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Environmental signicance

Although we estimate that only�2% of U.S. and Canadian food packaging
contains intentionally added PFASs, this level of addition results in PFASs
ows of 9000 (range 1100–25 000) and 940 (range 120–2600) tonnes per
year. Most of the PFASs are polymeric, but we estimate a minimum of 11
tonnes per year of nonpolymeric and hence mobile and potentially bio-
accumulative PFASs are contained in U.S. and Canadian food packaging.
PFASs in food packaging have the potential to contaminate the waste
stream (e.g., recycled materials, compost, landll leachate), and the
environment from releases to air, water and soils. The estimated low usage
of intentionally added PFASs suggests that alternatives are available and
hence PFASs can be eliminated from this non-essential use. The preva-
lence of non-intentionally occurring PFASs in food packaging is more
problematic. Our estimates are a benchmark for comparison, as juris-
dictions deliberate PFASs reduction strategies, e.g., U.S. EPA PFAS Stra-
tegic Roadmap of 2021, and as other jurisdictions may follow the 7 U.S.
states that have adopted legislative bans on PFAS use in food contact
materials.
Numerous per- and polyfluoroalkyl substances (PFASs) occur in

consumer food packaging due to intentional and unintentional addi-

tion, despite increasing concern about their health and environmental

hazards.We present a substance flow analysis framework to assess the

flows of PFASs contained in plant fiber-based and plastic food pack-

aging to the waste stream and environment. Each year between 2018

and 2020, an estimated 9000 (range 1100–25 000) and 940 (range

120–2600) tonnes per year of polymeric PFASs were used in 2% of

food packaging in the U.S. and Canada, respectively. At least 11 tonnes

per year of non-polymeric PFASs also moved through the food

packaging life cycle. Approximately 6100 (range 690–13 000) and 700

(range 70–1600) tonnes per year of these PFASs were landfilled or

entered composting facilities in the U.S. and Canada, respectively, with

the potential to contaminate the environment. The results suggest that

minimal food packaging contains intentionally added PFASs which,

nonetheless, has the potential to contaminate the entirewaste stream.

Further, this indicates that PFASs are not needed for most food

packaging. These results serve as a benchmark to judge the effec-

tiveness of future industry and government initiatives to limit PFAS use

in food packaging.
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H-Zürich, Switzerland

ifornia, Berkeley, USA

Dame, USA

l Affairs, Indiana University, USA

ronto, Canada

mation (ESI) available. See

e rst author was at the University of

of Toxic Substances Control 1001 I St.,

n Science (Ministry of Education), School
l University, Shanghai 200241, China

cts, 2022, 24, 2032–2042
1 Introduction

Per- and polyuoroalkyl substances (PFASs) are a class of more
than 4700 non-polymeric (e.g., peruoroalkyl acids) and poly-
meric (e.g., uoropolymers, peruoropolyethers, and side-chain
uorinated polymers) substances.1 PFASs have been detected in
paper- and plastic-based consumer food packaging, e.g.,
popcorn microwave bags,2 dessert/bread wrappers,3 Tex Mex
food packaging3 and “eco-friendly” plant ber-based food
packaging.4 Previous studies have revealed the presence of
peruoroalkylcarboxylic acids (PFCAs), peruoroalkanesulfonic
acids (PFSAs), uorotelomer alcohols (FTOHs) and phosphate
esters (PAPs and diPAPs) in food packaging,3,5–10 with recent
evidence of the use of polymers such as side-chain uorinated
polymers.11,12 A recent European-wide survey has conrmed the
widespread use of PFASs in disposable food packaging and
tableware.13

The strong chemical and biological stability of the per-
uorinated carbonmoieties1,14 leads to the high persistence and
accumulation of many PFASs in the environment,15,16 biota17,18
This journal is © The Royal Society of Chemistry 2022
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and humans,19,20 with the potential for serious environmental
and human health harm.21,22 Some PFASs present in food
packaging can be transferred to food or air through food contact
and heating processes, leading to human exposure through
ingestion and inhalation.23,24 Disposal of packaging waste can
lead to the environmental release of PFASs via landll
leachate,25,26 compost application27 and biosolids, and effluent
discharges from wastewater treatment plants (resulting from
inputs due to human exposure).28–30

