
Environmental
Science
Processes & Impacts

PAPER

Pu
bl

is
he

d 
on

 0
1 

ou
tu

br
o 

20
24

. D
ow

nl
oa

de
d 

on
 1

9/
08

/2
02

5 
07

:0
9:

46
. 

View Article Online
View Journal  | View Issue
Indoor air conce
aDepartment of Environmental Sciences an

Public Health, University of North Carolin

E-mail: bjturpin@email.unc.edu
bPicarro Inc., Santa Clara, CA, USA
cCenter for Public Health and Environmen

Development, US Environmental Protection
dDepartment of Chemistry, College of Arts a

at Chapel Hill, Chapel Hill, NC, USA

† Electronic supplementary informa
https://doi.org/10.1039/d4em00359d

Cite this: Environ. Sci.: Processes
Impacts, 2025, 27, 1603

Received 16th June 2024
Accepted 28th September 2024

DOI: 10.1039/d4em00359d

rsc.li/espi

This journal is © The Royal Society o
ntrations of PM2.5 quartz fiber
filter-collected ionic PFAS and emissions to
outdoor air: findings from the IPA campaign†
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Per- and polyfluoroalkyl substances (PFAS) are prevalent in consumer products used indoors. However, few

measurements of ionic PFAS exist for indoor air. We analyzed samples collected on PM2.5 quartz fiber filters

(QFFs) in 11 North Carolina homes 1–3 times in living rooms (two QFFs in series), and immediately outside

each home (single QFF), for 26 ionic PFAS as part of the 9 months Indoor PFAS Assessment (IPA) Campaign.

All targeted PFAS, except for PFDS and 8:2 monoPAP, were detected indoors. PFBA, PFHpA, PFHxA, PFOA,

PFOS, and 6:2 diPAP were detected in >50% of indoor samples. PFHxA, PFOA, and PFOS had the highest

detection frequency (DF = 80%; medians = 0.5–0.7 pg m−3), while median PFBA concentrations (3.6 pg

m−3; DF = 67%) were highest indoors. Residential indoor air concentrations (sum of measured PFAS)

were, on average, 3.4 times higher than residential outdoor air concentrations, and an order of

magnitude higher than regional background concentrations. Indoor-to-outdoor emission rate estimates

suggest that emissions from single unit homes could be a meaningful contributor to PFBA, PFOA, and

PFOS emissions in populated areas far from major point sources. Backup QFFs were observed to adsorb

some targeted PFAS from the gas-phase, making reported values upper-bounds for particle-phase and

lower-bounds for total air (gas plus particle) concentrations. We found that higher concentrations of

carbonaceous aerosol were associated with a shift in partitioning of short chain PFCAs and long chain

PFSAs toward the particle phase.
Environmental signicance

Few residential indoor air measurements of ionic per- and polyuoroalkyl substances (PFAS) exist, even though the indoor environment is a major location for
storage and use of PFAS-containing products and materials and a location where people spend a considerable amount of time. Thus, the residential indoor
environment is likely a major location for PFAS exposure for many people (i.e., for residents that are not particularly close to point sources or occupationally
exposed). This work reports measurements of ionic PFAS from residential indoor and outdoor air, as well as aerosol composition, to provide insights into PFAS
fate, transport, and exposure. Estimates are also provided for indoor-to-outdoor ionic PFAS air emission rates.
Introduction

Per- and polyuoroalkyl substances (PFAS) are manufactured
compounds that are ubiquitous in the environment due to their
use in many industrial processes and consumer products for
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their surfactant and oil-/water-repellant properties.1 They are
persistent under typical environmental conditions,2 prevalent
indoors and outdoors, and have been detected in air,3–5 water,6–8

and dust.9–12 Some have been associated with adverse health
effects like hepatotoxicity, kidney and testicular cancer, and
reduced immune response in children.13–15 Peruorooctanoic
acid (PFOA), peruorooctanesulfonic acid (PFOS), per-
uorohexanesulfonic acid (PFHxS), and peruorononanoic acid
(PFNA) have been detected in nearly all blood sera collected
from the general United States (US) population, suggesting that
exposure to these compounds is nearly universal.16,17

Although PFAS are pervasive in the environment and US
population, there remains limited information on air concen-
trations and proles of ionic PFAS indoors, where people spend
roughly 90% of their time.18 There is a need for air
Environ. Sci.: Processes Impacts, 2025, 27, 1603–1618 | 1603
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measurements of PFOA and PFOS, which have been found in US
environmental samples19 despite being phased out of produc-
tion in the US in the early 2000s.20 Air measurements are also
needed for replacement compounds,3,4,21 some of which have
been shown to be as environmentally persistent and bio-
accumulative.19 Taking polyuoroalkyl phosphate esters (PAPs)
as an example, measurements of the concentrations of these
low volatility compounds in indoor aerosols are warranted due
to their detection in food samples and packaging,22 on used air
conditioning lters,23 in personal care products,24 household
dust,25 and on people's skin,26 typically at elevated concentra-
tions in comparison to other ionic PFAS. Food (and food
packaging materials),27,28 water,7,29,30 and dust9,11 are the most
common environmental media sampled for PFAS in the indoor
environment.31 However, some studies have suggested that
inhalation of indoor air and ingestion of settled dust could
contribute up to 50% of total PFAS exposure.32,33 Furthermore,
airborne PFAS concentrations can result in the partitioning of
PFAS from air to clothing, contributing to dermal exposure,
another neglected exposure pathway.26,34–38 Very few studies
have reported indoor air concentrations (gas and/or particle
phase) for peruoroalkyl acids (PFAAs), globally30,39,40 or in
North America,4,41 and fewer in residences (i.e., Europe,30,39,40

China,42 and Canada41). Fewer still collected particle-phase
PFAAs in residences (i.e., on lters39 or in total air samples42).
To our knowledge, residential air measurements of ionic
PFAS have not been made in US homes. Thus, there is a need to
assess concentrations of ionic PFAS indoors, particularly in US
homes.

Additionally, identifying and characterizing sources of PFAS
to the outdoor atmosphere is necessary to understand their fate,
transport, and ecological and human impacts. Fluoropolymer
manufacturing plants,3,43,44 wastewater treatment plants,45

landlls,46 and military bases47 have been identied as major
sources of PFAS to the environment. Emissions of PFAS to
ambient air have also been implicated in well water contami-
nation downwind of major PFAS point sources.43,48–50 PFAS
present in buildings can presumably be emitted to outdoor air
through open doors and windows, as well as through cracks and
leaks in the building envelope.51 Upon emission to outdoor air,
PFAAs, which are highly resistant to degradation, can travel
long distances through the air, and contaminate water and soil
via wet and dry deposition.52 However, to our knowledge,
emission rates of ionic PFAS in air from homes have not been
reported.

Uncertainty surrounding the physicochemical properties of
many PFAS53–55 limits our ability to predict the distribution of
these compounds between different environmental matrices,
including between gases, particles, and indoor surfaces. Despite
their low estimated pKa's, PFAAs have been measured in both
the gas and particle phases in air. PFAA gas–particle partition-
ing behavior can be expected to be inuenced by their pKa and
aerosol pH, which determine their degree of dissociation56–58

and vapor pressure.57,59 Partitioning of ionic PFAS between air
and airborne particles might reasonably be inuenced by
particulate organic matter (OM), elemental carbon (EC), ion
exchange capacity (i.e., electrostatic interaction),60 pH, or
1604 | Environ. Sci.: Processes Impacts, 2025, 27, 1603–1618
aerosol liquid water content (LWC).61–63 Inorganic ions such as
sodium (Na+), calcium (Ca2+), and magnesium (Mg2+) can
enhance the sorption of PFAAs from water to various matrices
such as sediment and activated carbon,64 and thus, it is
reasonable to consider that ammonia and ammonium (NH3/
NH4

+), which are abundant indoors,65 and other salt-forming
cations, may also inuence partitioning of PFAAs to aerosols.

The dynamics of indoor chemistry is complex and some-
times counterintuitive, in part because of the much larger role
that surfaces play indoors than outdoors. Volatile organic
compounds (VOCs), which exist predominantly in the gas-phase
outdoors, partition to surfaces indoors due to the high surface
to volume ratio present.66 Several studies have shown that
indoor air concentrations of semi-volatile organic compounds
(SVOCs) are mediated by surfaces, which act as “buffers” by
releasing SVOCs to the air aer increased ventilation reduces
concentrations in the air.66,67 While there is a growing under-
standing of the roles of surfaces and PM2.5 composition on
indoor partitioning of VOCs and SVOCs, little is known about
their inuence on ionic PFAS. Because of the likely importance
of characteristics of both the indoor environment and indoor
aerosol to the indoor ionic PFAS mass balance, we measured
relevant environmental parameters, conducted surveys, and
characterized the dominant components of PM2.5 (particulate
matter of aerodynamic diameter 2.5 mm and smaller) compo-
sition in addition to measuring ionic PFAS in air in the study
reported herein.

