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Abstract

The need to understand the fate and transport of Per- and Polyfluoroalkyl substances (PFAS)
has grown due to the widespread contamination of the environment by them. PFAS are
persistent, mobile, toxic manmade chemicals of great concern that contribute to the
contamination of soil and groundwater. The presence of PFAS in unsaturated soil complicates
their transport due to the impact of the air-water interface and solid-phase adsorption. The air-
water interface can significantly increase the retention of PFAS during its transport. In this
paper, a numerical model has been developed to study the transport of PFAS by coupling
transient seepage and advection-dispersion, also accounting for the air-water interface and
solid-phase adsorption. The numerical model was then used to study various scenarios.

l. Introduction

Per- and polyfluoroalkyl substances (PFAS) are synthetically fluorinated organic compounds of great concern due to
the widespread contamination of the environment they cause. More than 4,000 PFAS compounds have been
manufactured since the 1940s (Barzen-Hanson et al., 2017, Wang et al., 2017). This is due to PFAS’s unique
properties useful in industrial and commercial products such as fire resistance, dust suppression, oil repellence
(lipophobic and hydrophobic properties), and remarkably high stability due to strong carbon-fluoride (C-F) bond
(Buck et al., 2011). PFAS are known to be durable in the natural environment. The most common sources of PFAS
in the environment are industrial facilities, landfills (leachate), wastewater treatment plants, consumer products
(textile, cookware, etc.), and aqueous film-forming foams (AFFFs) (ITRC, 2018). AFFFs are fire-fighting foams
that are used at airports, fire training facilities, and chemical refineries. PFAS are known to be mobile, persistent,
and very toxic chemicals that spread widely in the environment (Rayne et al., 2009; Ahrens, 2011; Krafft and Riess,
2015) and can lead to soil and groundwater contamination; thus, causing health hazards via drinking water
contamination. The most common forms of PFAS found in the environment are perfluorooctanesulfonic acid
(PFOS) and perfluorooctanoic acid (PFOA) (Lyu et al., 2018).

The need to understand the fate and transport of PFAs in the subsurface is crucial for Risk assessment as well as
remediation of PFAS. Therefore, the objective of this research is to create a one-dimensional (1D) model coupling
seepage and PFAS transport through the vadose zone and into groundwater by taking into consideration the
advection, diffusion, and adsorption to the solid phase and air-water interfaces through different scenarios.
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I1. Materials and Methods
2.1 Materials

Given this work is a numerical model with no experimental validation yet, the parameters used in the simulations of
PFAS transport were obtained from a study conducted by Guo et al. (2020) on Accusand soil. However, the model is
set up in a way that various types of soils and scenarios can be studied using this model. Guo et al. (2020) discuss
how each parameter was obtained from various researchers (Brusseau et al., 2007; Araujo et al., 2015; Schaefer et
al., 2019; Xu and Eckstein, 1995). Table 1 shows some of the parameters used.

Table 1. Parameters used in the simulation

Parameters Value Unit
Bulk density, pp 1.65 g/cm?®
Diffusion coefficient, Do 5.4x10° Cm?é/s
Fitting parameter, K¢ 0.055 -
Fitting parameter, N 0.85 -
Aqueous Concentration, C 12 Mag/L
Surface tension, o 71 Dyn/cm
Gas constant, R 8.314 J/K/mol
Temperature, T 293.15 K

2.2 Methods

In this study, two numerical models, seepage and contaminant transport, were created and later coupled to study the
fate and transport of PFAS using the MATLAB platform. The models solve the transient second-order governing
partial differential equations (PDESs) for seepage and PFAS transport using the finite-difference method (FDM). The
soil domain of 5cm was discretized into a one-dimensional mesh to solve for hydraulic head for seepage and
aqueous concentration for transport of PFAS. The forward difference (Equation 1) was used to simulate the first
derivative with respect to space and time, and the central difference (Equation 2) was used for the second derivative
with respect to space.
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Figure 1. The schematic of the discretized domain.
2.2.1 Seepage

The transient seepage flow of water within the soil can be defined with the following 1D Equation by (Fredlund,

1997):
= 26
V-v=- e ®)

where v is the seepage velocity and 8 is the volumetric water content equal to n.Sw, where n is the soil porosity, and
Sw is the degree of water saturation.
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Darcy’s law can be applied to Equation (3, v =—k,*i), and any variation in the volumetric content can be computed
based on the specific/elastic capacity (i.e., retention) of water, m,, and temporal variations of the hydraulic head, h.

a dh\ _ __ oh
2 (—k.52) = —m 32, )

where k, is the hydraulic conductivity given by Darcy’s Law, i= dh/dz is the hydraulic gradient. The specific or
elastic capacity, m, is assumed = 0.001 m™* within unsaturated soils and = 0.00001 m™* within saturated soils.

