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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• First detail investigation of PFAS distri
bution and release from asphalt. 

• Similar distribution profiles of PFAS in 
asphalt and concrete cores. 

• 6:2 FTS and PFOS were predominant in 
impacted asphalt and concrete cores. 

• Asphalt had a higher release rate of 
PFAS than concrete included in this 
study. 

• Impacted asphalt could be a secondary 
source of PFAS into the environment.  
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A B S T R A C T   

Aqueous film forming foam (AFFF)-impacted asphalt and concrete may serve as potential secondary sources of 
per- and polyfluoroalkyl substances (PFAS) to the environment through surficial leaching. We aimed to under
stand the vertical distribution and surficial release of PFAS from AFFF-impacted asphalt and concrete cores 
collected from various locations (~10–70 m distance between samples). Among the PFAS analyzed, 6:2 FTS was 
observed as having the highest concentration in the surface layer (0 – 0.5 cm) of concrete (225 µg kg− 1) and in 
the runoff from the concrete (2600 ng L− 1). PFOS was detected at the highest concentration in the surface layer 
(0 – 0.5 cm) of asphalt (47 µg kg− 1) and associated runoff (780 ng L− 1). The total mass of PFAS released during 
three rainfall simulations accounts for a fraction of the total mass in the surface layer (0 – 0.5 cm), ranging from 
0.10 – 9.8% and 0.078 – 2.4% for asphalt and concrete cores, respectively. Asphalt exhibited a higher release rate 
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than concrete, demonstrated by the higher total release coefficient of PFAS (4 – 16 m− 2) compared to that of 
concrete cores (1 – 5 m− 2). These results suggested that, similar to concrete, AFFF-impacted asphalt may be a 
secondary source of PFAS to the environment.   

1. Introduction 

Per- and polyfluoroalkyl substances (PFAS) are key components of 
PFAS-containing firefighting foams (e.g., aqueous film forming foam 
[AFFF]). These foams form a stable film over the liquid fuel which en
courages cooling and discourages re-ignition [1]. AFFF has been utilized 
for firefighting training exercises and emergency responses in various 
locations, such as military bases, airports, firefighting training areas, 
and fuel storage facilities. The use of AFFF, particularly repeated and 
frequent use, can result in PFAS residues with concentrations as high as 
several mg g− 1 in infrastructure materials, including concrete (e.g., 
training pads) and asphalt (e.g., driveways, pavements) [2-5]. 

Previous equilibrium experiments and rainfall simulations have 
demonstrated that the depletion of the most common PFAS associated 
with certain AFFF formulations, such as perfluorooctane sulfonate 
(PFOS) and perfluorohexane sulfonate (PFHxS), is slow [2,4]. Our recent 
assessment also suggests that the release of PFAS from AFFF-impacted 
concrete to surface runoff may occur for decades in some circum
stances if mitigation is not performed [6]. 

Infrastructure materials that may be potentially impacted at AFFF 
sites include concrete and asphalt. While there have been studies 
monitoring the release of PFAS from concrete cores through water 
runoff, to our knowledge, no similar study has been conducted for 
asphalt [7], except one recent study that developed and applied new 
methods for PFAS analysis in asphalt samples [3]. This scarcity of in
formation or knowledge gap on the leaching of PFAS from 
AFFF-impacted concrete and asphalt could impede effective manage
ment of PFAS from AFFF-impacted sites [7]. Further, this knowledge 
would be useful to evaluate the appropriateness of mitigation or reme
diation of PFAS leaching from AFFF-impacted concrete and asphalt. 

In this study, we investigated the distribution of PFAS in both AFFF- 
impacted asphalt and concrete as well as the dynamic release of PFAS in 
response to rainfall simulations in laboratory settings. Using those data, 
we aimed to confirm the release profile of PFAS from impacted concrete, 
and for the first time, explore the profile of PFAS release from asphalt. 
The differences between the distribution and release of PFAS in asphalt 
versus concrete were also assessed. 