To address the lack of ionic PFAS air measurements in US
homes, stimulate further hypotheses regarding the fate and
transport of ionic PFAS indoors, and provide new information
about the magnitude of residential PFAS emissions to outdoor
air, we collected PM2.5 on two quartz ber lters (QFFs) in series
in the main living area and on one QFF immediately outside
participants' homes on multiple occasions for 11 homes in
North Carolina during the Indoor PFAS Assessment (IPA)
Campaign. QFF collected samples were analyzed for 26 ionic
PFAS, organic carbon (OC), and EC. Additional lters were
analyzed for particulate sulfate and nitrate. Temperature (T),
relative humidity (RH), and carbon dioxide (CO2) concentra-
tions were measured, and air change rates (ACH) and LWC were
estimated. Herein, we report the concentrations and proles for
PM2.5 lter collected ionic PFAS in homes, provide estimates of
residential PFAS emission rates to outdoor air, investigate
associations between PFAS and particle composition, and
comment on sampling artifacts associated with ionic PFAS
collected onto QFFs.

Materials and methods
Indoor PFAS assessment (IPA) campaign

The work reported herein is part of the IPA Campaign, during
which indoor air (gas-phase and particle-phase), surface wipes,
tap water, settled dust, heating and air conditioning (HAC)
lters, cloth, clothing, and dryer lint were collected from
a convenience sample of 11 non-smoking, single-unit homes
located in Chapel Hill and Durham, North Carolina, between
July 4, 2021 and May 20, 2022 (UNC Chapel Hill IRB# 20-2771).
This journal is © The Royal Society of Chemistry 2025
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Eleven homes were recruited and 10 completed the study; one
home (Home 82) le the study aer one month. Home char-
acteristics (e.g., building age, renovations, ooring type, occu-
pancy) were recorded at the beginning and end of the campaign.
Herein, we focus on active air sampling (i.e., PM2.5 lter-
collected ionic PFAS) that took place three times in each
home over 6 days sampling periods (except one time in Home
82). During active air sampling, participants were provided with
an activity checklist to record the frequency and duration of
certain activities (e.g., cooking, cleaning, heating/cooling) and
T, RH, and CO2 concentrations were logged. At the end of the
sampling week, an activity survey was conducted to gather more
detailed information about activities that took place during
sampling (e.g., types of cookware used, frequency of takeout
meals) that may have affected PFAS air concentrations. T and
RH were logged inside the homes throughout the campaign
(i.e., 6–9 months). The eleven homes in the IPA Campaign were
detached, single-unit, non-smoking homes.

Estimated home volumes ranged from 162 m3 to 669 m3.
Homes were built between 1920 and 2002, except for Home 82
(built 2017). Homes had 1 to 4 occupants and 0 to 3 pets. All
homes had central heating and air conditioning (HAC) and
average ACHs between 0.2 h−1 and 0.6 h−1. With two exceptions,
homes had open windows between 15 min and the whole day
during the fall and winter months; two homes did not open
their windows during sampling. Indoor T and RH were 10 °C to
32 °C and 18% to 86%, respectively, while outdoor T and RH
were−9 °C to 38 °C and 14% to 100%, respectively (1 h average).
During sampling weeks, stove use ranged from 1 to 16 times,
oven use 0 to 7, microwave use 1 to 19, toaster use 0 to 13, and
water kettle use 0 to 18 times. See ESI Section S1, Tables S1 and
S2† for details about homes and activities; additional details are
provided elsewhere.38

Chemicals and reagents

Twenty-six ionic PFAS (Section S2 and Table S3†) were targeted
for analysis: 13 peruorocarboxylic acids (PFCAs), 8 per-
uorosulfonic acids (PFSAs), GenX (hexauoropropylene oxide-
dimer acid), and four polyuoroalkyl phosphate esters (6:2
monoPAP, 8:2 monoPAP, 6:2 diPAP, 8:2 diPAP). Native stan-
dards and mass-labelled internal standards were purchased
from Wellington Laboratories (Guelph, Ontario, Canada). All
other solvents and reagents were HPLC-grade from Thermo
Fisher Scientic (Waltham, MA, USA).

PM2.5 lter collection for ionic PFAS and OC/EC

PM2.5 lter samples were collected onto pre-baked (550 °C, 12 h)
37 mmQFFs (Pall Laboratory, Port Washington, NY, USA) in the
main living area and immediately outside each participant's
home three times over the course of 9 months, except that
Home 82 was sampled once. Samples were collected using an
MSP Sampler (Model 400 Micro-Environmental Monitor, MSP
Corporation, Shoreview, MN, USA) at an average ow rate of
10.5 L min−1 over 6 days. Larger particles were removed in the
inlet with a 2.5 mm diameter cut-point impactor. QFFs collect
PM2.5 with over 99% efficiency,68,69 but also have a large surface
This journal is © The Royal Society of Chemistry 2025
area for gases to absorb to, which can result in an overestimate
of particle-phase concentrations of OC68 and ionic PFAS.57,70–72

As has been done previously,68,73,74 we used backup QFFs to
estimate the mass of gas-phase OC adsorbed to the front QFF.

Two MSP samplers were placed indoors (0.5–1.8 m off the
ground, ∼0.5 m from the wall), one for OC/EC and the other for
ionic PFAS analysis; both samplers included two QFFs in series,
the second housed in a 47 mm in-line aluminum lter holder
(Pall Corporation, Ann Arbor, Michigan) connected 30 mm
downstream of the rst QFF. An additional MSP for ionic PFAS
analysis was deployed outside each home (0.3–2 m from wall; 1–
1.5 m off ground) and contained a single lter (no backup). All
three MSP samplers collected concurrently at any given home,
while sampling across homes was staggered. ESI Section S3†
provides sample and blank collection details. In total, 60 indoor
QFF samples, 30 outdoor QFF samples, and 10 collected eld
blanks were analyzed for ionic PFAS. An additional 60 indoor
QFF samples and 10 eld blanks were analyzed for OC/EC using
thermal-optical transmittance75 with a Model 4L Lab OC-EC
Aerosol Analyzer (Sunset Laboratory Inc, Tigard, Oregon)
following NIOSH-870 temperature protocol as described in
Section S3.† Particulate OC was estimated by subtracting
backup lter OC (adsorption artifact estimate) from the corre-
sponding front lter OC, as recommended previously.68 Partic-
ulate OC was multiplied by 1.4, an estimate of the average
molecular weight of organic compounds per organic carbon
weight, to obtain particulate organic matter (OM).76 Note that
multiplying by 1.4 may underestimate OM. An OM/OC ratio of
1.4 is typical of fresh outdoor aerosol and the ratio is higher for
aged outdoor aerosols.76,77 However, indoor generated OC is not
highly oxygenated and thus 1.4 represents our best estimate.78

Ionic PFAS values on backup QFFs are reported but were not
subtracted from front QFF PFAS values. However, insights
concerning sampling artifacts which are provided by the
backup QFFs are discussed in ESI.†
Ionic PFAS sample preparation and analysis

Filter extraction for ionic PFAS followed the method provided in
detail previously by Zhou et al.79 with a few differences. Briey,
all samples and blanks were spiked with 0.5 ng of mass labelled
PFAS (Section S2 and Table S3†) prior to extraction by sonica-
tion for 15 min in 3 mL of methanol in a polypropylene (PP)
centrifuge tube (Corning, Corning, NY, USA) three times for
a total volume of 9 mL. The supernatants were combined and
evaporated to ∼3 mL under a gentle ow of nitrogen (Airgas,
Radnor, PA, USA) at room temperature, ltered (nylon syringe
lter, 13 mm diameter, 0.22 mm pore size, VWR, Radnor, PA),
and further evaporated to ∼200 mL. Extracts were transferred to
pre-weighed 300 mL PP autosampler vials (Thermo Fisher
Scientic, Waltham, MA, USA) and further evaporated to ∼25
mL, quantied using the density of methanol. Samples were
brought to a nal volume of ∼100 mL by adding ∼75 mL of Milli-
Q water to match the initial mobile phase composition of 75 : 25
(v/v) Milli-Q water and HPLC-grade methanol for the 9 minutes
analytical method as described in Zhou et al.79 in detail.
Samples were analyzed using AB SCIEX Triple Quad™ 6500
Environ. Sci.: Processes Impacts, 2025, 27, 1603–1618 | 1605
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ultra-high performance liquid chromatography-electrospray
ionization tandem mass spectrometry (UHPLC/ESI-MS/MS)
operated in the negative mode with multiple reaction moni-
toring. Method parameters and operating details are provided
in Zhou et al.79 for the PFAAs and GenX, and in Section S2 (Table
S4)† for the PAPs. Note that this SCIEX Triple Quad is regularly
used for PFAS analysis, and thus Teon components in the
system were previously replaced with PEEK tubing, a delay
column (Zorbax RR Eclipse Plus, C18, 4.6× 50 mm, 3.5 mm) was
installed between the pump and injector, and other parts were
replaced per the vendor's recommendation (Agilent application
note 5991–7863 EN).

