of the breakthrough curve, especially for 
the cases with strong nonequilibrium behaviors. The computed retardation factors and effective Aaw become almost 
identical for all simulations (the relative difference is less than 5% except for the simulations not accounting for 
surface diffusion but with surface roughness included). The small difference in retardation factors and effective Aaw 
suggests that all thin-water-film air–water interfaces in the pore network are accessed by PFAS in those simulations.

It is interesting that the computed effective Aaw are greater than the total actual Aaw in the pore network. We 
hypothesize that the deviation is due to the nonlinear dependence of the air–water interfacial adsorption coef-
ficient on the aqueous concentration (see Equation 15). To test the hypothesis, we conduct an additional set of 
simulations where we reduce the inlet PFAS concentration by 1,000 times to 1 μg/L so that the air–water interfa-
cial adsorption coefficient becomes essentially a constant (Equation 15); Kaw = 4.250 × 10 −2 cm at 1 μg/L, which 
is almost identical to the maximum Kaw = 4.251 × 10 −2 cm at zero aqueous concentration. As expected, linear 
adsorption almost eliminates the difference between the effective Aaw and the actual Aaw (<2.4%) (see Table 5). 
Finally, we note that the relative global mass conservation errors are below 1.5% in all simulations, which are 
sufficiently small to have any notable impact on PFAS transport in the simulated sand medium.

In addition to assessing the accessibility of the air–water interfaces by PFAS, the above analysis also has important 
implications for measuring Aaw from miscible displacement experiments using aqueous-phase interfacially active 
tracers. The difference between the estimated Aaw for the two concentrations 1 mg/L versus 1 μg/L indicates that Aaw 
may be overestimated if the tracer experiments are conducted for a concentration at which the air–water interfacial 
adsorption is nonlinear. To improve the accuracy of the estimated Aaw, lower tracer concentrations at which the air–
water interfacial adsorption approaches a constant would be preferable (Brusseau, Lyu, et al., 2020). Furthermore, 
miscible displacement experiments often collect a limited number of pore volumes for the breakthrough curves due 

Concentration Sw SD a DPR b

Aaw,ss (cm −1) Aaw,rs (cm −1)

PFOA PFOS PNM c PFOA PFOS PNM

1 mg/L 0.5 ✕ ✕ 48.9/50.4 d 45.1/46.2 41.4 184/78.0 200/20.8 189

✓ ✕ 48.8/48.7 46.0/46.0 188/189 217/217

✓ ✓ 49.4/49.4 47.0/47.0 190/190 218/218

0.3 ✕ ✕ 64.8/66.2 63.3/67.8 57.7 294/247 324/61.7 298

✓ ✕ 64.4/64.5 62.9/62.9 297/297 345/346

✓ ✓ 64.9/64.8 65.6/65.5 300/300 352/352

1 μg/L 0.5 ✕ ✕ 41.3/41.8 39.1/38.7 41.4 185/72.8 181/33.1 189

✓ ✕ 40.8/40.8 40.7/40.7 186/186 186/186

✓ ✓ 41.0/41.1 40.7/40.7 188/188 192/193

0.3 ✕ ✕ 56.7/56.8 57.9/39.8 57.7 290/233 277/19.2 298

✓ ✕ 56.5/56.5 56.5/56.5 292/292 292/292

✓ ✓ 56.5/56.3 56.5/56.5 292/292 293/293

 aSD refers to surface diffusion.  bDPR refers to discontinuous pendular rings.  cPNM refers to the pore-network model.  dWe 
present the Aaw for simulations without (left) and with (right) accounting for intra-pore mass-transfer limitations between 
bulk capillary water and thin water films inside each water-unsaturated pore body.

Table 5 
Effective Air–Water Interfacial Areas Computed From the Breakthrough Curves Versus the Actual Air–Water Interfacial 
Areas in the Pore Network Without (Denoted by “Aaw,ss”) and With (Denoted by “Aaw,rs”) the Presence of Microscale 
Surface Roughness
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to practical limitations. When long tailing is present due to strong nonequilibrium behaviors, not including the full 
long tailing of the measured breakthrough curves may underestimate the retardation factors and subsequently the Aaw.

