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-of-life of chemicals for circular
economy opportunities†

Taylor Uekert *

This work presents a material flow analysis of fourteen organic and inorganic chemicals in the United States,

tracking their lifecycle from production through to intermediate conversions, end-products, and end-of-

life (EoL) disposal on an annual basis. We show that only 10% of the 158 million metric tons (Mt) of

chemicals produced each year are recycled, resulting in an estimated 40–100 Mt of wasted greenhouse

gas emissions and the loss of 6000 years of healthy human life from toxic emissions each year.

Aggressive recycling scenarios could reduce wasted GHG emissions by up to 60%, but additional

circularity interventions related to reduction and redesign will be needed to further guide the chemical

industry toward a more sustainable future.
Sustainability spotlight

The chemical sector is an energy- and emissions-intensive industry that is nevertheless crucial for modern life. A circular economy in which chemicals are kept
in use has been proposed as one approach to minimize the environmental impacts of this sector, but the lack of data on the end-of-life (EoL) of chemical
products makes it challenging to identify appropriate circularity interventions. By estimating the EoL of chemicals in the United States and the corresponding
greenhouse gas and toxic emissions without and with circularity strategies, this work is in alignment with the United Nations' Sustainable Development Goals
for climate action and responsible consumption and production.
Introduction

The chemical sector plays an integral role in modern life,
supplying the building blocks for common products such as
plastics, fertilizers, glass, cleaning agents, and more.1 An esti-
mated 96% of all manufactured goods are linked to the chemical
industry, which has synthesized between 100 000 and 400 000
new molecules or mixtures.2,3 Global chemical production uses
extractive feedstocks (fossil fuels and raw minerals) and energy-
intensive synthesis and separation processes, resulting in the
consumption of 10% of global energy and the release of 5% of
global greenhouse gas (GHG) emissions.2,4 Ocean acidication
and biosphere integrity, both of which are linked to GHG emis-
sions, are also affected by the chemical sector.5 Furthermore, the
release of toxic chemicals to the environment during
manufacturing or use (e.g., mining, agriculture) can lead to
harmful human exposure, oen in low-income communities.3,6

The circular economy, in which resources are kept in use
rather than permitted to become waste, has been proposed as
one strategy to curb the environmental impacts of the chemical
industry.1,7–9 Circularity could reduce reliance on non-renewable
resources through the use of waste feedstocks, as well as reduce
Renewable Energy Laboratory, Golden,

@nrel.gov

tion (ESI) available. See DOI:

the Royal Society of Chemistry
overall manufacturing demand through the reuse or recycling
of end-products that contain chemicals.8 A high circularity
scenario has been shown to have the potential to reduce global
chemicals demand by 23–33%.1 Many circularity efforts have
focused on recycling of plastic,1,10,11 which accounts for
approximately 40% of chemical end-products by weight.12

However, the diversity of chemistries both in plastics and in the
sector more broadly makes it challenging to develop a unied
circular economy approach.7

Understanding the end-of-life (EoL) of chemicals is a crucial
rst step towards identifying circular economy opportunities
for the chemical sector. While material ow analysis (MFA) has
been used to track quantities of chemicals being produced and
used for various end-products, previous studies typically have
not followed the chemicals to EoL,12 or they included EoL for
only a subset of chemical products such as plastics.13–18 Mean-
while, EoL data are usually reported by end-use (e.g., plastics,
food, losses) rather than primary chemical.19–21 Data mining
and machine learning have been used to estimate aggregated
chemical EoL as well as to predict EoL based on chemical
structure,22–24 but these studies lack the granularity to form
a complete picture of individual chemicals' life cycles.

