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ABSTRACT: A first global emission inventory of C,—Cy,
perfluoroalkanesulfonic acids (PFSAs) released during the life
cycle of perfluorohexanesulfonyl fluoride (PHxSF)- and
perfluorodecanesulfonyl fluoride (PDSF)-based products is
presented. This study complements previous research on
emissions of PFSAs that focused largely on the life cycle of
perfluorooctanesulfonyl fluoride (POSF) and its derivatives. It
reviews and integrates existing information about the life cycle
of PHxSF, PDSF, and their derivatives; the limited data
available in the public domain point to potentially significant
global production, uses, and releases of these substances.

Production of POSF

Modeled vs. Measured
Levels

Releases During Life Cycle

Y
N ]
PFHXS & PFDS & 5
Precursors Precursors 3
D @
~—_ — E g
a3
--------------- o O
Y 0
N ] x
T
w
POSF-based o
Products
Containing
Homologue
Impurities

Between 1958 and 2015, ranges of total emissions of perfluorohexanesulfonic acid (PFHxS) and perfluorodecanesulfonic acid
(PFDS) are estimated to be 120—1022 and 38—378 metric tons, respectively. With the new emission estimates as inputs in a
global multimedia environmental fate model (CliMoChem), the model-derived environmental concentrations well capture the
reported field concentrations, providing strong support for the plausibility of the developed emission inventories. The results
highlight the ongoing environmental exposure to these substances and the need for more detailed data in the public domain

about their production levels and uses.

B INTRODUCTION

Substantial efforts have been made in recent years to
understand the emissions of perfluoroalkanesulfonic acids
(PFSAs) and their precursors into the environment and their
subsequent fates. A strong focus has been on the life cycle of
intentionally produced perfluorooctanesulfonate (PFOS), its
parent compound perfluorooctanesulfonyl fluoride (POSF),
and related precursors.'* In contrast, much less is understood
about the global production, use, and releases of the six-carbon
chain (C4;) homologue, perfluorohexanesulfonyl fluoride
(PHxSF), the 10-carbon chain (C,y) homologue, perfluoro-
decanesulfonyl fluoride (PDSF), and their derivatives,
including perfluorohexanesulfonic acid (PFHxS) and
perfluorodecanesulfonic acid (PFDS).

Although publicly available information is limited, there are
indications that the historical and/or ongoing global
production, use, and release may have resulted in substantial
environmental and human exposure to PFHxS, PFDS, and
their precursors: (1) The thermal and chemical stability, in
addition to the hydro- and oleophobicity, of the perfluoroalkyl
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moiety (C,F,,,;-) allows PFHxS, PFDS, and their precursors
to be used as surfactants and/or surface protectors in a wide
range of applications. Reported examples for uses of PFHxS
and its precursors include the following: as additives in
aqueous firefighting foams (AFFFs),"~” metal plating,'~"*
textiles and upholstery,''® polishing/cleaning agents,'”'® and
impregnation/proofing agents.'” For details about individual
uses, see the risk profile recently developed under the
Stockholm Convention.”” PFDS is reported to have been
used as a wetting agent in floor polishes.”' (2) Historically, 3M
produced these substances on a large scale until 2002, with
reported production volumes of approximately 228 metric tons
(t) of PHxSF and 11 t of PDSF in the United States in 1997.>*
(3) Recently, some manufacturers in China and Italy have
reportedly produced PFHxS and its precursors,”> > poten-
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tially as replacements for PFOS and its precursors. (4) PFHxS
and PFDS are non-naturally occurring substances that have
been frequently detected at measurable concentrations in
various matrices, including ocean surface water (presented here
and in Section S4 of the Supporting Information), drinking
water sup]2:>lies,26 blood serum of ﬁreﬁghters,27’28 and house-
hold dust.”” Many studies have further quantified both human
and environmental exposure to PFHxS and PFDS globally, and
these have recently been aggregated and analyzed for
significant time trends.”

PFHXxS, its salts, and related comgounds have been
nominated to the Stockholm Convention,”" and in September
2018, it was found®” that “these substances are likely, as a
result of their long range environmental transport, to lead to
significant adverse human health and environmental effects
such that global action is warranted”. PFHxS and its salts were
also recently added to the European REACH Candidate List of
Substances of Very High Concern (SVHC) for their very
persistent and very bioaccumulative (vPvB) properties.*”

To support the ongoing evaluation process under the
Stockholm Convention and to help to improve the under-
standing of the overall magnitude of human and environmental
exposure to these chemicals over time, this study presents
global emission inventories of C,—C,, PFSAs and their
precursors throughout the life cycle of PHxSF, PDSF, and
their derivatives.

