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Abstract

This article will identify the state of science on the generation, production, and transport of
perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA). Additionally, this article
will focus on the transport of these environmental contaminants through air sources. It is important
to explore why air exposure is critical to bring awareness to a problem that is not always
immediately apparent. From a biological standpoint, clean air is necessary to sustain healthy life.
Thus, it is key to understand the environmental transport of chemicals such as PFOS and PFOA
with regard to their ability to migrate (i.e., air to water and water to air) and thus create unsafe

air. The fluorinated backbone of these substances is both hydrophobic and oleophaobic/lipophobic,
while the terminal functional group is hydrophilic (water loving). Therefore, PFOS and PFOA
compounds tend to partition to interfaces, such as between air and water with the fluorinated
backbone residing in air and the terminal functional group residing in water. This article will
identify opportunities for research to further the understanding of their potential impacts to human
health.

Introduction

Since the late 1960s, perfluorinated compounds (PFCs) were originally produced

for numerous industrial applications including refrigerants, polymers, pharmaceuticals,
adhesives, and fire retardants (Key et al., 1997). PFCs comprise a large group of
fluorinated chemicals that are synthetic and man-made with unique properties. PFCs
are now recognized as a new class of emerging, persistent contaminants. Their basic
structural elements include a partially or fully fluorinated alkyl chain typically 4-14 in
length (hydrophobic part) and a terminated functional group (carboxylates, sulfonates,
sulfonamides, phosphonates) that constitutes the hydrophilic part of the molecule. Due
to the presence of both hydrophobic and hydrophilic parts, PFCs exhibit surfactant
properties, reducing surface tension more strongly than all other major classes of surfactants.
The carbon-fluorine bonds are the strongest bonds in organic chemistry because of a
high electronegativity and the fluorine atom’s small size (O’Hagan, 2008). PFCs are
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nonflammable and resistant towards acids, bases, oxidizers, and reductants (Ding &
Peijnenburg, 2013). These chemical properties are utilized for numerous consumer products
such as water-, oil- and stain-resistant coatings for clothing fabrics, leather, and carpets, as
well as oil-resistant coatings for paper products for the food industry (Chen et al., 2012;
Giesy & Kannan, 2001; Lindstrom, Strynar, & Libelo, 2011; Tsai et al., 2002).

Another application of these chemicals includes their use to extinguish fuel fires, allowing
an aqueous film to spread over the flammable liquid and further act as a vapor sealant during
firefighting on military bases, airports, and oil refineries (Schultz et al., 2003). The stability
and application of these compounds make them practically nonbiodegradable and therefore
persistent in the environment (Key et al., 1998).

Characteristics and Production of Perfluorinated Compounds

The most encountered or investigated PFCs persistent in the environment are
perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA). PFOS and PFOA
are both stable in air at high temperatures (>150 °C); nonflammable; not readily degraded
by strong acids, alkalis, or oxidizing agents; and are not subject to photolysis (Kissa, 2001).
PFOS and PFOA have been made by two major manufacturing methods: electrochemical
fluorination (ECF) and telomerization (Buck et al., 2011; Lindstrom, Strynar, Delinsky, et
al., 2011). ECF produces a mixture of compounds including branched, linear, and cyclic
isomers of various chain lengths, while telomerization produces primarily straight chain
(linear) compounds with an even number of carbons, such as PFOA. Isomer profiling
methods can be used to assess the relative contribution from each of these manufacturing
processes to PFOA found in environmental and biological media (Benskin et al., 2010, De
Silva & Mabury, 2006; De Silva et al., 2009).

There is now major environmental concern over these compounds due to studies indicating
serious health effects associated with PFOS and PFOA (Organization for Economic Co-
operation and Development, 2002; U.S. Environmental Protection Agency [U.S. EPA],
2002). Consequently, these concerns have led to voluntary cessation of the production of
PFOS in the U.S. as well as reductions in factory emissions of PFOA and therefore a
reduction in residual chemicals from PFOA in finished products (U.S. EPA, 2002). In 2000,
the production and use of PFOS (approximately 3,500 metric tons) greatly outnumbered the
production of PFOA (approximately 500 metric tons).