The United States (U.S.), through the Food and Drug
Administration (FDA), has a list of PFASs authorized for use in
food packaging;31 however, information is lacking on the actual
usage of these PFASs in food packaging production, or whether
manufacturers are using non-authorized PFASs. Canadian
regulatory oversight of PFASs use in food packaging is more
complicated due to the lack of a public list of authorized PFASs
(ESI, Section S1 and Table S1†).32 However, as a signatory to the
Stockholm Convention, Canada restricted the use, sale and
importation of PFOS and PFOS-containing products in 2008
with exemptions, and in 2012 restrictions were applied to PFOA,
its salts and precursors, namely long-chain or LC-PFCAs, again
with specic exemptions.33–35 A further tightening of these
regulations with reduced exemptions was recently introduced to
the Canadian Parliament.36

The U.S. Environmental Protection Agency (EPA) initiated
the PFOA (peruorooctanoic acid) 2010/2015 Stewardship
program in 2006, including PFOA, its long-chain homologues
and their precursors. In 2020, a voluntary agreement was struck
between the U.S. FDA and manufacturers of grease-proong
agents used in paper and paperboard food packaging, to
phase out the use of PFASs derived from 6 : 2 FTOH by 2024.37

This agreement was prompted by new evidence suggesting
signicant potential human health risks arising from chronic
dietary exposure.38 Further, a recent report from the Organisa-
tion for Economic Co-operation and Development (OECD) has
argued for more regulation of these compounds in food
packaging.39

Since the 2006 agreement, PFASs manufacturers in North
America and Europe largely replaced long-chain PFASs with, for
example, shorter-chain homologues and other PFASs such as
peruoropolyethers. Short-chain replacements are as persistent
as long-chain PFASs, and even more difficult to remove from
water treatment systems.40 The other major replacement, poly-
meric PFASs, notably side-chain uorinated polymers, also
present environmental and human health concerns because
they contain non-polymeric PFASs impurities and can degrade
into non-polymeric, persistent and mobile PFASs.11,14,28,41,42

Little is known about the fate of PFASs used in food pack-
aging, such as how much is released into the environment and
from where these releases occur. Substance ow analysis (SFA)
is a useful tool for understanding the major inputs and outputs
of a system in order to prioritise action,43 including, for
example, PFASs in carpets.44 To date, the stock and ows of
PFASs that transfer PFASs used in food packaging to various
waste streams have not been estimated. Our goals were to
develop a general SFA framework for PFASs in food packaging
and, as a case study, apply it to the U.S. and Canada for a year
This journal is © The Royal Society of Chemistry 2022
representative of 2018 to 2020. This case study illustrates the
potential of PFASs used in food packaging to contaminate the
waste stream and environment, and it provides a benchmark
against which to judge the effectiveness of jurisdictional
initiatives to limit the use of PFASs in food packaging.

2 Methods
Substance ow analysis framework

The SFA framework includes the three life stages of food
packaging: production, use and end-of-life (Fig. 1 and ESI
Section S2†). Five transient and permanent sinks of PFASs were
identied: food packaging storage, human storage, landll
storage, destruction by incineration, and environmental
storage. Eqn (1) describes the variation of PFAS mass (MPFAS) in
food packaging over time.

dMPFAS

dt
¼ inflowPFAS � outflowPFAS

¼ FFP þ F4;1 �
�
F1 þ Fproduction þ Fstorage

�
(1)

where FFP is the ow of PFASs produced for food packaging, F4,1
is the ow from discarded food packaging that is recycled back
to food packaging, F1 is the ow from the sales of food pack-
aging, Fproduction is the ow released to the environment (i.e., air
and surface water) during the production of food packaging,
and Fstorage is the outow in stored food packaging.