Section S2 (Tables S5–S8)† characterizes PFAS data quality.
Recoveries ranged from 78%–126% with three exceptions
(PFODA; 25%, 6:2 monoPAP; 173%, 8:2 diPAP; 177%). Analytical
precision was within 26% for all compounds except 6:2 diPAP
(85%) and 8:2 diPAP (204%). Results for the diPAPs should be
interpreted with caution. Method detection limits (MDLs; Table
S8†) were taken to be the larger of the eld detection limit or
analytical detection limit, whichever was greatest and ranged
from 0.04–0.77 pg m−3, except for PFHpS, 8:2 diPAP, 6:2
monoPAP, and 8:2 monoPAP, which had MDLs of 1.1–2.49 pg
m−3. Average eld blank concentrations were below 0.2 pg m−3

for all PFAS except for PFHpS (0.56 pg m−3).
Filter collection for inorganic ions and estimation of aerosol
liquid water content (LWC)

Real-time PM samplers, used for supplemental measurements,
included a 37 mm polytetrauoroethylene (PTFE) lter (1.52
L min−1; 2.5 mm cut point; Pall Laboratory, Port Washington,
NY, USA) or 47 mm PTFE lter (1.2 L min−1; DURAG GROUP,
Hamburg, Germany) that collected indoor aerosol (9.8–13.7 m3

sample volume, 0.05–0.22 m off ground) at the same time as the
QFFs (one to three times in each home, each with a collection
period of 6 days). Filter size and sample ow rate were depen-
dent on the sampler used, either a DataRAM pDR-1500 Aerosol
Monitor (ThermoFisher Scientic, Waltham, MA) or GRIMM
Optical Particle Counter (DURAG GROUP, Hamburg Germany).
These supplemental samplers were placed near other air
samplers as space and participant preferences allowed. In total,
all 30 collected PTFE lter samples and 10 PTFE lter eld
blanks were analyzed for anions (acetate, formate, pyruvate,
chloride, bromide, nitrate, malonate, maleate, sulfate, and
oxalate) and cations (potassium, ammonium, sodium, calcium,
and magnesium) using ion chromatography (IC). Additional
details regarding data quality are in Section S2 (Tables S9–S13)†
and additional sample and blank collection details are in
Section S3.† LWC was calculated using IC measurements and
Model III from E-AIM.80 Aerosol pH was estimated using LWC
and particle strong acidity, as suggested by Nazaroff and
Weschler.81 This equation does not account for activity coeffi-
cient corrections to calculate the relationship between H+

concentrations and pH.81 We also did not include organic
compounds in E-AIM Model III as LWC is most inuenced by
sulfate, nitrate, and ammonium concentrations.82,83 LWC and
pH estimation are described in Section S3.†
1606 | Environ. Sci.: Processes Impacts, 2025, 27, 1603–1618
Emission rates to outdoor air

Net emission rates (kg per year per home) to outdoor air were
estimated for targeted ionic PFAS and sum of measured PFAS
(SPFAS) based on air concentrations (pg m−3) measured on
PM2.5 front QFFs, recognizing that the QFFs provide an upper-
bound on particle-phase concentrations of targeted ionic
PFAS due to sampling artifacts.68 Rates are reported for the
average IPA Campaign home and extrapolated to all single unit
homes in Raleigh, North Carolina, as well as to all single unit
homes in the US. According to the 2019 US Census data,84 there
were 333 600 detached single unit homes in the Raleigh
metropolitan area, and the 2021 US Census data85 reported 81
744 000 single unit detached homes nationally.

A home removes PFAS from the atmosphere by drawing
outdoor air into the building; homes are also a source as indoor
air is exhausted back to the atmosphere aer being attenuated
by any removal phenomena taking place in the building enve-
lope. The mass ux of outdoor PFAS lost from the outdoor air
during inltration into (and loss to the building envelope of) an
IPA Campaign home is given by the outdoor PFAS concentration
(Cout, pg m−3), times the home volume (VHome, m

3), and the air
change rate (l, h−1). The mass ux of PFAS to the outdoor air by
exltration from an IPA Campaign home is given by the indoor
PFAS concentration (Cin, pg m

−3) times VHome, l, and P, where P
is the fraction of indoor PFAS in PM2.5 that penetrates the
building envelope with exltration. Thus, the net indoor-to-
outdoor emission rate is given by:

Net indoor-to-outdoor emission rate = (PCin − Cout)lVHome (1)

We used concurrently collected residential indoor and outdoor
front QFF measurements, l, VHome, estimated P of 0.9, as well as
eqn (1) to provide base case estimates of net indoor-to-outdoor
emission rates from homes. Penetration factors are particle
size-dependent and studies have found that P ranges between
0.6–1.0 in real buildings86 for particles between 0.05 mm and 2
mm.We used P= 0.9 because this value has been used in several
large exposure studies such as the Relationship of Indoor,
Outdoor, and Personal Air (RIOPA) study.74,87 See Section S4† for
additional information regarding emissions calculations.

Recognizing that residential outdoor measurements in this
study were collected directly outside homes, we also report
upper-bound emission rate estimates from homes with Cout set
to zero. Average regional background concentrations of 34 ionic
PFAS, collected in 2019 and reported by Zhou et al.79 for the
Research Triangle Park site (RTP), which is the closest site to
IPA Campaign homes were quite low. In that study, only PFOS
was measured at concentrations greater than detection limits at
the RTP site, and its annual average concentration was <0.5 pg
m−3. We did not use regional background estimates of SPFAS
(total PFAS) because the targeted PFAS in that study are not the
same as in IPA Campaign homes; they sampled for several
emerging PFAS not targeted in IPA Campaign analyses (i.e.,
HydroEVE, NVHOS, Naon Byproduct 1, Naon Byproduct 2),
and did not include the PAPs which were analyzed for in IPA
Campaign homes.
This journal is © The Royal Society of Chemistry 2025
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Statistical analysis

Concentrations that were below the MDL were labeled as such
and reported as measured. However, for statistical analysis,
only PFAS with greater than 50% of samples above the MDL (DF
> 50%) were used. Kendall's s correlation coefficients were
calculated to identify associations between auxiliary measure-
ments and natural log-transformed concentrations of PFAS
subclasses (SPFAS, SPFCAs, SPFSAs, SPAPs, SLong PFCAs, and
SShort PFCAs). PFCAs are peruorocarboxylic acids, PFSAs are
peruorosulfonic acids. “Long-chain” peruoroalkyl acids
(PFAAs) are dened here as having seven or more carbons for
PFCAs and six or more carbons for PFSAs.88

We expect that the partitioning of ionic PFAS between the gas
and particle phases may well be affected by particle composi-
tion. Although we did not measure gas-phase ionic PFAS, the
particle–gas partition coefficient (Kp) for these PFAS should be
proportional to the difference between the concentrations on
the front (CFront) and backup lter (CBackup) normalized by the
mass of PM2.5 (mPM2.5

) and divided by the backup lter
concentration (CBackup). This is because we expect, for any given
compound, adsorption of gas phase PFAS on CBackup will be
proportional to the gas phase concentration. Subtracting the
backup QFF concentration from the front QFF provides an
upper bound on the particle-phase concentration of the PFAS,
since adsorption of gases on the backup lter will be lower than
on the front lter if gases in the vicinity of both lters have not
yet reached equilibrium partitioning. We are calling this
parameter kp, as shown in eqn (2).

Kp f kp = (CFront − CBackup)/(CBackup × mPM2.5
) (2)

Therefore, kp is used as a proxy for the equilibrium partition
coefficient, i.e., to examine how shis in partitioning between
the gas and particle-phase are associated with differences in
aerosol characteristics. This provides greater insight into the
dynamics of ionic PFAS indoors. Auxiliary measurements were
selected for stepwise (both direction) MLR if the Kendall's s
correlation coefficients were statistically signicant (p < 0.05).
The step function, which compares models using Akaike
information criterion (AIC), in the stats package (version 3.6.2)
in R was used for stepwise model selection. Statistical analysis
methods are described in Section S4.† All statistical analyses
were conducted in RStudio 2022.07.2 Build 576 (RStudio, Posit).
Results and discussion
PM2.5 QFF-collected ionic PFAS in homes

Indoors, all targeted PFAS, except for PFDS, PFDoS, and 8:2
monoPAP, were detected on the front PM2.5 QFF (Fig. 1, Section
S5 and Tables S14–S22†). The following four compounds had
median concentrations more than three times the MDL indoors
and/or outdoors (front QFF): PFBA, PFHxA, PFOA, and PFOS.
Additionally, PFHpA and 6:2 diPAP were present above the MDL
in more than 50% of indoor and/or outdoor samples (front
QFF). Reported values are eld blank subtracted and corrected
for recoveries.
This journal is © The Royal Society of Chemistry 2025
Large variations in PFAS proles and concentrations were
observed both across homes and within the same home. In
general, PFCAs contributed most to total indoor PM2.5 QFF
collected ionic PFAS concentrations, with the PAPs also
contributing a sizeable share. Indoors, PFOA (median = 0.5 pg
m−3), PFHxA (median = 0.7 pg m−3), and PFOS (median = 0.5
pg m−3) had the highest front QFF detection frequency (DF =

80%). PFBA (DF = 67%) had the highest maximum and median
concentrations (119 pg m−3; 3.6 pg m−3, Home 43, Week 1;
Fig. 1). Although GenX had a lower DF (33%), its maximum
measured concentration was 14.5 pg m−3, also in Home 43
during sampling Week 1. Additionally, indoors, 6:2 diPAP
(median = 0.7 pg m−3; DF = 57%) was detected at concentra-
tions signicantly above the MDL (Wilcoxon Signed Rank Test,
p < 0.05; MDL = 0.65 pg m−3).

