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Abstract 

  

    Per- and poly-fluorinated alkyl substances (PFAS) are contaminants of emerging 

concern (CECs) that are present in the subsurface at numerous military and industrial 

facilities. Knowledge of the retention behavior of these compounds in the subsurface 

environment is critical for effective risk characterization and remediation. The objective 

of this research is to investigate the role of adsorption at the air-water interface on PFAS 

retention in vadose-zone systems. Surface tensions were measured for select PFAS to 

determine interfacial adsorption coefficients. Column experiments were conducted to 

characterize retardation and transport under saturated and unsaturated flow conditions. 

The impact of solid-phase adsorption, and interfacial adsorption was investigated. 

   The results shows that the PFOS and PFOA transport behavior in the unsaturated 

condition is regulated by both solid phase adsorption and air-water interfacial adsorption. 

PFOS has greater air-water interfacial adsorption, and greater retention was observed 

during the transport of PFOS in both the saturated and unsaturated conditions compared 

to PFOA. Air-water interfacial adsorption contributed approximately 77% of total 

retention for PFOS and PFOA transport in unsaturated conditions. The relative 

contribution of air-water interfacial adsorption to PFAS retardation will depend on input 

concentrations, water saturations, ionic strengths and perfluorinated chain length.  
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I. Introduction 

I.1 Background 

The highly fluorinated aliphatic substances is a subset of fluorinated substances that 

hereafter referred to as per- and poly-fluorinated alkyl substances known as PFAS (Bucks 

et al., 2011; EPA, 2017a). PFAS represented a family of synthetic chemicals that contain 

various numbers of carbon–fluorine units in the backbone of the structure (Bucks et al., 

2011). Hundreds of known PFAS compounds have been manufactured with different chain 

length or different branches or different functional groups, which can include other 

elements such as oxygen, hydrogen, or sulfur (EPA, 2017a).  

Among numerous PFAS compounds, perfluorooctanesulfonic acid (PFOS) and 

perfluorooctanoic acid (PFOA) are two primary concerns as emerging contaminants that 

are present in the subsurface. PFOS and PFOA are perfluoroalkyl substances because both 

comprised of eight carbons chain and all hydrogens on all carbons have been replaced by 

fluorine except the carbon connected with functional groups (Bucks et al., 2011). However, 

their functional group is different.  

Among numerous PFAS, PFOS and PFOA have been produced in the largest amounts 

within the United States (ATSDR, 2015.; EFSA, 2008). Most PFAS are surfactants, and 

have a water-insoluble hydrophobic "tail" and a water-soluble "head" like traditional 

hydrocarbon surfactants (Brusseau, 2018; Bucks et al. 2011; EPA, 2017b). Unlike 

traditional hydrocarbon surfactants, the hydrophobic portion of PFAS is made of relatively 
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long carbon and fluorine backbone. The C-F bond has very low polarizability makes PFOS 

and PFOA more surface active than the standard hydrocarbon surfactants and gives it 

lipophobic properties (Brusseau, 2018; Krafft and Riess, 2015). 

In the 1950s, PFAS began mass production and were used in hundreds of consumer 

products, industrial processes, and technical applications (Krafft and Riess, 2015; EPA, 

2017a). Because of their ability to resist heat and repel water and oil, these compounds 

have been used in the firefighting foams, industrial surfactants, industrial processes such 

as in the manufacture of fluoropolymers, surface protection products such as clothing and 

carpet treatments, food packaging such as pizza boxes and fast-food wrappers, fire and 

chemical resistant tubing, and non-stick coating for clothing and cookware etc. (EPA, 2017; 

ATSDR, 2015). Within the United States, primary manufacturers of PFAS began to phase 

out the production of PFOS (PFOS-related chemicals) and PFOA (PFOA-related chemicals) 

in 2002 and 2006, respectively, (Krafft and Riess, 2015; EPA,2016; EPA, 2017b). 

However, a large stock of PFOS and PFOA related products remains in the market, and 

imported goods from foreign countries that still contains a large amount of PFOS and 

PFOA (EPA, 2017b). 

The widespread use of PFAS in numerous industrial, commercial, and military 

activities during the past several decades has resulted in widespread distribution in the 

environment (Cousin et al., 2016; Brusseau, 2018; Hu et al., 2016; EPA, 2016; Krafft and 

Riess, 2015). There are several major release pathways have been identified. The major 
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way is PFAS manufacturing processes and the facilities using PFAS product to 

manufacturing other products could release PFOS and PFOA into surrounding air, soil and 

water near the manufacturing plant (EPA, 2017b; ATSDR 2015). The use of PFOS and 

PFOA based aqueous film forming foams is another major pathway that caused a large 

amount of PFOS and PFOA released into the subsurface through either firefighting related 

activities or storage tank and supply line leaks (Brusseau, 2018; DoD SERDP, 2014). In 

addition, PFAS and PFOS- and PFOA- related products may have impurities and residuals 

that can act as precursors to PFOS and PFOA through biological and abiotic environmental 

transformation (Buck and others 2011; Brusseau, 2018; EPA, 2017b). 