Fig. 1 describes the ows of PFASs present in consumer food
packaging. The framework includes releases during PFASs
production as a potential source to the environment,1 as iden-
tied by FPFAS prod in Fig. 1. We also note that municipal
compost originates from post-consumer use of food packaging
that is sent to municipally run composting facilities and
biosolids originate from wastewater treatment plants. Addi-
tionally, we have included the land application of biosolids for
agricultural purposes through the ow as Fbio. to env.

Based on their PFAS content and origin (described in ESI
Section S1†), food packaging can be divided into three cate-
gories. Category 1 (“functional” category) corresponds to food
packaging with PFASs intentionally added, including plant
ber-based packaging with sufficient PFAS(s) to confer water-
and grease-repellency, such as popcorn bags45 and plant ber-
based (marketed as “compostable”) bowls,3 as well as plastic
packaging with uoropolymers as extrusion aids.46,47 Category 2
(“non-functional” category) includes food packaging with the
unintentional addition of PFASs during manufacturing (e.g.,
from recycled materials, cross contamination, or lubricants in
machinery used to produce packaging) in a quantity insufficient
to provide functionality such as repellency properties.48 Cate-
gory 3 (“no PFASs” category) corresponds to food packaging free
of PFASs.

SFAs were parameterised for the three categories of food
packaging (see above) and two groups of PFASs: rst, polymeric
ones (including side-chain uorinated polymers and per-
uoropolyethers that are usually contained in paper-based food
packaging,49 and uoropolymers that have been found in
plastic-based food packaging50), and, second, non-polymeric
compounds, e.g., uorotelomer (FT) alcohols (n:2 FTOHs), FT
Environ. Sci.: Processes Impacts, 2022, 24, 2032–2042 | 2033
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Fig. 1 A schematic overview of the general substance flow analysis (SFA) framework for PFASs in consumer food packaging (FP). The numbered
flows are quantified in the case study. “Environment” is used to designate air and surface water. Values indicated correspond to the estimated
flows of total PFASs in the U.S. (in tonnes per year).
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sulfonates (n:2 FTSs), FT acrylates (n:2 FTAcs), FT methacrylates
(n:2 FTMAcs).
Case study

We constructed two SFAs for food packaging (e.g., paperboard,
plastic pouches, fast food wrapping paper, plant-ber bowls):
one for the sum of polymeric PFASs and another for the sum of
non-polymeric PFASs. Many of these non-polymeric compounds
can be production residuals, impurities, by-products and
degradation products of polymeric PFASs, or unintentional
contaminants.11,48

We considered a reference year between 2018 and 2020. Only
a limited number of ows could be estimated due to a lack of
information. To address some of these data gaps and to
recognize the uncertainty in our estimates, we provided a range
of estimates approximating low, middle and high scenarios,
presented as middle (low–high), for parameter values.

For the two categories of food packaging containing PFASs,
i.e., with functional (e.g. PFASs added to confer grease- and
water-repellency) and non-functional (e.g. inadvertent PFASs
that do not confer grease- and water-repellency) concentrations,
we estimated the polymeric and non-polymeric PFASs content
2034 | Environ. Sci.: Processes Impacts, 2022, 24, 2032–2042
as a middle value bounded by low and high estimates, by
combining information provided in the U.S. FDA Inventory of
Effective Food Contact Substance Notications31 (ESI Table S1†)
with data from the literature.

Using information provided in patents,51 we assumed the
maximum concentration of polymeric PFASs in food packaging
with functional PFASs addition (Cfunctional) to be 1.2% by weight
of nished packaging (high scenario), and the middle scenario
to be 0.5% (i.e., approximately half the maximum value rec-
ommended for use) (Table 1 and ESI Section S3†). The
minimum concentration to confer functionality such as water-
and oil-repellency is 0.1% by weight of nished paper.51 For
food packaging with non-functional addition of PFASs, we took
0.01% by weight of nished paper as the maximum concen-
tration of polymeric PFAS, which is the 10% of the minimum
concentration assumed for functional addition of PFASs, and
0 and 0.005% for the low and middle scenarios, respectively.