Residential indoor concentrations of SPFAS were, on
average, 3.4 times (median 1.9 times) higher than residential
outdoor concentrations, and around 10 times higher than
regional background concentrations, which were collected in
North Carolina in 2019 using similar sampling and analytical
methods (Fig. 1).79 In fact, indoor concentrations of SPFAS,
SPFCAs, SPFSAs, SPAPs, PFOA, PFOS, 6:2 diPAP, and PFBA
were signicantly higher than outdoor concentrations (Fig. 2) at
the same home (paired Wilcoxon Signed Rank Test; p < 0.05).
PFBA (DF = 67%), PFHxA (97%), PFHpA (50%), and PFOS (67%)
were the only targeted analytes detected in at least 50% of
outdoor samples (outdoors; PFOA DF= 37% and diPAP= 27%),
whereas six analytes were detected >50% in indoor front lters.
In contrast to other homes, the outdoor concentration of SPFAS
was 1.2 times higher than indoors at Home 78. Unlike other
homes in this study, Home 78 is located directly along a 4-lane
highway, experienced a wildre haze, and had their lawn treated
for mosquitos during the rst sampling period. No notable
activities outdoors were recorded on the activity logs or activity
checklists during the second or third weeks of sampling.

Total PFAS concentrations immediately outside IPA
Campaign homes (1.4–23 pg m−3) were substantially higher
than the outdoor regional background concentrations (0.18–
14.1 pg m−3) measured in NC in 2019 using the same samplers
and analytical method (Fig. 1, black†).79 During the IPA
Campaign, outdoor samples were collected right outside homes
so in addition to indoor–outdoor emissions,89 it is possible that
coatings and nishing on wooden porches and on outdoor
furniture90 contributed to higher residential outdoor concen-
trations. The previous outdoor study targeted 34 PFAS,
including several emerging PFAS but did not analyze for PAPs.
Outdoor regional sampling sites were located far from busy
roads and away from uorochemical manufacturing plants,
wastewater treatment plants, and army bases.79 In the regional
outdoor study, PFOS concentrations were greater than the eld
detection limit (FDL = 0.18 pg m−3) in 13 of 19 samples, while
PFOA (FDL = 2.86 pg m−3) and PFHpA (FDL = 0.12 pg m−3)
were only detected once. The higher FDL for PFOA in their study
likely also contributed to their lower detection rates.

Unlike other measured species, residential outdoor concen-
trations of PFHxA (p < 0.05) were signicantly higher than
indoor concentrations. PFHxA has been detected with
Environ. Sci.: Processes Impacts, 2025, 27, 1603–1618 | 1607
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Fig. 1 Indoor (top) and outdoor (bottom) filter-collected PFAS (front filter only) concentrations for each home across the three 6 days sampling
periods. Indoors, SPFAS concentration exceeded the 35 pg m−3 scale for Home 43 in Week 1 (135 pg m−3) and Week 2 (61.5 pg m−3); in Week 3,
Home 35 reached 89.2 pgm−3. Values are field blank subtracted, but not corrected for adsorption of gases on the front QFF (i.e., not backup filter
subtracted). *Home 35Week 2 not measured. †SPFAS in ambient outdoor “regional background”QFF samples measured by Zhou et al.79 (sum of
means, where values below their MDL were set to MDL*(2)−1/2). **Individual compounds are reported when detection frequency >50%.
Remaining PFASwere summed by subgroup (SPFCAs, SPFSAs, and SPAPs). GenX is the only perfluoroalkyl ether carboxylic acid (PFECA) targeted
in this study, and thus is listed despite having DF < 50%.
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increasing frequency and at higher concentrations worldwide,
possibly because it is a primary byproduct of short-chain
uorotelomer-based chemistry and the shi away from long-
chain PFCAs like PFOA has resulted in increased use of short-
chain compounds.91–94 Terminal PFCAs, such as PFHxA and
PFHpA, can be formed by biodegradation of 6:2 FTOH and 8:2
FTOH.95 Additionally, PFHxA is frequently detected in
textiles38,96 and may plausibly be found in residential outdoor
furnishings (such as upholstery material and insulation/
foams),97 as well as clothing indoors.

There are few measurements of ionic PFAS in indoor air,
particularly in homes. Barber et al.39 sampled indoors for 16
ionic PFAS (30–50 h; 1.6 m3 h−1) on glass ber lters (GFFs) in
three homes and one lab between April–June 2005 in Tromsø,
Fig. 2 Distributions of PFAS with DF > 50% on indoor front and/or outdo
SPFSAs, SPAPs for indoor front and outdoor filter-collected PM2.5 (right i
y-axis was limited to 20 pgm−3 for better data visualization. PFBA had thre
limited to 40 pg m−3. There were three additional outliers for SPFAS indo
filter (50.8, 82.5, 119.4 pg m−3).

1608 | Environ. Sci.: Processes Impacts, 2025, 27, 1603–1618
Norway. Excluding the uorotelomer unsaturated carboxylic
acids (6:2 and 8:2 FTUCA), which we did not measure, arith-
metic mean (AM) concentrations for PFHxA and PFOA were the
highest at 17.1 and 4.4 pg m−3, respectively, and larger than the
mean concentrations 0.82 pg m−3 (PFHxA) and 1 pg m−3 (PFOA)
reported herein. The air in children's bedrooms (N = 57) in
Finland was sampled in 2014/15 for ionic PFAS passively using
a sorbent impregnated polyurethane (SIP) foam disk. Median
concentrations of PFOS (1.9 pg m−3), PFHxA (9.03 pg m−3), and
PFOA (15.2 pg m−3) were higher than median concentrations in
IPA Campaign homes (0.5 pg m−3, 0.7 pg m−3, and 0.5 pg m−3,
respectively). Ten air samples were collected in the living room
of ve homes in ve Chinese cities onto QFFs using an Eight-
Stage Non-Viable Andersen Cascade Impactor (48 h, 28.3
or filter-collected PM2.5 for all homes (left image) and SPFAS, SPFCAs,
mage). Concentrations are field blank subtracted. Note: the (left image)
e additional outliers (50.1, 82, 119 pgm−3). The (right image) y-axis was
or front filter (61.1, 88.8, 135 pg m−3) and three for SPFCAs indoor front

This journal is © The Royal Society of Chemistry 2025
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L min−1) for nine size fractions.98 PFOA and PFHxA were the
dominant targeted PFAS detected, accounting from 41% and
29% of total targeted legacy PFAS (13 PFCAs and 5 PFSAs). Large
variations across homes, regions, and changes over time are
expected, based on the large variations in PFAS concentrations
in dust.12,95,96 In part because of the small sample size and
difference in timing of the studies, it is not possible to know
whether differences between the results in Winkens et al.,40

Barber et al.,39 Yu et al.,98 and this study reect large between-
sample variability, geographic differences, or temporal trends
(i.e., decreasing use of PFOA in consumer products99 and indoor
materials, thus lower concentrations in homes and blood
serum100). This highlights the challenges in measuring ionic
PFAS in indoor air as well as comparison across studies.
Emission rates of ionic PFAS to outdoor air

The net (indoor–residential outdoor QFF) SPFAS emission rate
(mean ± s) was 1.1 × 10−8 ± 4.5 × 10−8 kg per year per home.
When extrapolated to all single unit homes across the US, the
net SPFAS emission rate was 0.94 ± 3.7 kg per year, with PFBA
contributing to over 50% (0.59 kg per year) of SPFAS by mass
(Section S6 and Table S23†). The second most abundant PFAS
emitted from homes was 6:2 diPAP at ∼17%. Both PFOS and
PFOA contributed to ∼5% of SPFAS by mass, at 4.2 × 10−2 kg
per year and 5.9 × 10−2 kg per year, respectively. GenX emis-
sions were estimated to be 3.2 × 10−2 kg per year from US
homes. By setting ambient concentrations (Cout) to zero based
on the low ambient concentration reported at the RTP site,79 an
upper bound on the home emission rate for SPFAS from
a single home nearly doubled to 2.1 × 10−8 ± 4.5 × 10−8 kg per
year per home. Although the mean SPFAS net emission rate
from homes was positive, net emission rates for PFHpA (−1.7 ×