Here, we present an MFA of chemicals in the United States
(U.S.) from synthesis to EoL. Starting from the production of
fourteen platform organic and inorganic chemicals – ethylene,
propylene, butylenes, butadiene, benzene, toluene, xylenes,
ethanol, methanol, ammonia, chlorine, sodium carbonate,
RSC Sustainability, 2024, 2, 3353–3361 | 3353
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sodium hydroxide, and sulfuric acid – we track their application
to 30 end-products and their disposal to landll, energy
recovery, recycling, wastewater treatment, and the environment.
We use carbon footprint and toxicity data to estimate the GHG
and toxic emissions associated with chemical waste, as well as
how these emissions could change with future circularity
scenarios. Overall, this work provides a snapshot of the
complete life cycle of key commodity chemicals in the U.S. to
help guide the transition towards a more sustainable chemical
sector.

Methods
Scope

The MFA spans platform chemical production, conversion to
intermediates, conversion into end-products, and disposal in
the U.S. It does not include extraction of fossil fuel or mineral
feedstocks. Here, platform chemicals include organic and
inorganic chemicals that are directly produced from fossil fuel
or mineral feedstocks, the starting point for multiple chemical
intermediates and end-products, and produced in the U.S. in
high volumes of greater than 1millionmetric tons (Mt) per year:
(1) ethylene, (2) propylene, (3) butylenes, (4) butadiene, (5)
benzene, (6) toluene, (7) xylenes, (8) ethanol, (9) methanol, (10)
ammonia, (11) chlorine, (12) sodium carbonate, (13) sodium
hydroxide, and (14) sulfuric acid.25,26 Intermediate chemicals
are classied in tiers: Tier 1 intermediates require one reaction
from a platform chemical, Tier 2 intermediates require one
reaction from a Tier 1 intermediate, and so on. Losses from
chemical reactions were tracked, as were additional inputs such
as oxygen, water, and carbon monoxide and side products such
as water, carbon dioxide, and hydrochloric acid (see “Mass
balances”). Import and export data were included when
available.

The platform and intermediate chemicals were linked to
end-products, which are considered materials or objects that
can be directly used by a consumer. Here, we tracked thirty end-
product categories: thermoplastic polymers including (1) high
density polyethylene (HDPE), (2) low density and linear low
density polyethylene (LDPE/LLDPE), (3) polypropylene (PP), (4)
polyvinyl chloride (PVC), (5) polyethylene terephthalate (PET),
(6) polystyrene (PS), (7) nylon-6 and nylon-6,6, and (8) poly-
carbonate (PC); thermoset polymers including (9) rubbers such
as styrene–butadiene rubber, nitrile rubber, butyl rubber, pol-
yisobutylene, silicone rubbers, and methyl isobutyl ketone
(MIBK) additives, (10) polyurethanes (PUR), and (11) other
polymers such as polymethyl methacrylate (PMMA), polyacetal
resins, and uoropolymers; (12) plastic and paper additives;
formulated products including (13) cleaning agents, (14) wood
laminate, (15) paints and surface coatings, (16) solvents, (17)
adhesives, sealants, and functional uids such as antifreeze and
refrigerants, (18) health and personal care products, and (19)
cigarettes; (20) gasoline; agriculture including (21) food, (22)
animal feed, and (23) other crops for industrial use or specialty
processing; (24) explosives; industrial use including (25) pulp
and paper treatment, (26) water treatment, (27) mining and
metals processing, and (28) other industrial applications such
3354 | RSC Sustainability, 2024, 2, 3353–3361
as catalysts, adsorbents, carbon ber, and cement processing;
(29) glass; and (30) aluminum metal. Chemicals that did not t
the above categories were classied as “other untracked prod-
ucts”. In general, other non-chemical materials that contribute
to the end-products, such as the crude oil in gasoline or the
biomass in food, were not included in the overall mass ows.
The two exceptions are aluminum metal and glass, for which
tracking the other components (aluminum and silica/lime,
respectively) enabled verication against known production
quantities.