B MATERIALS AND METHODS

This study builds on our earlier study of POSF and its
derivatives’ and used the same methodology to develop and
validate the emission inventories. In brief, the inventories were
calculated by integrating information about the production,
use, and disposal of relevant chemicals collected and
extrapolated from publicly accessible information with
emission factors of respective life stages estimated in our
earlier study” (Figures S2—S4 offer a schematic overview of the
calculations in the Supporting Information). The inventories
were then used as inputs for the global mass-balance
environmental fate model, CliMoChem, to estimate environ-
mental concentrations, which were then compared to field
measurements. Given the limited availability of data and
uncertainties in the parameters involved, ranges of plausible
values were implemented in the inventory calculations
whenever possible, which resulted in ranges of plausible
emission levels and estimated environmental concentrations.
Here, the fundamental aspects of the methodology, in
particular modifications in comparison to our previous
study,” are highlighted. Details, including an uncertainty
analysis, are provided in the Supporting Information.

Quantification of Production Volumes. Compared to
POSF and its derivatives, only limited quantitative information
is available for the production of PHxSF, PDSF, and their
derivatives. Theoretically, PHxSF and PDSF may be either
intentionally produced by electrochemical fluorination (ECF)
of their nonfluorinated analogues®® or unintentionally
produced as byproducts during production of their homo-
logues by ECF (e.g, POSF).» ™7

Two important hypotheses guided the inventory develop-
ment. First, we hypothesized that, apart from currently not
quantifiable intentional production of PHxSF and its
derivatives in China and Italy,”>** all of the other PHxSF
and PDSF that has existed on the market originated as
unintentional impurities during production of POSF. This is

based on the following considerations. (1) Production of
PHxSF, POSF, and PDSF competes for the same production
facilities. (2) The performance of PFHxS and its precursors is
likely considerably lower than that of PFOS and its
precursors.”*” (3) Although the performance of PFDS and
its precursors is likely similar to that of PFOS and its
precursors,” the production yields of PDSF are likely
substantially lower than those of POSE.*" Second, we further
hypothesized that prior to 3M’s phase-out of POSF-based
products in 2000—2002,>* manufacturers in the United States,
Western Europe, and Japan [collectively here termed country
group 1 (CG1)] made the best use of the unintentionally
produced PHxSF and PDSF impurities to maximize resource
efficiency and profits from the same reaction process. We
hypothesized that this PHxSF and PDSF were extracted from
the produced POSF (e.g., using distillation) and converted into
products that are mentioned in the Introduction. This is
supported by earlier 3M documentation.””*" In contrast,
manufacturers in China were hypothesized to not have
extracted unintentionally produced PHxSF and PDSF
impurities from their POSF production. This is based on
high levels of PFHxS found in three commercial PFOS
products manufactured in China.**

Past and ongoing intentional production of PHxSF, PDSF,
and their derivatives in China and Italy*>** cannot be
quantified and is not included here because no public
information about their production volumes could be found.
However, these volumes are expected to be much smaller than
the sum of historical and ongoing unintentional production as
impurities and are thus expected to have a minimum impact on
the overall results and conclusions presented. This is based on
the following considerations. (1) No PHxSF or its derivatives
were identified to have been registered under the European
chemicals regulation (REACH) as of September 2018; i.e., any
current annual production levels in Italy must be <1 t/year.*’
(2) One study reported that PFHxS production by one major
producer in China began only in 2009 and was then ceased in
2012;** however, the sources of this information are not
referenced in that study.