After the 3M Company, the major manufacturer of PFOS, phased out production in 2002,
the global production of this chemical dropped dramatically to 175 metric tons in 2003 (3M
Company, 2003). In contrast, global production of PFOA increased to 1,200 metric tons/year
in 2004 and has seemingly become the most common PFC in commerce. Currently, there are
many companies worldwide that still produce and/or use a wide range of different PFCs in

a variety of products (Prevedouros et al., 2006). In 2006, the U.S. Environmental Protection
Agency (U.S. EPA) initiated the PFOA Stewardship Program, in which eight key companies
in the industry committed to reducing facility emissions, product contents of PFOA, and
related chemicals on a global basis by 95% (U.S. EPA, 2018a).
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While the routes of exposure and the associated risks are largely unknown, it has been
determined that residents living in industrialized countries have detectable levels of many
PFCs in their blood (Kannan et al., 2004). Possible routes of exposure source could include
inhalation, dermal contact, food, food packaging, house dust, and drinking water.

Perfluorinated Compounds Released in the Air Through Manufacture and Production

Facilities

There are both direct and indirect sources of PFOS and PFOA emissions to the environment.
Direct sources are a result from the manufacture and use of these compounds. Indirect
sources in the environment occur as chemical reaction impurities or when substances
degrade to form by-products. Figure 1 demonstrates a possible environmental transport
pathway of PFOA and PFOS by air deposition. Comparable to other groundwater
contaminants, PFOA can reach drinking water wells through the pathway of migration

of a contaminated groundwater plume (Butt et al., 2010; DuPont Corporate Remediation
Group & URS Diamond, 2003; Lau et al., 2007). PFOA can also reach groundwater

from air emissions from nearby industrial facilities, followed by deposition from air onto
soil and migration through the soil to groundwater (Davis et al., 2007). In West Virginia

and Ohio, drinking water wells were contaminated by releases from a nearby industrial
manufacturing facility for fluoropolymers (Steenland, Jin, et al., 2009). The hypothesis is
that the contamination occurred through soil deposition of PFOA emitted into the air that
leached downward and migrated to groundwater and/or contaminated surface water from the
Ohio River (Shin et al., 2011).

The public water supply wells in the vicinity of the production facility had PFOA detected at
levels up to >4,000 ng/L and in private wells up to >13,000 ng/L (DuPont, 2008; Hoffman
etal., 2011). The impact of contamination from production facilities was also noted in New
Jersey. PFOA has been detected at up to 190 ng/L in shallow, unconfined wells of a public
water supply and at >40 ng/L with a maximum >400 ng/L in 59 of 104 private wells within a
radius of slightly more than 2 miles from the facility (DuPont, 2009; Post et al., 2009).

PFOA can also enter groundwater or surface water used for drinking water from sources
other than industrial releases. These sources include discharge from wastewater treatment
plants processing domestic and/ or industrial waste street runoff, storm water runoff, release
of aqueous firefighting foams, land application of sludge, land application of wastewater
from industrial sources, and use of contaminated industrial waste as a soil amendment
(Clarke & Smith, 2011; Kim & Kannan, 2007; Moody et al., 2003; Murakami et al., 2008;
Sinclair & Kannan, 2006; Konwick et al., 2008).

Wang and coauthors (2014) estimated that 4% of the perfluoroalkyl carboxylic acids emitted
due to PFOA manufacturing is released into the air, while emissions due to fluoropolymer
manufacturing measured 16%. Based on information obtained from interviews with
engineers at a DuPont fluoropolymer factory in the U.S., Paustenbach and coauthors (2006)
concluded that PFOA is most likely emitted into the air in the form of vapors that quickly
condense to fumes after they exit the stack. They also reported that DuPont characterized
the particle size distribution of PFOA released from their exhaust after installing a scrubber
in 1996: approximately 54% of the mass was observed on aerosols <0.1 um and 27% on
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aerosols between 0.1 um and 0.3 um. Barton and coauthors (2006) reported that 60% of

the mass of PFOA sampled along the fence line of the same fluoropolymer manufacturing
facility in 2003-2004 was distributed as aerosols <0.3 pm. This size range includes aerosols
that could have a residence time in the atmosphere on the order of days (Slinn & Slinn,
1980).