The end-products were linked to nine EoL categories: (1)
longer lifetime – end-products that continue to be used aer
one year, also known as material stocks; (2) recycling or reuse –
including closed-loop recycling as well as down-cycling to lower-
value products and composting; (3) landll; (4) combustion
with energy recovery for use in vehicles, equipment, or the
electricity grid; (5) wastewater treatment; (6) uncontrolled
emission to land; (7) uncontrolled emission to air; (8) uncon-
trolled emission to water; and (9) other, which could include
waste exports, transfers, underground injection, storage,
surface impoundment, or other unknown disposal mecha-
nisms. It should be noted that while the longer lifetime end-
products will eventually be disposed to landll, recycling, or
other EoL pathways, tracking these ows would require a stocks
and ows model that was beyond the scope of the current study.

Data collection

Production and consumption data for all chemicals were
sourced from market reports, academic literature, the U.S.
Environmental Protection Agency (EPA), and the U.S. Geological
Survey (USGS). EoL data for chemical losses were sourced from
the U.S. EPA Toxics Release Inventory (TRI).27 EoL data for all
other products were sourced from market reports, academic
literature, and the U.S. EPA. If EoL data were unavailable,
approximations were made based on expert judgement. The
target year for this analysis was 2021, but in some cases, data
could only be obtained for (or had to be supplemented by) 2015,
2018, or 2019. Where multiple data points were available,
averages were used. Imports and exports were estimated by
subtracting consumption from production values. All sources
and assumptions are provided in Tables S1 and S2 in the ESI.†

Mass balances

Stoichiometry was used to establish mass ows between plat-
form and intermediate chemicals, as well as to estimate quan-
tities of other reagents and side products (Table S3†). Reaction
yields were taken from literature data28,29 or, if unavailable,
approximated based on the quantity of intermediate chemical
known to be produced. Any unreacted chemical was treated as
a loss and assumed to undergo the EoL documented in the U.S.
TRI. All ows are reported on a Mt basis.

Environmental impacts

The GHG emissions associated with the production of indi-
vidual chemicals were sourced from ecoinvent version 3.9.1
with the ReCiPe Hierarchist midpoint methodology, Carbon
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Minds, and the Material Flows through Industry (MFI) tool, all
in kilogram of carbon dioxide equivalent per kilogram of
product (kg CO2 eq.per kg, Table S4†).30–32 The GHG factors were
multiplied by the total quantity of end-products originating
from each platform chemical that are sent to landll, waste-
water treatment, or emitted to the environment in order to
estimate total “wasted” GHG emissions. It is important to note
that while the MFA covers all stages of a chemical's life cycle,
these GHG emissions are for primary chemical production only
and do not include the impacts of further conversion into
intermediates and end-products. The toxicities associated with
the production of individual chemicals listed in the U.S. TRI
were sourced from ecoinvent version 3.9.1 with the ReCiPe
Hierarchist endpoint methodology in disability adjusted life
years (DALYs, Table S5†). One DALY represents the loss of one
year of full health. These toxicity factors were multiplied by the
total quantity of TRI-listed chemicals in end-products that are
sent to landll, wastewater treatment, or emitted to the envi-
ronment in order to estimate the total impact of toxic waste.
Circularity scenarios

Two circularity scenarios were developed to explore the poten-
tial impact of various circular economy interventions on
chemical EoL. The “circularity targets” scenario was based on
the U.S. EPA's 2030 Recycling Goal as well as the Food Loss and
Waste Reduction Goal, which aim to increase the municipal
solid waste recycling rate to 50% and halve food waste,
respectively.33,34 The Recycling Goal was assumed to be appli-
cable to glass, HDPE, LDPE/LLDPE, nylon-6/-6,6, PC, PET, PP,
PUR, PVC, rubbers, and other polymers (Table S6†). The “opti-
mistic circularity” scenario applied maximal recycling rates to
antifreeze, solvents, paints and surface coatings, glass, HDPE,
LDPE/LLDPE, nylon-6/-6,6, PET, PP, PUR, and rubbers, based on
the highest reported recycling yields (Table S6†). It also
assumed that food waste could be further halved and that the
overall composting rate could meet the maximum reported for
the food manufacturing sector (Table S6†). The adjusted EoL
distributions were used to re-estimate the quantity of chemicals
sent to the nine EoL categories.
Results and discussion

