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Abstract

Background: Per- and polyfluoroalkyl substances (PFAS) comprise a large group of chemicals
that have been integrated into a wide variety of industrial processes and consumer products
since the 1950s. Due to their profuse usage and high persistence in human serum, understanding
workplace exposures to PFAS is critical.

Objective: We aimed to characterize the PFAS exposure profiles of relevant occupational
populations, elucidate trends in the PFAS exposure characterization process, and identify major
research gaps that remain within the occupational PFAS exposure literature.

Methods: A systematic search of four literature databases for peer-reviewed articles published
between 1980 and 2021 on PFAS exposure in occupational settings was conducted.

Results: Of the 2,574 articles identified, 92 met the inclusion criteria. Fluorochemical workers
were the target population in most early exposure assessment research; however, studies conducted
within the last 10 years have evaluated a wider range of occupational populations and settings.
The highest exposures were reported in fluorochemical workers, but, in comparison to reference
populations, one or more PFAS were elevated in most workers and in most workplaces that were
assessed. PFAS was most frequently assessed in worker serum using a discrete analytical panel

of PFAS, with earlier studies restricted to a few long-alkyl chain PFAS while more recent studies
have included more expansive panels due to more robust methods.
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Significance: Characterization of occupational exposure to PFAS is limited but expanding.
Current analytical methods are not robust enough to fully capture the potential range of

PFAS present across different workers and workplaces. While exposures to PFAS for certain
occupational groups have been studied in detail, exposure information for other occupational
groups with high potential for exposure are limited. This review highlights substantial findings and
major research gaps within the occupational literature.
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Introduction

Per- and polyfluoroalkyl substances (PFAS) comprise over 12,000 compounds (1). Because
of their widespread use as industrial processing aids and in consumer products, and their
persistence in environmental matrices (e.g., water and food) and the human body following
exposure, PFAS have been detected in over 98% of the US population (2, 3). Researchers
who conduct in vitro, in vivo, and epidemiological studies have reported associations
between PFAS exposure and a range of dose-dependent adverse effects, including changes
in lipid and glucose metabolism; changes in thyroid hormone levels; immunomodulatory
effects; and increased tumorigenesis (4). Workers that produce, integrate into production, or
handle PFAS in high quantities may experience higher exposure compared to other workers
and the general population, and thus greater risks of dose-dependent effects from PFAS
exposure.

Currently, recommended occupational exposure limits (OELS), which are established to
protect workers from health risks associated with workplace exposures, exist for three PFAS
in the US and four PFAS globally (Table S1). In the absence of recommended OELSs for
most PFAS and regulatory OELSs for all PFAS, U.S. workers are often reliant on the broader
protections afforded under the Occupational Safety and Health Administration’s General
Duty Clause (5, 6). While there are no Biological Exposure Indices for PFAS, in 2022 the
National Academies of Sciences, Engineering, and Medicine published Guidance on PFAS
Testing and Health Outcomes that includes recommendations for exposure reduction and
clinical follow-up using serum-based thresholds (7).

Unlike most persistent organic chemicals, PFAS partition preferentially to serum-proteins
rather than fatty tissue. Perfluoroalky! substances, which are defined by having fully
fluorinated carbon chains and are commonly referred to as terminal PFAS —such as the
perfluorinated carboxylic acids (PFCAs), perfluorobutanoic acid (PFBA), perfluorohexanoic
acid (PFHxA), and perfluorooctanoic acid (PFOA); and perfluorinated sulfonic acids
(PFSAs), perfluorobutane sulfonic acid (PFBS), perfluorohexane sulfonic acid (PFHXS),
and perfluorooctane sulfonic acid (PFOS) (8)—do not metabolize in the body and bind
efficiently to serum proteins (9). Polyfluoroalkyl substance, which are defined by having
partially fluorinated carbon chains and are commonly referred to as precursor PFAS—such
as fluorotelomer alcohols (FTOHSs) and perfluoroalkane sulfonamides—readily metabolize
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into terminal PFAS in the body (8). Terminal PFCAs and PFSAs can be further categorized
as “long-alkyl chain or “short-alkyl chain” PFAS based on their carbon chain length and
functional group attachment. In general, PFSAs bind more efficiently to serum than PFCAs
of equal carbon chain length due to their sulfonation group attachment. Therefore, while
PFCAs containing a carbon chain consisting of at least 8 carbons are considered “long-alkyl
chain”, PFSAs only require a carbon chain consisting of 6 or more carbons to meet the
“long-alkyl chain” definition. Elimination half-lives of PFAS vary from days to months for
short-alkyl chain PFAS to several years for long-alkyl chain PFAS (Table S2); however, the
precise distribution and elimination pathways for short- and long-alkyl chain PFAS are not
sufficiently understood (9).

Unlike community settings, where diet and contaminated drinking water are considered
the major drivers of PFAS exposure, occupational exposures are generally attributed to
inhalation of PFAS through aerosols and vapors or ingestion of PFAS in dust (10, 11). In
certain occupational settings, absorption of PFAS through the skin may also contribute to
exposure (12-14); however, dermal exposure data for PFAS are limited.

Fluorochemical producers in the United States began voluntarily phasing out long-alkyl
chain PFAS, such as PFOA and PFQOS, from production in 2000 (15). This shift in
production led to emission reductions of PFOA and PFOS down to less than 10% of
2001 baseline levels by 2015 (16). While not proportional to emission reductions, serum
PFOA and PFOS concentrations in the general US population have also steadily diminished
(17); however, the impacts of voluntary phaseout efforts on environmental and serum
levels of short-alkyl chain PFAS and other alternatives are less clear. Regulations and
guidance initiatives at the federal and state level have further contributed to a changing
pattern in PFAS usage by US manufacturers. As industries have continued to substitute
alternative PFAS that are perceived to be less persistent or harmful, the number of PFAS
in use have grown exponentially. Due to resource constraints, including limitations in
method capabilities and the timing of sample collection, background surveillance efforts
for capturing the range of PFAS present in the environment and in the general population
are currently impractical. However, for certain occupational populations, where a variety
of PFAS are routinely present in the workplace, capturing a wide range of PFAS across
different biological and environmental matrices is more feasible.

The objective of this review was to characterize the occupational PFAS exposure literature,
including sample collection and analytical methods employed in occupational settings,
PFAS exposure profiles of workers by industry over time, and potential determinants of
exposure in different industries. Critical gaps in the occupational exposure literature were
also defined and suggestions provided for future occupational exposure assessment and
epidemiological studies.