Kaiser and coauthors (2010) conducted a study by simulating and reconstructing a PFOA
manufacturing site to better understand how neighboring communities and workers might be
exposed to PFCs in the air when handling these compounds. Their study included workplace
monitoring, experimental data, and modeling results to ascertain the most probable
workplace exposure sources and transport mechanisms for PFOA and its ammonium salt.
These two compounds were monitored due to the dramatic difference in physical properties
of the anionic form and the protonated acid form. PFOA, measured as the anion PFO- in
blood, is projected to have a biological half-life in humans of 2—4 years (Burris et al., 2002).
Historically, levels ranging from 0-100 ppm have been found in the blood of workers with
most of the results <20 ppm (Ubel et al., 1980). These levels are significantly higher than
blood levels found in the U.S. general population, averaging 5 ppb based on blood bank
sampling performed in 2000-2001 (Olsen et al., 2003). In their modeling study, Kaiser

and coauthors (2010) used simple mass transfer to simulate volatilization from open liquids
and sublimation to air from surfaces within the re-created manufacturing site applying the
equation:

E = KAC,

where E = air emissions from the liquid surface (g/s), K = mass transfer coefficient (m/s), A
= liquid surface area (m?), and C|_ = concentration of PFOA in the liquid phase (g/m3).

Input parameters for room air velocities and PFOA concentrations were selected to represent
actual facility conditions during air monitoring of past manufacturing site conditions. Three
scenarios used in the modeling included:

1 \olatilization of PFOA from wet sump A, which contained an aqueous solution
of 340 mg/L PFOA at pH = 1.8.

2. Sublimation of PFOA from dry sump A, with approximately 50% of its
previously wetted surface area currently covered with dry PFOA molecules.

3. A combination of volatilization and sublimation of PFOA from sump B, with
volatilization of PFOA from an aqueous solution of 54 mg/L PFOA at pH = 6.7
and sublimation from dry walls with 10% of their previously wetted surface area
covered with dry PFOA molecules.

A sump is defined as a low space that collects undesirable liquids such as water or
chemicals.

During a 2-week period of air monitoring for PFOA where pH, concentration, and water
level varied based upon operating activities, air samples taken near two process sumps
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showed quantifiable levels of PFOA (Table 1). These data suggest a major correlation among
increased air concentrations, decreased sump pH, and water level.

Figure 2 shows a graph of the mass of PFOA partitioned to air from aqueous solution as

a function of time and pH (Kaiser et al., 2010). The graph suggests that the lower the

pH, the greater the volatilization and therefore, more PFOA is partitioned into the air from
the aqueous solution. This finding coincides with the monitoring data shown in Table 1.
Furthermore, this research implies that in a manufacturing setting, the source of PFOA in
air could be from sumps or holding reservoirs, as well as PFOA material that has condensed
on walls, floors, and equipment. As PFOA contains a hydrophobic perfluoroalkyl tail, the
undissociated acid is much less water soluble. In fact, the undissociated form is highly
insoluble in water with a significant driving force for it to partition out of the water into
the air above the water under low pH conditions. The experimental data demonstrate that a
pH of >7 limited the quantity of undissociated acid leaving the surface. This understanding
has direct implications in the workplace for minimizing the potential for PFOA to become
airborne at high measurable concentrations. These findings suggest that keeping surfaces
clean, preventing accumulation of material in unventilated areas, removing solids from
waste trenches and sumps, and maintaining neutral pH in sumps can all lower workplace
exposures.

