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Abstract

Per- and polyfluoroalkyl substances (PFAS) have been released into the environment for decades,
yet contributions of air emissions to total human exposure, from inhalation and drinking water
contamination via deposition, are poorly constrained. The atmospheric transport and fate of a
PFAS mixture from a fluoropolymer manufacturing facility in North Carolina was investigated
with the Community Multiscale Air Quality (CMAQ) model applied at high resolution (1 km) and
extending ~150 km from the facility. Twenty-six explicit PFAS compounds, including GenX, were
added to CMAQ using current best estimates of air emissions and relevant physicochemical
properties. The new model, CMAQ-PFAS, predicts 5% by mass of total emitted PFAS and 2.5% of
total GenX are deposited within ~150 km of the facility, with the remainder transported out.
Modeled air concentrations of total GenX and total PFAS around the facility can reach 24.6 ng m
=3 and 8,500 ng m~3 but decrease to ~0.1 ng m~3 and ~10 ng m~2 at 35 km downwind,
respectively. We find that compounds with acid functionality have higher deposition due to
enhanced water solubility and pH-driven partitioning to aqueous media. To our knowledge, this is
the first modeling study of the fate of a comprehensive, chemically resolved suite of PFAS air
emissions from a major manufacturing source.

Graphical Abstract

"Corresponding Authors: dambro.emma@epa.gov, murphy.benjamin@epa.gov.

Supporting Information

Additional information on WRF modeling and emissions allocation. Several tables including the compounds emitted from the facility
with their identifiers, physical properties, and emissions information. Tables on stack parameters, standard pollutant evaluation, WRF
meteorological evaluation, and weekly deposition measurements. Figures denoting GenX-relevant compounds (HFPO-DA, HFPO-
DAF, etc), CMAQ-PFAS domain, measurement locations. Several figures investigating deposition, air concentration, and phase state
of GenX and total PFAS.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

D’Ambro et al. Page 2

2018 Annual

Long-Range Transport (> 150 km) PFAS Emissions
104,000 kg yr! 109,000 kg yr*
(95.2%)

——

Mean 2018
deposition flux
[ng m” day ']
(% of annual

emissions)

70 (0.76%)
120 (0.54%)
200 (0.66%)

le—
—
e
l&—  380(0.51%)
€ 770 (067%)

1 Introduction

Per- and polyfluoroalkyl substances (PFAS) are an evolving class of industrially-produced
compounds, with unique chemical structures estimated to number in the thousands®. They
are used extensively in consumer products and for industrial applications? and as a result,
have been found throughout the environment3-6. Much research has focused on the
occurrence of PFAS in ground, surface, and drinking water’, with PFOA (perfluorooctanoic
acid, a well-known PFAS)&-11 contaminated drinking water correlating positively with
human blood PFAS levels'2-14, More recently, soil and water contamination for two specific
PFAS, PFOA and HFPO-DA (hexafluoropropylene oxide dimer acid, CAS 13252-13-6,
often referred to as GenX and discussed below), has been attributed, at least in part, to
atmospheric deposition1®-17_ |eading to the study of PFAS air emissions. The magnitude of
direct human exposure to airborne PFAS due to inhalation or other uptake mechanismsis
largely unknown, although previous studies have shown positive correlations between indoor
dust levels of PFAS and human blood concentrations?8.

PFAS released to the environment, or their terminal perfluorinated degradation products,
persist in soil and water 7 or more years after releasel’ due to the strong C-F bond!? that
resists degradation. The atmosphere, meanwhile, does not facilitate local, long-term PFAS
accumulation, but rather provides a medium for long-range transport?9-23, resulting in low
surface concentrations (e.g. < 1 pg m~324) that are difficult to measure. Due to low
concentrations, many ambient air studies focus on the area immediately surrounding
production facilities®11 25,