Materials and Methods

We performed a targeted review of the peer-reviewed literature for manuscripts published
between 1980-2021 on occupational exposures to PFAS. Using search terms selected by the
authors, articles were extracted by the CDC Thacker Library on September 8, 2021 from
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Medline, Scopus, Embase, and Environmental Science Collection (Table S3). Extracted
citations were managed using a citation manager software (Clarivate EndNote 20). An
industrial hygienist manually reviewed the full results of the literature search using the
exclusion criteria outlined in Figure 1 by screening article titles, abstracts, and keywords. A
second industrial hygienist also manually reviewed the articles that met the criteria for this
literature review and provided input to fill-in the gaps where insufficient data extraction was
observed.

We defined PFAS as all aliphatic substances that contain a fluorinated carbon chain
(n=2) (18). Studies published in non-peer reviewed sources, such as company reports
and trade journals, and articles not published in English were excluded from this review.
To characterize the literature documenting and describing exposures in occupational
settings, we excluded studies that did not include a quantitative, semi-quantitative, or
qualitative assessment of PFAS exposure in the workplace. We defined occupational
settings as environments where individuals perform work-related tasks; however, we
excluded residential settings from this definition. Additionally, studies that only collected
environmental matrices with indirect application to occupational exposures such as
wastewater, drinking water, and soil were excluded from this review.

Literature review results were summarized descriptively by occupational population, PFAS
analyzed, collection method, sampling and analytical methodologies, data analysis approach,
study design, publication year, sample collection year, and study findings. These topics were
established during the initial review process because of their relevance towards the focus of
this review. Additionally, several non-occupational studies were referenced to place existing
exposure results from occupational studies into perspective.

Results

The literature search returned 2,574 peer-reviewed articles, of which, 91 met the review
criteria (Figure 1). In reviewing the references within individual articles, we identified 1
additional article that deserved inclusion in this review paper (n=92). While this literature
review includes articles published in the 1980s and 1990s, approximately 90% of the
included literature was published after 1999 (Figure S1).

Most studies measured PFAS in blood, but the proportion of studies that measured blood,

air, dust, or urine differed by industry (Table S4). Long-alkyl chain PFAS, specifically PFOA
and PFOS, were the most frequently investigated PFAS; however, studies conducted within
the last 15 years have increasingly measured short-alkyl chain, precursor, and alternative
PFAS (Figure 2).

Air monitoring studies frequently measured a more diverse panel of PFAS than
biomonitoring exposure studies, often including measurements of both terminal and
precursor PFAS (Tables 1a and 1b). Commonly used long-alkyl chain substitutes,
chlorinated polyfluorinated polyether sulfonic acids or polyfluoroalkyl phosphoric acid
diesters, were also measured in a small proportion of studies (Table 1a).
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While most articles captured PFAS using solely quantitative sampling approaches (75%),
some studies relied on purely qualitative (~4%) or semiquantitative approaches (~21%) to
approximate PFAS exposure (Table S4). Purely qualitative methods based on industrial
hygiene expertise and worker history records were utilized in a small proportion of
fluorochemical production studies (3 of 41) and one case study involving a plastic machinist
worker (19). Semi-quantitative approaches combining quantitative (partial serum data,
annual usage data, annual emission data, person-years of exposure) and qualitative data
(worker history records and IH expertise) were used in several fluorochemical production
studies (17 of 41) and one study of ski wax technicians.

Most articles (~60%) evaluated PFAS exposure in fluorochemical production workers

or first responders. Most of the fluorochemical production studies were conducted at
ammonium perfluorooctanoate or PFOS production facilities, but separate studies evaluated
exposure at a perfluorononanoic acid production facility and a polytetrafluoroethylene
production facility (20, 21). Studies of firefighters included municipal, airport, and volunteer
firefighter populations from a range of geographic locations and firefighting environments
(e.g., fire response, training, and fire stations). All studies of ski wax technicians were
conducted in Northern Europe. Among the textile manufacturing research, two out of three
studies specified the types of materials produced, including a facility that produces turnout
gear for firefighters and a facility that produced a range of heavyweight and lightweight
garments (22, 23). Other manufacturing environments that were represented in this review
include: a metal plating workshop, a powder coating shop, a metalworking shop, a plastic
production facility, and a pesticide packing plant (Table S5 provides information about
specific manufacturing industries associated with PFAS exposure).

A small, but substantial fraction of studies evaluated PFAS exposure in non-manufacturing
settings. Multiple studies specified the evaluation of PFAS levels at a store(s) selling
outdoor wear while the remaining clothing retail studies only specified the selling of
textiles or clothing. Details pertaining to the types of office spaces evaluated were not
consistently provided across studies evaluating PFAS exposure in office settings. Jahnke
et al (2007) and Heydebreck et al (2016) specified that the presence of textiles may

have impacted the exposure profile of sampled office areas (22, 24); whereas, Besis et

al (2019) suggested that the volume of paper products may impact PFAS exposure at a
newspaper office (25). Additional non-manufacturing workplace environments that were
represented in this review include: college lecture halls, school laboratories, computer
rooms, primary/secondary classrooms, furniture shops, printing shops, autobody shops a
mechanical shop, an electrotechnical shop, carpet shops, a car selling store, electronic stores,
a sports equipment shop, coffee shops, internet cafes, restaurants, libraries, movie theaters,
and hotels. Multiple studies also evaluated PFAS exposure in fishermen.

Sample Collection Methodology

Over the last several decades, researchers have quantified PFAS in workers’ biological
matrices (serum, blood, plasma, urine, seminal fluid) and at worksites across multiple
environmental matrices (air, dust, aerosols, surfaces) utilizing a variety of sampling methods
(Table S6 and Table S7).
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Researchers have predominately measured PFAS in serum rather than other biological
matrices (Table S4) (26-28). Medical surveillance programs conducted at fluorochemical
facilities prior to the 1980s measured PFAS levels in whole blood (29); however,
independent of early surveillance efforts and ski wax technician studies, no occupational
studies have measured PFAS in whole blood. Of the non-serum biological matrices that have
been evaluated, researchers have most frequently measured PFAS levels in urine (26, 27,
30). Research efforts associated with measuring PFAS levels in urine have primarily focused
on understanding the partitioning, distribution, or elimination characteristics of specific
PFAS rather than the magnitude of exposure. Separate studies have also investigated PFAS
levels in plasma or seminal fluid (31, 32).