PFAS contaminants appear to be ubiquitous in the environment. Studies have shown 

that PFOS and PFOA are found in air, surface water, soil, sediments and groundwater 

associated with manufacturing plants, oil and gas sites, domestic and military airports, 

wastewater treatment plants, sewage sludge and landfills (EPA, 2018a; EPA, 2017b; 

Cousins et al., 2016; Brusseau, 2018; Hu et al., 2016; Oliaei et al., 2013). For example, 

PFOS and PFOA are in the effluent of the wastewater treatment plants and discharged to 

the connected water system, these chemicals not only cannot be properly treated by 

standard wastewater treatments but also may increase in concentration in effluent relative 

to influent through biodegradation of precursors (Hu et al., 2016; Oliaei et al., 2013). PFOS 

and PFOA can be found frequently in the soil, surface water and groundwater of 
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Department of Defense (DoD) firefighting training sites involved with the usage of PFAS-

containing aqueous fire-fighting foams (Ahrens et al., 2015; Brusseau, 2018).  

Besides the abiotic environment, PFAS can also exist in and affect the biosphere. The 

Stockholm convention has listed PFOS as a persistent organic pollutant (POPs). Due to the 

persistent and high potential of bioaccumulation of PFAS, PFOS and PFOA have been 

detected in higher trophic level organisms (Cousins et al., 2016; EPA 2015). Studies have 

confirmed that PFOS will accumulate in fish with a bioconcentration factor up to 4000 and 

PFOA will bioaccumulate in mammal species including human (Cousins et al., 2016; 

Vierke et al., 2012; EFSA, 2008).  

Recently, the studies on distribution of PFAS and toxicity studies in animals 

dramatically increased the health concerns about PFAS (Krafft and Riess, 2015; EPA, 

2017b). Human epidemiological studies indicated that there are series of health adverse 

effects associated with exposure to PFAS over certain levels. The adverse health effects 

include elevated cholesterol, endocrine disruption, immune suppression, decreased 

vaccination response, fetus developmental effects, and even cancer for specific organs 

(EPA, 2016). In 2016, EPA replaced the 2009 provisional advisories with a new lifetime 

health advisory levels of 70 parts per trillion (0.07 µg/L or 70 ng/L) for PFOS and PFOA 

individually or combined for drinking water (EPA, 2016). 

The extremely low lifetime health advisory levels for PFOS and PFOA raises more 

concerns about human health risks, considering the actual PFAS concentrations present in 
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the environment. For example, PFOS and PFOA concentrations in groundwater 

surrounding PFAS contaminated areas are several orders of magnitude higher than the US 

EPA health advisory level for drinking water (Hu et al., 2016; Cousin et al., 2016; Brusseau, 

2018). Several recent studies about the on PFAS occurrences and drinking water issues 

strongly suggest that the tremendous health risks associated with PFAS have become a 

reality. A recent study examined public drinking water supplies for select PFAS, and the 

results showed at least one or more samples exceeded the EPA lifetime health advisory for 

PFOS and PFOA in all 66 public water supplies (Hu et al. 2016). In addition, a study tested 

the PFAS blood levels in the community associated with the contaminated drinking water 

supply caused by the former Pease U.S. Air Force base in New Hampshire. A serum testing 

was performed on over 1500 individuals and found out that over 94% serum samples 

detected PFOS and PFOA with the geometric mean of 8.6 µg/L and 3.1 µg/L, respectively 

(Daly et al. 2018). 

All health risks and occurrence information so far has led to the urgency of clean-up 

of PFAS contaminated sites. However, the unique traits of PFOS and PFOA are a 

tremendous obstacle for monitoring and remediation efforts (Brusseau, 2018; Cousin et al., 

2016; Bucks et al., 2011). First, the backbone of PFOS and PFOA consists of large number 

of C-F bonds makes it highly recalcitrant and persistent in the environment (Brusseau, 2018; 

Bucks et al., 2011; ATSDR 2015). Second, PFOS and PFOA have a relative low retardation 

factor and high aqueous solubilities of 680 mg/L and 9500 mg/L, respectively (EPA, 2017b; 
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Brusseau, 2018). Those two traits together mean that, once PFOS and PFOA are released 

into the subsurface, they will generate a significant, persistent groundwater contaminant 

plume with rapid migration rate. In addition to the widespread distribution and health risk 

associated with PFOS and PFOA, the cost and effort for remediation and monitoring those 

legacy PFAS contaminated sites will be substantial. Understanding the transport behavior 

and the fate of PFOS and PFOA would be the priority to perform accurate risk assessments 

and design practical remedial actions as well as support effective decision-making. 

 

I.2 Objective of Study 

In the last ten years, studies have investigated PFOS and PFOA transport behavior 

under saturated conditions, as reviewed in Brusseau (2018). But those studies only 

examined the contribution of solid phase adsorption under saturated condition. However, 

air-water interfacial adsorption is also an important factor that can contribute to the 

retention process of contaminant transport in the vadose zone. Therefore, it is insufficient 

to predict transport and fate behavior solely rely on the saturated data. PFOS and PFOA 

can accumulate at the air-water interface because of the fluorinated "tails" and the 

hydrophilic "heads". However, no study has investigated or quantified the retention process 

contributed by the air-water interface adsorption. As mentioned above, it is critical to fully 

understand the transport behavior of PFOS and PFOA in the subsurface to perform accurate 

risk assessments and design practical remedial actions. 