One of these production facilities, The Chemours Company (formerly DuPont) Washington
Works in West Virginia, USA, has been the focus of multiple air concentration- and
deposition-based studies of PFOA. More recently, The Chemours Company Fayetteville
Works, located ~25 km south of Fayetteville, North Carolina, USA, has been identified as a
source of PFAS to the Cape Fear River26-28 although high PFAS concentrations upstream
suggest direct water discharge from the facility is not the only PFAS source to the Cape
Fear2’- 29, The Fayetteville Works produces and uses PFAS compounds of varying carbon
chain length and functionality including HFPO-DA. HFPO-DA was introduced to replace
legacy compounds like PFOA and has been found in the Cape Fear River?® and in treated
drinking water taken from the river?’. HFPO-DA is used at other Chemours sites, and
concentrations in soil and surface water surrounding those facilities suggest a role for air
transport and depositionl”- 30, Investigations at the Fayetteville Works found water wells
surrounding the facility, including many upstream and on the opposite side of the Cape Fear
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river as the facility, were contaminated with GenX and other PFAS3L. Near-field air
dispersion modeling results indicate air emissions could be transported to locations near the
facility, resulting in well contamination31: 32,

In this work, we leverage the production process-level, chemically explicit PFAS emission
rates reported by Chemours Fayetteville Works to inform a regional-scale chemical transport
model, the Community Multiscale Air Quality (CMAQ) model, and predict ambient air
concentrations and deposition fluxes for one simulation year. We use existing methods to
estimate chemical properties like vapor pressure and water solubility for 26 explicit PFAS.
We then evaluate the resulting model, CMAQ-PFAS, with deposition measurements from
NC Department of Environmental Quality (NC DEQ) measurement sites surrounding the
facility and explore relationships between predicted deposition pathways and compound
specific physicochemical properties. Finally, we highlight important gaps in our
understanding that require further research.

2 Methods:

2.1 Emissions:

The PFAS-specific emission report submitted by The Chemours Company to NC DEQ31
provides, process-level emission rates of 53 PFAS compounds for the year 2017 (Table S1),
along with hydrofluoric acid (HF) which is a hazardous air pollutant (HAP) listed in the
National Emissions Inventory (NEI). Total PFAS emissions at the Fayetteville Works facility
were 109,393 kg yr~1 (Fig. 1A). The top three compounds by emitted mass have 3 or fewer
carbons and make up 82% (89,722 kg yr1) of the total emissions (Fig. 1A). The emissions
report listed species by name, an acronym, and CAS. Some CAS were not identifiable,
presumably because they are novel and proprietary, but only account for 5.1 kg in 2017 or
<0.005% of emissions by mass. Figure 1B classifies the 50 species with the lowest emission
rate (“other” in Fig. 1A) by number of functional groups (Table S2), which indicates the
structural complexity. We denote simple fluorocarbons and chlorofluorocarbons as
compounds without functional groups (e.g. CF3H and C,F3Cl3). These are expected to be
the least susceptible to oxidation and phase change. ~8% of emissions by mass have 2 or
more functional groups. The structural complexity and diversity of functionality underscores
the challenge of understanding the role of atmospheric chemistry in the fate of PFAS air
emissions.

GenX is a trademark name often applied to HFPO-DA (hexafluoropropylene oxide dimer
acid) or the anion of HFPO-DA(aq) which is measured in water (Fig. $1)33. The anion
HFPO-DA(aq) can also be generated from the hydrolysis of the acyl fluoride, HFPO-DAF
(hexafluoropropylene oxide dimer acid fluoride), in water3* (Fig. S1). Throughout this work
“total GenX” refers to the sum of HFPO-DA (304.6 kg yr~1) and HFPO-DAF (725.1 kg yr
~1) in both the gas and condensed phases.