The ow of platform chemicals from production to EoL in the
U.S. is shown in the Sankey diagram in Fig. 1. For visual clarity,
some of the chemicals are grouped into olens (ethylene,
propylene, butylenes, and butadiene), aromatics (benzene,
toluene, and xylenes), alcohols (ethanol and methanol), and
chlor-alkali (sodium hydroxide and chlorine). See Fig. S1–S6†
for more detailed diagrams and ESI Data† for raw data. Of the
204 Mt of platform chemicals produced or imported in the U.S.
each year and the 62 Mt of other inputs, approximately 124 Mt
(47%) undergo conversion to Tier 1 intermediates, followed by
53 Mt, 8.0 Mt and 0.5 Mt to Tier 2, Tier 3, and Tier 4 interme-
diates, respectively. The platform and intermediate chemicals
are converted to end-products, of which the largest applications
include (1) gasoline additives at 49 Mt, (2) HDPE and LDPE at 19
© 2024 The Author(s). Published by the Royal Society of Chemistry
Mt (part of the thermoplastic polymers category in Fig. 1), (3)
other crops at 8.9 Mt (agriculture) (4) PP at 7.4 Mt (thermo-
plastic polymers), (5) PVC at 7.1 Mt (thermoplastic polymers),
(6) animal feed at 5.2 Mt (agriculture), (7) PET at 4.9 Mt (ther-
moplastic polymers), (8) cleaning agents at 3.3 Mt (formulated
products), (9) food at 3.3 Mt (agriculture), and (10) water treat-
ment at 2.8 Mt (industrial use) (Table S7†). An estimated 25 Mt
of end-products are kept in longer lifetime applications, with 15
Mt recycled or reused, 30Mt landlled, 13 Mt sent to wastewater
treatment, 56 Mt combusted with energy recovery, 3.3 Mt
emitted to air, 8.4 Mt emitted to land, 0.09 Mt emitted to water,
and 7.3 Mt treated by other methods (Table S8†).

Overall, these values come to total EoL rates of 16% longer
lifetime application, 10% recycling or reuse, 35% combustion
with energy recovery, 19% landll, 8% wastewater treatment,
2% emission to air, 5% emission to land, and 5% other disposal
(Fig. 2A). These estimates could vary by up to ±40% (e.g., the
recycling rate could range from 6% to 14%). This is primarily
due to uncertainty around disposal data and assumptions, as
production and consumption data tend to have lower standard
deviations of less than ±10%. Gasoline additives account for
one-third of total end-products and are assumed to exclusively
undergo energy recovery, while losses account for 11% of total
end-products and are predominantly recycled. Thus, removing
these two end-products shows a decrease in combustion with
energy recovery (to 6%) and recycling (to 7%) as well as an
increase in landlling (to 32%) and longer lifetime applications
(to 28%, Fig. 2B). A previous study that used data mining to
estimate EoL of 640 industrial chemical releases (not all
chemical products) in the U.S. suggested rates of 21% recycling,
19% sewerage, 18% landll, 11% energy recovery, 10%
destruction, 10% other treatment, and 11% other disposal,22

which is in near alignment with this work.
EoL differs greatly by chemical class (Fig. 2C, Table S8†).