� 12 

The objective of this research is to investigate the potential impact of air-water 

interfacial adsorption on PFAS retention and transport in the subsurface. Surface tensions 

measurements and column experiments were conducted to characterize PFOS and PFOA 

transport behavior. 
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II. Materials and Methods 

II.1 Materials and Chemicals 

Commercially available 40/50 quartz sand (Accusand, UNIMIN MN CORP.) was 

used in all column experiments. Sodium chloride (NaCl, 99+%) was obtained from Acros 

Organics (NJ). Pentafluorobenzoic acid (PFBA, 99%) was obtained from Strem Chemicals 

(Newburyport MA). Perfluorooctanesulfonic acid solution (PFOS, 40 wt. % solution) was 

obtained from Sigma-Aldrich. Perfluorooctanoic acid (PFOA, 96%) was obtained from 

Sigma-Aldrich. 

 

II.2 Experiment Setup 

II.2.1 Surface tension  

In any liquid solution, all molecules share the same cohesive forces with neighboring 

molecules. However, stronger cohesive forces have been observed at the surface of the 

liquid. Those molecules at the surface bond more tightly to the molecules next to them or 

below them because those molecules have no neighboring molecules above. It is the reason 

why objects are easy to move in the liquid when it is submerged completely, but it requires 

more force to pull it through the surface. This phenomenon applies to the air-water interface, 

referred to as surface tension. PFOS and PFOA are both surfactants, and both of them will 

accumulate at the air-water interface. The accumulation of PFOS and PFOA at the air-

water interface will weaken the intermolecular forces between water molecules. Therefore, 
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the surface tension will decrease if the PFOS and PFOA concentration increase until PFOS 

and PFOA concentration reaches the critical micelle concentration (CMC).  

The surface tension measurements for PFOS and PFOA solution was conducted using 

Fisher surface Tensiomat model 21 and Kino Full-Automatic Surface & Interfacial 

Tensiometer A201. The Fisher surface Tensiomat model 21 is designed to measure 

interfacial tension semi-automatically, and the DuNoüy Ring method was used to measure 

the air-water surface tension in the experiment. The reading on the Fisher surface 

Tensiomat model 21 is the apparent interfacial tension. And the apparent interfacial tension 

readings have to be multiplied by a correction factor (F) to calculate the actual surface 

tension values (Fischer Scientific, 2006). Kino Full-Automatic Surface & Interfacial 

Tensiometer A201 employed the combination of the Wilhelmy Plate method and PC 

software to conduct the surface tension measurements.  

A series dilution of PFOS and PFOA were performed to acquire different 

concentrations of PFOS (500mg/L, 250mg/L, 100mg/L, 50mg/L, 10mg/L, 5mg/L, 1mg/L, 

0.5mg/L, 0.1mg/L, 0.01mg/L) and PFOA (4000mg/L, 2000mg/L, 1000mg/L, 100mg/L, 

10mg/L, 5mg/L, 1mg/L, 0.5mg/L, 0.1mg/L, 0.01mg/L). The 0.01M NaCl solution was 

used as background solution and dilution solution. The small amount of NaCl in the 

solution served as the background electrolyte. 

All surface tension measurements were under room temperature (24 ± 0.5 °C). The 

Fisher surface Tensiomat model 21 operation requires manual operation. 15-20 ml of each 
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sample was placed into a 50 ml beaker, and the platinum-iridium ring was submerged in 

the samples completely. Gradually increasing force is applied to pull the ring out of 

solution, and the required force is recorded once the ring breaks through the PFOS and 

PFOA solution surface. The Kino Full-Automatic Surface & Interfacial Tensiometer A201 

is fully automatic. 15-20 of each sample was placed into a 5 cm radius glass dish, then full-

automatic mechanical arm and PC software measure the surface tension. All samples were 

measured three times and the average of them used as the final values. And between each 

measurement, the ring and the plate were washed with distilled water followed by pure 

ethanol plus flaming. 

The reading from Kino Full-Automatic Surface & Interfacial Tensiometer A201 is the 

actual surface tension measurements, but the Fisher surface Tensiomat model 21 apparent 

readings require further calculation by multiplied the correction factor (F). The formula to 

calculate the correction factor (F) is following: 

F = 0.7250 +
0.01452+

,-(/ − 1)
+ 0.04534 −

1.6796

7
 

The F is the correction factor. The P stands for dial reading with unit of dyn/cm. The 

C is the circumference of the ring with unit of cm. The D is density of the lower phase 

which is PFOS and PFOA solution with unit of g/cm3. The d is density of the upper phase 

which is air with unit of g/cm3. The r is the radius of the wire of the ring with unit of cm. 

The R is the radius of the ring with unit of cm. 