2. Materials and methods 

2.1. Asphalt and concrete samples 

Three asphalt cores (A1, A2, and A3; d = 95 mm) and three concrete 
cores (C1, C2, and C3; d = 65 mm) were collected from various locations 
(~10–70 m distance between samples) at an AFFF-impacted site 
(Fig. S1) using a core drill. To obtain the PFAS concentration profiles 
along the depth of cores, samples of asphalt and concrete were collected 
by drilling the sidewall of the cores at various depths down to the bottom 
(Table S3), similar to the practice of previous studies [2,4,5]. For each 
depth, 5 to 7 locations around the circumference of the cores were 
drilled (i.e., core sidewall drilling) and samples were combined to obtain 
a representative sample of each depth. 

2.2. Release kinetics from rainfall simulations 

Laboratory-based rainfall simulations were performed based on 
procedures described by Thai et al. [4]. A PVC ring (d = 75 mm for 
asphalt cores; d = 56 mm for concrete cores) was sealed on the surface of 
each core by a silicone sealant (Selleys). A 2 mm depth of pH = 7 MilliQ 
water was poured into the PVC ring (equivalent to 9 mL for the asphalt 

cores and 5 mL for the concrete cores) and drawn out completely within 
2 min. This process was repeated 30 times, resulting in a simulated 
rainfall of 60 mm in one hour (i.e., a rainfall intensity of 1 mm min− 1). 

A total of three rainfall simulations were conducted on each core 
with different drying periods (from one day to two weeks) between any 
two rainfall events to simulate alternating wetting and drying conditions 
in the field. A blank experiment was conducted in parallel by pouring pH 
= 7 MilliQ water (74 mL, equivalent to a water depth of 30 mm) into a 
PVC ring (d = 56 mm) sealed to aluminum foil with the same silicone 
sealant (Selleys). The blank sample was collected after ponding for 48 h. 

2.3. Chemical analysis 

Concrete samples (approximately 0.4 g) were spiked with a mixture 
of isotopically labelled PFAS (2 ng, or 10 µL at 0.2 ng µL− 1), followed by 
thorough mixing using a roller mixer and ultrasonic solvent extraction 
with two cycles of 2% ammonium/methanol (w/w). Water samples 
were spiked with a mixture of isotopically labelled PFAS (1 ng, or 5 µL at 
0.2 ng µL− 1) prior to solid phase extraction (SPE) with Strata X-AW 
cartridges (100 mg/ 6 mL). Due to the significant decrease in PFAS 
concentrations in water samples from the later phase of rainfall simu
lation [4], two to three water samples collected consecutively after 20 
min into the rainfall simulation were combined to increase the con
centration factor of SPE. Detailed extraction procedures for concrete and 
water samples are provided in the Supporting Information (S1.2). 

All extracts were analyzed with high performance liquid chroma
tography (Nexera HPLC, Shimadzu Corp., Kyoto Japan) coupled to a 
tandem mass spectrometer (SCIEX Triple Quad 6500 +, Concord, 
Ontario, Canada). The targeted chemicals include two per
fluorocarboxylic acids (PFCAs): perfluorohexanoic acid (PFHxA) and 
perfluorooctanoic acid (PFOA), two perfluorosulfonic acids (PFSAs): 
PFHxS and PFOS, and 6:2 fluorotelomer sulfonate (6:2 FTS). Detailed 
information about instrumental analysis can be found in the SI (S1.3). 

To provide quality assurance and quality control (QA/QC), proce
dural blank samples (every 20 samples), duplicate samples (every 10 
samples), and samples spiked with native standards (every 20 samples) 
were included in each batch (20 – 40 samples) and processed in the same 
way as regular samples. QA/QC results are provided in the SI (Table S5). 
In the blank samples, PFOA, 6:2 FTS, and PFOS were not detected, and 
PFHxA and PFHxS were below the limit of detection. These suggest there 
is no/negligible release of the investigated PFAS from the silicone 
sealant used in the experiment. 

2.4. Estimation of mass of PFAS in the surface layer and release 
coefficient of PFAS 

The total mass load of individual PFAS in the top 0.5 cm layer (M0.5) 
is estimated based on Eq. (S1) in the SI (S1.5). For the ease of comparing 
the surficial leaching of PFAS among different cores, the total release 
coefficient (m− 2) is calculated according to Eq. (S2), which represents 
the PFAS release normalized to the surface area and M0.5. However, it 
should be noted that PFAS in layers deeper than 0.5 cm may also 
contribute to the surficial release of PFAS. 