10−2 kg per year), PFHxA (−0.07 kg per year), and PFPeS (−1.4×
10−3 kg per year) were negative. This suggests that homes may
serve as net sinks for these compounds, which we found at
higher concentrations on residential outdoor QFFs than
indoors. This is not surprising, since losses in the building
envelope during outdoor-to-indoor transport and losses via
surface deposition indoors are well recognized to be substantial
for PM2.5,86,101,102 resulting in indoor concentrations of outdoor-
generated PM2.5 that are roughly one half of their outdoor
levels. Losses of oxygenated organic gases with outdoor to
indoor transport and indoor deposition have also been
documented.103

It is difficult to make comparisons with major point sources
such as uorochemical manufacturing plants due to differences
in measured PFAS, however, in 2022, the North Carolina
Department of Environmental Quality (NCDEQ) reported the
atmospheric emission rates of over 60 uorinated compounds
from the Fayetteville Works Chemours Company: emission
rates were 4.5 × 10−3 kg per year for PFOA and 1.1 kg per year
for HFPO dimer acid (GenX).104 The 2022 Fayetteville Works
atmospheric GenX emission rates are over two orders of
magnitude greater than GenX emission rates from all single
unit homes in the US. In contrast, PFOA emission rates from all
single unit homes in the US are greater than PFOA emission
This journal is © The Royal Society of Chemistry 2025
rates from Fayetteville Works. Testing in 2016 of PFAS from the
outlets of three fume stacks from Taconic Plastics, head-
quartered in New York State, reported relatively low emissions
of PFBA (3.5× 10−3 kg−1) and PFOA (5.3× 10−3 kg−1),105 both of
which are lower than the estimated emissions from all US
single-unit, detached homes. It is likely that PFOA emission
rates from US manufacturing plants have decreased due to the
phase-out of PFOA production in the US in the early 2000s. The
continued presence of PFOA in homes and emission to outdoor
air is likely due, at least in part, to the presence of legacy
products and materials as well as the import/use of new prod-
ucts from overseas (e.g., Asia). This suggests that home emis-
sions may make a meaningful contribution to ambient ionic
PFAS concentrations in some locations, for example urban and
suburban areas away from point sources such as uorochemical
manufacturing plants, landlls, and military bases. This is
especially true for PFBA because of its reasonably high emission
rate from homes, perhaps for 6:2 diPAP, and also for PFOA and
PFOS, which are still present in indoor air at measurable
concentrations, despite their phase-out in the US.

There remains a dearth of air emissions data and stan-
dardized sampling procedures to compare emissions between
various sources. Regardless, the species concentration prole
for home emissions and the geographic distribution of home
emissions differ from point sources such as uoropolymer
manufacturing plants43 and military bases,106 which have been
identied as major sources of PFAS to the environment. Addi-
tionally, PFAS present in buildings can be emitted to outdoor air
through open doors and windows as well as through cracks and
leaks in the building envelope.51 Upon release to outdoor air,
PFAAs, which are highly resistant to degradation, can travel
long distances through the air, and contaminate water and soil
via wet and dry deposition.52 Emissions from buildings remain
incompletely characterized, but home emissions may make
a meaningful contribution to ambient concentrations of some
PFAS and alter the geographic distribution of atmospheric PFAS
in populated areas.
Across home and within home variability

Due to their prevalence in consumer products, we expect that
building materials, furniture, building characteristics, and
some home activities may inuence PFAS proles and concen-
trations in the home. We found that within home variability
(WHV) was greater for all PFAS classes compared to across
home variability (AHV) (Section S7 and Table S24†), suggesting
that time–variable activities within the home, rather than more
permanent sources (e.g., building materials, carpet, furniture),
may inuence sources and emissions of some ionic PFAS.
However, there were also some species (e.g., PFBA) found
consistently within the same home, suggesting a more contin-
uous indoor source; it is noted that PFBA was not detected in all
homes. Likewise, PFOS was detected during all sampling weeks
in two homes. Higher WHV compared to AHV was also found
for all detected neutral species (6:2, 8:2, and 10:2 FTOHs as well
as ethylperuorooctane sulfonamide (EtFOSA) and ethyl per-
uorooctane sulfonamidoethanol (EtFOSE) except for
Environ. Sci.: Processes Impacts, 2025, 27, 1603–1618 | 1609
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methylperuorooctane sulfonamidoethanol (MeFOSE)).38 Large
variations in SPFAS and SPFAS subclass concentrations within
and between homes have been reported in the literature.30,40,107

Outdoors, WHV and AHV were relatively similar for SPFAS
and all PFAS subclasses. This suggests that there are some
relatively constant sources of PFAS outdoors, perhaps from deck
coatings or outdoor furniture, and time varying activities
outdoors and near the home that also elevate PFAS concentra-
tions. It is also possible that outdoor activities near residences
are similar, i.e., barbecuing, or that better ventilation outdoors
may reduce the inuence of time varying activities. Indoor-to-
outdoor transport of PFAS (e.g., through ACH and stove
exhaust vents) may also contribute to residential outdoor PFAS
concentrations. Outdoors, SPFAS and all subclasses had lower
variability both within and across homes compared to their
variability in indoor concentrations. No signicant seasonal
effect was found for SPFAS nor SPFAS subclasses (Section S7
and Fig. S1†).
Sampling artifacts associated with QFFs

IPA Campaign QFF-collected ionic PFAS concentrations are
upper-bound estimates of particle phase concentrations. While
QFFs (and GFFs) are commonly used to collect organic partic-
ulate matter, these lters can adsorb some gases. This has been
demonstrated extensively for OC68,74,108 and is demonstrated for
ionic PFAS (and OC) in the IPA Campaign by the presence of
ionic PFAS on the backup lters (i.e., aer removal of particles
to the front lter), as presented and discussed in depth in ESI
(Section S8 and Fig. S2–S4).† Six PFAS were detected in over 50%
of indoor front lter samples. Of these, the mean backup to
front QFF ratio (Fig. S4†) was 0.1 for PFBA, PFHpA, and 6:2
diPAP. The ratio was 0.25 for PFOS, and 0.4 for PFHxA and
PFOA. This demonstrates that these ionic PFAS are present, in
part, in the gas phase in indoor air and they adsorb to QFFs.
Ionic PFAS are volatile to semi-volatile;37,109 they have been
measured in both gas and particle phases previously, and their
particle–gas partitioning has been measured in the atmo-
sphere.57,70 The presence of several ionic PFAS on both the
indoor front and backup QFF (Table S25, Fig. S3 and S4†) is
consistent with previous reports that ionic PFAS gases adsorb to
QFFs/GFFs under laboratory and ambient sampling
conditions.3,4,57,70–72,79,110

As explained in more detail in Section S8 and based on
previous measurements that compare denuder and lter
samples,57,70 adsorption of ionic PFAS on the IPA Campaign
lters is expected to be the dominant sampling artifact, leading
to IPA Campaign measurements on front QFF that are upper-
bound values for particulate PFAS. It is also worth noting that
we expect the backup QFFs to experience substantial break-
through of gases, at least for most targeted ionic PFAS. However,
loadings of adsorbed gases on the backup QFFs can be expected
to co-vary with the gas phase concentration. As a result, varia-
tions in the concentration of particle-phase PFAS normalized by
PM2.5 mass and divided by the concentration of PFAS on the
backup QFF lter (kp) could be used as an indicator of variations
in the particle–gas partition coefficient. This approach has been
1610 | Environ. Sci.: Processes Impacts, 2025, 27, 1603–1618
used in some exploratory statistical analyses below. In a few
select cases where breakthrough of gases is low, the sum of
front and backup lter concentrations might provide a reason-
able estimate of total (gas + particle) concentrations. See Section
S8† for results and discussion of sampling artifacts.
PM2.5 characterization

Fig. 3 provides compositional information for indoor PM2.5 for
time periods corresponding to ionic PFAS measurements. We
provide PM2.5 compositional measurements because the form
of ionic PFAS (acid or anion) and ionic PFAS gas–particle par-
titioning are expected to depend on aerosol properties (e.g.,
composition, LWC, pH) and environmental conditions. Surface
partitioning of short-chain PFAAs is expected to preferentially
occur to water19 while long-chain PFAAs are more likely to
partition to carbonaceous materials,91 including OM and EC,
which can all be found associated with aerosol and soiled
indoor surfaces.