� 16 

II.2.2 Column experiments 

The 15 cm length by 2.6 cm inner diameter cast acrylic column used for all the column 

experiments. All columns were dry packed with air-dried 45/50 quartz sand with an 

average diameter of 0.35 mm. The quartz sand was originally 40-50, 45-mesh sieves were 

used to increase particle-size homogeneity. A porous polypropylene sheet was placed at 

each end of the column to ensure the uniform water content distribution. An HPLC pump 

was used as influent supply in all column experiments. 

The columns experiments consisted of three different parts. First, using non-reactive 

tracer PFBA to characterize hydrodynamic conditions of the packed column. Second, 

conduct PFAS tests under the saturated condition to characterize solid-phase adsorption. 

Third, conduct PFBA and PFAS tests under unsaturated conditions to characterize air-

water interfacial adsorption.  

Saturated column experiments 

The column apparatus was placed on top of a balance to continuously record mass. 

The column was packed with dry sand. Masses were recorded at each step to determine 

bulk density and porosity. The column was placed vertically and saturated from the bottom 

end by de-aired de-ionized water at flow rate of 1 ml/min for more than 24 hours until a 

constant weight of the column was reached. All injected solution was introduced from the 

bottom of the column and collected from the top. The PFBA tracer test performed before 
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the actual PFOS column experiment to characterize hydrodynamic conditions of the packed 

column. The concentration of PFBA solution is 120 mg/L and injection rate is 1 ml/min. 

The effluent was collected by fraction collector at the rate of 3 mins per sample.  

For the PFAS tests, 1 mg/L PFOS in 0.01M NaCl solution was used, with a 1 ml/min 

injection rate. The effluent samples were collected by fraction collector with polypropylene 

test tubes at the rate of 3 mins per sample. All PFOS samples were transferred into 0.5 mL 

polypropylene auto sampler vials with a plastic syringe. All the vials were well-packed and 

shipped to the analytical lab and analyzed by LC-MS. 

Unsaturated column experiments 

The column was placed vertically at all times and saturated from the bottom by de-

aired de-ionized water at flow rate of 1 ml/min for more than 24 hours until a constant 

weight of the column was reached. The column direction was reversed after saturation and 

placed vertically. The upper porous plate (bottom plate before saturation) of the column 

was removed, then excavated approximately 1 cm depth of soil from the top of the column. 

Glass beads were placed on the surface of the soil to develop a uniform water content 

distribution. For the unsaturated column system, all solutions were introduced from the top 

of the column with a 0.5 ml/min flow rate by dripping. And the bottom end connected with 

the vacuum chamber to create the desired vacuum condition. Prior to the start of the 

experiment, the vacuum system was used to drain a certain amount of water from the 
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column to create a desired unsaturated condition. Then the vacuum was adjusted to 

maintain steady state flow and constant water content (stable saturation rate). The system 

was operated for approximately 36 hours prior to the start of the tracer injections. 

The PFBA tracer test was performed before the PFOS column experiment to 

characterize hydrodynamic conditions of the unsaturated system. The PFAS tests used 1 

mg/L PFOS in 0.01M NaCl solution with a 0.5 ml/min injection rate. The effluent samples 

were collected by the fraction collector in the vacuum chamber at 10 mins per sample rate. 

 

II.3 Literature Data Analysis 

Different sets of PFAS surface tension measurements were obtained from the 

literature to further investigate the air-water interfacial adsorption behavior of PFAS 

(Downes et al., 1995; Lunkenheimer et al., 2015; Lunkenheimer et al., 2017). Different 

factors that may influence the air-water interfacial adsorption behavior of PFAS were 

analyzed and compared. The effects of background electrolytes, counterions and carbon-

fluorine chain length on PFOA air-water interfacial adsorption were investigated. 

Surface tension data sets were digitized from figures in the literature. The PFAS 

concentration points reported in the literature was all different. The Szyszkowski-

Langmuir adsorption equation was utilized to match the data points that best describe the 

relationship between concentration and surface tension in the literature: 

γ = 9: − ;9<	ln	(1 +
,
@)   (1) 
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where γ is surface tension with unit of dyn/cm, γ0 is the surface tension of water and 

C is the concentration of PFAS in solution with unit of mg/L. The a and b are constant 

served as the fitting parameters. 

Input the target concentration (0.1 mg/L, 0.3 mg/L, 0.6 mg/L, 1 mg/L, 3 mg/L, 6 mg/L 

and 10 mg/L) into fitted Szyszkowski-Langmuir adsorption equation to predict the surface 

tension values in desired range. The air-water interfacial adsorption coefficients at 1 mg/L 

concentration were calculated based on predicted surface tension values. 