While it is a common approach to compute Aaw by Equation 17 using the retardation factor obtained from the 
breakthrough curves via moment analysis, an alternative commonly used approach is to estimate Aaw via inverse 
modeling by fitting a one-dimensional (1D) advection-dispersion model to the measured breakthrough curve. 
When strong nonequilibrium behaviors are present, using an upscaled 1D transport model not fully capturing the 
complex nonequilibrium processes in the system may lead to uncertainties in the inversely estimated Aaw. There-
fore, when strong nonequilibrium behaviors arise (e.g., at relatively lower water saturations), moment analysis 
may be a better approach for estimating Aaw because the moment-analysis-based retardation factor is independent 
of any nonequilibrium processes in the system (Valocchi, 1985).

5.  Conclusion
We have developed a pore-scale model that represents a variety of PFAS retention and transport processes includ-
ing the adsorption at bulk capillary and thin-water-film air–water interfaces as well as the mass-transfer processes 
between bulk capillary water and thin water films in water-unsaturated porous media (including advection, aque-
ous diffusion, and surface diffusion along the air–water interfaces). PFAS adsorption at the solid–water interfaces 
is also accounted for. Constrained by experimentally determined hydraulic parameters and air–water interfacial 
area data sets, we apply the pore-scale model to study how mass-transfer limitations between bulk capillary 
water and thin water films affect PFAS transport in a water-unsaturated sand medium. In particular, we focus on 
investigating two critical processes that have not been represented for PFAS transport in the literature—surface 
diffusion of the PFAS adsorbed at air–water interfaces and the disconnect of bulk capillary water as the water 
saturation in the soil medium decreases. Additionally, we also examine the impact of several other factors influ-
encing the mass transfer between bulk capillary water and thin water films, including soil grain surface rough-
ness, wetting conditions, and PFAS interfacial activity. The main findings are summarized below.

1.	 �Adsorption at the air–water interfaces of the thin water films can contribute significantly to the retention of 
PFAS in water-unsaturated soil media, especially for soils with significant grain surface roughness and under 
field-relevant wetting conditions (e.g., Sw < 0.5). For the sand medium studied in the present work, adsorption 
at the thin-water-film air–water interfaces accounts for up to 75% and 84% of the total retention of PFOA and 
up to 88% and 91% for the total retention of PFOS, at Sw = 0.3 and Sw = 0.5, respectively.

2.	 �Surface diffusion along the air–water interfaces is a critical process responsible for the transfer of PFAS mass 
between bulk capillary water and thin water films. Because of the greatly increased mass-transfer rate due to 
surface diffusion, PFAS in the bulk capillary water and thin water films inside each water-unsaturated pore 
body can be considered in chemical equilibrium. However, significant mass-transfer limitations still arise 
in the thin water films in the pore clusters where the bulk capillary water disconnects. The disconnect of 
bulk capillary water naturally occurs as the water saturation in a soil medium decreases, which can greatly 
increase the time scale of mass transfer between bulk capillary water and thin water films. The significant 
mass-transfer limitations in the thin water films strongly influence the transport of PFAS in water-unsaturated 
soil media, leading to early arrival and long tailing behaviors in the breakthrough curves.

3.	 �While the mass-transfer limitations in the thin water films lead to strong nonequilibrium behaviors in the 
breakthrough curves, they do not appear to reduce the accessibility of thin-water-film air–water interfaces by 
PFAS. For the simulations conducted in the sand medium of the present work, the air–water interfaces in all 
of the thin water films were accessed by PFAS. It is important to point out that our moment analysis employed 
up to 5,000 pore volumes of the simulated breakthrough curves to compute the air–water interfacial area. 
However, miscible displacement experiments often collect a limited number of pore volumes for the break-
through curves due to practical limitations, which may lead to an underestimated air–water interfacial area 
when long tailing is present due to strong nonequilibrium behaviors.