2.2 Physical properties:

Physicochemical properties are used by CMAQ to predict gas-particle partitioning and
influence rates of dry (removal of gases and particles to soil, vegetation, and other surfaces
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in the absence of precipitation) and wet (removal via rain, snow, or fog, etc.) deposition. The
Open structure-activity/Property Relationship App (OPERA) model3® was used to estimate
physicochemical properties (Table S2) and can be accessed via https://comptox.epa.gov/
dashboard or https://ged.epacdx.net/cts/pchemprop/input. Few measurements of these
properties exist for PFAS, therefore the model results were used for each species property
for consistency. PFAS functionalities are highly diverse, therefore both solubility- and vapor
pressure-driven partitioning to condensed water and organic particles were explored. The
saturation vapor concentration, C*3¢: 37 was used to predict condensation to the particulate
organic phase, . The predicted C* values range from 2.0x10% to 3.6x1012 ug m=3 (Table S2)
which can vary up to 7 orders of magnitude where measurements exist for comparison
(Table S3), although OPERA was shown to most accurately predict C* for a series of PFAS
compared to other common property estimation models38. The enthalpy of vaporization
(ACD/labs, http://www.chemspider.com/), used to adjust the volatility to atmospheric
temperature, range from 17.2 to 56.8 kJ mol™L. Henry’s Law constants were estimated with
OPERA to model solubility driven condensation to the aqueous phase of atmospheric
particles, cloud liquid water, and aqueous ground surfaces (e.g. bodies of water, leaf stomata,
etc.), ranging from insoluble to slightly soluble (8.6 x 1073 to 4.2 x 106 M atm™1). This
result is broadly consistent with the hydrophobic nature of the fluorinated tails. We assume
all PFAS compounds are emitted in the gas phase (See PFAS Emissions in the SI). The role
of surface interactions of PFAS compounds with other atmospheric constituents, possibly
resulting in micelles or surface coated particles for example, is unknown. PFAS are designed
for their surfactant properties and it is unclear to what extent those properties impact their
own phase partitioning or the partitioning of other compounds.

2.3 CMAQ-PFAS configuration

CMAQ v5.3.239 was applied to a 260 km x 244 km domain across Eastern North Carolina
and Northeastern South Carolina, USA, with 1 km x 1 km horizontal resolution and ~1
minute time resolution (Fig. S2). The model was run for January through December 2018,
coinciding with NC DEQ’s deposition measurements of total GenX surrounding the facility
(section 2.5). Meteorological inputs were simulated using the Weather Research and
Forecasting model (WRF), Advanced Research WRF core (ARW) version 4.1.140 (see WRF
Modeling in the SI). Boundary conditions were processed from a series of nested CMAQ
simulations from a hemispheric domain at 108 km x 108 km, through a continental U.S.
domain at 12 km x 12 km, and finally through an Eastern U.S. domain at 4 km x 4 km. Gas-
phase chemical kinetics were simulated via a modified version of Carbon Bond 6 (CB6r3)*!
and inorganic aerosol formation (AERO7) was consistent with Nolte et al.*2. Non-PFAS
anthropogenic emissions (e.g. NOy, SOy, VOCs, etc) were based on the 2014 National
Emissions Inventory (NEI) version 143, projected to 2018. Biogenic vapor emissions were
calculated online in CMAQ using the Biogenic Emission Inventory System (BEIS) v3.6.144.
The Surface Tiles Aerosol and Gaseous Exchange (STAGE) module*® was used to account
for the parallel deposition to heterogeneous land-surface types within each model grid cell.
CMAQ showed reasonable performance for prediction of conventional pollutants like NOy,
Og, and PM5, 5 (Table S4).
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The Base CMAQ-PFAS simulation (“Base”) treats explicitly the 26 compounds with annual
emissions greater than 45 kg (109,190 kg, 99.8% of emitted mass) and lumps the remaining
24 compounds as one surrogate compound (PFASOTHER) with mole-weighted parameters
(Table S5). PFAS emissions are allocated in space and time using CMAQ’s buoyant plume
rise algorithm, a record of the relevant facility processes running each day of the year, and
an estimate of incremental reductions achieved during 2018 due to installed controls (see
PFAS emissions in the SI). The physicochemical properties for each model compound
(Tables S2-S3, S6) are used to calculate the partitioning between the gas- and aerosol-phase
components as well as the dissolution in cloud droplets, and uptake to dry and aqueous land-
surface types. Gas-phase and heterogeneous chemical reactions are not considered in this
implementation of CMAQ-PFAS, nor are aerosol surface interactions between PFAS and
non-PFAS constituents.

