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PFAS = Per- and polyfluoroalkyl substances

PFAS Definition: Molecule contains at least one fully fluorinated 
methyl [–CF3] or methylene [–CF2–] carbon atom (OECD, 2021)

There are >14,000 different PFAS
(EPA CompTox Chemicals Dashboard, 2022)

(image credit: NIEHS)

>>> PFAS have several special attributes 
that make them unique contaminants

*By definition, PFAS contain fluorine atoms



PFAS Properties
Many PFAS are amphiphilic (contain both nonpolar & polar regions) 

***behave as surfactants

PFAS chains are both hydrophobic and oleophobic
*Provides water and oil repellency

Image from: http://www.dynamicscience.com.au/tester/solutions1
/chemistry/foodchemistry/emulsions.htm

4

Nonpolar “tail” 
[fluorinated 
carbon chain]

Polar 
“head 
group”
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PFAS Structures

• PFAS have different types of surfactant headgroups

Anionic

Zwitterionic

Cationic

Nonionic



PFAS Structures
• PFAS have different tail structures

• Per vs Poly
• Straight-chained vs branched

Straight-chained

Polyfluoroalkyls

BranchedPerfluoroalkyls



• Carbon-fluorine bonds are very strong

 difficult to break down

Many PFAS are Persistent

C F

• Therefore they remain in the environment for a very long 
time

• Critical Note: some PFAS are degradable = “precursors”
>>> contaminant source for persistent PFAS



PFAS Compounds

To characterize and model PFAS transport and fate, we 
need to understand their unique properties

(image credit: NIEHS)

>> These unique properties make PFAS useful for many 
applications

>>However, they cause characterizing and modeling 
PFAS transport and fate to be complex



PFAS Transport & Fate in the Environment

>>> Release to:

From: ITRC, 2018

-atmosphere
-surface water
-soil
-groundwater
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PFAS migration in the vadose zone is a function of 
several factors:

– Source type
• e.g., AFFF sites vs biosolids-application sites
• types of PFAS and relevant concentration ranges

– Site conditions
• Soil properties (sorptive constituents, air-water interfacial area)
• Physical and geochemical heterogeneity
• Water saturation magnitude and distribution
• Potential precursor presence and transformation
• Presence of other contaminants

– Precipitation/Evapotranspiration/Infiltration

– Retention processes

10



Surfactant Behavior of PFAS

• Adsorption at the air-water interface

• Ramifications:
– Potential to cause surfactant-induced flow
– Increased retention and retardation for transport
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Image: https://en.wikipedia.org/wiki/Langmuir%E2%80%93Blodgett_film Image: Guo et al., 2020



Surfactant-Induced Flow

• Surfactant-induced flow leads to:
– Transient flow
– Impacts to solute transport
– Changes in local water saturation
– Changes in the magnitude of air-water interfacial area
– Impact on the magnitude of retention by air-water interfacial adsorption

>>> Complex, interconnected flow and transport behavior
12
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Adsorption of PFAS at air-water 
interface reduces surface tension (σ)

Changes in surface tension impact 

capillary pressure: h =
𝜎𝜎
𝜎𝜎0

h0

This causes water flow

>>> Unsaturated Porous Media



Fluid-Fluid Interfacial Retention
• Transport in source zones is influenced by additional 

retention processes:

– Adsorption at air-water interfaces in vadose zones

– Adsorption at NAPL-water interfaces in NAPL source zones
[NAPL = chlorinated solvents, fuels]

From: Brusseau et al., 
2019b 13

>>>> this adds complexity

From: Brusseau, 2018
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PFAS Transport Experiments

• PFAS transport: unsaturated conditions

**Greater retardation for transport in unsaturated conditions; a result of 
adsorption at the air-water interface

SAT UNSAT

From: Brusseau et al. 2019, 2021
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Example Simulation: PFAS Migration at a Fire Training Area

 Temporal evolution of vertical profiles of PFOS (Vinton soil) 

Humid climate

With A-W interfacial 
adsorption

No A-W interfacial 
adsorption

From: Guo, Zeng, and 
Brusseau, 2020

Air-water interfacial adsorption significantly increases retention and 
decreases migration rate in the vadose zone

>>> Increases time to reach groundwater

Leaching 
front arrives 
in 35 years

Leaching 
front arrives 
in 5 years
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Retention of PFAS

• Retardation Factor for aqueous-phase transport of PFAS 
influenced by solid-phase adsorption and air-water interfacial 
adsorption:

R = 1 + Kd ρb/θw + Kaw Aaw/θw

Kd = solid-phase adsorption coefficient

Kaw = air-water interfacial adsorption coefficient

Aaw = air-water interfacial area

ρb = bulk density of porous medium

θw = volumetric water content

16
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Air-Water Interfacial Area

Air-water interfacial area (Aaw) is a function of:

- Soil properties- Interfacial area is larger for media with smaller grains 
and larger solid-surface areas

- Water saturation- Interfacial area increases as wetting-fluid content 
decreases

0

5000

10000

15000

20000

25000

30000

0 0.05 0.1 0.15 0.2

Ai
r-w

ate
r In

ter
fac

ial
 Ar

ea
 (c

m
-1 )

Water Content

Hayhook soil
Sand 270
Vinton soil
Sand 100-140
Sand 70-100
Sand 50-70
Sand 20-30

Air-water interfacial areas measured for unsaturated media

From: Peng and Brusseau, 
2005. The impact of soil texture 
on air-water interfacial areas in 
unsaturated sandy porous 
media. Water Resources 
Research, 41, 1-8.
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• Kaw is larger for larger PFAS

Vm = molar volume; represents 
the size of molecular cavity 
created in solution

From: Brusseau, 2019b; 
Brusseau & Van Glubt, 2021

PFBA
PFOA

PFUnDA
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Measured data include:
- 61 individual PFAS
- All PFAS structure types
- Hydrocarbon surfactants     
for comparison

Air-Water Data Sets

aw



R and PFAS Molecular Structure
• Retardation is larger for longer-chain PFAS
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Solid-phase Sorption
• Sorption of PFAS by soil, sediment, and aquifer material 

(geomedia) is complex

• Function of PFAS molecular structure and the geochemical 
properties of the geomedia

Geomedia are geochemically 
heterogeneous

From: Li, Y., Oliver, D.P., Kookana, R.S., 2018. Sci. Total Environ. 628/629, 110-120.

Multiple Sorption Mechanisms



Solid-phase Sorption
• Meta-analysis of short-chain vs long-chain anionic PFAS 

sorption
Short-chain PFAS exhibit greater sorption 
than predicted from long-chain behavior

From: Brusseau, 2023c

Closed symbols = long chain
Open symbols = short chain



Solid-phase Sorption
• Meta-analysis of short-chain vs long-chain anionic PFAS 

sorption

Short-chain PFAS sorption strongly influenced by 
organic-carbon content & silt + clay content

From: Brusseau, 2023c

Closed symbols = long chain
Open symbols = short chain

Closed symbols = long chain
Open symbols = short chain



Field Study of PFAS in the Vadose Zone

From: Brusseau, 2023d

Cs = Soil Concentration

Cpw = Porewater Conc

>>Evidence that PFAS distributes between soil and 
porewater as anticipated for these three systems

Soil vs Porewater concentrations



Field Study of PFAS in the Vadose Zone

From: Brusseau, Anderson, & Guo, 2020

- The data represent 124 
boreholes across 30 AFFF 
sites for which at least 8 
depth-discrete samples were 
collected for each borehole.

- Depth interval spans from 
ground surface to top of 
saturated zone (gw).

>>Evidence of downward migration      
& chromatographic separation

Depth distribution of total PFAS in soil as a function of chain length 

Long-chain (≥C7)

Vadose-zone concentration distributions



Other Factors
• Physical heterogeneity & preferential flow

– May reduce retention and led to enhanced transport

• Colloids

– Potential facilitated transport

• PFAS mixtures
– Impact of co-solute interaction on retention

• Co-contaminants
– Impact on PFAS retention

• Precursors and non-characterized PFAS
– Potential impacts

25



Summary

• Retention and leaching in the vadose zone is complex-
influenced by multiple processes

• Adsorption at the air-water interface can be significant

• On-going research to determine relevance of processes 
and how to parameterize models for different conditions

>>> We have developed an initial understanding of the 
relevant transport processes; the critical issue now is 
to translate this knowledge into practice



Thank You



Bibliography
• Brusseau, M.L. 2018. Assessing the potential contributions of additional retention processes to PFAS retardation in the subsurface. Science of the Total

Environment, 613-614, 176-185.

• Brusseau, M.L. 2019a. Estimating the relative magnitudes of PFAS adsorption to solid-water and air/oil-water interfaces. Environmental Pollution, 254, article
113102.