3. Results and discussion 

3.1. Vertical concentration profiles of PFAS in asphalt and concrete cores 

The vertical concentration profiles of three major PFAS compounds 
in asphalt and concrete cores are shown in Fig. 1 with additional two 
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PFAS compounds shown in the SI (Figs. S2 and S3). The vertical profiles 
in the concrete cores resemble those observed in previous studies [2,4], 
featuring the highest concentrations at the top 0.5 – 1 cm layer followed 
by a decrease in concentration for the lower depths. Asphalt A2 also 
displayed an overall decreasing trend in PFAS concentrations with 
depth, except for increases at a depth of 4 – 5 cm and the bottom of core 
(Fig. 1A, B, and C, Fig. S2A and B). Meanwhile, asphalt A1 showed a 
trend of initially increasing and then decreasing PFAS concentrations 
with depth, with the highest concentrations observed at the 2 cm depth 
(Fig. S2). The discrepancies between PFAS profiles of the two asphalt 
cores could be attributed to the heterogeneity of asphalt collected from 
different areas of the site. The increase in concentrations from the sur
face to the middle layers of A1 implies downward transport of PFAS after 
AFFF exposure. The mechanisms remain unclear with regards to the 
increase in PFAS concentrations at the depth of 4 – 5 cm and the bottom 
of A2. It could be due to the lateral seepage of AFFF-impacted runoff 
from the surrounding area or other unidentified factors [4]. Variations 
of PFAS vertical profiles in concrete cores have been observed in other 
recent studies [5,8]. 

The highest concentration observed in the concrete cores was of 6:2 
FTS, reaching up to 225 µg kg− 1, followed by PFOS (152 µg kg− 1) and 
PFHxS (65 µg kg− 1) (Fig. S3). The highest concentration in the asphalt 
cores was of PFOS (47 µg kg− 1), followed by PFHxS (11 µg kg− 1) and 6:2 
FTS (3.3 µg kg− 1) (Fig. 1). The presence of high concentrations of 6:2 
FTS, PFOS, and PFHxS in the investigated cores suggests that both 

fluorotelomer- and PFOS-based AFFF products were historically used at 
the study site. 

Compared to the concentrations of similar PFAS compounds present 
in the surface of concrete cores reported in previous studies [2,4], the 
results for concrete and asphalt analyzed in this study are much lower. 
The comparatively lower concentrations of PFAS in this study are likely 
attributable to smaller volumes and less frequent historical use of AFFF, 
though site-specific conditions such as environmental weathering and 
meteorological conditions (e.g., annual rainfall) may also contribute. 
Cores from Baduel et al. [2] and Thai et al. [4] came from former fire
fighting training grounds (FTG) where larger volumes of AFFF were 
historically used at a greater frequency. 

We acknowledge that site-specific factors can influence the amount 
of PFAS retained within AFFF-impacted concrete and asphalt. Never
theless, our findings provide valuable information on the expected 
variability of PFAS within concrete and asphalt at different sites and 
their corresponding leaching potential, which is lacking in the literature 
[5]. This variability is an important consideration when performing an 
environmental risk assessment or when considering the cost-benefit of 
attempting to mitigate PFAS leaching from concrete or asphalt. 

3.2. Comparison of release kinetics between asphalt and concrete cores 
from rainfall simulations 

We selected a total 60 mm rainfall depth with a constant rainfall 

Fig. 1. Vertical concentration profiles of PFHxS, PFOS, and 6:2 FTS in asphalt core A2 (A, B, and C in the upper panel) and concrete core C2 (D, E, and F in the 
lower panel). 
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intensity of 1 mm min− 1 for our experimental design. While the total 
rainfall depth of 60 mm could be considered an extreme case in reality, 
it is necessary for our study design and research questions. By simulating 
a rainfall with a constant rainfall intensity (1 mm min− 1) for 60 min and 
with high frequency sampling, we achieved the objectives of this 
research, which were to understand the behavior and kinetics of PFAS 
leaching from asphalt and concrete. Further, our findings can be inter
polated to any rainfall depth within the range of 2 to 60 mm. Under
standing PFAS leaching under different rainfall durations is essential to 
develop long-term, robust management strategies under different 
weather scenarios. 