2.4 Sensitivity to acyl fluoride hydrolysis

The conversion of acyl fluorides to carboxylic acids in the bulk aqueous phase can occur
nearly spontaneously34. The hydrolysis of one acyl fluoride, CF3COF (PAF, Table S1) has
been measured in air*® and modeled in chemical transport models as in-cloud
processes?’=49, More recently, the hydrolysis of a larger molecular weight acyl fluoride was
incorporated into a box model®C. The feasibility and impact of hydrolysis of a wide
structural array of acyl fluorides in the gas phase or on aerosol particles has yet to be
studied, yet the transformation of acyl fluorides to carboxylic acids may drastically alter
their solubility. For example, the standard Henry’s Law constant for HFPO-DAF is predicted
to be 0.05 M atm=1 compared to the effective Henry’s Law constant for HFPO-DA of 2.3 x
1010 M atm™1 at pH of 3. To bound the impact of potential gas-phase hydrolysis of acyl
fluorides on total PFAS deposition, one sensitivity case (“CarbAcid”) assumes eight of the
acyl fluorides reported by the facility are emitted as their corresponding carboxylic acids
(Table S6). Thus, total GenX emissions are assumed to be in the form of HFPO-DA for the
CarbAcid case, representing instantaneous hydrolysis.

2.5 Measurements:

The NC DEQ established 5 rain water collection sites within 3.5 km of the Chemours
facility (Fig. S3), results from which are posted publicly3! (Table S7). The sites N, NW, and
SE of Chemours were equipped with 5-gallon HDPE buckets for collection of weekly
composite wet/dry deposition samples. The sites NE and SW of Chemours were equipped
with samplers (NCON Model 110) to collect weekly discrete wet and dry samples. These
samplers had rain sensors that moved a cover from one position to the other to collect either
wet or dry samples depending on whether precipitation was occurring. We combine both
NCON-observed and CMAQ-predicted estimates of dry and wet deposition.

Analysis began with measuring and recording the total collected sample volume. Dry
samplers were rinsed with 600 mL of PFAS-free water. From this rinse, 100 mL was
reserved for refrigerated archiving, and two 250 mL aliquots were added to PFAS-free
HDPE plastic sample bottles for shipment to the analysis lab. The samples were analyzed by
HPLC-MS/MS following EPA Method 537.1°1 with isotope dilution for calibration for a
subset of PFAS compounds and specifically HFPO-DA. Because acyl fluoride hydrolysis is
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rapid in bulk solution3* and results in HFPO-DAF being converted to HFPO-DA, model
predictions of HFPO-DA and HFPO-DAF were summed to estimate total GenX model
deposition (section 2.1).

3 Results & Discussion:

3.1 CMAQ-PFAS evaluation

The deposition measurements of GenX made by NC DEQ are compared to the CMAQ-
PFAS model outputs for 2018 in Figure 2. Modeled results are excluded before
measurements began or when sampling errors occurred. Both modeled and measured results
below the measurement Limit of Quantification (LOQ), which varied depending on sampler
type, were set to zero. Measurements were weekly composites, so modeled data was
summed across weeks. Measured and modeled weekly values were divided by 7 to calculate
the average daily deposition.

The Base model predicts an average GenX deposition rate across all sites of 48.6 ng m=2 day
~1 (maximum = 3,333 ng m~2 day~1), which is about half the measured value of 97.5 ng m=2
day~1 (maximum = 2,119 ng m~2 day1). The episodic nature of deposition is reflected in
the low frequency of deposition measurements above the LOQ (78 out of 239

measurements, Table S7). This results in large standard deviation across all sites (error bars
in Fig. 2) and makes it difficult to confirm decreases in deposition from the implementation
of controls throughout 2018 (Table S7). The model captures the spatial variability among the
sites (r=0.54). Overall, the model performs well, especially considering that detailed
knowledge of novel PFAS is still emerging in the environmental science community.
Discrepancies between the predicted and observed deposition values could be due to
uncertainties in meteorology, emissions, property estimation, or sample collection method
(see Model-Measurement Discrepancies in the Sl). See section 3.3 for discussion of the
CarbAcid model results.

Deposition measurements do not exist on the facility grounds or in Fayetteville (“Fayett™),
although the modeled results are shown in Figure 2 for comparison. Predicted deposition at
the Chemours facility, where emissions are elevated due to ejection from the stack, is equal
to or significantly lower than deposition at the sampling sites immediately downwind after
some down-mixing has occurred. The deposition predicted in Fayetteville, the nearest urban
area, is in the range of the measurements at the sampling sites.