Approximately 88% of ethylene-based chemicals are used for
plastics including HDPE, LDPE, PVC (ethylene > ethylene
dichloride > vinyl chloride), PET (ethylene > ethylene oxide >
ethylene glycol), and PS (ethylene > ethylbenzene > styrene).35

Ethylene end-products are predominantly sent to landll (60%)
and combustion with energy recovery (11%). Only 8% of
ethylene end-products are estimated to be recycled, which
aligns with reported plastic recycling rates in the U.S. of 1–
15%.19 15% of ethylene end-products remain in longer lifetime
applications such as PVC (applications in durable piping),36

adhesives, and paints. Approximately two-thirds of xylene-based
chemicals (terephthalic acid) are also used in PET, resulting in
overall recycling and landll rates for this chemical class of 15%
and 39%, respectively. Similarly, 71% of propylene-based
chemicals are used in plastics including PP, PC (propylene >
cumene > phenol > Bisphenol A), and nylon-6/-6,6 (propylene >
acrylonitrile > adiponitrile > hexamethylene diamine).35 Overall
these propylene end-products are landlled (50%), incinerated
with energy recovery (12%), and recycled (5%), with other
applications such as paints, adhesives, or wood laminates kept
in longer lifetime applications (19%). Benzene-based chemicals
are also primarily used in PS (benzene > ethylbenzene >
styrene), PUR (benzene > aniline > methylene diphenyl
RSC Sustainability, 2024, 2, 3353–3361 | 3355

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4su00517a


Fig. 1 Sankey diagram representing the flow of chemicals in the U.S. in million metric tons from production through to intermediates, final
products, and disposal. “Olefins” include ethylene, propylene, butylenes, and butadiene; “aromatics” include benzene, toluene, and xylenes;
“alcohols” include ethanol and methanol; “chlor-alkali” include sodium hydroxide and chlorine; “other inputs” include feedstocks beyond those
listed in the study, such as oxygen, water, hydrogen, or carbon monoxide; “side products” include by-products that are generated as a result of
chemical reaction stoichiometry, such as carbon dioxide or water; “formulated products” include cleaning agents, paints and coatings, adhesives,
functional fluids, health and personal care, cigarettes, and wood laminates; “industrial use” includes pulp and paper treatment, water treatment,
mining, and other industrial use. Emissions to water are combined with wastewater treatment. Raw data are available in the ESI Data† (“overall”
tab).
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diisocyanate), and nylon-6/-6,6 (benzene > cyclohexanol/
cyclohexanone > caprolactam).35 These plastics are chal-
lenging to recycle and result in EoL rates for benzene end-
Fig. 2 Breakdown of the proportion of chemicals reaching EoL in the
products and losses from the chemical production process are not cons
type in million metric tons; these data include all end-products (i.e., gaso

3356 | RSC Sustainability, 2024, 2, 3353–3361
products of 62% landlling, 10% combustion with energy
recovery, 3% recycling, and 17% longer lifetime applications (PS
insulation and PUR cushioning).36 Nearly all butadiene-based
U.S. by disposal type (A) across all chemicals and (B) when gasoline
idered. (C) Overview of EoL in the U.S. by chemical class and disposal
line and losses are not removed). Raw data are available in Table S8.†

© 2024 The Author(s). Published by the Royal Society of Chemistry
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chemicals are used in rubbers for tires, seals, brake pads, and
more.36 The vulcanization of rubbers yields cross-linked struc-
tures with embedded sulfur, making direct recycling chal-
lenging and leading to an estimated 39% of butadiene end-
products being landlled, 23% incinerated with energy
recovery, and 23% reused in asphalt or playground oors.37

Butylenes, ethanol, toluene, and approximately one-third of
xylenes are used as gasoline additives and are therefore
predominately combusted with energy recovery, where the
energy recovery is used to power vehicles and equipment.
Methanol-based chemicals nd a variety of applications,
including 23% to formaldehyde for wood laminates (longer
lifetime applications), 18% to biodiesel (energy recovery), 16%
to cellulose acetates for cigarettes (primarily littered, which is
captured here as emissions to land),38 13% to solvents (mostly
recycled or incinerated with energy recovery), and 5% to
cleaning agents and pharmaceuticals (wastewater treatment).27

This diversity of end-products leads to a diversity of EoL;
methanol end-products are sent to 21% longer lifetime appli-
cations, 23% combustion with energy recovery, 12% landll, 9%
recycling, 10% land emissions, and 7% wastewater treatment.