There has been major concern in North Carolina where the Chemours Company (a DuPont
subsidiary) Fayetteville Works Plant allowed its effluent discharge of the compound GenX
upstream from the city of Wilmington into the Cape Fear River (Clabby, 2017, October

18). A map of the work plant site can be viewed at www.northcarolinahealthnews.org/
2017/07/17/genx-pollutionmysteries. Chemours proclaimed GenX as an improved substitute
for PFOA due to differences in its chemical structure that make it less persistent in the
environment and thus reduce potential health risks to the public (Clabby, 2017, August

17). According to U.S. EPA, the North Carolina plant might have committed federal
violations by failing to notify U.S. EPA before it started manufacturing and repurposing
new industrial compounds (Dalesio, 2019). Federal law requires the producers of potentially
toxic substances that could present an unreasonable risk of injury to health or the
environment to notify U.S. EPA before the company starts making new chemicals or using
an existing compound for a significantly new use (U.S. EPA, 1976). Whereas U.S. EPA
classifies GenX as an “emerging contaminant,” some scientists are finding reasons to be
concerned about how PFOA exposure in the local population has been associated with
adverse human health outcomes, such as affecting kidneys, blood, the immune system, liver,
and developing fetuses (MacNeil et al., 2009; Nakayama et al., 2007; Steenland, Tinker, et
al., 2009; U.S EPA, 2018b). In November 2018, current litigations involving the Chemours
plant awarded restitution to North Carolina for $12 million to cover cleanup and provide
permanent replacement drinking water to homes and businesses with contaminated wells
(North Carolina Department of Environmental Quality, 2018).

Perfluorinated Compounds Released in the Air of Indoor Environments

Indoor air has been hypothesized as a primary contributor for atmospheric PFC
contamination. Yao and coauthors (2018) evaluated indoor air and indoor dust samples
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from the rooms of residential homes, hotel buildings, textile shops, and movie theaters in
China. The fluorotelomer alcohols (FTOHs) were the most frequently detected PFCs found
in air (250-82,300 pg/m?3) and hotel dust (24.8-678 ng/g). Polyfluoroalkyl phosphoric acid
diesters were found at much lower level concentrations in air (not detected-125 pg/ m3)

and in dust (0.32-183 ng/g). Perfluoroalkyl carboxylic acids were also detected in the air
samples at a total concentration range of 121-20,600 pg/m3 where C4-C7 PFCs contributed
up to 54% of the profiles. The high contribution of perfluoroalkyl carboxylic acids suggests
that shorter-chain PFCs likely are used in China as an alternative to longchain PFCs.

Yao and coauthors (2018) included the monitoring of direct and indirect human exposure to
PFCs by estimating the daily intake of PFCs through air inhalation and dust ingestion. They
estimated daily intake of PFCs via air inhalation and dust ingestion at 1.04-14.1 ng/kg/body
weight/day and 0.108.17 ng/kg/body weight/day. This estimation confirmed that for PFCs

in adults, inhalation of air suspended with fine particles was a more important exposure
pathway than dust ingestion. The major pathway for PFOA exposure in toddlers, however,
was dust ingestion because of crawling and their hand/foot-tomouth contact with carpets and
floors.

In Finland, Winkens and coauthors (2017) investigated the contamination levels and patterns
of PFCs in air samples from children’s bedrooms. Children’s bedrooms were examined

as part of a larger study focusing on environmental exposures to children. Indoor air
samples were taken from 57 households and analyzed for 17 perfluoroalkyl acids and 9
precursors. Two unique acrylate compounds, 6:2 FTAC (2-perfluorohexyl ethyl acrylate) and
6:2 FTMAC (2-perfluorohexyl ethyl methacrylate), were detected in 28% and 58% of the
air samples, respectively. These two compounds are not typically reported in the scientific
literature. Of the fluorotelomer alcohols, 8:2 FTOH was detected at the highest median
concentration of 3,570 pg/m3. Due to the reduction of use or elimination of PFCs by some
industry manufacturers, the C8 perfluoroalkyl acids were still the most abundant acids. From
this study, the comparison with previous studies of the measured fluorotelomer alcohols,
perfluoroalkyl acids, and the pathway of PFOA and PFOS by air deposition indicated a
correlation that indoor air levels of PFCs display a time delay to changes in manufacturer
production over several years.