3.2 Total GenX deposition and concentration

The modeled deposition of total GenX (HFPO-DA + HFPO-DAF, gas + particle) is
regionally distributed and highest near the facility in the Base model (Fig. 3). Note the non-
linear color scale illustrates the maximum deposition value (1,549 ng m=2 day~1) which is
two orders of magnitude larger than the 99t percentile (9.8 ng m=2 day~1). Both dry and wet
deposition are important loss pathways for total GenX due to its effective Henry’s Law
constant (Fig. S4). Dry deposition dominates particularly at locations farther from the source
(Fig. S4, bottom). The mean domain-wide deposition estimated by CMAQ-PFAS, 1.1 ng m
~2 day1, integrated over a decade of production®2 suggests a mean deposition of ~4,200 ng
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m~2 of total GenX to the environment and a maximum deposition of 5,650 pug m=2 near the
facility, consistent with accumulation observed elsewhere for total GenX and other PFASL’,
Similar studies to those performed at the Washington Works facility in WV17 could be
performed to investigate whether GenX has accumulated in the soil to the extent our
simulations suggest is possible.

Annual average air concentrations of total GenX near the facility can reach 24.6 ng m=3,
although decrease to an average of 1.9 ng m=3 at 5 km, and then further decrease with an e-
folding distance (i.e. the distance at which the concentration drops by a factor of e (~63.2%))
of 25.5 km (Fig. 3B). These values are broadly consistent with previous measurements and
modeling predictions of single compounds around fluoropolymer production facilities with

air concentrations ranging from ~1-1,000 ng m=3 and deposition rates of 55 — 38,000 ng m
-2 (ay~19-11,25,

While 50% of the annual-averaged concentrations are on the order of 0.001-0.01 ng m=3,
the hourly averaged concentration for any location within the domain can be much higher
(Fig. S5). To quantify the influence of plumes which cause episodic elevated concentrations,
the cumulative time (in days) each model grid cell is above an arbitrary threshold of 1 ng m
=3 is shown in Figure 3C. Most of the domain has 10 or fewer days at or above 1 ng m=3,
while the area immediately surrounding the facility consistently exceeds this threshold (up to
304 days per year). Further research on health impacts of inhalation exposure is needed to
determine whether these total GenX concentrations pose a health risk.

3.3 The role of acyl fluoride hydrolysis

Carboxylic acid products of acyl fluoride hydrolysis more favorably partition to the particle
phase under conditions of increased pH and particle liquid water content. The eastern US
contains relatively high levels of aerosol liquid water compared to other parts of the United
States, consistent with a relatively humid continental atmosphere®3. Eastern North Carolina
contains a local maximum in ammonia emissions which contribute to elevated aerosol water
and pH as shown in Figure S6A and S6B, respectively. HFPO-DA partitioning is dynamic
throughout the domain, ranging from almost entirely in the gas phase to almost entirely in
the particle phase (Fig. 4A), correlating with pH and particle liquid water content. In
contrast, HFPO-DAF is entirely in the gas phase across the domain (Fig. 4B and S7).

The difference in the fraction in the particle phase (Fp) between the acyl fluoride and
carboxylic acid compounds has profound implications for their removal. The only
significant removal pathway for HFPO-DAF is gas-phase dry deposition, while HFPO-DA is
removed by all deposition pathways (i.e. wet and dry deposition of both particles and gases,
Fig. S8A). This in turn affects the spatial pattern of deposition (Fig. S8, B & C). In contrast,
Moreno et al.32 found that varying the Henry’s law constant for HFPO-DA did not affect the
overall spatial pattern of deposition. This inconsistency highlights the importance of
process-level deposition models such as CMAQ for understanding complex PFAS behaviors.

The effect of the enhanced solubility on total deposition and model performance is shown in
Figure 2 where the deposition at sampling sites can vary greatly between the two model
runs. The CarbAcid model consistently overestimates the measurements as a result of the
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increased solubility when HFPO-DAF is assumed to be emitted as HFPO-DA. That the Base
simulation generally underestimates the measurements suggests the reality is somewhere
between these two cases. Either the emitted ratio of HFPO-DAF to HFPO-DA is lower than
assumed in the Base model, and/or HFPO-DAF converts to HFPO-DA, rapidly (occurring
within the first ~5 km of transport), but not instantaneously (as assumed in the CarbAcid
case). More information on the rate of acyl fluoride hydrolysis under atmospherically
relevant conditions is necessary.