 

II. 4 Calculations 

 

Parameter Symbol Units 

Interfacial adsorption coeffcient AB cm 

Surface excess concentration Γ mol/cm2 

Gas constant R erg ∙ KLMNO ∙ PNO 

Temperature T K 

Interfacial tension γ dyn/cm 

Concentration C mg/L 

Retardation factor R  

Solid phase adsorption coefficient AX YKZ/[ 

Bulk density \] g/YKZ 
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Volumetric water content ^_ YKZ/YKZ 

Specific air-water interfacial area `Ba YKNO 

 

Interfacial adsorption coefficients (Ki) 

Interfacial adsorption coefficients (Ki) for PFOS and PFOA were based on surface 

tension measurements. Each concentration of PFOS and PFOA correlated to a different 

surface tension value. The relationship between concentration and surface tension can be 

used to determine the interfacial adsorption coefficients for PFOS and PFOA based on the 

Gibbs adsorption isotherm equation (Kim, 1997; Schaefer, 2000; Brusseau, 2007). The 

formula for interfacial adsorption coefficient calculation is following: 

                      Γ =
−,
7b
∙ c9
c,

= Ad ∙ ,						(2) 

AB =
Γ
, = −

1
7∙b ∙

c9
c,   (3) 

 

Retardation factor (Saturated condition) 

Key parameters for the soil-packed column were calculated such as pore volume, bulk 

density, porosity, etc. The dead volume from the column connections, the polypropylene 

sheet, and tubes was measured. And the mass balance calculation was also performed for 

the injected solution mass and collected effluent mass. Sample concentration data were 

used to construct the breakthrough curves and the moment analysis. Solid phase adsorption 
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coefficient (Kd) of PFOS was obtained from the retardation factor determined by moment 

analysis for the saturated experiment. The equation to calculate the Kd is: 

R = 1 + AX
\;
^e
					(4) 

 

Retardation factor (Unsaturated condition) 

The calculated interfacial adsorption coefficients (Ki) were used to predict retardation 

factor (R) for unsaturated system by applying it to the next equation:  

R = 1 + AX
\;
^e

+ AB
`d@
^e

  (5) 

Experimental studies have been done in our lab regarding air-water interfacial areas 

determined by X-ray micro-tomography and interfacial partitioning tracer tests in the past, 

which can provide the specific air-water interfacial area data for different geo-media and 

under different unsaturated conditions. The solid-phase adsorption coefficient Kd was later 

determined by saturated column experiments with moment analysis. The predicted 

retardation factor for the unsaturated system was used to compare with experimental 

retardation factor. 

And the fraction of measured total retention associated with air-water interfacial 

adsorption of the PFAS in unsaturated system is determined by: 

fghig =
7 − 1 − (

AX\]
^_

)

7 − 1
							(6) 
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II.5 Analytical Methods 

PFOS samples were analyzed by the Ultra-High Performance Liquid Chromatography 

tandem mass spectrometry. The method is based on an Agilent 1290 Infinity LC System 

coupled to an Agilent 6460 Triple Quadrupole LC/MS system, using both positive and 

negative electrospray ionization (ESI). The limit of detection of the method is 0.02 ug/L 

for PFOS. 

For positive electrospray ionization (EIS+) conditions, the HPLC used Agilent 

ZORBAX Eclipse Plus C18, 2.1 × 50 mm, 1.8 µm particle size analytical column with 

Agilent 1290 Infinity In-line filter with 0.3 µm SS frit guard column. The injection volume 

was 3 µL. The separation was performed using A (Water + 0.1% (v/v) formic acid) and B 

(Acetonitrile + 0.1% (v/v) formic acid). The flow rate is 0.4 mL/min and the run time is 8 

minutes + 1.45 minutes post time under 30 °C column temperature. The HPLC has 

connected positive electrospray ionization (ESI+) MS under dynamic MRM (multiple 

reaction monitoring) mode. The ESI+ MS system condition is sheath gas temperature 

375°C with 11 L/min flow rate and drying gas temperature 275 °C with 11 L /min flow 

rate.  

For negative electrospray ionization (EIS-) conditions, the HPLC used same columns 

as the EIS+ condition but with different separation stage.  The injection volume was also 

3 µL. The separation was performed using A (Water + 5 mM ammonium acetate) and B 

(90% Acetonitrile + 10% water + 5 mM ammonium acetate). The flow rate is 0.4 mL/min 
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and the run time is 6 minutes + 1.5 minutes post time under 30 °C column temperature. 

The HPLC has connected negative electrospray ionization(ESI-) MS under dynamic MRM 

(multiple reaction monitoring) mode. The ESI- MS system condition is sheath gas 

temperature 350°C with 11 L/min flow rate and drying gas temperature 225 °C with 10 L 

/min flow rate. 

The PFBA tracer samples were analyzed by ultraviolet-visible spectrophotometry at 

262 nm wavelength. 

 

 

III. Results and Discussions 

III.1 PFOS and PFOA Measured Surface Tension  

Instrument accuracy was checked by comparing deionized water measurements to the 

standard air-water surface tension value of 72 dyne/cm at 25 °C. For Fisher surface 

Tensiomat model 21 with the DuNoüy Ring method, the nano-pure water surface tension 

measurement is 71.3 dyne/cm and 0.01 M NaCl solution surface tension is 71.2 dyne/cm. 

For the Kino Full-Automatic Surface & Interfacial Tensiometer A201 with the Wilhelmy 

Plate method, the nano-pure water surface tension measurement is 72.1 dyne/cm and 0.01 

M NaCl solution surface tension is 72.3 dyne/cm. All surface tension pre-measurements 
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are reasonable when comparing with the standard value, which confirmed the accuracy of 

the instruments.  