Of the inorganic chemicals, an estimated 80% of ammonia-
based chemicals are used in fertilizer for the growth of animal
feed, food, and other crops. 41% of ammonia end-products are
therefore kept in longer lifetime applications (i.e. crops), while
10% are recycled by composting or manure application, 15%
are emitted to air by volatilization, and 24% are emitted to land
(which may further leach into waterways). Similarly, approxi-
mately one-third of sulfuric acid ends up in fertilizers via
phosphoric acid, resulting in 24% longer lifetime applications
and 14% emission to land. Applications in mining (to leach
copper from the ground) and pulp and paper treatment lead to
an additional 15% of sulfuric acid-based chemicals being sent
to wastewater treatment. Furthermore, nearly half of sulfuric
acid is used in excess during the conversion to intermediates;
most of these losses are recycled, and sulfuric acid-based
chemicals therefore have an overall recycling rate of 38%.
Sodium hydroxide-based chemicals are predominantly used for
pulp and paper treatment (31%), aluminum ore purication for
aluminummetal production (23%), water treatment (18%), and
cleaning agents (14%). Approximately 68% of sodium hydroxide
end-products are thus sent to wastewater treatment, with
smaller fractions to landll, longer lifetime applications, and
recycling. Three-quarters of chlorine-based chemicals are
similarly linked to pulp and paper treatment, water treatment,
and cleaning agents, resulting in a 26% overall wastewater
treatment rate. Chlorine-based chemicals are also used in PVC,
PC, paints, and paper and plastic additives, which contribute to
longer lifetime, landlling, and recycling rates of 29%, 16%,
and 11%, respectively. Lastly, the EoL of sodium carbonate-
based chemicals is related to glass (landll, longer lifetime,
and recycling) and cleaning agents (wastewater treatment),
yielding 27% longer lifetime, 26% landll, 21% wastewater
treatment, and 12% recycling.

The environmental implications of the estimated 158 Mt of
chemical end-products reaching EoL each year in the U.S. are
substantial. Approximately 52 Mt of end-products (33%) are
© 2024 The Author(s). Published by the Royal Society of Chemistry
wasted in EoL routes that cannot recover their material or
energy value (i.e., landll, wastewater treatment, or emission to
air, land, or water). Note that this calculation does not include
chlorine and sodium hydroxide-based chemicals that are
directly used to treat water. The quantity of wasted end-products
corresponds to 40–104 Mt of “wasted” GHG emissions from
producing the corresponding platform chemicals (Fig. 3A, Table
S4†), approximately 22–56% of U.S. chemical sector annual
emissions35 or 0.6–1.6% of total annual U.S. emissions.39

Although these end-products have served a function before
reaching EoL, the term “wasted” is used here because their
irreversible disposal necessitates new chemical production, and
the resulting GHG emissions represent an avoidable environ-
mental burden that could be reduced through a circular
economy. The range in GHG emissions is due to the different
chemical manufacturing pathways and accounting methods
assumed in ecoinvent, Carbon Minds, and MFI.40 Most wasted
GHG emissions in this study are due to the production of
ethylene and propylene (low per-kilogram emissions but high
EoL volumes) as well as ammonia and sodium hydroxide (lower
EoL volumes but higher per-kilogram emissions, Fig. 3A, Table
S4†). Given that these chemical classes are linked to plastics
(ethylene and propylene, to landll), fertilizers (ammonia, to
land and air emissions), and wastewater-related applications
(sodium hydroxide) as discussed above, 54–67% of the wasted
GHG emissions are associated with end-products that are
landlled, 18–21% with those that are sent to wastewater
treatment, and 13–28% with those that are emitted to the
environment by volatization, leaks, or other improper disposal
(Fig. 3B).