Using the production volumes of POSF, PHxSF, and PDSF
reported by 3M in 1997 (where PHxSF and PDSF were
assumed to be unintentional byproducts),”” we scaled down
the annual POSF production volumes from 1958 to 2030
developed in our previous study’ to estimate annual PHxSE
and PDSF production volumes. As the mixture produced by
the electrochemical fluorination process may vary from plant
to plant due to differences in process conditions, raw materials,
and equipment,’” we made the following assumptions. (1) For
production between 1958 and 2002, almost all production of
POSF occurred in CG1, and we used scaling factors of 12% for
PHxSF and 0.6% for PDSF derived from the 3M values for
1997.%* The scaling factor for PHxSF is also in good agreement
with measurements reported in the risk profile of PFHxS and
related substances under the Stockholm Convention.”® (2)
From 2002 and onward, production of POSF mostly occurred
in China and increased after 3M’s phase-out in 2002.** For this
Chinese production, we applied a scaling factor of 9.3% to
previously estimated POSF production levels in China® to
calculate annual PHxSF production volumes. This factor was
derived from the average of three reported impurity fractions
of PFHxS in commercial PFOS samples from Chinese
manufacturers.”” No reported levels of C,, impurities in
Chinese commercial PFOS or its precursors were found, and
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therefore, we used the same scaling factor of 0.6% as used in
CG1 to represent PDSF production as impurities in POSF
produced in China. Detailed annual production estimates are
provided in section S2.1 of the Supporting Information.

Quantification of Emissions. In accordance with our
earlier study,” emissions of PHxSF, PFHxS, and its major
precursors perfluorohexanesulfonyl sulfonamide/-amidoethan-
ols (xFHxSA/Es), as well as of PDSF, PFDS, and xFDSA/Es,
from the manufacturing, use, and disposal phases were
calculated across the lifetimes of products containing relevant
substances. Where limited information was available, higher-
and lower-bound scenarios were applied to the parameters to
generate a range of plausible emissions. The following key
scenario ranges were applied. (1) Given the large number of
potential products and their varying emission rates during use
and disposal, lower and higher fractional releases of all
substances from consumer use and disposal into the environ-
ment were applied (10% vs 100%). (2) As polymeric
precursors have degradation half-lives that are much longer
than those of nonpolymeric precursors, they were separately
considered in the calculations. Given the uncertain mix of
nonpolymeric versus polymeric precursors manufactured in
CGl1, two scenario values of estimated polymeric-to-non-
polymeric ratios were considered (20% polymers vs 80%
polymers). (3) Given the uncertain degradation half-lives of
polymeric products, lower and higher scenario degradation
half-lives were considered (100 years vs 10 years). A detailed
description of the specific parameters used in the calculations
of the emissions (e.g, production volumes, manufacturing
emission factors, polymeric ratios, and homologue composi-
tions) is included in section S2 of the Supporting Information.
The developed C4 emission inventory also considered relevant
emissions of Cg impurities from the developed C,, inventory
and vice versa.

Modeling and Comparison with Field Measurements.
The resulting emission inventories were input into the
CliMoChem model, which divides the Earth into 10 latitudinal
zones of 18° width and contains environmental compartments
of tropospheric air, bare and vegetation-covered soil,
vegetation, oceanic surface water, snow, and ice. Details of
the model’s structure and processes were provided in previous
studies.**™** The model was run separately for the C4 and Cy,
substances at a monthly resolution from 1958 until 2030. The
estimated yearly emissions of PHxSF, PDSF, PFHxS, PFDS,
xFHxSA/Es, and xFDSA/Es were equally distributed over each
year and assigned to latitudinal zones based on reported*> and
estimated geographical distributions of production, use, and
disposal. Partition coefficients as well as degradation pathways,
rate constants, and yields in individual compartments were
defined in the model largely based on values reported for the
corresponding Cg homologues of the substances because only
limited studies*””® of these parameters for the Cq4 and Ci,
homologues were available. All details about the input
parameters and modeling scenarios applied are provided in
section S3 of the Supporting Information.

The modeled environmental concentrations in ocean water
were compared with reported field concentrations in oceanic
surface water for PEHxS*' ™% and PFDS.*® Comparable field
concentrations in other environmental compartments were not
available. As the CliMoChem model estimates average
concentrations within a latitudinal zone, it can be expected
that model results are similar to measured concentrations at
background sites far from source regions.”’ Therefore, only

reported measurements from field sites representing back-
ground concentrations were considered for comparison.
Results from sites on industrialized land, surrounded by
industrialized land, or near likely sources were not compared
with model results. For example, there are measurement results
available for, e.g, groundwater,62 surface water,” and soil;**
however, such local contamination cannot be captured in the
CliMoChem model because of its different geographical
resolution. Field data that reflect “not detected” or “not
quantifiable” concentrations of PFHxS and PFDS were not
included for comparison.