The finite-difference discretization of the 1D transient seepage Equation at Node i can, hence, be simplified to the
following form.

t
ki —k; ki m ki myh;
hl_f+1 ( i ) h§‘+1 ( i+1 i v) hl;+1 ( L+1) — v 5

-1 \gz2 l dz?2  dz? dt 41\ gz2 dt ' ()

where ki1, ki, and ki+1 are the hydraulic conductivity at Nodes i-1, i, and i+1, respectively, while hi.1, hi, and hj
represent the hydraulic head at Nodes i-1, i, and i+1, respectively, over each time step. From the discretized
equation, the hydraulic head can be determined at any node at any time. The Crank-Nicolson method was also used
to update parameters within each time step such as the unsaturated hydraulic conductivity as shown by Equation (6).

k
Ko > 4 ki = h.“+ho.“+1 ' (6)

i= ——————
1+ a1|hl~ - Z,:la'2 1+aq|—+ 2L -z|%2

where k;= unsaturated hydraulic conductivity at Node ii, k,= Saturated hydraulic conductivity, a; = constant
(assumed 1), a, = constant (assumed 3), h= hydraulic (i.e., total) head, and z = elevation.

2.2.2 Transport of PFAS

Various transport processes exist that contribute to the fate of PFAS upon the surface deposition and subsequent
infiltration of PFAS into the vadose zone (Sharifan et al., 2021). The vadose zone can be considered as a long-term
source of PFAS for groundwater contamination (shin et al.,2011, Brusseau,2020) due to the amount of time PFAS
can spend in this zone. PFAS will almost always interact with soils before impacting groundwater. Various factors
can affect the transport of PFAS both in water and soil, more specifically the vadose zone where air and water
coexist and can lead to fluid-fluid interfaces, e.g., air-water interface. PFAS are known to demonstrate surfactant-
like properties, which makes their sorption to any fluid-fluid interface easier. PFAS accumulate at the air-water
interface due to the hydrophobic and hydrophilic nature of PFAS at its tail and head, respectively, as shown by
Figure 2. The unsaturated condition within the vadose zone provides a significant air-water interfacial area, Aaw,
which can impact the overall PFAS migration (Sharifan, et al., 2021).

i Hydrophobic tails oriented
Air toward air (away from water)

Water Hydrophilic heads oriented
toward water

Figure 2. Example of expected orientation and accumulation of PFAS at air-water interface (D. Adamson,
GSl)
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Adsorption of PFAS to the air-water interface, Caw, Ccan be described by using Equation (7) (Guo et al., 2020;
Brusseau, 2007; Kim et al., 1997; Anwar, 2001).

Caw = AawKawC, )
-1 do

— 8

Kaw RTColinC ®

where A,y is the air-water interfacial area(cm?/cm?®); Kay is the air-water interfacial adsorption coefficient(cm®cm?);
R is the gas constant (in JJK/mol); o is the interfacial tension (in dynes/cm); T is the temperature (°K); C the aqueous
concentration of PFAS (n pmol/cm?). On the other hand, the adsorption of PFAS to the solid-phase, Cs, can be
described using a Freundlich isotherm like Equation (8) (Brusseau et al., 2019; Higgins & Luthy, 2006; Wei et al.,
2017)

Cs = K:CV, ©)
where Ksand N are fitting parameters found based on experimental data.

In addition to the adsorption terms, advection and diffusion are mechanisms of PFAS flow that need to be
considered when simulating the transport of PFAS. Advection consists of the bulk movement of solutes carried by
flowing solvent, and diffusion is the spreading of the contaminant plume from a high concentrated zone to a less
concentrated zone (Freeze and Cherry, 1979). Both factors combined, form an advection-diffusion equation as
shown by Equation (10).

i +D % (10)

ot Us 6x 6x2 !

where D*, the effective diffusion coefficient (cm?/s), is given by Fick’s Second Law and combines the longitudinal
mechanical dispersion, D with molecular diffusion, Do; Vs is the seepage velocity (cm/s); and C is the aqueous
concentration of the contaminant (umol/cm?®)

Therefore, the transport of PFAS is governed using the combined processes of seepage, advection, dispersion, and
adsorption to the fluid-fluid and solid-fluid interfaces. Researchers have described it by an advection-dispersion
equation with adsorption terms (Guo et al., 2020; Brusseau et al., 2019; Kim et al., 1997).

26C) 0 9/ oc
ey LR (Aawkaa,C)+—(9vC)——<9D az> 0 (11)

where p, is the bulk density of the porous medium (g/cm?); V= g/0 is the interstitial pore-water velocity (cm/s); g
is the Darcy flux; and D is the dispersion/diffusion Coefficient (cm?/s).