4.	 �The mass-transfer limitations in the thin water films and the resulting nonequilibrium transport of PFAS are 
expected to be important processes controlling PFAS transport in the vadose zone. Natural soil media often 
have greater grain surface roughness than the sand medium examined in the present work (Jiang et al., 2020a), 
which may further increase the time scale of mass transfer in the thin water films. Additionally, the water 
saturations in our study (i.e., Sw = 0.3 and Sw = 0.5) are still relatively high for a sand medium. The disconnect 
of bulk capillary water may be more significant under the drier conditions that occur in the field (Anderson 
et al., 2022; Schaefer et al., 2022) and may substantially increase the mass-transfer limitations in thin water 
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films. These insights obtained from the pore-scale simulations need to be incorporated into an upscaled model 
to investigate the impact of potential mass transfer limitations in thin water films for field-scale applications. 
An upscaled model may be derived by volume averaging (e.g., Whitaker, 2013) or by adapting and parame-
terizing classic multi-domain model formulations widely used for modeling contaminant transport in hetero-
geneous aquifers such as the multi-rate mass transfer models (e.g., Chen & Wagenet, 1995, 1997; Haggerty & 
Gorelick, 1995) or two- or multi-domain models (e.g., Brusseau et al., 1989; Valocchi, 1990).

Finally, we point out two factors that may be further examined using our pore-network modeling framework. 
First, all of the simulations in the present work are conducted for a sand medium. But, the degree of disconnected 
bulk water and the morphology of thin water films at a given water saturation will be a function of the soil media, 
including their specific pore structures, grain surface wettability, and surface roughness. The thin-water-film 
mass-transfer processes and their impact on the overall PFAS transport behavior will likely vary for different 
soil media, which needs to be further investigated. Second, our simulations did not consider surface diffusion 
along the solid–water interfaces due to the negligible solid-phase adsorption capacity of the sand medium used 
in the present work. For porous media with greater solid-phase adsorption capacities, the surface diffusion of 
the adsorbed molecules along the solid surface may become important, as demonstrated by various prior stud-
ies in the literature of groundwater solute transport (e.g., Crittenden et al., 1986; Hutzler et al., 1986; Schaefer 
et  al.,  2021), gas transport in shales (e.g., Guo et  al.,  2018; Javadpour,  2009; Xiong et  al.,  2012), and water 
treatment technologies (e.g., Crittenden & Weber, 1978; Hand et al., 1983; Ma et al., 1996). The pore-network 
modeling framework can be extended to include this process by adding an additional mass flux between the pore 
bodies driven by surface diffusion of the adsorbed PFAS at the solid–water interfaces.

Notation
Subscript i	 Pore body i
Subscript j	 Pore body j
Subscript ij	 Pore throat ij which connects pore bodies i and j
Superscript b	 Bulk water
Superscript f	 Thin water film
Subscript aw	 Air–water interface
Subscript sw	 Solid–water interface
aaw	 Air–water interfacial area in a pore body [L 2]
asw	 Solid–water interfacial area in a pore body [L 2]

𝐴𝐴 𝐴𝐴𝑏𝑏𝑤𝑤 	 Cross-sectional area for aqueous diffusion in bulk capillary water in a pore throat
𝐴𝐴 𝐴𝐴

𝑓𝑓

𝑤𝑤 	 Cross-sectional area for aqueous diffusion in thin water films in a pore throat [L 2]
Aaw	 Specific air–water interfacial area in the pore network [L −1]
Asw	 Specific solid–water interfacial area in the pore network [L −1]
Asvl	 Hamaker constant [M ⋅ L 2 ⋅ T −2]
c	 PFAS concentration [M ⋅ L −3]
C	 Representative PFAS concentration in the pore network [M ⋅ L −3]
d	 Soil grain diameter [L]
D0	 Aqueous diffusion coefficient [L 2 ⋅ T −1]
Daw	 Surface diffusion coefficient [L 2 ⋅ T −1]
G	 Water conductance in a pore throat [L 4 ⋅ T ⋅ M −1]
had	 Thickness of absorptive thin water films on smooth surfaces [L]
h f	 Thickness of thin water films [L]
hm	 The first fitting parameter for computing the Xl [L]
k	 The second fitting parameter for computing the Xl [-]
Kaw	 Air–water interfacial adsorption coefficient [L]
Ksw	 The first Freundlich isotherm parameter for solid–water interfacial adsorption 𝐴𝐴