Outside of conducting biological sampling to evaluate PFAS exposure in workers,
researchers have most frequently measured PFAS in workplace air to assess exposure

in workers. Methods for assessing PFAS levels in workplace air have varied by method
constraints and by workplace characteristics, which dictate what PFAS are present and
the gas-particle partitioning behavior of PFAS. Several studies have employed methods
capable of detecting both the aerosol and gas-phase fractions simultaneously to best
approximate total air concentrations within the work environment. These studies have
often employed multi-layered instruments capable of capturing the desired aerosol fraction
while simultaneously collecting gas-phase PFAS (22, 24, 33-36). Methods employed

by researchers to collect both phases simultaneously include the Occupational Safety

and Health Versatile Sampler (quartz fiber filter + XAD-2 sorbent), an ISOLUTE +
sorbent cartridge with a total aerosol membrane filter, and a glass fiber filter with sorbent-
impregnated polyurethane foam (35, 37-39).

For collecting PFAS-laden aerosols in occupational settings, researchers have deployed
various instruments, including cyclones, open-faced cassettes, and particle impactors. Glass
fiber or quartz fiber material have frequently been used as filter medium for the entrapment
of aerosol particles. Studies of ski waxing tasks have employed multiple aerosol collection
instruments to determine the relative abundance of PFAS across multiple aerosol size
fractions during ski waxing operations (35, 40, 41). In several studies, this data was
collected alongside direct reading instrumentation to obtain time-integrated data on aerosol
concentrations across multiple size bins (40-44). Few studies captured the gas-phase
exclusively. Studies that captured the vapor or gas-phases separate from the particulate
phases have employed low-volume samplers such as charcoal tubes or midget impingers
(41, 43, 45). Studies that captured precursor PFAS have often utilized sorbent-impregnated
polyurethane foam with XAD-2 or XAD-4 resin or Isolute ENV+ solid-phase extraction
cartridges (37, 46-48). Yao et al (2018) deployed a solid-phase extraction cartridge that
included both Isolute ENV+ and weak anion exchange sorbent to capture the precursor and
terminal PFAS in the gas-phase simultaneously (49).

Few studies have assessed PFAS exposure in the breathing zone of workers (35, 40, 43,

45, 50). For most manufacturing settings, large scale area sampling was conducted near
processes and worker tasks anticipated to be associated with elevated PFAS levels. In non-
manufacturing settings, where the sources of exposure are harder to define, researchers have
typically collected a small number of samples. In contrast to non-occupationally focused
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research efforts, which have frequently deployed passive monitors to measure PFAS levels
in the air, only one study employed passive monitoring to evaluate PFAS levels in an
occupational setting (37). Concerns with how efficiently passive monitors capture different
classes of PFAS, especially when PFAS levels are high (low sorption capacity) and their
performance under atypical sampling conditions such as elevated relative humidity and short
sampling-time duration have likely contributed towards decisions to utilize active monitoring
instead.

Surface dust levels have predominately been measured in work environments where the
potential for rapid volatilization of PFAS-laden materials is low (e.g., absence of a point
source of heat, anionic or deprotonated form); however, researchers have also assessed
surface dust levels in manufacturing settings, where resuspended dust concentrations may
contribute towards inhalation exposure (22, 51). Most commonly, researchers have captured
PFAS surface dust using a vacuum with an attachment containing sorbent media for PFAS
(36); however, pre-cleaned brushes, air conditioning filters, and glass fiber filters have also
been utilized to collect dust in occupational settings (22, 25, 26).

Currently, no occupational exposure studies have directly measured dermal PFAS levels
(e.g., wipe samples of skin); however, two separate studies measured PFAS exposure near
the skin of workers by quantifying PFAS levels on worker uniforms (13, 52).

Analytical Methods

Analytical techniques utilized to measure PFAS have varied by year of sample collection
and type of PFAS analyzed (e.g., precursor vs terminal). Studies utilizing targeted
approaches mostly relied on liquid chromatography-mass spectrometry to analyze semi-
volatile (e.g. short- and long-alkyl chain) PFAS and gas chromatography-mass spectrometry
to analyze volatile (e.g. precursor) PFAS (Table S4). Several studies also employed semi-

or non-targeted analytical methods such as the total oxidizable precursor assay and particle-
induced gamma emission spectroscopy to more comprehensively capture the fluorinated
compounds present in a workplace. Analyte extraction methods also differed based on
instrument availability or analytes of interest as different extraction methods are better at
capturing different PFAS chemistries (e.g., base vs methanol).

Quantitative Assessment of Workplace Exposures

While qualitative and semi-quantitative approaches are useful proxies for assessing exposure
risk, particularly in large worker cohorts with a diverse range of worker job titles and tasks,
purely quantitative approaches that employ environmental or biological sampling offer a
greater level of specificity and detail, when feasible.

Trends in Biological PFAS Exposure Across Industries—The magnitude of
PFAS in worker blood have varied by occupation and collection period. Fluorochemical
workers have consistently exhibited the highest blood concentrations of PFOA and

PFOS compared to other occupational groups, overexposed community populations, and
background populations (Figures 3 and 4). Irrespective of occupation or collection period,
the detection frequencies of long-alkyl chain PFAS, PFOA, PFOS, PFHXS, and PFNA,
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in the blood of workers were consistently between 65-100% apart from two studies;
whereas, for short-alkyl chain PFAS, PFBS, PFBA, and PFHXA, detection frequencies
varied considerably by occupation and collection period. Prior to voluntary phaseout
efforts, PFOA and PFOS were frequently reported at parts per million (ppm) levels in
fluorochemical workers (45, 53-59). Woskie et al (2012) estimated that PFOA emissions
peaked in 2001 then decreased steadily after phaseout efforts began (29). Even before long-
alkyl chain PFAS production and usage peaked, several studies reported declining serum
levels in fluorochemical production workers (45, 55, 60-63). Several researchers suggested
that pre-phaseout reductions resulted, in partial, from an increased emphasis on exposure
reduction practices (21, 29, 39).

Because few researchers collected PFAS exposure biomarker data for non-fluorochemical
workers prior to the late 2000s, it is difficult to determine how phaseout efforts have affected
serum levels in non-fluorochemical workers. Serum levels have declined over time in some
firefighters; however, their exposure profiles are generally within an order of magnitude

of reference populations making it increasingly difficult to determine whether observed
decreases in serum levels are attributable to reductions in occupational or community
exposure sources (Table 1a). For other occupational groups, biological PFAS exposure data
is too limited to evaluate temporal trends in exposure intensity; however, analytical efforts
have grown increasingly robust with studies conducted in the last 15 years more frequently
measuring a wider panel of PFAS, including short-alkyl chain PFAS, precursor PFAS, and
alternative PFAS such as CI-PFESAs (Figure 2).