Using the forward and central difference methods to solve the PDEs of Transport, Equation (11) can be discretized

as follows.
t+1, t+1 t+1 t+1 t+1 t+1 t+1_t+1 t+1 t+1 t+1 t+1
ct+1 _ 6y Oiv1 + 9; z+1 + Ct+1 3 O v~ 6 vy Oiy:r
i+1 dz dz? dz dz dz
t+1 t+1 t+1 t+1 t+1,t+1 t+1 t+1 t t+1 t+1 t+1
Oit1 + Dita b; + o o _ 8 R R A kaw; C“’l b = (12)
dz? dz? dz? dt 2dt  2dt aw - qe dz 2

where:
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Using MATLAB, Equation (12) was then used to numerically simulate several scenarios. Below, the results of
simulating those scenarios are discussed where the domain, z is 5 cm thick and dz and dt are 0.5 and 10 respectively.

I11. Results and Discussion

The following only show a one-way coupling for now, even though the code is capable of simulating a two-way
coupling. In this case, the seepage model simulates the transient groundwater flow before PFAS is introduced into
the soil. As shown in Figure 3, the groundwater moves from areas of higher hydraulic head toward those of lower
hydraulic head, which was qualitatively validated against and was consistent with results by Freeze and Cherry
(1979) in the literature. Then in the next step, the transport of PFAS in the same domain is simulated using the
above-mentioned parameters and equations. Different initial scenarios were simulated in order to confirm that the
model works properly. The advection part of the simulation is not considered here to simplify the evaluation of the
results for validation purposes. Following scenarios were simulated, accounting for diffusion, and adsorption onto
the air-water and solid-phase interfaces at various different degrees of water saturation. As seen in Figure 4, the
PFAS concentration moves from a highly concentrated zone to a less concentrated zone, due to diffusion and
adsorption terms. The change in the degree of water saturation retards the PFAS transport as expected. As shown in
Figure 4, higher degrees of air-saturation (i.e., lower degrees of water-saturation) result in a retardation of PFAS
transport through the vadose zone. The simulations for PFAS transport were done in increments of 15*dt over a
period of 1000 seconds therefore figure 4 represent every 15™ curve in time.

S Eemm— = Y
= i /
4.5 3 i | /

4 /

35 i
5l 7

E 25t ‘ /
N 2 L Wm////
15+ .

O | 5 | - ...../,/. g

0 5 10 15 20 25 30 35 40
Hydraulic head, h (cm)

Figure 3. Seepage simulation: vertical profile of hydraulic head over time (every 250 seconds up to 15000
seconds) for unsaturated flow
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Vertical profile of PFAS concentration over time
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Vertical profile of PFAS concentration over time
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Vertical profile of PFAS concentration over time
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Figure 4. Progression of vertical profile of PFAS’ aqueous concentration over time (curves are 150 seconds
(every 15 dt) apart up to 4500 seconds); Results are for the case of diffusion, dispersion, soil-phase
adsorption, and micelles formed at air-water interface for various degrees of water saturation: (a) 100%, (b)
73%, and (c) 47%.

The retention of PFAS in the vadose zone is dependent on the soil matrix as well as the moisture content. Higher the
moisture contents result in lower retention due to the low availability of air-water interfacial areas (Silva et al., 2020;
Lyu et al., 2018). Figure 5 shows how the concentration passing through a specific point (X cm below the top
boundary) at a specific time (Y seconds after the PFAS is introduced into the sample) changes with the degree of
saturation. As expected, at lower degrees of water-saturation, the transport of PFAS is retarded (i.e., is slower),
which demonstrates the increase in retardation due to low degrees of saturation.

PFAS concentration at specific point and time at various Degrees of Saturation%

Agueous concentartion (mg/L)
o]
.

0 10 20 30 40 50 60 70 80 90 100
Sw (%)

Figure 5. PFAS aqueous concentration at node 2 in space and node 5 in time (i.e., z=0.05-dz and t=5*dt) at
various Degrees of Saturations
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1V. Conclusion

In this paper, a coupled one dimensional (1D) numerical model was introduced to simulate the groundwater seepage
and transport of PFAS. The model details were discussed, and a series of results for various scenarios was shown,
which are consistent with the literature. However, the model is still being improved to account for more complex
scenarios, and those improvements do not fit within the scope of this paper. The next steps will consist of testing
advection impact and the two-way coupling of seepage and PFAS transport where the effect of PFAS transport on
the seepage by changing the properties of the flowing water (e.g., change in the hydraulic conductivity due to a
change in the viscosity of water by the dissolved PFAS) will be simulated and analyzed.
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