• Brusseau, M.L. 2019b. The influence of molecular structure on the adsorption of PFAS to fluid-fluid interfaces: Using QSPR to predict interfacial adsorption
coefficients. Water Research, 152, 148-158.

• Brusseau, M.L. 2020. Simulating PFAS transport influenced by rate-limited multi-process retention. Water Research, 168, article 115179.

• Brusseau, M.L. 2021. Examining the robustness and concentration dependency of PFAS air-water and NAPL-water interfacial adsorption coefficients. Water
Research, 190, article 116778.

• Brusseau, M.L. 2023a. Determining air-water interfacial areas for the retention and transport of PFAS and other interfacially active solutes in unsaturated porous
media. Science of the Total Environment, 884: article 163730.

• Brusseau, M.L. 2023b. QSPR-based prediction of air-water interfacial adsorption coefficients for nonionic PFAS with large headgroups. Chemosphere, 340, article
139960.

• Brusseau, M.L. 2023c. Differential sorption of short-chain versus long-chain anionic per- and poly-fluoroalkyl substances by soils. Environments, 10, article 175.

• Brusseau, M.L. 2023d. Influence of chain length on field-measured distributions of PFAS in soil and soil porewater. Journal of Hazardous Materials Letters, 4, article:
100080.

• Brusseau, M.L. and Guo, B. 2023. Revising the EPA dilution-attenuation soil screening model for PFAS. Journal of Hazardous Materials Letters, 4: article 100077.

• Brusseau, M.L. and B. Guo. 2021. Air-water interfacial areas relevant for transport of per and poly-fluoroalkyl substances. Water research, 207, p.117785.

• Brusseau, M.L. and B. Guo. 2022. PFAS Concentrations in Soil Versus Soil Porewater: Mass Distributions and the Impact of Adsorption at Air-Water Interfaces.
Chemosphere, 302, article 134938.

• Brusseau, M.L. and S. Van Glubt. 2019. The influence of surfactant and solution composition on PFAS adsorption at fluid-fluid interfaces. Water Research, 161, 17-
26.

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

• Brusseau, M.L., N. Khan, Y. Wang, N. Yan, S. Van Glubt, K.C. Carroll. 2019a. Nonideal transport and extended elution tailing of PFOS in soil. Environmental
Science & Technology, 53, 10654−10664.

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

28



Bibliography
• Brusseau, M.L., R.H. Anderson, and B. Guo. 2020. PFAS concentrations in soils: Background levels versus contaminated sites. Science of the Total Environment,

740, article 140017.

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

• Bryant, J.D., Anderson, R., Bolyard, S.C., Bradburne, J.T., Brusseau, M.L., Carey, G., Chiang, D., Gwinn, R., Hoye, B.R., Maher, T.L., McGrath, A.E., Schroeder,
M., Thompson, B.R., and Woodward, D. 2022. PFAS Experts Symposium 2: Key Advances in Poly‐ and Perfluoroalkyl Characterization, Fate, and Transport.
Remediation Journal, 1–10.

• Cáñez, T.T., B. Guo, J.C. McIntosh, and M.L. Brusseau. 2021. Perfluoroalkyl and Polyfluoroalkyl substances (PFAS) in Groundwater at a Reclaimed Water
Recharge Facility. Science of the Total Environment, 791, article 147906.

• Dai, M., Yan, N., and Brusseau, M.L. Potential impact of bacteria on the transport of PFAS in porous media. Water Research, 243: article 120350.

• Guo, B., J. Zeng, and M.L. Brusseau. 2020. A mathematical model for the release, transport, and retention of per- and polyfluoroalkyl substances (PFAS) in the
vadose zone, Water Resources Research, 57, article e2019WR026667.

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

• Guo, B., Saleem, H., and Brusseau, M.L. 2023. Predicting interfacial tension and adsorption at fluid-fluid interfaces for mixtures of PFAS and/or hydrocarbon
surfactants. Environmental Science & Technology, 57, 8044-8052.

• Hitzelberger, M., Khan, N., Mohamed, R.A.M., Brusseau, M., and Carroll, K.C. 2022. PFOS mass flux reduction/mass removal: Impacts of a lower-permeability sand
lens within otherwise homogeneous systems. Environmental Science & Technology, 56, 13675-13685.

• Huang, D., Khan, N.A., Wang, G., Carroll, K.C. 2022. Brusseau, M.L. The co-transport of PFAS and Cr(VI) in porous media. Chemosphere, 286, article 131834.