Biomonitoring — Fluorochemical Workers—At the plant level, job title, department,
and assignment have been cited as determinants of serum PFAS levels in fluorochemical
workers. Multiple studies reported substantial variation in serum PFAS across job titles.
Olsen et al (2003) reported that among fluorochemical workers cell and chemical operators
exhibited the highest serum levels of PFOA, PFOS and PFHXS followed by waste operators
and maintenance workers (61). Results from Fu et al (2016) indicated that individuals
working in the electrochemical fluorination department for an extended period (>6 months)
exhibited elevated PFOA levels; whereas individuals working in the sulfonation department
exhibited elevated PFOS levels (27). Only a subset of fluorochemical worker studies
evaluated the influence of different worker tasks on serum PFAS levels. Of the studies

that have, grinding and refining PFAS-laden materials, measuring powdered or granulated
PFAS, drying PFAS-infused slurry, and decommissioning a fluorochemical facility were
linked to elevated PFAS exposure (29, 45, 64, 65). Consistently higher serum PFAS levels
were reported in fluorochemical workers when compared to nearby residents and other types
of workers (66—69).

Biomonitoring — Firefighters—First responders have frequently experienced elevated
serum PFAS levels in comparison to reference populations, but not as consistently or

to the same extent as fluorochemical workers. With research spanning three continents,
PFOS, PFHxS, and perfluorononanoic acid have been the most consistently elevated PFAS
chemistries in firefighters; however, substantial variability in the exposure profiles of
firefighters have been reported across firefighter studies.

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2024 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Christensen and Calkins Page 9

Firefighter type (e.g. airport, municipal, etc.) is an important predictor of PFAS serum
levels among firefighters. Leary et al (2020) reported that serum PFOS and PFHXS levels
were approximately two times as high in aircraft rescue firefighting firefighters as suburban
firefighters (70). Across five separate municipal, career firefighter cohorts, serum PFOS
varied by sex (with concentrations in females lower than males) (71-74), and while serum
PFOS levels from two all-male municipal cohorts were comparable to levels reported
previously for the aircraft rescue firefighter cohort, serum PFHXS levels across all five
cohorts were consistently well below levels reported for the aircraft rescue firefighter cohort
(70-75). Across the career cohorts, serum PFOS was consistently higher than serum PFOS
reported in a cohort study of volunteer firefighters (76).

Beyond firefighter type, several determinants of PFAS exposure have been identified for
first responders. Employment duration (77), aqueous film forming foam (AFFF) usage
(70, 72, 73, 78, 79), routine handling of contaminated PPE (72), routine handling of
hazardous materials (72), and conducting overhaul procedures during response efforts (73)
were positively associated with PFAS serum levels in firefighters. Previously unidentified
PFESAs were captured utilizing quadrupole-time-of-flight mass spectrometry in the serum
of firefighters with prior AFFF exposure (80). Among a cohort of World Trade Center
collapse first responders, smoke inhalation and dust exposure (qualitatively defined) were
positively associated with plasma PFOA and PFHXS levels (32).

Biomonitoring — Ski Wax Technicians—While levels of PFSAs in the blood of ski
wax technicians mostly approximate background levels, PFCA levels have consistently been
elevated in comparison to reference populations. Freberg et al (2010) reported that average
serum levels of several PFCAs in a cohort of ski wax technicians were between 10-40 times
higher than levels reported for the reference population (44). This may be attributable to
precursor PFAS such as FTOHSs, which are frequently found in high quantities within the ski
wax material utilized to condition performance skis (42, 81). One study estimated that up to
45% of PFOA levels in the blood of ski wax technicians could be attributed to inhalation of
8:2 FTOH (82).

Biomonitoring — Other Occupational Populations—Other occupational populations
in which researchers have conducted biological sampling to assess exposure include office
workers, fishermen, textile mill workers, barbers, and metal plating workers. Within a small
office worker cohort, serum levels of PFOS, PFOA, PFHXxS, and perfluorodecanoic acid
were 2-3 times higher than levels reported in the background US population (38). Air
FTOHs accounted for approximately 36% of the variation in PFOA serum levels within the
office worker cohort (38); whereas, dust was not determined to be a significant predictor

of serum PFOA within the cohort (36). In a small metal plating cohort, workers exhibited
elevated serum levels of CI-PFESAs (30). Individuals that had worked at the metal plating
facility for more than a year exhibited median serum levels of 8:2 CI-PFESA two orders

of magnitude higher than the background Chinese population (30). Within the same cohort,
fishery employees located near the metal plating facility exhibited median serum levels of
CI-PFESAs an order of magnitude higher than the background population, but lower than
the metal plating workers (30). A separate study reported PFOS, PFHXS and PFOA in
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fishermen between 1-3 orders of magnitude higher than the background Chinese population
(83); whereas serum PFAS levels reported from a New York angler cohort study were

only slightly elevated compared to the general US population (84). All 3 of these studies
indicated that dietary consumption of fish was the predominate pathway for exposure among
fishermen; however, differences in exposure intensity were likely dependent on the extent of
contamination of the body of water they fished (84). Another study comparing serum PFAS
levels in barbers and textile mill workers reported that textile mill workers exhibited serum
levels of PFOS, PFOA, PFHXS, and perfluorodecanoic acid approximately two times as high
as barbers (85).

Biomonitoring — Urinary PFAS—While PFAS levels are frequently detectable in the
urine of workers, in studies that have measured PFAS in both urine and serum, urine

levels were consistently 3—4 orders of magnitude lower for long-alkyl chain PFAS and

1-2 orders of magnitude lower for short-alkyl chain PFAS (26-28, 83, 86). Several studies
have measured PFAS in urine to elucidate toxicokinetic differences between PFAS. Findings
from these studies indicate that 1) short-alkyl chain PFAS are removed through the urinary
excretion pathway 2-3 orders of magnitude faster than long-alkyl chain PFAS (83), 2)
branched PFAS isomers are removed through the urine faster than their linear counterparts
(26), and 3) renal clearance rates of long-alkyl chain PFAS are independent of the frequency
and magnitude of exposure (27). Fu et al (2016) also reported that previous estimations of
the elimination half-lives of long-alkyl chain PFAS likely underestimated renal clearance,
which could have led to an overestimation of their half-lives (27).

Exposure Pathway — Workplace Air—A relatively small fraction of selected studies
(19/92) assessed levels of PFAS in the air. These studies investigated a range of occupational
environments representing the manufacturing and service sectors. Air concentrations of
PFAS reported from studies that evaluated manufacturing settings such as fluorochemical
production, textile manufacturing, and ski waxing facilities were frequently higher than
levels reported in non-manufacturing settings such as offices, retail shops, schools, and
residential settings. However, large variations in reported PFAS levels were found across
studies that investigated similar occupational environments (Table 1b). These differences
can largely be explained by changes in work practices over time and differences in

work practices across geographic regions. The evolution of methods likely also impacted
sampling results over time; however, differences in sample results attributable to collection
or analytical methods are difficult to quantify.