The surface tension value corresponding to PFOS and PFOA concentration is acquired 

by averaging three measurements for a given sample. As expected solution with no PFAS 

has a surface tension of 72 dyne/cm at 25 °C. As PFOS and PFOA concentration increases, 

the surface tension of the solution decreases because the air-water interfacial adsorption of 

PFOS and PFOA weakens the interaction between water molecules. This surface tension 

measurements results are reported in Figures 1 and 2 and Tables 1 and 2.  

Inspection of the Figures shows that surface tension values are essentially identical at 

low bulk concentrations, with some small variation at higher concentrations. The surface 

tension measurements for PFOS and PFOA are sensitive because the rate of interfacial 

adsorption varies with concentration and molecules could also "coat" the measurement to 

affect surface break through. Which means it is difficult to determine if the molecules that 

present at the interface are fully stabilized or there are still surfactant molecules 

accumulating at the interface.  

Overall, the surface tension measurements of PFOS and PFOA solutions are 

reasonable because we tested it with two different instruments and multiple surface tension 

measurements were taken for a given sample. In addition, the data measured in our lab for 

sodium perfluorooctanoate can be compared to data reported in the literature by 

Lunkenheimer et al. (2015, 2017) shown in Figure 3. The comparison result shows that the 
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measured sodium perfluorooctanoate surface tension values match the literature data, 

indicating the accuracy of the measurements. 

 

III.2 PFOS and PFOA Interfacial Adsorption Coefficient 

The Figure 4 and Figure 5 are the regression curve fit between the natural logarithm 

of concentration and measured surface tension for PFOS and PFOA at target concentration 

of 1 mg/L. We obtain the PFOS and PFOA surface excess concentration (Γ) and interfacial 

adsorption coefficient (Ki) at target concentration of 1 mg/L by using the the Gibbs 

adsorption isotherm equation and reported in Table 3. The justification of target 

concentration of 1 mg/L is it matches the injection concentration in column experiment and 

it also represents the upper range of concentrations of PFOS and PFOA reported at PFAS 

contaminated sites. 

 The number of PFAS molecules adsorb at air-water interface 1 cm2 at 1 mg/L 

concentration was calculated based on surface excess concentration (reported in Table 3) 

multiply by Avogadro constant (6.02×10-Z	KLMNO). At 1 mg/L, it is calculated that there 

were 1.64×10OZ of PFOS molecules and 1.12×10OZ of PFOA molecules adsorbed at 1 

cm2 air-water interface. The numbers of PFAS molecules adsorbed at air-water interface 

seems relatively low at low bulk concentration of 1 mg/L. At 1 mg/L concentration, the 

surface tension values only decreased ~2 dyn/cm for PFOS and ~ 0.5 dyn/cm for PFOA. 

However, the air-water interfacial adsorption coefficient for both PFOS and PFOA can be 
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relatively large at 1 mg/L concentration during the transport process. Because the air-water 

interfacial adsorption coefficient equals to surface excess concentration divided by 

concentration, which represents a ratio of PFAS concentration adsorbed at the air-water 

interface to PFAS concentration in the aqueous solution when the system is at equilibrium. 

Hence, at low bulk concentration the air-water interfacial adsorption of PFAS may still 

greatly contribute to overall retention process, even though the overall impact on surface-

tension reduction is small. In addition, the specific air-water interfacial area (Aia) also 

influence the air-water interfacial adsorption of PFAS in porous media. In unsaturated 

porous media, the specific air-water interfacial area value could be much larger than the 

specific air-water interfacial area of the beaker used for measuring surface tension. And a 

large air-water interfacial area can increase air-water interfacial adsorption capacity for the 

PFAS. 

 

III.4 Literature Data Review and Ki Comparison 

Literature surface tension data were digitized and analyzed to further investigate the 

factors that may affect the air-water interfacial adsorption behavior of PFAS. The Tables 

4, 5, and 6 report the PFAS air-water interfacial adsorption coefficient at 1 mg/L from 

works of Downes et al. (1995), Lunkenheimer et al. (2015) and Lunkenheimer et al. (2017), 

respectively. The result of Downes et al. (1995) suggests that there is an effect of different 

type of background electrolytes on air-water interfacial adsorption of PFOA, in this specific 



� 27 

case are sodium and ammonium ions. In general, the higher concentration of background 

electrolyte leads to lower surface tension and higher the Ki value. The presence of the 

electrolyte lowers the surface tension of PFAS solution by compression of the electric 

double layer at the air-water interface. Additional electrolytes increased ionic strength, 

thereby decreased the potential and thickness of the double layer at air-water interface to 

facilitated the adsorption of PFAS at the interface.  

At low bulk concentration range there is no significant effect on PFOA air-water 

interfacial adsorption caused by different counterions in the solution. 

The results shown in Table 5 indicate that the perfluorinated chain length has a 

significant influence on the air-water interfacial adsorption of PFAS. Just like solid phase 

adsorption, the longer the perfluorinated chain length the higher the air-water interfacial 

adsorption. The Ki value increased orders of magnitudes when the chain length increased 

from C6 to C11. Examining Figure 6 shows a strong correlation between air-water 

interfacial adsorption and chain length.  