OM dominated PM mass composition in all IPA Campaign
homes (Fig. 3, S5, S6, Section S9, and Table S26†), in general
agreement with previous residential indoor literature.74,109 PM
composition measurements were generally similar to one of the
three cases shown in Fig. 3 (shown for Home 50), described as
OM dominated (OM > 80% of sum of measured species), EC
enriched (EC > 10%), or LWC enriched (LWC > 10%). Of the 19
sampling periods where PM species were measured, 13 samples
were greater than 80% OM, three were still mostly OM but had
greater than 10% EC, and three were mostly OM but had greater
than 10% LWC. For all homes, OM contributed over 64% of
mass, EC contributed <1–20%, and LWC contributed up to 20%
of total measured PM mass. The mean (±standard deviation; s)
concentrations for the 19 sampling periods were 7.6 ± 6.4 mg
m−3 for OM, 0.067 ± 0.058 mg m−3 for nitrate, 0.20 ± 0.11 mg
m−3 for sulfate, 0.33 ± 0.43 mg m−3 for EC, and 0.37 ± 0.29 mg
m−3 for LWC.

EC-enriched PM2.5 samples (EC > 10%; Fig. S5†) were
measured during sampling periods when participants noted
replace use (Home 10), breadmaking (Home 43), large gath-
erings (Home 35), and hair dryer use (Home 65). LWC accoun-
ted for a larger percentage of PM mass (LWC > 10%; Fig. S5†)
when nitrate concentrations were elevated in the home. Find-
ings regarding aerosol composition are consistent with past
indoor studies, although sulfate and OM concentrations in this
study are lower than mean residential indoor values reported in
earlier studies,74,111 as discussed in Section S9.†

Estimated pH (see Table S26†) values ranged from −1.21 to
−0.91. The pH of outdoor aerosols ranges from −1 to 5, and
values are on the lower end of that range in NC.112 Indoor pH
has been reported to be lower than outdoors (by one unit) due to
loss of ammonium nitrate and associated LWC from indoor
aerosols as nitric acid is taken up by indoor surfaces.113 This loss
occurs despite higher indoor concentrations of ammonia
(NH3),65 the dominant basic species indoors.81,113 However, the
pH of indoor aerosols is uncertain. The absolute numbers of our
estimated pH values may be uncertain, particularly because we
did not have gas-phase NH3 concentrations to constrain the
This journal is © The Royal Society of Chemistry 2025

https://doi.org/10.1039/d4em00359d


Fig. 3 Measured indoor PM species for Home 50 duringWeek 1, 2, and 3 sampling periods, representing the three compositional categories: OM
dominated (OM > 80% of sum of measured species), EC enriched (EC > 10%), and LWC enriched (LWC > 10%) found in IPA Campaign homes.
Shown are particulate OM (1.4 times particulate OC), nitrate, sulfate, EC, and aerosol LWC, which was calculated using E-AIM Model III.80 Note:
nitrate contribution in the OM dominated and EC enriched categories is negligible and the associated slice is not visible.
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model, and we do not know to what extent indoor aerosol
particle constituents are internally or externally mixed and
whether individual aerosol particles are compositionally
homogeneous or whether there is phase separation between an
organic and inorganic/aqueous phase. However, we expect that
the variations in these estimated values likely do reect varia-
tions in aerosol pH. Since we are interested in examining how/
whether variations in pH (and other PM features) correlate with
variations in PFAS concentrations on indoor aerosols, we
believe that there is merit in including these pH values into
MLR analyses. Section S3† contains more information on LWC
and pH estimations.
Predictors of PFAS concentrations and proles

Below and in Section S10,† associations between ionic PFAS and
characteristics of the aerosol and home environment are
provided to stimulate further hypotheses regarding the fate and
dynamics of ionic PFAS indoors. We would anticipate relation-
ships with aerosol characteristics if PFAS are nearly equilibrated
with the aerosol and the aerosol concentrations have been
normalized by the gas-phase concentrations. However, equi-
librium is not assured, and we did not measure gas-phase
concentrations. Instead, we dened kp as a proxy for the equi-
librium partitioning coefficient (eqn (2)); associations between
kp and aerosol characteristics are discussed below. One
complication is that PM species can be covariant. This is taken
into consideration to greater degree by the MLR analyses than
the single species Kendall's s correlations. It is worth remem-
bering as well, that interactions with indoor surfaces and
surface grime can be a major driver of gas phase dynamics in
buildings and thus can inuence aerosol dynamics as well.
Because of the complexity of the system, further research will be
needed to test and rene any hypotheses suggested.
This journal is © The Royal Society of Chemistry 2025
We found signicant (p < 0.05; Kendall's s) associations
between the kp for SLong-chain PFCAs (Table S27†) and nitrate
(s = −0.69) and OC (s = −0.7), while the kp for SShort-chain
PFCAs was signicantly (p < 0.05) and inversely associated
with ammonium (s = −0.71) and sulfate (s = −0.67), as well as
signicantly (p < 0.05) and positively associated with both OC (s
= 0.53) and EC (s = 0.54). The kp for SLong-chain PFSAs was
signicantly (p < 0.05) and positively associated with EC (s =

0.55) only, suggesting that increasing concentrations of EC are
associated with a shi in long-chain PFSA concentrations into
the particle-phase. Short-chain PFSAs and PAPs were excluded
from analysis due their low DF on backup lters. No signicant
associations (p < 0.05) were found for kp of SPFAS, SPFSAs, and
SPFCAs.

Signicant associations between kp and particle species
persisted in Stepwise MLR models (p < 0.1; Table 1) for the kp of
SShort-chain PFCAs and SLong-chain PFSAs, but not for
SLong-chain PFCAs. The kp for SShort-chain PFCAs was
moderately (adj. R2 = 0.53) associated with its predictors (bOC =

0.52, bEC = 8.2, bSulfate = −0.8, bAmmonium = −2.1), while kp of
SLong-chain PFSAs were weakly (adj. R2 = 0.23) and signi-
cantly (p < 0.1) associated with EC (b = 1.2). Associations for kp
for SShort-chain PFCAs with sulfate and ammonium were not
signicant in the MLR. Thus, the strongest evidence suggests
that increased carbonaceous aerosol (OC and/or EC) is associ-
ated with a shi of short chain PFCAs and long chain PFSAs
toward the particle phase.

For both MLR and Kendall's s correlation results for short
chain PFCAs, we found that when concentrations of OC and EC
increased and ammonium and sulfate decreased, short chain
PFCAs partitioned to a greater degree to the particle-phase (kp
increased). Associations with OC and EC with kp were signi-
cant for both MLR and Kendall's s, whereas associations with
Environ. Sci.: Processes Impacts, 2025, 27, 1603–1618 | 1611
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Table 1 Output from stepwise multiple linear regression results for kp (m3 mg−1) for different PFAS classes where indoor front filter PFAS
concentrations were log-transformed but the auxiliary measurements were nota

kp (m3 mg−1) OC (mg m−3) EC (mg m−3) Nitrate (mg m−3) Sulfate (mg m−3) Ammonium (mg m−3) Int. Adj. R2 p

SLong PFCAs −0.05 — −0.01 — — 0.94 −0.02 0.39
SShort PFCAs 0.52* 8.2* — −0.8 −2.1 −0.2 0.53 0.07
SLong PFSAs — 1.2* — — — 0.4 0.23 0.056

a Auxiliary measurements included in the model were particulate OC, EC, indoor RH (%) and T (°C), ammonium, sulfate, nitrate, and chloride in mg
m−3, and nitrate/sulfate ratio. SPAPs are not included in the table because no auxiliary measurements were predictors of SPAP concentration.
Measurements marked with “*” are signicant at a = 0.05.
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ammonium and sulfate were only signicant for Kendall's s.
While associations with kp were signicant, associations with
the SShort-chain PFCAs concentrations themselves were not
(Tables 2 and S28†). We propose that the observed shi in
partitioning might be explained by increased sorption of short
chain PFCAs to carbonaceous aerosol species. It is also plau-
sible that the shi in partitioning is inuenced by a change in
particle-phase pH. Sulfate is a strong, low volatility acid. A
decrease in the sulfate mass fraction might plausibly shi PFCA
partitioning toward the particle phase by increasing aerosol pH,
depending on the pKa of the PFCAs relative to aerosol pH. Short
chain and even long chain PFCAs are found, at least in part in
the gas phase in the atmosphere, despite expectations that they
are highly acidic (i.e., have very low pKa's).57 Note that pKa's of
PFAAs are highly uncertain. Reported pKa's have spanned
several orders of magnitude; for example, from−0.5 (ref. 114) to
3.8 (ref. 115) for PFOA. Thus, the degree to which indoor aerosol
(and indoor surface) pH affects PFCA partitioning is not yet
clear.