Ambient concentrations of PFAS varied by multiple orders of magnitude across
manufacturing industries, including fluorochemical and ski waxing workplaces, and to a
much less extent, the metal plating (1 sample) and textile industries. Across fluorochemical
studies, PFOA levels at fluorochemical facilities have varied by up to five orders of
magnitude (26, 39); however, differences in processing conditions, the low number of
samples collected, and the central tendency measure reported (median vs mean) have
likely played a role in the degree of perceived variation. Substantial variation in PFCA
levels, including PFOA levels, was also present across multiple ski waxing air monitoring
campaigns (up to four orders of magnitude for PFOA), but differences in PFCA levels at
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the ski wax facilities were likely mediated by the type of material processed at the facilities
(solid block vs powder wax) rather than processing conditions or sample size (35, 41, 43).
Few studies of manufacturing workers have evaluated ambient levels of precursor PFAS;
however, of the studies that have, FTOH levels were consistently the highest among PFAS
classes that were measured (22, 35, 50).

Precursor PFAS levels reported in non-manufacturing settings such as office buildings,
schools, hotels, laboratories, and libraries have frequently been less than or approximate

to levels reported in residential settings (33, 34, 37, 48, 49). Sha et al (2018) evaluated
precursor PFAS levels in several offices, lecture halls, laboratories, and homes and reported
that levels were higher in homes than occupational environments (47). Differences in indoor
levels were likely driven by differences in ventilation reported across indoor environments
as forced ventilation systems were more frequently employed in occupational settings

than in homes (47). PFAS concentrations in non-manufacturing, indoor settings are also
influenced by geographic location and age of the facility. FTOH concentrations reported
from a cluster of US office buildings were comparable to levels reported in office buildings
from a Swedish study but were an order of magnitude higher than levels reported in three
separate studies of German office buildings (24, 37, 38, 46, 47). Levels reported from the
US office study varied significantly by building age and renovation status with buildings
that were constructed within the last year exhibiting higher levels of FTOHs than the older,
unrenovated buildings (38).

Precursor PFAS levels in stores that sell textile products such as outdoor clothing or carpet
have consistently been elevated in comparison to residential settings (23, 37, 46, 49).
Separate studies that measured FTOH levels across a range of indoor environments reported
that FTOH levels were 1-3 orders of magnitude higher in stores that sell textiles than in
other indoor environments such as hotels, movie theaters, offices, and residential settings
(46, 49). In a separate study, ambient FTOH levels at two outdoor equipment shops were an
order of magnitude higher than FTOH levels at a carpet shop (37); FTOH levels at the carpet
shop were still substantially higher than levels in homes and in offices (37).

Because air monitoring studies of non-manufacturing settings have primarily focused on
evaluating precursor PFAS levels, levels of short- and long-alkyl chain PFAS in these
environments are poorly understood. Yao et al (2015) reported that ambient levels of short-
and long-alkyl chain PFAS were an order of magnitude higher in stores selling textiles than
hotels, but significantly lower than levels reported across multiple movie theaters (49).

Exposure Pathway — Surface Dust—A total of 12 studies have evaluated surface dust
for PFAS in occupational settings. Findings from these studies suggest that surface dust
levels are highly variable across both manufacturing and non-manufacturing settings. The
lone study that evaluated PFAS surface dust levels at a fluorochemical plant estimated

that surface dust was the most important exposure pathway for PFOA and PFHxS among
fluorochemical workers; however, a small proportion of samples skewed the data heavily to
the right (26). Long-alkyl chain PFAS surface dust levels at a textile factory that produced
firefighter turnout gear were much lower than levels reported in the fluorochemical study,
but short-alkyl chain PFAS levels were considerably higher (23, 26). This could partially be
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explained by experimental evidence indicating that turnout gear produced post-2012 contain
high levels of short-alkyl chain PFAS (>1000 ppm), which over time can desorb from textile
gear and deposit on the wearer or the floor (23).

Young et al (2020) evaluated PFAS surface dust in firefighting stations and reported that
PFAS levels were highest in turnout gear storage rooms (52). AFFF type, the frequency

of AFFF usage, and the volume of emergency calls at the station were important factors

in determining PFAS surface dust levels across firefighting stations (52). A separate study
reported that the size of the station and the presence and volume of carpeting were also
determinants of PFAS surface dust levels at firefighting stations (87). Similar to the textile
factory, precursor PFAS were the predominant congeners found across firefighting stations;
however, in contrast, long-alkyl chain PFCAs and PFSAs were higher than short-alkyl chain
PFAS at the firefighting stations (87).

While several studies have evaluated PFAS surface dust in office settings, major differences
in which congeners were evaluated has made comparisons across studies difficult. Fraser

et al (2013) reported that FTOH levels were an order of magnitude higher than all other
congener groups; however, no other office study has measured FTOH levels (36). Moreover,
levels of PFCAs and PFSAs in Fraser et al (2013) were 1-2 orders of magnitude lower

than levels reported in two other studies of office environments (25, 88, 89). Because
researchers have not measured FTOH levels in office environments where PFCAs or PFSAs
are elevated, it is difficult to ascertain whether FTOH levels are consistently higher than
PFCAs or PFSAs in office environments or if the distribution of PFAS in surface dust is
subject to significant variability across office environments. Across these studies, levels of
PFAS surface dust were consistently higher in offices than residential settings but lower
than levels reported in classroom settings (88). PFAS surface dust levels reported at a
clothing shop were comparable to two separate office studies that were on the lower end

of levels reported in office settings (28, 36, 89). Yao et al (2018) reported comparable

levels of PFAS surface dust in hotels and residential settings; however, PFAS surface dust
levels varied considerably from hotel to hotel, especially across precursor PFAS congeners
(49). Building age, renovation status, presence of carpeting, and extent of ventilation were
deemed determinants of PFAS surface dust levels across several hotels (49).