For non-polymeric PFASs in the “functional” category, we
used 370, 2820 and 25 200 ng g�1 for the lower, middle and high
values, respectively, estimated from the list of PFASs authorized
for use by the U.S. Food and Drug Administration and from Liu
et al. (see ESI Table S1†).31,52 For food packaging with non-
This journal is © The Royal Society of Chemistry 2022
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Table 1 Input data for the substance flow analysis case study (FP ¼ food packaging)a

Parameter/type of FP Low Middle High Source

PFAS concentrations in FP
Non-polymeric PFASs Cfunctional 3.7 � 10�5% 2.8 � 10�4% 2.5 � 10�3% Literature (ESI Section S3.1)

Cnon-functional 0 2.0 � 10�5% 3.7 � 10�5% Literature (ESI Section S3.1)
Cno PFAS 0 0 0 —

Polymeric PFASs Cfunctional 0.1% 0.5% 1.2% Patent51

Cnon-functional 0 0.005% 0.01% Assumed
Cno PFAS 0 0 0 —

Proportion of FP types
%functional Category “functional” 2% 2% 2% Back calculation and assumed
%non-functional Category “non-functional” 40% 50% 60% Back calculation and assumed
%no PFAS Category “no PFAS” 58% 48% 38% Back calculation and assumed

Mass of FP in municipal solid waste
Canada MFP (megatonnes) 5.9 7.6 8.8 Government of Canada,61 Statistics Canada62

U.S. 57 72 83 U.S. EPA,63,64 Government of Canada61

Proportion of FP littered
%litter 5.0% 15% 30% Assumed

Proportion of FP recycled
%FP recycled 10% 20% 30% Government of Canada,61,65 U.S. EPA64

Proportion of FP recycled to FP
%FP recycled to FP 5.0% 18% 33% U.S. EPA53

Proportion of FP intended for recycling sent to landlls or exported
%recycling to landll 5.0% 15% 30% NY Times,54 CTV news,55 Globe and Mail56

Proportion of FP incinerated
Canada %incineration 3.0% 5.0% 8.0% Statistics Canada,57 Solid Waste & Recycling58

U.S. 4.0% 11% 17% U.S. EPA59

Proportion of Canadian FP waste sent to Michigan
%Can. Waste to Mich 5.0% 11% 20% Michigan Department of Environment60

a Functional refers to FP with PFASs added to confer grease- and water-repellency and non-functional refers to FP with inadvertent PFASs addition
that does not confer grease- and water-repellency.
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functional addition of non-polymeric PFASs, we used 370 ng g�1

as our upper boundary, and 0 ng g�1 as the minimum, with 200
ng g�1 as the middle value. A complete listing of data sources
and explanations for these choices are provided in ESI Section
S3.1.†

We note that the SFA for polymeric PFASs provides inputs to
the non-polymeric PFASs SFA through the release of side chains
and other processes of polymeric breakdown. However, we had
insufficient data to quantify this transfer and therefore did not
quantify releases from polymeric breakdown as an input to the
non-polymeric PFASs SFA. All values used in the SFA are listed
in Table 1 with full details in ESI Section S2.†

F1: ow in the sales of food packaging. The ow in the sales
of food packaging (F1) was calculated as:

F1 ¼ MFP � (Cfunctional � %functional + Cnon-functional

� %non-functional + CnoPFAS � %noPFAS) (2)

where MFP is the mass of food packaging generated in a given
year (ESI Section S2.3†); Cfunctional, Cnon-functional, Cno PFAS are the
This journal is © The Royal Society of Chemistry 2022
concentrations in each of the three categories of food pack-
aging, which are present in the %functional, %non-functional, and
%no PFAS percentages, respectively. Due to a lack of data, the
percentages of food packaging types were assumed such that
the estimated ows accorded with 10 000 (1080–21 600) tonnes
of PFASs used in food packaging annually in the U.S., which we
estimated based on data available in the literature. We used the
same percentages for Canada (ESI Section S2.3 and S3.2†)
(Table 1).