For long chain PFCAs, Kendall's s correlations (signicant)
suggest that when nitrate and OC concentrations are lower,
more long-chain PFCAs partition to the particle-phase (Table
S27†). MLR results were consistent but not signicant (Table 1).
Inverse (signicant) associations with OC were also observed
with the log-transformed SLong-chain PFCA concentrations
themselves (Tables 2 and S28†). The inverse association of kp
with OC for long chain PFCAs, not signicant in MLR, differs
from the ndings for short chain PFCAs. Multiple factors could
come into play here. The potential roles of acidity, water, and
indoor surface dynamics are all worth exploring. These
Table 2 Output from stepwise multiple linear regression results for diffe
log-transformed but the auxiliary measurements were nota

Particulate OC EC AC

Log(SPFAS) 0.071* — —
Log(SPFCAs) 0.077 — —
Log(SPFSAs) — 1.56* 2.
Log(SLong PFCAs) −0.096** — —
Log(SShort PFCAs) 0.11 — —

a Auxiliary measurements included in the model were particulate OC, EC,
outdoor RH (%) and T in °C. SPAPs are not included in the table becau
Measurements marked with “*” are signicant at a = 0.05 and those m
LWC did not improve the model for any PFAS and are thus not included

1612 | Environ. Sci.: Processes Impacts, 2025, 27, 1603–1618
relationships may make sense with the following context.
Homes with higher particulate OC concentrations may have
also had higher indoor surface loadings of organics (i.e., from
cooking, which deposits long chain low volatility organics that
persist on indoor surfaces). We expect the loading of surface-
associated OC to be much larger than the mass of OC in aero-
sol. Since long chain PFCAs will more preferentially partition to
long chain organic compounds, it is plausible homes with
higher OC loadings may experience a shi of long-chain PFCAs
from airborne particles to indoor surfaces.

There was also a signicant inverse association of kp for long
chain PFCAs with nitrate (Kendall's s correlations); although an
association with nitrate was not signicant in MLR results.
Nitrate/nitric acid can affect aerosol acidity in either direction.
It can also affect aerosol partitioning by altering the chemistry
and partitioning with indoor surfaces. It effects acidity directly
because it is a weak acid and indirectly because it is the most
hygroscopic aerosol component. Specically, lower nitrate can
mean less aerosol-associated water and lower aerosol pH. If the
decrease in pH was sufficient to change kp, the shi would be
toward the gas phase which is in the opposite direction than we
observed. However, aerosol water can affect partitioning in
other ways as well. Lower aerosol water might plausibly make
carbonaceous aerosol components more accessible for parti-
tioning of long chain PFCAs (e.g., by inducing aerosol phase
separation). If it did, this would help to explain the observed
association. Additionally, it is well known that indoor surfaces
(and associated surface grime) can have a major inuence on
the partitioning of semi-volatile species indoors, including
nitrate/nitric acid and SVOCs. Upon transport indoors, loss of
rent PFAS classes where indoor front filter PFAS concentrations were

H RHOut Int. Adj. R2 p

— 2.32 0.14 0.03
— 1.52 0.069 0.1

58* 0.062 −5.05 0.33 0.007
— 0.89 0.22 0.008
— 0.73 0.093 0.063

and LWC (all in units of mg m−3), ACH in units of h−1, and indoor and
se no auxiliary measurements were predictors of SPAP concentration.
arked with ** are signicant at a = 0.01. Note that temperature and
in the table below.

This journal is © The Royal Society of Chemistry 2025
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nitrate from aerosols is substantial along with its associated
water. Ammonium nitrate transforms to ammonia and nitric
acid, which are lost through deposition and sorption to indoor
surfaces.116 Furthermore, nitric acid is expected to partition to
indoor surfaces, such as walls, more rapidly than ammonia,
which exists preferentially in the gas-phase113,116 (The pH of
indoor surfaces is not well known, but is expected to be typically
higher than aerosols). Nitric acid deposition to indoor surfaces
might plausibly alter the partitioning of long chain PFCAs on
aerosol by altering its partitioning on walls, due to changes in
surface associated water or changes in surface pH. This example
illustrates the complexity of the system. Our point is that there
are a variety of ways that indoor surface dynamics may inuence
aerosol composition and the kp of SLong-chain PFCAs.
However, to investigate this system further, concurrent
measurements of gaseous nitric acid and ammonia, as well as
indoor surface lm composition are needed. Due to the high
surface to volume ratio present indoors, the role that surfaces
play in mediating indoor air quality warrants further investi-
gation to better understand the fate and transport, as well as our
exposure, to ionic PFAS.

For both MLR and Kendall's s correlation results, increased
EC was associated with a shi of SLong-chain PFSAs toward the
particle phase, which most likely reects partitioning of long
chain PFSAs to carbonaceous aerosol. In addition, stepwise
MLR models (Table 2) of log-SPFSAs concentrations themselves
(adj. R2 = 0.33) showed weak positive, but signicant (p < 0.05)
associations with the predictor variables EC, ACH, and outdoor
RH. All adjusted R2 values were <0.4. Regardless of the sources
of PFSAs (indoor or outdoor), the positive associations between
PFSA concentrations and EC and ACH might be explained by
the fact that indoor EC mostly originates outdoors101,117,118 (e.g.,
automobile emissions119,120), and its indoor concentrations are
higher when ACH is high. EC can also be emitted from solid fuel
burning120 (i.e., replace use, used in one home), and some-
times cooking.121 An association between EC and PFSAs might
suggest a common origin for EC and PFSAs. PFSAs are used as
additives in brake and hydraulic uids to protect against
corrosion,122 and all homes were in suburban neighborhoods
within 1 km of a major road. However, PFSA concentrations
tended to be higher indoors, suggesting that there are signi-
cant indoor sources, such as carpeting and textiles.123 Although
PFSAs have been detected in food contact materials (e.g.,
takeout containers and cookware93), the 6 days integrated
samples collected in this study do not provide evidence for an
association between cookware use and indoor PFSA concen-
trations (Table S29†). Most likely PFSAs emitted indoors parti-
tion to particulate EC which enters homes from outdoor
sources.
Limitations

There are several limitations associated with this study. First,
we recruited only 11 homes within a small geographic region in
NC, and as a result, the proles and concentrations may not be
representative of the general population in the US, nor even
within NC. Future studies should include more diverse homes,
This journal is © The Royal Society of Chemistry 2025
geographic regions, and participants from a wide range of
socioeconomic statuses to provide a better understanding of
PFAS in homes. Second, a larger sample size or ner time
resolution may be able to identify the impact of activities (e.g.,
showering, personal care product use, laundry frequency) on
PFAS concentrations. Additionally, the varied nature of home
oor plans, single vs. two-story homes, and proximity of the
living room to the kitchen and bathroom, likely play a role in
the variability of ionic PFAS concentrations in air, but the small
sample size limited our ability to identify such associations.
Third, while some gas-phase PFAS adsorbed on the QFFs, we
did not measure total gas-phase PFAS, and because of sampling
artifacts, we present upper-bound concentrations of particle-
phase PFAS. Separate collection of gas- and particle-phase
ionic PFAS may have been helpful in exploring the inuence
of aerosol composition on partitioning. However, separate
collection of gas and particle phases remains challenging.
Fourth, we did not assess the contributions of emissions to
outdoor air compared to other emissions pathways, such as
household sewage. Future studies should investigate other
emissions pathways from homes to characterize the relative
importance of various pathways to overall environmental
emissions. Finally, this study investigated 26 ionic PFAS even
though thousands of compounds exist.
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62 T. M. H. Nguyen, J. Bräunig, K. Thompson, J. Thompson,
S. Kabiri, D. A. Navarro, et al., Inuences of Chemical
Properties, Soil Properties, and Solution pH on Soil-Water
Partitioning Coefficients of Per- and Polyuoroalkyl
Substances (PFASs), Environ. Sci. Technol., 2020, 54(24),
15883–15892.

63 A. Borthakur, M. Wang, M. He, K. Ascencio, J. Blotevogel,
D. T. Adamson, et al., Peruoroalkyl acids on suspended
particles: Signicant transport pathways in surface runoff,
surface waters, and subsurface soils, J. Hazard. Mater.,
2021, 417, 126159.

64 H. Campos Pereira, M. Ullberg, D. B. Kleja, J. P. Gustafsson
and L. Ahrens, Sorption of peruoroalkyl substances
(PFASs) to an organic soil horizon - Effect of cation
composition and pH, Chemosphere, 2018, 207, 183–191.
1616 | Environ. Sci.: Processes Impacts, 2025, 27, 1603–1618
65 L. Ampollini, E. F. Katz, S. Bourne, Y. Tian, A. Novoselac,
A. H. Goldstein, et al., Observations and Contributions of
Real-Time Indoor Ammonia Concentrations during
HOMEChem, Environ. Sci. Technol., 2019, 53(15), 8591–
8598.