Exposure Pathway — Skin Contact—Few researchers have quantitatively evaluated
PFAS levels near the skin of workers. N-ethyl perfluorooctane sulfonamido acetic acid was
analyzed in clothing samples obtained from multiple body locations of 3 pesticide packing
workers (13). Estimated total body exposure for an 8- and 10-hour workday were 359.1
ug/day and 448.6 ug/day, respectively (13). These levels fell well below the margin of safety
derived from toxicological studies that had been conducted previously (13). In a separate
study, PFAS were analyzed in wipe samples collected from turnout gear obtained from
several firefighting stations (52). Total PFAS levels obtained from 6 wipe samples varied
widely from 1.2-84.5 ug (52).
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Qualitative and Semi-Quantitative Approaches for Characterizing Workplace Exposure

In place of, or complementary to, collecting exposure data through environmental or
biological sampling, several studies have utilized some combination of facility emission
reports, annual usage data, worker history records, and activity pattern data to characterize
exposure to workers in the fluorochemical industry.

Categorizing Exposures into Similar Exposure Groups—TFor assessing PFAS
exposure in the fluorochemical industry, several studies have incorporated iterations of

job exposure matrices to categorize workers into similar exposure groups. This approach
to characterizing PFAS exposure has ranged from stratifying the workforces into binary
exposure categories: exposed and non-exposed (53, 67, 90, 91), to more complex
categorization using three or more categories to evaluate health indicators and outcomes

in fluorochemical workers across an exposure gradient (20, 67, 92). Most frequently,
researchers have utilized a combination of worker history records and available serum data
to classify workers into exposure groups; however, several researchers have also utilized
historic usage, emission, or air monitoring data to characterize worker exposures (29, 91,
93-95). From worker history records, researchers have primarily extracted job title and
employment duration-related information to categorize exposures (91, 92). Raleigh et al
(2014) categorized exposures based on the proportion of the workday spent doing exposure-
related tasks and non-exposure-related tasks, in and outside of the processing area (95).

Semi-quantitative Approaches for Modeling Exposures—~Qualitative approaches
for assigning exposure intensity are subject to worker misclassification and lack the
resolution to explore temporal trends in exposure (29, 53, 90). Using historical serum data,
several researchers have estimated cumulative exposure in fluorochemical workers (64, 93,
94), and to a lesser extent, annual serum levels (96, 97). Sleeuwenhoek et al (2012) used
semi-structured interviews and walkthroughs to gather activity pattern data over time at
several fluorochemical plants (21). Woskie et al (2012) also estimated exposure over time
but used emission and historical serum data instead (29). Raleigh et al (2014) estimated
air exposure to PFAS for both production and non-production workers using available air
monitoring, activity pattern, and annual usage data (95).

Additionally, several studies have modeled background exposures utilizing a combination
of fate and transport modeling of affected waterways, water consumption rates, and

annual emission rates from the nearby fluorochemical plant to delineate between exposures
occurring at and away from the worksite (29, 64, 93).

Discussion

This review adds to the occupational PFAS exposure literature by providing a summary

of the peer-reviewed research. While previous reviews have summarized the many uses

of PFAS, contributions of PFAS exposure in community settings, and the relationship
between PFAS exposure and health, this review is the first to comprehensively evaluate
PFAS exposure data in occupational settings. The growing volume of publications over the
last 25 years is indicative of the high level of interest in understanding PFAS exposure

in the workplace, with an apparent shift towards a more diverse range of occupations of
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interest and approach to characterizing exposure (e.g. media and analytes) around 2010

that may reflect trends in exposure characterization for non-occupational populations.
Articles identified in this review reported a range of PFAS concentrations, with substantial
advancements in the capacity of analytical methods to capture a broader array of PFAS over
the last decade leading to more robust PFAS analyses in more recent years.

Information on how different workplace factors contribute to PFAS exposure has also greatly
expanded for both manufacturing and non-manufacturing settings. For manufacturing
settings, processing conditions such a high temperature, low pH, and PFAS in dry powder
form have been linked to elevated PFAS exposure. For textile manufacturing facilities,
limited bulk and dust monitoring data suggest that textile manufacturing workers that
produce flame retardant materials are at an elevated risk of PFAS exposure. For non-
manufacturing industries, factors such as building age, presence of carpeting, and the extent
of ventilation were heavily linked to PFAS exposure.

Efforts to quantify the impact of control implementation on PFAS exposure are documented
for ski waxing and fluorochemical production facilities. For both industries, the utilization
of local exhaust ventilation near the exposure source was linked to reductions in PFAS
exposure. Other measures that led to reductions include maintaining pH levels above 7 to
reduce volatilization potential and wetting PFAS-containing dry powders at fluorochemical
production facilities and replacing powder wax with block wax at ski waxing facilities.

Research Gaps

There are several major research gaps within the occupational PFAS exposure literature
that deserve consideration prior to or when conducting future exposure assessments in
occupational settings. Some of the most pressing research gaps are outlined below.

First, analytical capabilities for PFAS are rapidly improving and opportunities exist to utilize
broader panels of targeted PFAS, as well as semi- and non-targeted analytical methods.
Because of the limited biomonitoring data for short-alkyl chain PFAS and PFAS alternatives
such as chlorinated PFESAs, it is unclear whether decreases in long-alkyl chain PFAS

have been offset by increases in short-alkyl chain and alternative PFAS and if so, to what
extent. Additionally, researchers have reported major differences in the physiochemical and
bioaccumulation properties of PFAS across different isomeric forms, which can impact
toxicity (98). Researchers aiming to characterize biological PFAS exposure in working
populations may consider evaluating a broader panel of PFAS that includes short-alkyl chain
PFAS and PFAS alternatives as well as different isomeric forms.

Non-targeted analytical methods such as total oxidizable precursor assay and particle-
induced gamma emission spectroscopy have previously been used, albeit to a limited extent,
to measure total organic fluorine levels in dust and bulk samples collected from work
environments; however, to our knowledge, researchers have yet to utilize these methods to
evaluate total organic fluorine content in serum, air, or urine from occupational settings.
Future exposure assessors may consider employing a non-targeted method in conjunction
with targeted methods when evaluating PFAS levels in serum, urine, or air to place the
results of the targeted PFAS into perspective.
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Second, guidance on exposure reducing strategies and interventions is quite limited.
Researchers have evaluated the effectiveness of various controls in reducing long-alkyl chain
PFAS in fluorochemical production facilities and precursor PFAS in ski wax huts (21, 29,
39). Utilizing more robust analytical methods, researchers could assess the effectiveness

of these controls at reducing exposure to a wider array of PFAS in fluorochemical
production and ski wax facility settings. Additionally, utilizing similar study design
concepts, researchers could evaluate the effectiveness of different controls in reducing PFAS
exposure in other workplace settings where exposures are potentially high.