F2: ow in discarded food packaging. We assumed a short
lifetime of food packaging, i.e., all food packaging from food
bought in a year is discarded the same year since food is typi-
cally consumed the same year it was purchased. Further, we
assumed that signicant loss during the lifetime of food pack-
aging is minimal, although some losses occur.23,24 The ow in
discarded food packaging, F2, is

F2 ¼ F1 � Fintake y F1 (3)
Environ. Sci.: Processes Impacts, 2022, 24, 2032–2042 | 2035
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Table 2 Main calculated flows of PFASs from consumer food packaging in the U.S. and Canada (in tonnes per year), along with the percentage of
the total inflow (i.e., F1) they represent

U.S. Canada

Low Middle High Low Middle High

Polymeric PFASs
F1 Flow in the sales of FP 1.13 � 103 9.03 � 103 2.49 � 104 1.18 � 102 9.43 � 102 2.64 � 103

F2 Flow in discarded FP 1.13 � 103 9.03 � 103 2.49 � 104 1.18 � 102 9.43 � 102 2.64 � 103

0% 0% 0% 0% 0% 0%
F3 Flow in littered FP 3.39 � 102 4.51 � 102 3.74 � 103 3.55 � 101 4.71 � 101 3.96 � 102

30% 5% 15% 30% 5% 15%
F4 Flow in recycled FP 7.92 � 101 1.71 � 103 6.36 � 103 8.28 1.79 � 102 6.73 � 102

7% 19% 26% 7% 19% 26%
F4,1 Flow in recycled FP that

is recycled back to FP
3.96 3.09 � 102 2.10 � 103 4.14 � 10�1 3.22 � 101 2.22 � 102

0% 3% 8% 0% 3% 8%
F4,2 Flow in recycled FP that is

recycled into other materials
7.13 � 101 1.15 � 103 2.35 � 103 7.45 1.20 � 102 2.49 � 102

6% 13% 9% 6% 13% 9%
F4,3 Flow in FP initially intended

for recycling but that is
ultimately landlled or exported

3.96 2.57 � 102 1.91 � 103 4.14 � 10�1 2.69 � 101 2.02 � 102

0% 3% 8% 0% 3% 8%

F5 Flow in incinerated FP 3.17 � 101 9.43 � 102 3.60 � 103 2.48 4.48 � 101 1.80 � 102

3% 10% 14% 2% 5% 7%
F6 Flow in landlled and composted FP 6.81 � 102 5.92 � 103 1.12 � 104 7.20 � 101 6.72 � 102 1.39 � 103

60% 66% 45% 61% 71% 53%
F6,Michigan Flow in landlled FP sent to Michigan — — — 3.60 7.39 � 101 2.78 � 102

— — — 3% 8% 11%
F6,Canada Flow in FP landlled

or composted in Canada
— — — 6.84 � 101 5.98 � 102 1.11 � 103

— — — 58% 63% 42%

Non-polymeric PFASs
F1 Flow in the sales of FP 4.19 � 10�1 1.13 � 101 6.04 � 101 4.37 � 10�2 1.18 6.39
F2 Flow in discarded FP 4.19 � 10�1 1.13 � 101 6.04 � 101 4.37 � 10�2 1.18 6.39

0% 0% 0% 0% 0% 0%
F3 Flow in littered FP 1.26 � 10�1 5.63 � 10�1 9.06 1.31 � 10�2 5.88 � 10�2 9.58 � 10�1

30% 5% 15% 30% 5% 15%
F4 Flow in recycled FP 2.93 � 10�2 2.14 1.54 � 101 3.06 � 10�3 2.23 � 10�1 1.63

7% 19% 26% 7% 19% 26%
F4,1 Flow in recycled FP that

is recycled back to FP
1.47 � 10�3 3.85 � 10�1 5.08 1.53 � 10�4 4.02 � 10�2 5.38 � 10�1

0% 3% 8% 0% 3% 8%
F4,2 Flow in recycled FP that is

recycled into other materials
2.64 � 10�2 1.43 5.70 2.76 � 10�3 1.50 � 10�1 6.03 � 10�1