As in the case of HFPO-DA and HFPO-DAF, the relative change in Henry’s Law constant
between the carboxylic acid and acyl fluoride forms of 7 other acyl fluorides affects their
model-predicted deposition rates. The annually averaged domain wide F for all 8 acyl
fluorides are shown in Figure 4D for the Base and CarbAcid cases, with the lowest effective
Henry’s Law constants at a pH of 3 (Table S6) on the left to the highest on the right. All the
acyl fluorides partition strongly to the gas phase in the Base simulation. When they are
instead emitted in the model as carboxylic acids, those with the highest effective Henry’s
Law constants (> 10% M atm™1) partition substantially to the particle phase, which
accelerates their deposition. Understanding the feasibility and timescale of hydrolysis, which
will likely differ for each acyl fluoride, is vital for understanding the fate of these
compounds.

3.4 Total PFAS

Despite the interest in GenX from the Fayetteville Works facility, total GenX emissions
account for 1% of the total PFAS emissions by mass and only 2 (HFPO-DA and HFPO-
DAF) of the total 53 individual compounds emitted from the facility (Fig. 5, A and B). The
ambient air concentrations and total deposition of the entire suite of PFAS emitted from this
facility are enhanced relative to total GenX (Fig. S9) and generally scale with emissions.
The predicted total PFAS concentrations reach an annual average maximum of 8.5 pg m=3
with a significantly lower domain-wide median of 0.004 pg m=3 (mean = 0.01 pg m=3). At 5
km from the facility the annual average air concentration of total PFAS is 0.66 ug m=3, and
decreases further with an e-folding distance of 24.5 km. At 35 km from the facility, the air
concentration drops to approximately 0.01 ug m=3. Total PFAS deposition reaches a
maximum value of 245,000 ng m~2 day~? although, as with total GenX, the 99t percentile
of the data is two orders of magnitude lower (2,170 ng m~2 day~1). These deposition rates
are similar to previously observed rates of 2-3,400 ng m~2 day~1 for groups of PFAS®4 55,
In addition, the exponential decay of surface concentrations and deposition downwind of a
fluoropolymer manufacturing facility is also consistent with previous findings?: 25 30. 56,
CMAQ-PFAS predicts that only 4.8% of total PFAS and 2.6% of total GenX emissions will
deposit within approximately 150 km of the facility (Fig. S10), with the majority of mass
depositing via dry deposition (Table S8). The rest of the mass emitted from the facility is
transported further in the U.S. and beyond, consistent with previous work suggesting long-
range transport of HFPO-DAY’,

To understand the variability among individual compounds, the total annual deposition
within the domain as a percent of emissions were binned by carbon number in Figure 5. In
the Base simulation, total PFAS deposition is minimal within the domain, 4.8% of the
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emission rate, increasing slightly to 5.8% in the CarbAcid simulation. The carbon number-
specific percent deposited varies between 1.6 — 19.5% for the Base case, increasing to 19.8%
for the CarbAcid case, with significant relative increases for carbon numbers 1, 4, and 6.
While the carbon number-specific percent deposited can approach 20%, ~85% of PFAS
emissions by mass have 2-3 carbons, which have a carbon number-specific percent
deposited of 3.4-6.5% (Base case), resulting in a total PFAS percent deposited of 4.8%.
CMAQ-PFAS does not predict a clear trend of the relative strength of deposition on carbon
number for this domain and mix of PFAS. The relative importance of deposition pathways
changes slightly between the Base and CarbAcid models; dry deposition accounts for 99.3%
of deposition in the Base simulation versus 94.4% in the CarbAcid results. This sensitivity
further highlights the importance of the composition of emissions and likely transformation
products.

4 Impacts:

This study focuses on the air emissions of one PFAS manufacturing facility with relatively
well-characterized speciated emissions in order to understand how chemical structure and
abundance modulates regional-scale atmospheric concentrations and deposition of PFAS.
The approaches developed could be extended to study additional compounds and PFAS
facilities as data become available. In addition, the model can be expanded to treat the
atmospheric chemical degradation products of emitted PFAS, as well as PFAS surfactant
effects at the aerosol-air, cloud-air, and aerosol organic-aqueous interfaces which may have
significant implications for gas-particle partitioning of conventional pollutants, cloud
formation, and secondary aerosol processing, especially in concentrated PFAS plumes.