[

L ⋅

(

L−3
)1−𝑁𝑁𝑠𝑠𝑠𝑠

]

lij	 Length of pore throat ij [L]
𝐴𝐴 𝐴𝐴

𝑓𝑓

𝑖𝑖
 	 Length of thin water film between bulk water and the center of thin water films in each face of 

pore body i [L]
𝐴𝐴 𝐴𝐴

𝑓𝑓

𝑖𝑖𝑖𝑖
 	 Length of thin water films between pore bodies i and j [L]
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𝐴𝐴 𝐴𝐴
𝑓𝑓

𝑎𝑎𝑎𝑎 	 The total air–water interfacial length for surface diffusion between bulk capillary water and thin 
water films in each face of a cubic pore body [L]

𝐴𝐴 𝐴𝐴
𝑓𝑓

𝑎𝑎𝑎𝑎 	 The total air–water interfacial length for surface diffusion along the thin-water-film air–water 
interfaces in a pore throat [L]

Lx	 Length of the pore network [L]
Nsw	 The second Freundlich isotherm parameter for solid–water interfacial adsorption [-]
p	 Water pressure in a pore body [M ⋅ L −1 ⋅ T −2]
p c	 Capillary pressure in a pore body [M ⋅ L −1 ⋅ T −2]

𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐 	 Threshold pressure in a pore body above which the bulk water is disconnected [M ⋅ L −1 ⋅ T −2]
P c	 Domain-averaged capillary pressure in the pore network [M ⋅ L −1 ⋅ T −2]
Pe	 Péclet numbers at the pore-scale 𝐴𝐴

[

(

L ⋅ T−1
)

⋅ 𝐿𝐿 ⋅

(

L2
⋅ T−1

)−1
]

q	 Water flux in a pore throat [L 3 ⋅ T −1]
r	 Radius of inscribed sphere of a cubic pore body [L]
rc	 Radius of air–water menisci at the corners of a pore body [L]
re	 Radius of air–water menisci at the edges of a pore body [L]
R0	 Retardation factor [-]
Rg	 Universal gas constant [M ⋅ L 2 ⋅ T −2 ⋅ K −1]
s	 Water saturation in a pore body [L 3 ⋅ L −3]
Sw	 Domain-averaged water saturation in the pore network [L 3 ⋅ L −3]
T	 Temperature [K]
vp	 Domain-averaged pore water velocity in the pore network [L ⋅ T −1]
V	 Volume of a pore body [L 3]
X	 Surface roughness factor [-]
Xh	 Amplification factor for the increase of thin-water-film thickness on rough surfaces [-]
Xl	 Amplification factor for the increase of thin-water-film air–water interfacial area on rough surfaces[-]
α	 The first fitting parameter of Szyszskowski model [L −3]
β	 The second fitting parameter of Szyszskowski model [-]
δ	 Boolean function to account for the removal of bulk water conductance in a pore throat where the 

bulk water is disconnected [-]
𝐴𝐴 𝐴𝐴𝜇𝜇2 	 Relative difference in second central moment [-]

θ	 Domain-averaged water content of a pore network [L 3 ⋅ L −3]
μ	 Water viscosity [M ⋅ L −1 ⋅ T −1]
μ1	 The first central moment [-]
μ2	 The second central moment [-]
σ	 Surface tension [M ⋅ T −2]
σ0	 Surface tension in the absence of PFAS [M ⋅ T −2]

Data Availability Statement
All the data sets used in the present study are included in the manuscript and its supporting information, tables, 
and/or figures. These data together with the model simulation output used to generate the figures in the manu-
script and its supplementary files are available at https://doi.org/10.5281/zenodo.7604634.
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