6% 13% 9% 6% 13% 9%
F4,3 Flow in FP initially intended

for recycling but that is
ultimately landlled or exported

1.47 � 10�3 3.21 � 10�1 4.62 1.53 � 10�4 3.35 � 10�2 4.89 � 10�1

0% 3% 8% 0% 3% 8%

F5 Flow in incinerated FP 1.17 � 10�2 1.18 8.72 9.19 � 10�4 5.59 � 10�2 4.34 � 10�1

3% 10% 14% 2% 5% 7%
F6 Flow in landlled and composted FP 2.52 � 10�1 7.38 2.72 � 101 2.66 � 10�2 8.38 � 10�1 3.37

60% 66% 45% 61% 71% 53%
F6,Michigan Flow in landlled FP sent to Michigan — — — 1.33 � 10�3 9.22 � 10�2 6.73 � 10�1

— — — 3% 8% 11%
F6,Canada Flow in FP landlled

or composted in Canada
— — — 2.53 � 10�2 7.46 � 10�1 2.69
— — — 58% 63% 42%
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where Fintake is the ow of PFASs from food packaging digested
or inhaled by humans resulting from food heating or
consumption. Since we had insufficient information to estimate
the human intake ow, we assumed that this intake would be
negligible compared to the amount remaining within the food
packaging (ESI Section S2.4†).

F3: ow in littered food packaging. A small portion of food
packaging waste is littered, quantied as
2036 | Environ. Sci.: Processes Impacts, 2022, 24, 2032–2042
F3 ¼ F2 � %litter (4)

where %litter is the percentage of food packaging that is littered.
Values for %litter were assumed (ESI Section 2.5).

F4: ow in recycled food packaging. The ow in recycled food
packaging, F4, is the sum of several ows which depend on the
percentage of food packaging recycled (%FP recycled). It was
divided into four parts,
This journal is © The Royal Society of Chemistry 2022
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F4 ¼ F4,1 + F4,2 + F4,3 + Frecycling (5)

F4 ¼ (F2 � F3) � %FP recycled (6)

F4,1 ¼ F4 � %FP recycled to FP (7)

F4,2 y F4 � F4,1 � F4,3 (8)

F4,3 ¼ F4 � %recycling to landfill (9)

F4,1 is the ow from recycled food packaging that is recycled
back to food packaging, which depends on the percentage of food
packaging recycled back to food packaging, %FP recycled to FP, esti-
mated using data on the use of recycled paper in the production of
new paper in the U.S.53 F4,2 is the ow from recycled food pack-
aging that is recycled into other materials. F4,3 is the ow from
food packaging intended for recycling but that is ultimately land-
lled or exported (%recycling to landll), which could represent up to
one-third of discarded food packaging.54–56 Frecycling is the ow from
the recycling process of food packaging emitted to the environ-
ment, which is assumed to be negligible due to a lack of infor-
mation sufficient for quantication (ESI Section S2.6†).

F5: ow in incinerated food packaging. The ow of PFASs in
incinerated food packaging depends on the percentage of food
packaging in the waste stream that is sent to incineration (-
%incineration) (Table 1 and ESI Section 2.7†). Values for %incineration

were taken from U.S. and Canadian sources where waste inciner-
ation is more common in the U.S. than in Canada.57–59

F5 ¼ (F2 � F3) � %incineration (10)

F6: ow in landlled and composted food packaging. Food
packaging that is not littered, incinerated or recycled is sent to
landll and composting facilities in the U.S., Canada, or abroad
(ESI Section 2.8†). We did not have access to data distinguishing
municipal garbage that is landlled versus composted, and thus
have combined both ows into F6 (which separates into F6-
compost and F6-landll). Some waste for landlling from Canada
(specically Ontario) is sent to Michigan, U.S., by mutual
agreement (F6, Michigan, %Can. waste to Mich.),60 where MMich and
MCan represent the mass of Canadian waste sent to Michigan
and Canada landlls, respectively.