Perfluorinated Compounds Released in the Air From Firefighting Foam

Throughout the U.S., many fire departments on military bases and civilian airports are still
using aqueous film-forming foams for fire suppression, fire training, and flammable vapor
suppression (Hu et al., 2016). The U.S. Department of Defense is currently reviewing the
use, impact, and disposal practices for firefighting foam (Hatton et al., 2018; Sullivan et

al., 2017). Anderson and coauthors (2016) noted that environmental releases and exposure
to firefighting foam can occur from line leaks in supply tanks, fire suppression systems,
firefighting activities, and equipment maintenance. PFC vapors released in the air migrate to
groundwater and can severely injure those working in the area who don’t have proper safety
ventilation equipment, as well as communities living in close proximity to the affected

site, such as military personnel and their families (Rak & Vogel, 2010). The Norwegian
Pollution Control Authority (2008) determined that ground and soil samples near four fire
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training facilities were contaminated by PFCs from routine use of firefighting foams that
contain PFOS. Concentrations from soil samples taken within 200 m of the training facilities
exceeded the proposed Norwegian guideline value for PFOS of 100 ng/g. It was also noted
that migration of PFCs to soil, water, and sediments can have a significant impact on the
surrounding terrestrial animals near these contaminated sites.

Forest fires are another potential source or pathway of PFC air contamination (Figure

3, Campo et al., 2017). As forest fires across the world have increased, aircrafts are
spraying firefighting foam over more affected areas to aid in suppressing or extinguishing
fires. Campo and coauthors (2017) simulated and monitored the sediment and soil from a
severe fire on two Mediterranean hillslopes, one burned and one unburned, near Azuébar
(SE Spain). Samples from the hillslopes were analyzed for contamination by polycyclic
aromatic hydrocarbons (PAHSs), indirect tri- to hepta-brominated diphenyl ethers (PBDEsS),
organophosphate flame retardants (PFRs), and per- and polyfluoroalkyl substances (PFASS)
related to fighting forest fires.

Soil samples were taken at the top of the hillslope (eroding zone), middle part (transport
site), and foot of the hillslope (depositional zone). The fires were simulated, so burned

soil samples were measured against control unburned samples. In the burned soil samples,
low concentrations of PBDES (7.3 ng/g), PFRs (664.4 ng/g), and PFASs (56.4 ng/g) were
detected in relation to PAHs (16 PAHs = 1,255.3 ng/g). Directly after the simulated fire,
concentrations of PBDEs (17.8 ng/g) and PAHs (16 PAHs = 3,154.2 ng/g) were higher in
sediment than in soil. There was no definite clear pattern for the distribution of compounds
over the different slope positions. Compared with samples taken from the three hillslopes,
however, higher concentrations tended to be found in the middle and foot of the hillslope.
It is important to note that when it rains after a fire, the erosion process can concentrate
contaminants at the foot of the hillslope, possibly leading to enhanced bioaccumulation and
potentially higher hazardous values (Abrahams et al., 2018).

Perfluorinated Compounds Released in the Air by Waste Incineration

An additional potential source or pathway of PFC contamination released into the air

might occur by means of waste incineration. Knowledge of how PFCs behave in the
incineration or combustion process is limited. Consensus in the limited scientific literature,
however, is that degradation of PFOS occurs at temperatures >500 °C. In theory, fluorinated
by-products are formed, which could have undesired properties and significant impacts on
the environment. A study conducted by U.S. EPA and 3M stated that degradation of PFOS
occurs at temperatures >600 °C and that PFOS is not released in the environment through
incineration; the main degradation products, however, were the potent greenhouse gases
CF,4 and CyFg (Taylor & Yamada, 2003). With fluorinated by-products resulting from waste
incineration, it is clear further investigation of these compounds is needed to evaluate their
chemical properties.