 

III.5 PFBA Tracer Tests 

The tracer test goal was to characterize the hydrodynamic conditions of the packed 

columns. The columns were all packed with air-dried 45/50 quartz sand with an average 

diameter of 0.35 mm. Breakthrough curves obtained from PFBA column tracer tests are 

shown in Figure 7 and Figure 8. The PFBA breakthrough curves show ideal transport 
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behavior in both saturated and unsaturated condition. In both curves, the arrival wave 

breakthrough occurs at 1 pore volume and stable plateau at the relative concentration equal 

to 1 was observed. The moment analysis shows that PFBA retardation factors are very 

close to 1 which was expected as a non-reactive tracer. In general, all information above 

suggested that the columns are well packed and homogeneous. This confirmed that 

minimal physical heterogeneity factors will impact the PFAS transport behavior in column 

experiments. 

 

III. 6 PFOS and PFOA Saturated-flow Column Experiments 

The breakthrough curves were constructed from saturated column experiments data 

which are shown in Figure 7. The transport of PFOA and PFOS was retarded as compared 

to the transport behavior of PFBA as reflected in the later arrival waves. Since the column 

experiment is under the saturated condition with ideal hydrodynamic condition, the 

retention process was solely contributed by solid phase adsorption. PFOS transport 

exhibited a larger delay compared with PFOA, indicating greater solid phase adsorption of 

PFOS. This is consistent with results in the literature. 

The retardation factors under the saturated condition were obtained from moment 

analysis, the retardation factor values are 1.87 and 1.29 for PFOS and PFOA, respectively. 

The solid phase adsorption coefficient of PFOS is 0.175 cm3/g and PFOA of 0.08 cm3/g. 

There are two factors correlated with the retention process of PFAS transport. One is the 
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length of the perfluorinated chain, the longer the perfluorinated chain the greater the 

retention process on porous media. And another major factor is the functional group of 

PFAS. PFOS and PFOA both comprised of eight perfluorinated chains, but with the 

different functional group of octanoic acid and sulfonic acid which makes PFOS have 

greater solid phase adsorption. 

 

III. 7 PFOS and PFOA Unsaturated-flow Column Experiments 

The saturation for the packed columns is 66%. The PFAS breakthrough curves were 

constructed from unsaturated column experiments which shown in Figure 8. As expected, 

due to solid phase adsorption of PFOS and PFOA the transport behavior was retarded as 

compared to PFBA. However, greater retention was observed for PFOS and PFOA 

transport under the unsaturated condition compared to the saturated condition. The 

retardation factors under the unsaturated condition were obtained from moment analysis, 

the retardation factor values are 6.57 and 1.96 for PFOS and PFOA, respectively. The 

increased retardation factors and later arrival waves confirmed that the additional retention 

process was due to the air-water interfacial adsorption of PFOS and PFOA. 

Comparing the increased magnitude of retardation factor between the saturated 

condition and unsaturated condition indicates that PFOS has greater air-water interfacial 

adsorption than PFOA. The greater air-water interfacial adsorption for PFOS was expected 

because PFOS has greater air-water interfacial adsorption coefficient as reported in Table 
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1 at 1 mg/L concentration. The large air-water interfacial adsorption coefficient suggest 

that more PFOS molecules will accumulate at the air-water interface than PFOA for a given 

solution concentration. PFOS and PFOA transport behavior under the unsaturated 

condition was regulated by both solid phase adsorption and air-water interfacial adsorption. 

The fraction of retention associated with air-water interfacial adsorption was 

calculated by eq 6. The results show the air-water interfacial adsorption contributed 

approximately 77% of total retention for PFOS and 53% of total retention for PFOA. 

 

III. 8 Retardation Factor Comparison 

A predicted value for the PFOS retardation factor under unsaturated conditions was 

determined using equation to compare to the measured value obtained from the column 

experiment. The solid phase adsorption coefficient for PFOS was calculated based on the 

retardation factor obtained under saturated conditions. The solid phase adsorption 

coefficient of PFOS is 0.175 cm3/g. The air-water interfacial adsorption coefficient was 

determined from the surface tension data. The specific air-water interfacial area was 

determined from prior experiments conducted in the lab for the same sand. In Table 7 

reported all parameters from soil-packed column. The specific air-water interfacial area is 

73 (±6) cm-1 for the 45/50 quartz sand at 66% saturation rate. The predicated retardation 

factor is 6.62 (6.24-7.00), the 95% confidence interval in parentheses incorporating 
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combined uncertainty of Ki and Aia. The predicted retardation factor was almost identical 

to the measured retardation factor from unsaturated column experiment which is 6.57.   

 

 

IV. Conclusion 

The investigation of the air-water interfacial adsorption behavior of PFAS was 

achieved by using surface tension measurements and literature data reviews. The air-water 

interfacial adsorption behavior of PFOS and PFOA were characterized during surface 

tension measurements. By comparing the Ki value at 1 mg/L indicated that PFOS have 

greater air-water interfacial adsorption than PFOA. By comparing the surface tension of 

PFOA with different conditions of background electrolytes indicated that the higher the 

background electrolytes concentration leads to higher the air-water interfacial adsorption 

of PFAS. By comparing the surface tension of PFAS with different perfluorinated chain 

length shows the longer the perfluorinated chain length will significantly increase the 

interfacial adsorption of PFAS, and one additional perfluorinated chain length may 

increase the Ki value in orders of magnitudes. 