In order to extend our analysis to other PFAS air emission sites or to a broader, regional or
continental accounting of the impacts of numerous PFAS air emission sources on distant
receptors, high-quality emission rates and speciation inputs will be required. The exact
number and location of significant PFAS air emission sources in the U.S. is uncertain, and as
PFAS manufacturers operate proprietary processes for which emission speciation is often
kept confidential, the emissions speciation and rate are usually unknown. This work utilized
detailed emissions data shared by the facility with the state regulatory agency, and data with
this level of detail is rarely available. Furthermore, the composition of PFAS emissions can
have dramatic impacts on the predicted atmospheric lifetime and the spatial distribution of
deposition to ecosystems, and present unknown risk of exposure via inhalation or other
uptake mechanisms. The CarbAcid sensitivity simulation demonstrates the importance of
acknowledging the variability among compounds as well as the uncertainty in the rate of
relevant chemical transformations. The difference in predicted fate of two structurally
similar compounds, HFPO-DA and HFPO-DAF, illustrates the potential consequences of
ignoring chemical identity. Finally, considering the outsized role of dry deposition to total
deposition predicted herein (Fig. 5 and Table S8), there is a pressing need for both higher
spatiotemporal resolution and discrete dry deposition measurements that are reflective of
deposition to various environmental surfaces (e.g. surface waters, vegetation, soils).
Measurements of physicochemical properties are also rare and necessary for modeling
deposition processes.
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We have shown that the new model, CMAQ-PFAS, when informed by estimated emissions
from a fluoropolymer manufacturer, captures observed deposition fluxes of total GenX
within a factor of 10 on average for the 5 measurement sites. Ambient air concentrations of
24.6 ng m=3 are predicted at the facility, which decreases with distance to ~0.1 ng m=3 35
km from the facility. We have further characterized the ambient air concentrations and
domain-wide deposition of all of the individual PFAS compounds emitted by the facility and
find that the annually averaged total PFAS air concentrations reach a maximum of 8.5 ug m
3 near the facility and the majority of PFAS emissions (~95 % by mass) are transported
more than ~150 km away. Lastly, we find that the uncertainty related to acyl fluoride
hydrolysis to carboxylic acid products in the atmosphere is relevant for predicting and
constraining PFAS deposition within ~150 km from the facility, especially in the vicinity of
the plant. This work makes important steps towards both explicitly understanding the fate of
PFAS air emissions from one manufacturing facility and building a methodology that
quantifies regional-scale impacts of PFAS air emissions in general.

Supplementary Material
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Figure 1.
(A) Pie chart of facility emissions, with the lowest 50 by mass grouped into “other”. (B)

Facility emissions for the “other” category by carbon number, categorized by number of
functional groups. Compounds with unknown structure are grouped in the “NA” bin. The *
indicates the location of total GenX (HFPO-DA + HFPO-DAF, gas + particle).
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averaged deposition predictions for the base CMAQ-PFAS model configuration. The
CarbAcid CMAQ model configuration is also shown and represents a bounding scenario for
the hydrolysis rate of the acyl fluoride. Model predictions include the deposition of total
GenX (HFPO-DA + HFPO-DAF, gas + particle). Also shown for comparison are CMAQ-
PFAS predictions at the Chemours Fayetteville Works and in Fayetteville, NC, the nearest

urban area. Error bars represent the standard deviation of data at each site.
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Figure 3.
(A) The annual accumulated deposition of total GenX (HFPO-DA + HFPO-DAF). (B) The

annually averaged air concentration of total GenX binned as a function of distance from the
facility. (C) The cumulative time in 2018 that the simulated total GenX concentration was
predicted above 1 ng m~3. Note the non-linear color scales on panels A and C.
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Figure 4.
(A) The annually averaged fraction of HFPO-DA in the particle phase (Fp), and (B) the

particle-phase fraction (Fp) for 8 acyl fluoride containing compounds explicitly implemented
into the model for the Base simulation (yellow) and that of their analogous carboxylic acid
forms (blue). Compounds with the lowest effective Henry’s Law constants at a pH of 3 are
on the left, with the highest on the right.
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Figureb.
Annual-averaged deposition as a percent of emissions of all explicitly modeled compounds

and the “PFASOTHER” compound (classified as NA) within the model domain, as a
function of carbon number and grouped via wet and dry deposition.
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