Third, PFAS exposure biomarkers have only been quantified for a limited number of
occupational groups. An increased emphasis on conducting biological PFAS exposure
assessments for manufacturing and non-manufacturing occupations that are not currently
well characterized could inform which industries deserve prioritization for future exposure
intervention or epidemiological studies. Specific manufacturing-related occupations where
the potential for PFAS exposure is high and the PFAS exposure biomarker data is limited or
nonexistent, include textile workers, metal plating workers, paper mill workers, incineration
workers, AFFF mixing workers, personal care product manufacturing workers, and contract
workers involved in decommissioning PFAS manufacturing facilities (99, 100).

Fourth, research utilizing traditional industrial hygiene monitoring methods are limited.
While several studies have included air monitoring of PFAS, only a fraction have conducted
personal breath zone air sampling. For workers that perform multiple job tasks throughout
the workday, area monitoring may not provide adequate resolution for evaluating inhalation
exposure in these individuals. For more accurate assessments of PFAS exposure in workers,
future air monitoring efforts may consider conducting PBZ monitoring in conjunction with
area or task-based sampling.

For many of the air sampling studies that have been conducted in non-manufacturing work
settings, researchers have only collected a very limited number (1-2) of air samples per
work environment. Researchers should take caution when interpreting the results of these
studies given their small sample sizes. Furthermore, future exposure assessment efforts at
non-manufacturing settings may consider collecting more samples to increase the power of
their data.

Fifth, research characterizing toxicokinetic factors and occupationally relevant exposure
pathways and routes is limited. Future studies of occupational exposures would benefit from
improved characterization of absorption, distribution, metabolism, and elimination to guide
the timing of biological sample collection for peek concentrations following an exposure

or periods of continuous exposure. Few studies have conducted air and biological exposure
monitoring simultaneously for workers. More efforts to assess the correlation between air
monitoring and biological exposure monitoring data would benefit researchers attempting to
better understand the relationships between ambient PFAS levels in the work environment
and biological exposure levels. Quantifying these relationships across a wide range of
ambient concentrations could contribute towards the development of biological exposure
indices, which would further strengthen the value in conducting biological exposure
assessment studies.
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Given the limited number of studies that have included sampling near the skin of workers
and the absence of studies sampling directly from the skin, it remains unclear how
important of a contributor the dermal route is across different workplaces settings. In

select manufacturing settings, such as fluorochemical production, textile manufacturing,
and metal plating facilities, the dermal route may contribute substantially towards PFAS
exposure. Future research efforts may consider addressing the dermal route when evaluating
PFAS exposure in manufacturing settings. Additionally, more experimental studies aiming
to assess the permeation efficiency of different PFAS under various, relevant occupational
conditions are warranted to place future dermal exposure results into perspective.

Lastly, given how PFAS comprise a large group of chemicals and there exists a wide

range of occupational environments with the potential for exposure, future researchers

may consider including comprehensive descriptions of their sample collection and
analytical methods for stronger comparisons across PFAS exposure studies moving forward.
Additionally, information describing the workplace conditions of the sampling environment
would also enhance the comparability of studies, as certain conditions, such as temperature,
relative humidity, ventilation performance, and pH (39, 41), can impact PFAS levels in the
work environment, partitioning behavior of individual PFAS (Table S2), and the collection
efficiency of different sampling instruments, thus affecting the interpretation of sampling
results.

Strengths and Limitations of Review

This examination of the peer-reviewed occupational PFAS exposure literature adds a much
needed assessment to the existing body of knowledge. Collection and analytical methods,
sampling results, exposure determinants for different occupational groups, exposure
estimation strategies, and important research gaps were summarized; whereas health effects
and health outcomes related to PFAS exposure were outside of the scope of this review and
were therefore not discussed.

There were a few limitations pertaining to the methodology of the review process. Due

to variations and changes in PFAS terminology over the last four decades, including
sufficiently inclusive search terms was challenging and resulted in one relevant article
from 1980 not being captured during the formal literature search. The presence of study
selection bias may have affected the studies included in the review. While some aspects
of the PRISMA standard were not integrated into the approach, the review was conducted
based on PRISMA principles, with the assistance of a librarian, a formal set of exclusion
criteria, and two reviewers to minimize this risk.

Because collection methods were not consistently defined in the literature, it was difficult

to elucidate how different sampling methodologies may have influenced the reported results
for each study. Several industries represented in this review included very limited exposure
data. Details presented in this review regarding those industries should be interpreted in that
context. Due to differences in partitioning, direct comparisons between studies that reported
PFAS levels in plasma or whole blood and studies that reported PFAS in serum should be
interpreted with caution. Descriptive statistics were not consistently reported in the literature
making it difficult to compare results.
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Conclusions

Research characterizing occupational exposures to PFAS consists of 92 studies published
over 41 years spanning a wide array of manufacturing and non-manufacturing work
environments and data collected from biological and traditional industrial hygiene sources.
Overall, findings from this review indicate that an increased emphasis on conducting robust
PFAS exposure assessment efforts in non-fluorochemical manufacturing settings may be
beneficial. As regulatory oversight and commercial trends continue to shift production
away from long-alkyl chain PFAS, an increased focus would be helpful to identify

classes of PFAS that are replacing long-alkyl chain PFAS. An improved understanding of
occupational exposure levels across various environmental and biological matrices would
inform future research aiming to better understand the relationship between PFAS exposure
and health outcomes. Epidemiological studies conducted in occupational environments
would be especially valuable in informing threshold-based recommendations, including
whether current occupational exposure limits are sufficiently protective of workers as well as
whether additional exposure limits are worth considering for different PFAS.
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Impact Statement

While PFAS are present in most indoor environments and people due to their persistence
in environmental and biological media, the occupational exposure literature indicates that
they are present at higher levels in select worker populations and work environments
where PFAS are present. Currently, workplace exposures to PFAS have only been defined
for a narrow proportion of occupational groups and industries with potential for exposure.
In providing an overview of the occupational exposure literature, this paper identifies
research gaps in the literature, assesses priorities for future research, and details current
trends in research practices and reporting.
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Figure 2. Bubble plot of PFAS chemistries analyzed in worker blood across individual studies
that sampled whole blood, plasma, or serum.

Sample data are stratified by year of collection (midpoint), industry type (shape), sample
size (shape size), and detection frequency (shaded grey).
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Figure 3. PFOA in serum, plasma, or whole blood* by population, geographic region, and year of
most recent sample collection.