• Huang, D., Saleem, H., Guo, B., and Brusseau, M.L. 2022. The impact of multiple-component PFAS solutions on fluid-fluid interfacial adsorption and transport of
PFOS in unsaturated porous media. Science of the Total Environment, 806, article 150595.

• Ji, Y., Yan, N., Brusseau, M.L., Guo, B., Zheng, X., Dai, M., Liu, H., and Li, X. 2021. Impact of hydrocarbon surfactant on the retention and transport of
perfluorooctanoic acid in saturated and unsaturated porous media. Environmental Science & Technology, 55, 10480−10490.

• Johnson, G.R., M.L. Brusseau, K.C. Carroll, G.R. Tick, and C.M. Duncan. 2022. Global distributions, source-type dependencies, and environmentally-relevant
concentrations of per- and polyfluoroalkyl substances in groundwater. Science of the Total Environment, 841, article 156602.

• Lyu, Y. and M.L. Brusseau. 2020. The influence of solution chemistry on air-water interfacial adsorption and transport of PFOA in unsaturated porous media.
Science of the Total Environment, 713, article 136744.

• Lyu, Y., M.L. Brusseau, W. Chen, N. Yan, X. Fu, X. Lin. 2018. Adsorption of PFOA at the air-water interface during transport in unsaturated porous media.
Environmental Science & Technology, 52, 7745−7753.

29



Bibliography
• Lyu, Y., Wang, B., Du, X., Guo, B., Brusseau, M.L. 2022. Air-water interfacial adsorption of C4-C10 perfluorocarboxylic acids during transport in unsaturated porous

media. Science of the Total Environment, 831, article 154905.

• Lyu, Y., Wang, B., and Brusseau, M.L. 2023. The influence of chain length on the sorption of c4-c10 perfluorocarboxylic acids during transport in a sand. Journal of
Hazardous Materials Letters, 4, article 100084.

• Pepper, I.L., Brusseau, M.L., Prevatt, F.J., Escobar, B.A. 2021. Incidence of PFAS in soil following long-term application of class b biosolids. Science of the Total
Environment, 791, article: 148449.

• Pepper, I., Kelley, C., and Brusseau, M. 2023. Is PFAS from land applied municipal biosolids a significant source of human exposure via groundwater? Science of
the Total Environment, 864, article: 161154.

• Van Glubt, S. and M.L. Brusseau. 2021. Contribution of non-aqueous phase liquids to PFAS retention and transport. Environmental Science & Technology, 55,
3706−3715.

• Van Glubt, S., Brusseau, M.L., Yan, N., Huang, D., Khan, N., and Carroll, K.C. 2021.Column versus batch methods for measuring PFOS and PFOA sorption to
geomedia. Environmental Pollution, 268, article 115917.

• Wang, Y., N. Khan, D. Huang, K.C. Carroll, and M.L. Brusseau. 2021. Transport of PFOS in aquifer sediment: Transport behavior and a distributed-sorption model.
Science of the Total Environment 779, article146444

• Yan, N., Y. Ji, B. Zhang, X. Zheng, and M.L. Brusseau. 2020. Transport of GenX in saturated and unsaturated porous media. Environmental Science & Technology,
54, 11876-11885.

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

• Zhou, D., Brusseau, M.L., Zhang, Y., Li, S., Wei, W., Sun, H., and Zheng, C. 2021. Simulating PFAS adsorption kinetics, adsorption isotherms, and nonideal
transport in saturated soil with tempered one-sided stable density (TOSD) based models. Journal of Hazardous Materials, 411, article 125169.

30


	PFAS Transport in Source Zones
	Acknowledgements
	PFAS = Per- and polyfluoroalkyl substances
	PFAS Properties
	PFAS Structures
	PFAS Structures
	Many PFAS are Persistent
	PFAS Compounds
	PFAS Transport & Fate in the Environment
	Slide Number 10
	Surfactant Behavior of PFAS
	Surfactant-Induced Flow
	Fluid-Fluid Interfacial Retention
	PFAS Transport Experiments
	Example Simulation: PFAS Migration at a Fire Training Area
	Retention of PFAS
	Air-Water Interfacial Area
	Kaw for PFAS
	R and PFAS Molecular Structure
	Solid-phase Sorption
	Solid-phase Sorption
	Solid-phase Sorption
	Field Study of PFAS in the Vadose Zone
	Field Study of PFAS in the Vadose Zone
	Other Factors
	Summary
	Thank You
	Bibliography
	Bibliography
	Bibliography