B RESULTS AND DISCUSSION

Estimated Global Sum Emissions from PHxSF- and
PDSF-Based Products. The estimated emission inventories
are summarized in Table 1, including the estimated range of

Table 1. Ranges of Global Estimated Emissions of PFHxS
and PHxSF from the Life Cycle of PHxSF-Based Products
and of PFDS and PDSF from PDSF-Based Products
(rounded to the nearest metric ton)

1958—2002 2003—2015  2016—2030
(t) (t) (t) total (t)
PFHxS
(1) emissions from 86—86 2-2 0-1 88—89
production®
(2) emissions from 6—307 3-30 1-21 10—358
use and disposal

(3) emissions from 1-410 1-124 1-66 3-600
degradation of
«FHxSA/Es”

(4) emissions from 20-61 1-2 0-1 21-64
degradation of
PHxSE”

total 113—-864 7—-158 2—-89

PFDS

(1) emissions from 4-5 0 to <1 0 to <1 4-5
production®

(2) emissions from 33-358 0-6 0—1 33-365
use and disposal

(3) emissions from 0-3 0-2 0-1 0-6
degradation of
xFDSA/Es”

(4) emissions from 1-4 0 to <1 0 to <1 1-4
degradation of
PDSE”

total 38—370 0-8 0-2 38—380

PHxSF

(1) emissions from 78-78 2-2 0-1 80—81
production®

PDSF

(1) emissions from 4—4 0to <1 0to <1 4—4
production”

122—1111

“Ranges of calculated emissions from production are often small
because of the use of single emission factors and production volumes
as well as the small uncertainty range of the homologue composition
of products (see sections S2.1.2 and S2.1.4 of the Supporting
Information). “These values were estimated by the degradation
processes implemented in the CliMoChem model.

global total emissions for PFHxS, PFDS, PHxSF, and PDSF
and from individual source categories for three time periods. A
majority of the emissions are estimated to have occurred from
production within CG1 countries during the period before
3M’s phase-out of POSF-based products, with emissions of
PFHxS predicted to continue from product use and disposal
(1-21 t) and degradation of xFHxSA/Es (1—66 t) between

DOI: 10.1021/acs.estlett.8b00531
Environ. Sci. Technol. Lett. 2019, 6, 1-7


http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.8b00531/suppl_file/ez8b00531_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.8b00531/suppl_file/ez8b00531_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.8b00531/suppl_file/ez8b00531_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.8b00531/suppl_file/ez8b00531_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.8b00531/suppl_file/ez8b00531_si_001.pdf
http://dx.doi.org/10.1021/acs.estlett.8b00531

Environmental Science & Technology Letters

Zone 1 (72°-90°N) Zone 2 (54°-72°N) Zone 3 (36°-54°N)

=
£ 8 ° 40
g ‘% 40 o 30
BE . 30
£5 w P 2 : :
g3 o! 20 8
=& 20 o
o = S 8
- B 20 10
2o 10 & 10
o= © 2 e
= e — :
0 0 0
s 1960 1980 2000 2020 1960 1980 2000 2020 1960 1980 2000 2020
Year Year Year
E Zone 4 (18°-36°N) Zone 5 (0°-18°N) Zone 6 (18°S-0°)
£ 10
g3 oo
5 8 . 8 °°
=2
3 § 20 10 & 6
5% ’ 4 :
23 10 5 % g
&= 2
a3 g
3 e
0 0 0
1960 1980 2000 2020 1960 1980 2000 2020 1960 1980 2000 2020
Year Year Year
—— Higher Scenario
O Measured

Lower Scenario

Figure 1. Modeled concentrations (assuming 80% polymeric compounds in CG1) vs measured field concentrations of PFHxS in oceanic surface
water in 1958—2030 in zones 1—6 with different y-axis scaling for each.”' = Results for the remaining zones are shown in Figure S8. Figure S9

shows very similar results for modeled concentrations using the scenario of 20% polymeric compounds in CGI.

2016 and 2030. The unintentional production of PHxSF-
related substances as impurities in Chinese manufacturing of
POSF-based products is therefore estimated to be far less
significant in comparison. Further emission inventory estimates
are available in section SS of the Supporting Information.