Statistics include median, minimum, and maximum concentrations (ng/ml).
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**Whole blood sample. Serum concentration multipled by 1.8 for comparison to serum and
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***Plasma sample

(a) Kato et al., 2018[102]; (b) Ericson et al., 2007[103]; (c) CDC, 2019[17]; (d) Karrman
et al., 2006b[105]; (e) Laitinen et al., 2014[79]; (f) Dobraca et al., 2015[72]; (g) Rotander
et al., 2015[77]; (h) Tao et al., 2008[32]; (i) Shaw et al., 2013[71]; (j) Karrman et al.,
2006a[104]; (k) Steenland et al., 2009[101]; (1) Freberg et al., 2010[44]; (m) Nilsson et al.,
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() Fu et al., 2016[27]; (r) Costa et al., 2009[62]; (s) Zhou et al., 2014[83]; (t) Jin et al.,
2011[78]; (u) Guruge et al., 2005[31]; (v) Lu et al., 2019[68]; (w) Leary et al., 2019[70]
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Zhou et al., 2014; (I) Karrman et al., 2006a; (m) Tao et al., 2008; (n) Freberg et al., 2010; (o) Jin et al., 2011; (p) Tanner et al., 2018; (q) Wang et al., 2012; (r) Karrman et al., 2006b; (s) Rotander et al., 2015; (t) Olsen et al., 2007;

(u) Gao et al. 2016; (v) Fu et al.,, 2016
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. Non-occupational populations

‘ Firefighters and first responders

A Ski wax technicians

@ Fluorochemical manufacturing workers

<> Other occupational populations

10000 100000

Figure 4. PFOS in serum, plasma, or whole blood* by population, geographic region, and year of

most recent test.

Statistics include median, minimum, and maximum concentrations (ng/ml).
*Upper limit based on 95th percentile
**Whole blood sample. Serum concentration multipled by 1.8 for comparison to serum and

plasma
***Plasma sample

(@) Guruge et al., 2005; (b) Leary et al., 2019; (c) CDC, 2019; (d) Shaw et a I., 2013; (e)
Nilsson et a 1., 2013; (f) Laitinen et al., 2014; (g) Nilsson et al., 2010; (h) Dobracaetal.,
2015; (i) Ericson et al., 2007; (j) Lu et al., 2019 (k)Zhou et al., 2014; (1) Karrman et al.,
2006a; (m) Tao et al., 2008; (n) Freberg et al., 2010; (o) Jin et al., 2011; (p) Tanner et al.,
2018; (g) Wang et al., 2012; (r) Karrman et al., 2006b; (s) Rotander et al., 2015; (t) Olsen et
al., 2007; (u) Gao et al. 2016; (v) Fu et al., 2016
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Table la.
Summary of median serum PFAS levels in workers stratified by industry (ng/mL).
PFAS 101- 1,001-
Groups | PFAS <LOD LOD-<1 1-10 11-100 1,000 loooo  >10.000
F (32¥ 70-73, 74" P (6. 21, *
et Fee,p  s8Terh P8
PFOA w (847 SRTOLTT IO (59 s ey, 65%69, 5B p(e0)
(85 1067, OF (387 W (83) S@at 5960,
74, T (857) aoh 6260
)
F (32% 70, 73,
4% 76577, 0 F (71-72, 78, 79), OF
PENA P (68) ; (387), P (66), T (859, S (427 819
(747, W (847)
PFCAs F (73,747 78,
819, oF (387, 0 (31), S (427,
PRRXA | "p (68), s (44, 44)
817), w (83)
PFBA F (73(4 Z‘)l*)v S st 4819 W (83) P (68)
F (72,73, 757, F (71-73, 767,
767,77,78,0  77),0(85), OF 4
oter | (31) oF 38hy  (38N.Pe6)s T P(E6).SEA2% yy gq
(31), (387), P glf)’w(gg)
P (68), S (81¢), (4274, 44), T
W (83) (85" W (83, 84)
F (32% 72,
" 7= . P (26—
F (70, 71, 74 ™ 767), 705('1(7);,)79;' P (58" 27(55*,
PFOS 0(31) O (31 85), OF (387 65" 66)' S 59% 617 s W (83)
747, T (857 w2t 44 65768 oo
81%), w (847
¥ %
PFSA 0 (1, ), P 72 7(‘356 7‘7;);—7739)7 4OF P
S | PFHxs 66), T (857), W A ' F (7 61,63,
X (6) (827‘))3 (387747, s (427, 44, 7 67), W
819 (83)
F@s7,77), s F (73,74), OF P (67), W
PFBS 8i¢ ' (747, P (66), S 83) P (85)
@17 (@29
F(72,78),P 4
Oer | (69), s (427 Sz
F (73,747 757, ]
A ) F(72,757),s
Precursor PFAS 767), OF (38), ' ' S (4274, W (83 P (617)
P (68), S (427, (42% (427, W (83) (19
44)
Other PFAS s (429 P (687 M (307 M (307

*
Reported mean value only

fReported geometric mean value only

7

Whole blood analyzed (whole blood values multiplied by 1.8)

¥ .
plasma fraction analyzed
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Industry Key: F — firefighters and first responders; M — metal plating manufacturing workers; OF — office workers; P — fluorochemical production
workers; S — ski wax technicians; T — textile manufacturing workers; W — wranglers/fishermen; O — other workers
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Table 1b:
Summary of median air PFAS levels in work environments stratified by industry (ng/m3).
PFAS 1,001~ 10,001~
Groups PFAS | <LOD LOD-<1 1-10 11-100 101-1000 35000 100000  >100.000
" ) P39, s
PFOA P (26 S (44 PE9).T :
(26) (44) S (357 50) 22) 357 S(357%
PENA S (357 50) T(22) S (357
S35
PFCAS | PFHxA 50), T S (3579
(22)
PFBA T2
other | T (22 s (44(1,25;3), T S ((5202)5 T
S(44), T
PFOS 22) P (26)
PESAS PFHXS | S (44) P (26)
PFBS
Other S (357 S (357 S(357) S(357)
C (477 48), "
waho o6
FTOHs owst a7 (34737, ot gt O )R s ((5202)5 T s@sY
OF (ah T e @ 146"
467477, R )‘49)( ’
(49)
Precursor o (337, A
PFAS | FosEs | cw8) 349 oF O3 OF
, 7 37%
39) (247 377)
?3(;‘%) ’g" C48),M
' l
Other | oF 247y  (377), OF (377)’ ° 0@7).R 0 (377
/e @1h0F @77
(247,347, @37
38), R (49)

*
Reported mean value only

fOnIy 1 sample collected

Industry Key: C — classroom/lectures/school; F — fire stations; H - hotels; OF — office buildings; M — metal plating manufacturing facilities; P —
fluorochemical production facilities; S — ski wax technicians; T — textile manufacturing facilities; O — other work environments
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