F6 ¼ F2 � F3 – F4 � F5 (11)

For Canada more specically:

F6 ¼ F6,Canada + F6,Michigan (12)

F6; Michigan ¼ F6 �%Can: waste to Mich: ¼ F6 � MMich

MCan

(13)
3 Results and discussion

The inows of polymeric PFASs were 9000 (range 1100–25 000)
and 940 (range 120–2600) tonnes per year for middle (low–high)
This journal is © The Royal Society of Chemistry 2022
scenarios in the U.S. and Canada, respectively (Fig. 1 and
Table 2). Of this total inow, >99% were polymeric forms. The
total estimate inows of non-polymeric PFASs were 11 (range
0.42–60) and 1.2 (range 0.044–6.4) tonnes per year for the U.S.
and Canada, respectively. Total inows were dominated by the
intentional addition of PFASs: �80% and 35% of the polymeric
and non-polymer PFASs ows, respectively, were estimated to
have come from food packaging with PFASs added at levels to
confer grease and water repellency (ESI Tables S9 and S10†).
Conversely, 65% of the non-polymeric (environmentally mobile)
inow of 7.2 tonnes per year or�0–18 tonnes per year combined
for U.S. and Canada, was attributable to the occurrence of PFASs
found in food packaging at non-functional concentrations. The
total PFASs inow was due to �2% and 40–60% of total food
packaging containing functional and non-functional addition
of PFASs, respectively.

The scenario based on middle values provides the most
realistic estimate of actual ows, benchmarked against an
estimate of PFASs used in food packaging in the U.S. The ow of
9000 tonnes per year in the U.S. was about a third of the 21 600
tonnes per year of uorinated substances that could be used
annually for food packaging in the U.S. based on values from
�2000 and 2015 (ESI Section S3.2†).5,66 Note that none of the
upcoming bans in food packaging by three U.S. states or the
U.S. voluntary phase-out from food packaging were considered
in this analysis (the ban in New York will occur aer 2022).67

All food packaging produced moved to end-of-life, according
to our assumption of limited storage. For the U.S., �70% (60–
50%, low–high values) or 6100 (range 690–13 000, ows F6 and
F3.2) tonnes of polymeric PFASs from food packaging per year
went to landll and composting facilities,�5% (30–15%) or 450
(340–3700) tonnes per year to litter and �10% (3–14%) or 940
(32–3600) tonnes per year to incineration. An unknown fraction
of food packaging sent to landll and/or composting was sent
abroad.68

As mentioned above, some breakdown of polymeric PFASs
into non-polymeric forms is inevitable. However, degradation
rates and yield, including degradation of side-chain uorinated
polymers, are highly uncertain.69,70 Van der Veen et al.71 studied
releases from durable water-repellent clothes, measuring 5- to
100-fold increases of non-polymeric PFASs concentrations
following weathering, probably due to the degradation and
transformation of precursors used for the formation of the
durable water-repellent polymers. Similar values were obtained
by Schellenberger et al.72 These results suggest that even limited
breakdown of the large mass of polymeric PFASs from food
packaging would considerably increase the mass and ows of
non-polymeric PFASs.

Releases of PFASs from food packaging to the environment
occur at different life-cycle stages and from various sources.
Wastewater treatment plants (WWTPs) receive PFASs from food
packaging with associated releases from WWTPs to the envi-
ronment through outgassing,73–76 biosolids applied to
land,29,77,78 or the discharge of nal effluent.79–82 Outgassing and
leachate from landlls are substantial sources discharged to the
environment. We estimated that every year at least 2.27 and 0.26
tonnes of non-polymeric PFASs are released to the U.S. and
Environ. Sci.: Processes Impacts, 2022, 24, 2032–2042 | 2037
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Canadian environment, respectively, due to the limited ability
of WWTP to treat PFASs contained in landll leachate (ESI
Section S2.8†). Furthermore, Lang et al.25 estimated that the
entire U.S. waste load (of which about 30% was food packaging)
generates at least 563 to 638 kg per year of selected non-
polymeric PFASs in landll leachate, of which 5 : 3 uo-
rotelomer carboxylic acid (FTCA) was the dominant PFAS
identied out of the limited PFASs analysed, noting that
composition varies depending on the age of the landll.
Leachate is oen directed to WWTPs that are not designed to
efficiently treat PFASs.83