The concentration of five PFAS compounds in runoff water from both 
asphalt and concrete surfaces during rainfall simulations exhibited an 
exponential decreasing trend (Figs. 2, S4–S7). Concentrations of PFAS 
decreased rapidly in the first 10 min of rainfall (equivalent to 10 mm of 
rainfall depth at the rainfall intensity of 1 mm min− 1) followed by a 
slower decline and eventually reaching a plateau in the remaining 
duration of the rainfall simulation. The observed runoff profiles of PFAS 
from concrete cores are consistent with those reported by Thai et al. [4] 
despite concentrations being lower (in concrete and the associated 
runoff). The peak concentrations of PFAS were observed at the begin
ning of the rainfall event, suggesting that PFAS are more amenable to 
leaching into the initial runoff compared to the later phase of the rainfall 
event. These results are consistent with the “first flush” effect, where the 
initial runoff volumes receive disproportionally higher loads and have 
much higher concentrations compared to subsequent runoff volumes 
[9]. 

Among the three rainfall simulations for asphalt cores, the first 
rainfall event resulted in the highest percentage of released PFAS rela
tive to the mass of PFAS in the top 0.5 cm (Fig. S8). For instance, the 
maximum percentage of PFOS released from the three asphalt cores 
were 4.8%, 2.3%, and 1.6% in the first, second, and third rainfall sim
ulations, respectively. Similarly, concrete core C1 also exhibited the 
highest release percentage of PFOS during the first rainfall simulation 
(0.09%) compared to second (0.04%) and third (0.04%) rainfall simu
lations. In contrast, concrete core C2 exhibited a more comparable 
release percentage during the first and third rainfall events, 0.18% and 
0.24%, respectively. With the highest percentage of observed PFAS 
release occurring within the first rainfall simulation and with a consis
tent observation of a rapid decline over the course of each rainfall 
simulation (Fig. 2), the overall mass release of PFAS to a watershed may 
be negligible. Therefore, mitigation of PFAS leaching from concrete 
and/or asphalt may only be required if stormwater compliance in a "first 
flush sample" is jeopardized. 

Thai et al. [4] also found similarity in initial PFAS concentrations 
during five successive rainfall simulations on concrete cores, although at 
higher concentrations (µg L− 1) compared to concentrations (ng L− 1) 
observed in our study. They attributed the initial similarity to a 
“wicking” effect, in which PFAS in the subsurface are transported up
ward with water to the surface of the concrete, and subsequently remain 

on the surface while water evaporates, making them susceptible to 
release during subsequent rainfall events [4]. Assuming PFAS released 
during the second and third rainfall simulations are attributed to the 
wicking effect, the released mass could be expected to be correlated to 
the total mass in the top surface. As shown in Fig. S9A, there is a strong 
positive correlation (r2 = 0.999) between the total mass of PFAS released 
from asphalt cores during the second and third rainfall simulations and 
the mass of PFAS in the top 0.5 cm of asphalt cores. The correlation was 
not as strong for concrete cores (Fig. S9B), which could be attributed to 
the differences in permeability and/or chemistries associated with 
asphalt versus concrete materials. 

The total mass of PFAS compounds released during three rainfall 
simulations accounts for a fraction of the total mass in the surface layer 
(0 – 0.5 cm), ranging from 0.10 – 9.8% and 0.078 – 2.4% for asphalt and 
concrete cores, respectively (Table S1). These data suggest that both 
asphalt and concrete impacted by AFFF can act as a secondary source of 
PFAS released into the environment, but the release is small in com
parison to that retained within the asphalt and concrete, may continue 
for a long time, and ultimately may only influence first flush stormwater 
compliance rather than meaningfully impact the larger watershed. It is 
important to note that the estimation of PFAS mass in the top 0.5 cm was 
based upon discrete samples collected using core sidewall drilling, a 
simplified equation, and did not take into consideration the heteroge
neity of PFAS distribution in asphalt and concrete cores, which has been 
demonstrated by Vo et al. [8]. 

Asphalt exhibited greater variations in release coefficients of PFAS 
compared to concrete cores (Fig. 3), suggesting a higher degree of het
erogeneity and/or different release mechanisms. The average release 
coefficient for each rainfall simulation was higher in the three asphalt 
cores than that in the concrete cores, although the difference was not 
statistically significant (p > 0.05, Table S2). Furthermore, the average 
total release coefficient of PFAS during three rainfall simulations for 
asphalt cores was in the range of 4 – 16 m− 2 (Table S1), which is higher 
than that for concrete cores ranging from 1 – 5 m− 2. 