Furthermore, approximately 6 Mt of wasted end-products are
toxic chemicals listed in the U.S. EPA's TRI, accounting for 17%
of the 35 Mt of hazardous waste generated in the U.S. each
year.41 Nearly 60% of toxic chemicals in this study are sent to
wastewater treatment (Fig. 4A) due to their application in
cleaning agents (ethoxylates from the ethylene class), mining
(sulfuric acid), and health care (isopropanol from the propylene
class and acetic anhydride from the methanol class, Fig. 4B,
Table S5†). This ratio approaches that of hazardous waste
treatment reported by the U.S. EPA, which is 80% wastewater
and 20% non-wastewater.41 While wastewater treatment can
remove many of these toxic chemicals, a fraction of pollutants
will nevertheless be released from the process due to imperfect
removal efficiencies.42 The 17% of toxic end-products sent to
landll in this study include functional uids (ethylene glycol
antifreeze from the ethylene class), paper and plastic additives
(acrylate esters from the propylene class), paints (acrylate esters
and methyl methacrylate from the propylene class, among
others), and wood laminates (formaldehyde from the methanol
class and phenol from the propylene class). The 22% of toxic
end-products emitted to the environment primarily comprises
ammonia that is volatilized or leached during application to
crops. Total human toxicity associated with these wasted
chemicals is 5820 DALYs (Fig. 4C, Table S5†); with an average
life expectancy of 70 years,43 the DALYs corresponds to 83 lost
lives per year in the U.S.
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Fig. 3 Quantity of greenhouse gas emissions associated with chemical production that are “wasted” each year due to the landfilling, wastewater
treatment, or emission to air, land, or water of the final products, by (A) chemical class and (B) disposal type. The low and high emission factors
refer to the lower and upper bounds of greenhouse gas emissions associated with the production of each chemical, as sourced from ecoinvent,
Carbon Minds, and the Material Flows through Industry tool. Raw data are available in Table S4.†
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This analysis suggests that three major end-product cate-
gories require interventions to reduce waste and environmental
impacts: plastics, crops, and chemicals that are sent to waste-
water treatment including cleaning agents and mining waste.
Several circular economy strategies could be applied to the
relevant chemicals and end-products to reduce EoL waste and
emissions (Fig. 5A). Circular economy strategies are typically
shown as a hierarchy, from the most linear approaches (R9
Recover) to the most circular approaches (R0 Refuse).44 The R9
Recovery strategy could integrate anaerobic digestion into
wastewater treatment plants to generate biogas from EoL
chemicals that can then be burned for energy.45 R8 Recycle
could be applied to a variety of plastics, glass, paints, solvents,
and functional uids such as antifreeze, refrigerants, and
lubricants. Food waste could be used as a nutrient source for
Fig. 4 (A) Breakdown of the proportion of final chemical products that ar
(B) Quantity of toxic chemical products that are landfilled, sent to wastew
class and product type, in million metric tons. Xylenes also generate toxic
here due to their low EoL quantity of 0.002 Mt. (C) Toxicity of wasted T
adjusted life years. Raw data are available in Table S5.†

3358 | RSC Sustainability, 2024, 2, 3353–3361
fertilizers and animal feed, addressing R7 Repurpose. R3 Reuse
could apply to durable glass, wood laminates, and some plastic
products, pending sufficient product redesign and imple-
mentation of return or collection schemes. The use of all
chemicals could be minimized via R2 Reduce, and single-use
packaging systems could be converted into reusable or other
circular systems for R1 Rethink. Lastly, for R0 Refuse, cleaning
agents and mining practices could be re-designed with non-
toxic chemicals, unnecessary plastic and paper additives could
be eliminated, and gasoline for transportation could be
replaced with electricity or alternative fuels.