Conclusion and Recommendations

This article sought to identify the state of science on the generation, production, and
transport of PFOS and PFOA in the environment. Specifically, this article focused on
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air as the primary transport route of these contaminants. It was determined that the
major air contamination sources included manufacture or production facilities, indoor
air contamination from household products, exposure to firefighting foam, exposure to
chemicals released combating forest fires, and by-product formation of PFCs by waste
incineration.

Direct sources of contamination result from the manufacture and use of these compounds.
Indirect sources occur as chemical reaction impurities or when substances degrade to
form by-products. With indoor air, direct exposure of PFOA through dust ingestion is

the major pathway for introduction in toddlers because they crawl and have hand/foot-to-
mouth contact with carpets and floors. For adults, inhalation of contaminated air with fine
suspended particles is the major pathway.

The exposure pathway in the air from firefighting foam can occur from line leaks in supply
tanks, fire suppression systems, fire- fighting activities, and equipment maintenance. Shortly
after combating a forest fire, the exposure pathway of PFC vapors released in the air exposes
communities living near or in proximity to the affected site. The information on how PFCs
perform in the combustion process during incineration is still limited; however, it is clear
that fluorinated by-products are formed that can have undesired properties and significant
impacts on the environment.

While progress has been made to understand the environmental concerns from PFCs, there
are several areas for future research. One observation is that we still know little about how
people are exposed to PFCs through the air. Specific studies should:

1 Provide manufacturing and production facilities with further scientific
knowledge to reduce air exposure of PFCs to employees and neighboring
communities.

2. Further investigate potential sources of atmospheric PFCs released from

manufacturing and production facilities and investigate the resuspension of
aerosols associated with PFCs and precursor degradation.

3. Widen the national coverage of current monitoring to ensure the public is aware
of the connections among production and use volumes of PFCs and possible
exposures.

4, Evaluate additional methods designed to reduce indoor air exposure to PFCs.

These methods could range from immediate actions to enable individuals to
reduce their likely burden (e.g., manipulate room ventilation, minimize products
in the home treated with PFCs) to longer-term strategies (e.g., minimize
chemical migration from products by modifying product formulation and

design).
5. Better characterize the emission rates of household products treated with PFCs.
6. Conduct more studies to demonstrate the relationship between concentrations of

PFCs in household dust and exposure to adults and children (e.g., in homes,
offices, schools, and day care facilities).
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7. Improve exposure monitoring strategies to those using firefighting foam and
those combating forest fires.

8. Monitor a wider range of treated forest fire areas that recently have been exposed
to the chemicals.

9. Evaluate and characterize all by-products produced during waste incineration of
PFCs.
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FIGURE 1.
Environmental Transport Pathway Examples of Perfluorooctane Sulfonate (PFOS) and

Perfluorooctanoic Acid (PFOA) by Air Deposition
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Mass of Perfluorooctanoic Acid (PFOA) Transported From Aqueous Solution to Air as a

Function of Time and pH
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FIGURE 3. Forest Firesasan Air Source and Exposure Pathway to Polycyclic Aromatic
Hydrocar bons, Flame Retar dants, Persistent Organic Pollutants, and Per- and Polyfluoroalkyl
Substances

PAHSs = polycyclic aromatic hydrocarbons; PBDEs = polybrominated diphenyl ethers;
PFASs = per- and polyfluoroalkyl substances; PFRs = organophosphate flame retardants;
POPs = persistent organic pollutants. Source. Campo et al., 2017.
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Eight-Hour Time-Weighted Average Air Levels of Perfluorooctanoic Acid (PFOA) Near Process Sumps

Table 1

Day | PFOA Concentration (mg/mS) Comment
1 0.065 Low pH sump
1 0.007 After sump pH adjusted to 7
11 0.061 Low water in sump
13 0.004 Wiater level restored

Source: Kaiser et al., 2010.
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