The column experiments have investigated and demonstrated the PFOS and PFOA 

transport behavior in the subsurface. The transport behavior conclusion of PFAS was 

obtained by comparing to non-reactive tracer PFBA under both saturated and unsaturated 
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conditions. Under the saturated condition, the retention process was observed for both 

compounds and it was solely contributed by solid phase adsorption. However, greater 

retardation was observed under the unsaturated condition because of the additional air-

water interfacial adsorption for both compounds. The comparison between PFOS and 

PFOA at the same hydrodynamic condition shows PFOS have greater solid phase 

adsorption and air-water interfacial adsorption. The greater air-water interfacial adsorption 

was also matched the air-water interfacial adsorption coefficient results. 

Current published studies of PFAS transport and fate in the subsurface only 

investigated solid phase adsorption. However, the results of this research demonstrate the 

significant air-water interfacial adsorption contributed to the total retention process of 

PFAS in the unsaturated condition. By combining both sources of retention the PFAS 

transport and fate behavior in the vadose zone can be predicted. The study also helps 

identify some key factor may influence the specific air-water interfacial adsorption 

behavior in different subsurfaces, such as the specific PFAS and its concentration, water 

saturation, and aqueous chemistry. And it will help accurate risk assessment and design of 

the practical remedial action at PFAS contaminated site.  
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Figures 
 

 
Figure 1: Surface tension measurements for PFOS (* means plate method) 

 

 

       

Figure 2: Surface tension measurements for PFOA (* means plate method) 
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Figure 3: Surface-tension data for sodium perfluorooctanoate data compared with 

Lunkenheimer et al. 2015 and 2017 data 

 

 

 
Figure 4: Surface tension as a function of PFOS concentration for Ki determination at 

target concentration 1 mg/L. 
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Figure 5: Surface tension as a function of PFOA concentration for Ki determination 

at target concentration 1 mg/L. 

 

 

 

Figure 6: Air-water interfacial adsorption at 1 mg/L for C6-C11 PFAS series 
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Figure 7: Saturated-flow column experiment results. Data for PFOA from Ying Lyu. 

 

 

Figure 8: Unsaturated-flow column experiment results. The elution curve for PFOS 

is truncated due to finite sample holding capacity of vacuum-chamber faction collector 

system. Data for PFOA from Ying Lyu. 
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Tables 
 

Table 1: Measured PFOS surface tension measurements in 0.01M NaCl solution 

PFOS concentration (mg/L) ln[PFOS] Surface tension (dyn/cm) 

500 6.21 37.986 

250 5.52 38.566 

50 3.91 50.988 

10 2.30 63.335 

5 1.61 66.207 

1 0.00 70.251 

0.5 -0.69 70.911 

0.1 2.30 71.841 

0.01 -4.61 72.016 

 

 

 

Table 2: Measured FPOA surface tension measurements 0.01M NaCl solution 

PFOA concentration (mg/L) ln[PFOS] Surface tension (dyn/cm) 

4000 8.29 14.754  

2000 7.60 19.647 

1000 6.91 35.514 

100 4.61 62.776 

10 2.30 69.630 

5 1.61 70.190 

1 0.00 71.551 

0.5 -0.69 71.680 

0.1 2.30 72.030 

0.01 -4.61 72.036 
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Table 3: Measured PFAS surface tension measurements and interfacial adsorption 

coefficients (Ki) 

 Concentration Surface tension (dyn/cm) Ki (cm) Γ (mol/cm2) 

PFOS 1 mg/L 70.25 0.0136 2.72E-11 

PFOA 1 mg/L 71.55 0.0077 1.86E-11 

 

 

 

Table 4: PFOA air-water interfacial adsorption data from this study of Downes et al. (1995). 

background electrolytes Ki (cm) 

0.05M NH4Cl 0.00657 

0.1M NH4Cl 0.01047 

0.15M NH4Cl 0.01524 

0.05M NaCl 0.00235 

0.1M NaCl 0.00309 

0.15M NaCl 0.00565 

 

 

 

  Table 5: PFAS air-water interfacial adsorption data from this study of Lunkenheimer et al. (2015) 

PFAS C-F Chain length  Ki (cm) 

C6  0.00008 

C7  0.00021 

C8 (PFOA) 0.00103 

C9  0.00154 

C10  0.00648 

C11  0.05130 
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Table 6: PFOA air-water interfacial adsorption data from this study of Lunkenheimer et al. (2017) 

PFOA-counterion Ki (cm) 

K+ 0.00056 

Rb+ 0.00042 

Cs+ 0.00052 

NH4
+ 0.00044 

Li+ 0.00036 

Na+ 0.00052 

 

 

 

Table 7:  Column experiments parameters 

 Saturated condition Unsaturated condition 

Bulk	Density	(g/YKZ) 1.73 1.67 

Porosity 0.35 0.35 

Saturation 100% 66% 

Pore	volume	(mg) 27.8 14.9 
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