To understand the effect of some of these circularity inter-
ventions on chemical EoL, we developed two circularity
scenarios: circularity targets (less aggressive, based on U.S. EPA
recycling and food waste reduction targets) and optimistic
e listed in the U.S. EPA's Toxics Release Inventory (TRI) by disposal type.
ater treatment, or emitted to air, land, or water each year, by chemical
end-products (phthalic anhydride in paints), but they are not included
RI-listed chemicals, by chemical class and product type, in disability-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Overview of potential circular economy strategies for the chemicals included in this study. Breakdown of chemical EoL by disposal
type for the (B) circularity targets scenario and (C) optimistic circularity scenario. (D) Reduction in greenhouse gas emissions associated with
chemicals that are “wasted” each year (landfill, wastewater treatment, or emission to air, land, or water) upon implementation of the circularity
scenarios. The low and high emission factors refer to the lower and upper bounds of greenhouse gas emissions associatedwith the production of
each chemical, as sourced from ecoinvent, Carbon Minds, and the Material Flows through Industry tool. (E) Reduction in toxicity associated with
chemicals that are “wasted” each year upon implementation of the optimistic circularity scenario. The circularity targets scenario is based on U.S.
EPA targets to increase recycling of municipal solid waste to 50% and reduce food waste by 50%. The optimistic circularity scenario is based on
maximal recycling applicability and yields that are discussed in Table S6.† Raw data are available in Tables S8 and S9.†
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circularity (more aggressive, based on optimal recycling rates,
see Methods and Table S6†). The circularity targets scenario
could increase the overall chemicals recycling rate from 10% to
19% and decrease the GHG emissions associated with wasted
end-products by 29–36% relative to business as usual (Fig. 5B
and D, Tables S8 and S9†). The optimistic circularity scenario
could increase the overall chemicals recycling rate to 27% and
reduce GHG emissions by 46–57% (Fig. 5C and D, Tables S8 and
S9†). The analyzed circularity scenarios primarily affect chem-
ical classes such as ethylene and propylene that are predomi-
nantly landlled and contribute signicantly to GHG emissions
but less so to human toxicity. The optimistic circularity scenario
does include improved recycling rates for antifreeze (ethylene
glycol from the ethylene class), paints (E-series glycol ethers
from the ethylene class; acrylate esters, P-series glycol ethers,
methyl methacrylate, and epichlorohydrin from the propylene
class), and food (ammonia), thereby reducing overall toxicity by
9% to 5350 DALYs or 76 lost lives per year in the U.S. (Fig. 5E).
© 2024 The Author(s). Published by the Royal Society of Chemistry
However, the incorporation of additional circularity innova-
tions such as those discussed above would be necessary to
reduce toxic emissions associated with end-products like
fertilizers, cleaning agents, and sulfuric acid in mining.

Although the use of a portfolio of circularity strategies could
promote a circular economy for all platform chemicals explored
in this work, the existence of key barriers such as cost,
consumer acceptance, infrastructure limitations, and end-
product design requirements should be noted. For example,
cleaning agents that are designed to be non-toxic (strategy R0)
must still meet performance criteria such as cleaning time and
effectiveness.46 Plastic recycling (strategy R8), meanwhile, tends
to be limited by the collection stage; increasing access to recy-
cling programs and expanding sorting infrastructure will
require both economic and behavioral investment.47–49

Furthermore, circular economy strategies could introduce
rebound effects, wherein the benets of a circular product are
negated by higher consumer demand.50
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Conclusions

This work established material ows for fourteen platform
chemicals from production through to EoL in the U.S. We
showed that only 10% of the chemicals produced each year are
recycled, with recycling rates varying from 0–40% depending on
the chemical class. Furthermore, we identied three major end-
product categories that contribute not only to EoLmass but also
wasted GHG emissions and human toxicity impacts: plastics,
fertilizers, and wastewater treatment end-products such as
mining materials and cleaning agents. A variety of circular
economy interventions ranging from improving recycling to
refusing toxic cleaning agents and paper and plastic additives
could help minimize the environmental impacts of the chem-
ical sector, approaching a 60% reduction in wasted GHG
emissions. While our analysis captures a single time point of
the U.S. chemical industry on a national level, future work could
model temporally dynamic ows and explore the geospatial
distribution of chemical disposal and toxic emissions.
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