WWTPs also receive PFASs from food packaging via human
waste, unquantied due to a lack of data. However, several
studies have highlighted the tendency of PFASs to transfer from
food packaging to food,2,23 which leads to ingestion through
food consumption.84 The heating process of food packaging,
such as popcorn microwave bags, can also lead to airborne
releases of PFASs which can be inhaled.24

Although unquantied, recent analyses of municipal
compost from the U.S. found higher concentrations of PFAAs in
composts that included food packaging than in those that did
not.27 Other major unquantied ows included PFASs released
during the manufacturing and recycling of food packaging
containing PFASs85–87 and from incineration.88,89

4 Implications and conclusions

This analysis is the rst estimate of ows of PFASs used in food
packaging – a total of 9000 and 940 tonnes per year in the U.S.
and Canada, respectively. Of this, over 99% was polymeric,
arising from an estimated intentional addition of PFASs to only
�2% of food packaging. Despite this low rate of PFAS usage, our
estimates indicate the potential to contaminate the entire waste
stream, including materials intended for recycling, landlling
and litter.

In addition to illustrating the potential of PFASs used in food
packaging to contaminate the environment, numerous parts of
the waste stream, and new products that contain recycled paper
content, these results highlight the lack of knowledge regarding
the overall presence and fate of PFASs in food packaging. While
substance-based use and emission estimates of PFASs species
and groups have been compiled,42,69,90–92 it is difficult to
compare the ows of PFASs in food packaging estimated here
for the U.S. and Canada with PFASs used in other applications
because national product-based inventories of PFAS uses and
emissions have not been compiled. The one exception is of
PFASs used in carpets in California, for which the ows to
landll are orders-of-magnitude lower than the ows of food
packaging estimated in this study, on a per capita basis, likely
due to the high recycling rate of carpets in the U.S.44

For environmental releases, particularly glaring knowledge
gaps regarding PFASs use in food packaging, which are also
instructional for other PFASs uses, are releases during the
production with implications for human exposure, and fate at
end-of-life (including food packaging intended for recycling but
that is exported to low-income countries).93,94 Another knowl-
edge gap is the contribution of polymeric PFASs to non-
2038 | Environ. Sci.: Processes Impacts, 2022, 24, 2032–2042
polymeric forms due to the presence of non-polymeric impuri-
ties, and degradation in landlls and the environment.
Although total ows were dominated by polymeric PFASs, of
concern are non-polymeric ows of at least �11 and 1.2 tonnes
per year in the U.S. and Canada, given the mobility and higher
toxicity of these substances. These knowledge gaps stress the
need for chemicals management regimes to take a comprehen-
sive life-cycle approach that considers all stages, from
manufacturing to end-of-life, and types of PFASs, when adju-
dicating the use of chemicals in food packaging and other
applications, which is not currently the case in the U.S. or in
Canada.31,32

The ows of non-functionally added PFASs in food pack-
aging (estimated at �20% of total PFASs ows), including 7.2
and 0.75 tonnes per year in the U.S. and Canada, respectively, of
non-polymeric PFASs, highlight our lack of control of PFASs
entering food packaging from unintentional use. However, it is
the low intentional use of PFASs in food packaging (�2% of the
total food packaging) that leads to the largest releases of PFASs,
and highlights hotspots/blindspots for the sound management
of food packaging.95,96

These results, specically the low percentage (�2%) of food
packaging with intentionally added PFASs, lend support to
regulatory initiatives to eliminate the use of PFASs in food
packaging in seven U.S. states,67 the voluntary agreement
brokered between the food packaging industry and the U.S. FDA
to restrict which PFAS can be used in food packaging,37 and
initiatives among several European countries to restrict non-
essential uses of PFAS.97–99 We question whether these initia-
tives would be able to control ows of PFASs from non-
intentional introduction to food packaging in these jurisdic-
tions. Canada has not yet introduced restrictions for PFASs use
specic to food packaging and, as noted above, the regulatory
process is neither transparent or comprehensive.100,101

Given the high persistence and potential for harm of the
entire class of PFASs, both polymers and non-polymers, this
analysis leads to questioning the use of PFASs in food packaging
in any jurisdiction.
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