Among the concrete samples, C1 demonstrated the highest total 
cumulative released mass for five PFAS compounds combined 
(41 µg m− 2), followed by C2 (13 µg m− 2) and C3 (3.1 µg m− 2). The 
higher mass of PFAS in the surface layer of C1 could explain its higher 
mass release in the runoff (Table S1). However, despite C2 demon
strating a higher cumulative release for all targeted PFAS than C3, C2 
and C3 exhibited similar levels of PFAS mass in the top 0.5 cm. These 
results suggest that the release of PFAS from concrete is affected by other 
factors in addition to the total mass of PFAS. 

The higher average total release coefficient of PFAS from asphalt 
determined in this study (4 – 16 m− 2) compared to concrete (1 - 5 m− 2) 
suggests that PFAS may be more readily leached from asphalt than 
concrete. However, it should be noted that these differing rates could be 
due to differing conditions of the asphalt and concrete surfaces at this 
site. For example, the amount and frequency of AFFF is assumed to be 
higher for concrete samples within the loading area compared to asphalt 

Fig. 2. Concentration response of PFOS in runoff water during three rainfall simulations on asphalt (A) and concrete cores (B). The green symbols indicate the PFOS 
concentration in the water collected at the beginning of the rainfall simulation (i.e., the pH = 7 MilliQ water was poured on the surface and drained out immediately). 
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samples in the surrounding area. Additionally, the location of the con
crete cores was historically covered by a canopy until the demolition of 
the loading area. To the best of the authors’ knowledge, the location of 
the asphalt cores has always been uncovered. These differences, as well 
as other potential undetermined factors, may have implications on the 
release coefficients of PFAS from concrete and asphalt. More study and 
evaluation is necessary to consider how these differences may influence 
the comparative release coefficients of PFAS from asphalt and concrete 
surfaces. 

3.3. Future perspective 

There are uncertainties and limitations of estimating PFAS mass in 
surficial samples. Obtaining a higher resolution mass distribution of 
PFAS in concrete and asphalt would be beneficial and may provide 
valuable insights into the release behavior of PFAS. Further, the 
controlled laboratory conditions of the rainfall simulation did not 
consider characteristics of natural rainfall events, such as droplet size 
distribution, kinetic energy, and contact time. Other factors (e.g., rain
fall intensity, slope, and surface roughness) can affect the release of 
PFAS in the field. Therefore, it would be of value to further investigate 
the relationship between these factors and PFAS storage and release 
from concrete and asphalt using both laboratory- and field-scale efforts. 

4. Conclusions 

In this study, we have demonstrated that both AFFF-impacted 
asphalt and concrete surfaces may serve as secondary sources of PFAS 
to runoff. Our results showed concrete samples have a higher PFAS mass 
concentration than asphalt samples, which could be due to differing site- 
specific AFFF use patterns (amount, frequency) on concrete and asphalt 
surfaces, differing environmental weathering scenarios, or other 
currently undetermined differentiating factors. Further, the surficial 
release of PFAS was observed to be slower from concrete samples than 
asphalt samples (although not statistically significant), which may 
suggest potential differences in storage and release mechanisms between 
these materials. Our findings highlight the value of characterizing both 

AFFF-impacted concrete and asphalt hardscapes at the field-scale, as 
well as the need for further studies to evaluate material properties to 
help describe and distinguish storage and release mechanisms between 
concrete and asphalt. 
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Fig. 3. Release coefficient (m− 2) of target PFAS in asphalt and concrete cores during 1st (A), 2nd (B), and 3rd (C) rainfall simulations. The middle line represents the 
mean value and the error bar indicates the standard deviation (SD). 
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Environmental implication 

There is a gap in our understanding of PFAS contamination in con
crete and asphalt materials in critical infrastructure that have been 
exposed to extensive use of aqueous film forming foams (AFFF). This 
study will address this issue with a detail investigation of the distribu
tion and release of PFAS from both concrete and asphalt cores collected 
from site affected by legacy use of AFFF. The findings will help design 
better and more cost-effective PFAS management in the affected sites. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.jhazmat.2024.133627. 
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