66 C. Wang, D. B. Collins, C. Arata, A. H. Goldstein,
J. M. Mattila, D. K. Farmer, et al., Surface reservoirs
dominate dynamic gas-surface partitioning of many
indoor air constituents, Sci. Adv., 2020, 6(8), eaay8973.

67 K. Kristensen, D. M. Lunderberg, Y. Liu, P. K. Misztal,
Y. Tian, C. Arata, et al., Sources and dynamics of
semivolatile organic compounds in a single-family
residence in northern California, Indoor Air, 2019, 29(4),
645–655.

68 B. J. Turpin, P. Saxena and E. Andrews, Measuring and
simulating particulate organics in the atmosphere:
problems and prospects, Atmos. Environ., 2000, 34(18),
2983–3013.

69 D. R. Fitz, Reduction of the positive organic artifact on
quartz lters, Aerosol Sci. Technol., 1990, 12(1), 142–148.

70 L. Ahrens, M. Shoeib, T. Harner, D. A. Lane, R. Guo and
E. J. Reiner, Comparison of annular diffusion denuder
and high volume air samplers for measuring per- and
polyuoroalkyl substances in the atmosphere, Anal.
Chem., 2011, 83(24), 9622–9628.

71 H. P. H. Arp, R. P. Schwarzenbach and K.-U. Goss,
Equilibrium sorption of gaseous organic chemicals to
ber lters used for aerosol studies, Atmos. Environ., 2007,
41(37), 8241–8252.

72 H. P. H. Arp and K.-U. Goss, Irreversible sorption of trace
concentrations of peruorocarboxylic acids to ber lters
used for air sampling, Atmos. Environ., 2008, 42(28), 6869–
6872.

73 B. J. Turpin, J. J. Huntzicker and S. V. Hering, Investigation
of organic aerosol sampling artifacts in the los angeles
basin, Atmos. Environ., 1994, 28(19), 3061–3071.

74 A. Polidori, B. Turpin, Q. Y. Meng, J. H. Lee, C. Weisel,
M. Morandi, et al., Fine organic particulate matter
dominates indoor-generated PM2.5 in RIOPA homes, J.
Exposure Sci. Environ. Epidemiol., 2006, 16(4), 321–331.

75 J. J. Huntzicker, R. L. Johnson, J. J. Shah and R. A. Cary,
Analysis of Organic and Elemental Carbon in Ambient
Aerosols by a Thermal-Optical Method, in Particulate
Carbon, ed. Wolff G. T. and Klimisch R. L., Springer US,
Boston, MA, 1982, pp. 79–88.

76 B. J. Turpin and H.-J. Lim, Species contributions to PM2.5
mass concentrations: revisiting common assumptions for
estimating organic mass, Aerosol Sci. Technol., 2001, 35(1),
602–610.

77 W. C. Malm, B. A. Schichtel, J. L. Hand and A. J. Prenni,
Implications of organic mass to carbon ratios increasing
over time in the rural United States, J. Geophys. Res.:
Atmos., 2020, 125(5), e2019JD031480.

78 A. Polidori, B. J. Turpin, C. I. Davidson, L. A. Rodenburg and
F. Maimone, Organic pm : fractionation by polarity, FTIR
spectroscopy, and OM/OC ratio for the pittsburgh aerosol,
Aerosol Sci. Technol., 2008, 42(3), 233–246.
This journal is © The Royal Society of Chemistry 2025

https://doi.org/10.1039/d4em00359d


Paper Environmental Science: Processes & Impacts

Pu
bl

is
he

d 
on

 0
1 

ou
tu

br
o 

20
24

. D
ow

nl
oa

de
d 

on
 1

9/
08

/2
02

5 
07

:0
9:

46
. 

View Article Online
79 J. Zhou, K. Baumann, R. N. Mead, S. A. Skrabal, R. J. Kieber,
G. B. Avery, et al., PFOS dominates PFAS composition in
ambient ne particulate matter (PM2.5) collected across
North Carolina nearly 20 years aer the end of its US
production, Environ. Sci.: Processes Impacts, 2021, 23(4),
580–587.

80 S. L. Clegg, P. Brimblecombe and A. S. Wexler,
Thermodynamic Model of the System H+ −NH4

+ −Na+

−SO4
2- −NO3

- −Cl- −H2 O at 298.15 K, J. Phys. Chem. A,
1998, 102(12), 2155–2171.

81 W. W. Nazaroff and C. J. Weschler, Indoor acids and bases,
Indoor Air, 2020, 30(4), 559–644.

82 J. Xue, S. M. Griffith, X. Yu, A. K. H. Lau and J. Z. Yu, Effect
of nitrate and sulfate relative abundance in PM2.5 on liquid
water content explored through half-hourly observations of
inorganic soluble aerosols at a polluted receptor site, Atmos.
Environ., 2014, 99, 24–31.

83 A. Ansari, Prediction of multicomponent inorganic
atmospheric aerosol behavior, Atmos. Environ., 1999,
33(5), 745–757.

84 United States Census Bureau, 2019 Raleigh - General
Housing Data - All Occupied Units, American Housing
Survey (AHS), 2019, [cited 2024 Jan 7], available from:
https://www.census.gov/programs-surveys/ahs/data/
interactive/ahstablecreator.html?s_areas=39580&s_year=
2019&s_tablename=TABLE1&s_bygroup1=1&s_bygroup2=
1&s_ltergroup1=1&s_ltergroup2=1.

85 United States Census Bureau, 2021 National - General
Housing Data - All Occupied Units, American Housing
Survey (AHS) Table Creator, 2021, [cited 2024 Jan 7],
available from: https://www.census.gov/programs-surveys/
ahs/data/interactive/ahstablecreator.html?s_areas=
00000&s_year=2021&s_tablename=TABLE1&s_bygroup1=
1&s_bygroup2=1&s_ltergroup1=1&s_ltergroup2=1.

86 C. Chen and B. Zhao, Review of relationship between
indoor and outdoor particles: I/O ratio, inltration factor
and penetration factor, Atmos. Environ., 2011, 45(2), 275–
288.

87 B. J. Turpin, C. P. Weisel, M. Morandi, S. Colome, T. Stock,
S. Eisenreich, et al., Relationships of Indoor, Outdoor, and
Personal Air (RIOPA): part II. Analyses of concentrations of
particulate matter species, Res. Rep. – Health Eff. Inst., 2007,
130(Pt 2), 1–77.

88 Z. Wang, J. C. DeWitt, C. P. Higgins and I. T. Cousins, A
Never-Ending Story of Per- and Polyuoroalkyl Substances
(PFASs)?, Environ. Sci. Technol., 2017, 51(5), 2508–2518.

89 R. Sheu, C. F. Fortenberry, M. J. Walker, A. Eekhari,
C. Stönner, A. Bakker, et al., Evaluating Indoor Air
Chemical Diversity, Indoor-to-Outdoor Emissions, and
Surface Reservoirs Using High-Resolution Mass
Spectrometry, Environ. Sci. Technol., 2021, 55(15), 10255–
10267.

90 OECD, Per- and Polyuoroalkyl Substances and Alternatives
in Coatings, Paints and Varnishes (CPVs). Environment,
Health and Safety, Environment Directorate, OECD, 2022,
Report No.: 70.
This journal is © The Royal Society of Chemistry 2025
91 S. Kurwadkar, J. Dane, S. R. Kanel, M. N. Nadagouda,
R. W. Cawdrey, B. Ambade, et al., Per- and polyuoroalkyl
substances in water and wastewater: A critical review of
their global occurrence and distribution, Sci. Total
Environ., 2022, 809, 151003.

92 J. K. Anderson, A. L. Luz, P. Goodrum and J. Durda,
Peruorohexanoic acid toxicity, part II: Application of
human health toxicity value for risk characterization,
Regul. Toxicol. Pharmacol., 2019, 103, 10–20.

93 C. F. Kwiatkowski, D. Q. Andrews, L. S. Birnbaum,
T. A. Bruton, J. C. DeWitt, D. R. U. Knappe, et al.,
Scientic basis for managing PFAS as a chemical class,
Environ. Sci. Technol. Lett., 2020, 7(8), 532–543.

94 H. Lin, S. Taniyasu, E. Yamazaki, S. Wei, X. Wang, N. Gai,
et al., Per- and Polyuoroalkyl Substances in the Air
Particles of Asia: Levels, Seasonality, and Size-Dependent
Distribution, Environ. Sci. Technol., 2020, 54(22), 14182–
14191.

95 C. M. Butt, D. C. G. Muir and S. A. Mabury,
Biotransformation pathways of uorotelomer-based
polyuoroalkyl substances: a review, Environ. Toxicol.
Chem., 2014, 33(2), 243–267.

96 C. Xia, M. L. Diamond, G. F. Peaslee, H. Peng, A. Blum,
Z. Wang, et al., Per- and Polyuoroalkyl Substances in
North American School Uniforms, Environ. Sci. Technol.,
2022, 56(19), 13845–13857.
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