Modeled versus Measured Environmental Concen-
trations of PFHxS and PFDS. In Figure 1, the modeled
environmental background concentrations of PFHxS in
oceanic surface water, derived from the emission inventories
assuming 80% polymeric products in CG1, are compared with
field measurements. The model results are plotted for different
latitudinal zones with the higher and lower model scenarios
shown by the gray band. All results comparing modeled and
measured environmental concentrations, including for PFHxS
assuming 20% polymeric products in CG1 as well as for PFDS
in oceanic surface water, are provided in section S5.2 of the
Supporting Information and show similar trends. The modeled
concentrations rise most rapidly in zone 3, where most
production is estimated to occur, and they reach a peak range
around 2002 of approximately S—40 pg/L for PFHxS (5—S0
pg/L for the 20% polymeric scenario) and 2—25 pg/L for
PFDS. More northern and southern zones show an increasing
delay before concentrations begin to rise after the start of
production and in reaching peak concentrations. An increasing
delay in these zones can also be seen before modeled
concentrations begin to decrease following 3M’s phase-out
that began in 2000. Such increasing delays are attributed to
increasing distances from the emission source zone.

The reported field concentrations generally fit well within
the range of modeled concentrations for both PFHxS and
PEDS, and all field concentrations are well within the same
order of magnitude as the modeled ranges. For PFHxS, >85%
of the field concentrations are within the modeled range for
zones 2—4. For PFDS, three of the five available field

measurements are within the modeled range. Resulting
model concentration ranges for the 20 and 80% polymeric
scenarios in CG1 are very similar for most zones and result in a
maximum peak concentration difference of approximately 20%
(10 pg/L) for PFHxS in zone 3 and <1% for PFDS. The
measured field concentrations fit well within resulting modeled
concentration ranges from both scenarios.

These results offer strong support that the two emission
inventories presented here are plausible and that the
hypotheses regarding the historical production volumes of
PHxSF- and PDSF-based products are reasonable. The lack of
quantitative data on production, uses, disposal, and degrada-
tion-related parameters for the substances in the inventory
calculations made it necessary to make estimations and
assumptions, which have in turn introduced uncertainties
into the results. Some of the greatest uncertainties are expected
to be within the production and use volumes, the emission
factors from the use and disposal phase, and the degradation of
polymeric precursors. In addition, there are some known but
currently unquantifiable uncertainties, such as potential delays
from natural reservoirs such as groundwater and inland surface
water. However, many of these uncertainties are expected to
have been captured by the lower and higher scenarios of the
inventory calculations and modeling parameters. Future studies
may help to further narrow the uncertainty range and identify
currently existing unknown unknowns. A review of the
estimated uncertainties for the applied parameters is provided
in section S5.3 of the Supporting Information.

Implications from This Study and Future Perspec-
tives. The modeling results show that elevated environmental
concentrations of PHxSF, PDSF, and their derivatives are
expected to continue for decades to come, and zones farther
from the source regions have not yet even reached their
estimated peak concentrations. These estimated trends are
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likely to be widely representative on a large geographical scale;
however, the currently nonquantifiable emissions of intentional
production in Italy and China of PHxSF-based products may
increase levels of local exposure in some areas and cannot be
captured by the current study.

Ongoing environmental exposure to these substances has
also been discussed in a recent review of trends in
concentrations of per- and polyfluoroalkyl substances (PFAS)
in various media.”’ The authors found that PFHxS levels in
wildlife have primarily either increasing or inconsistent trends.
Trends in PFDS concentrations measured in wildlife were
varied or indeterminable. Another recent study was able to
reconstruct historical human serum concentrations of PFOA
and PFOS after 3M’s 2000—2002 phase-out but not that of
PFHxS.®® This highlights the need for data with a high
regional/local resolution to better understand the exposure of
certain populations to PFHxS and PFDS.

The results from developing the emissions inventories in this
study, as well as from the other recent efforts,””®" underscore a
need for a better understanding of the emissions and
environmental fate of especially PFHxS precursors. This is
notably urgent because these substances have been identified
to fulfill the criteria for persistent organic pollutants® and were
found to likely lead to significant adverse effects on human
health and the environment.”” In addition to the need for
better, publicly available data on production and uses, samples
from ongoing, long-term human and wildlife biomonitoring
programs should also be continually analyzed for PFASs in the
future to monitor environmental exposure and assess the
effectiveness of risk mitigation actions.

This study helps to improve the understanding of the
historical production and fate of PHxSF- and PDSF-based
compounds. However, even these substances are often
considered “legacy” PFASs and have at least some data
available enabling the estimation of their environmental
emissions. Future efforts should specifically focus on the
potentially hundreds to thousands of other, newer PFASs
currently on the market with practically no information
publicly available describing their production, uses, or
releases.”” This remains a key, ongoing aspect to be addressed.
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