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Sustainability Challenges of the Plas@cs Industry
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• This is not a regular landfill but the Thilafushi waste disposal site, a beach on the Maldives !



So Which Epoch Do We Want to Be Known For ?
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The Silicon Age … … or the Plas@c Age ?

© Mohamed Abdulraheem
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• just 9% of all plas@cs recycled, only three open-loop and two closed-loop recycling streams 
• 50% incinerated, 36% landfill, of which half is mismanaged; overall 30% leaked into environment

global plas@cs produc@on 
1950–2022

global plas@cs produc@on 2022 
488 Mt total
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landfills. However, landfills and dumps are
important to study as hotspots of plastic-C ac-
cumulation on Earth; as regions of potential
plastics erosion and export; to understand the
ecological and geomorphologic implications
of plastics being a major geomaterial in an
ecosystem; and as crucibles forging plastic-
degrading life-forms. Plastics enter other soils
as mismanaged waste and in sewage-derived
fertilizer (40). Plastic mass in soils remains
poorly constrained and has not been com-
pared with total soil OC within any single sam-
ple. In lieu of these data, we compare the scant
data on plastic mass in soil to OCmeasured in
similar soils. In Swiss floodplain soils, this
gives an estimated plastics contribution of 0.1
to 0.6% (41, 42), whereas plastics may domi-
nate OC stocks in industrially contaminated
soils (43) (Table 2). Addition of plastic-carbon
to soils may lead to overestimates of OC accu-
mulation and radiocarbon ages. Plastics in soils
can alter soil aggregation and larger items may
alter flow paths, influencing the formation,
stability, and hydrology of soils (22). The de-
crease in soil density when adding plastics can
promote plant growth, whereas leaching of
additives may harm plants (22). Thus, changes
to carbon loading, soil structure, hydrology,
and chemistry in soils amended with plastics
will likely alter biogeochemical cycles, includ-
ing primary production and nutrient cycling
(22). Whether these effects are significant out-
side of heavily impacted systems is unclear.

Plastics in the atmosphere

Micro- and nanoplastics (Fig. 2) are found
throughout the atmosphere, including in the
air we breathe (44). Atmospheric studies of
~50- to 5000-mm particles indicate that plas-
tics at the smaller end of this range are most

numerous. Deposition is high near urban and
industrial sources (44), but the low density of
plastics compared with natural dust facilitates
their long-range transport (45). Spatial patterns
in the sizes, shapes, and chemistries of de-
posited plastics and how they covary with
atmospheric conditions offer insight into the
distribution and sources of plastics in the at-
mosphere. However, current knowledge is in-
sufficient to allow plastics to be incorporated
into atmospheric transport and chemistry mod-
els. Such studies are required to understand the
atmospheric fate of plastics and how plastics
affect air quality and planetary albedo.

Plastics in inland waters

Plastics can enter inlandwaters asmismanaged
waste from land, as direct inputs (e.g., discarded
fishing equipment), and through the erosion of
soils, landfills, and in-use plastics (e.g., build-
ings) (6). Once entrained, plastics can settle out
and accumulate in sediments whenwater slows
(e.g., in reservoirs) (46), be degraded in thewater
column, or be exported to sea (47). Empirical
data for the mass of plastics exported by rivers
remain limited. However, a risk analysis esti-
mated that 1.0 to 2.0 Tg plastic-carbon is carried
through rivers to the sea annually (47) (Fig. 1).
This equates to 0.2 to 2.0% of global riverine
fluxes of particulate organic carbon (POC) (10)
but varies for individual rivers (Table 2). For
instance, although the Amazon River is esti-
mated to carry the seventh-largest load of river-
borne plastics (47), plastics equate to <1%of POC
in this massive river (48). By contrast, small, ur-
banized rivers (e.g., the Brantas) may export
more plastics than biogenic POC (Table 2)
(47, 49). The Brantas drains a catchment >500
times smaller than the Amazon yet exports a
greater mass of plastics (47). Thus, the contri-

bution of small, urbanized rivers to global plastic
export appears oversized compared with their
drainage areas. Addition of plastic-C may also
alter the fluxes, chemistry, and apparent ages
of OC in rivers.

Plastics in the ocean

Sources, stocks, and sinks of plastics are not
yet reconciled at sea. Sources include rivers,
other coastal inputs, atmospheric deposition,
and direct inputs (e.g., jetsam, flotsam, and der-
elict). A risk analysis suggests that 4.0 to 10.5 Tg
of plastic-carbon entered the oceans in 2010
(50) (Fig. 1). About 40% of plastics entering
the ocean are expected to sink on the basis of
polymer type (51). Hotspots of sinking plastic
accumulation have been identified in coastal
and deep ocean sediments (52, 53). However,
global estimates of plastics inmarine sediments
do not exist. The other 60% of plastics entering
the oceans should float initially. Floating plas-
tics are usually sampled in the upper 0–10 cm
to 0–100 cm of the ocean using tow nets that
capture particles larger than ~300 mm (8). Es-
timated standing stocks of surface plastics total
0.07 to 0.20 Tg-C (54). According to estimates
of inputs and stocks, <10% of buoyant plastics
entering the oceans each year are found afloat
at sea. This accounting gap may result from
overestimated inputs; underestimates of float-
ing plastics (net tows only sample the upper
meter of the ocean and mainly collect micro-
plastics); and the loss of floating plastics from
surface waters via photodegradation, shore-
line deposition, consumptionbymarine life, and
sinking due to aggregationwith POC, egestion
in fecal pellets, or biofouling (8).
In contrast to surface plastic sampling, oceanic

POC is usually sampled at depths >1 m by pre-
filtering to remove zooplankton (>202 mm in
size) and then filtering through sub-micrometer
filters to collect POC (Fig. 2) (55). Acknowledging
these differing approaches, we compare plastic
and POC concentrations in subtropical gyre
surface waters where ocean physics drive the
accumulation of plastics (8). In theNorth Pacific
Subtropical Gyre, areal surface concentrations
of 500- to 5000-mmmicroplastics sampled from
the upper 15 cm of the water column ranged
from 0.03 to 34 kg km−2 (51), which equates to
a per-volume carbon concentration of 0.1 to
21.9 mg-C liter−1 (average: 4.7 mg-C liter−1). POC
concentrations in the upper 5 m of the North
Pacific at Station ALOHA average 26 ± 7 mg-C
liter−1 (50). Assuming microplastics and POC
were sampled as distinct fractions, microplastic-
carbon may make up 0.1 to 57% (average: 15%)
of the total particulate nonliving OC in surface
waters of the North Pacific Subtropical Gyre
(Table 2). The variation in this range illustrates
thepatchiness ofmarinedebris,while theupper
estimate and average highlight the potential
significance of plastic-carbon at the ocean’s
surface. An abundance of plastics at the sea
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Projected accumulation = 
a + (b × years since 1950) + ( c × years since 19502) + (d × years since 19503)
Parameter       Value             SE
a: Intercept
b: Slope
c: Quadratic
d: Cubic

–0.0134
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Fig. 3. Accumulation of plastic-carbon in the Earth system. Accumulation of plastic up to 2015 calculated
as production minus incineration (15). Projected accumulation calculated assuming current trend (cubic
growth) for plastic accumulation will continue into the future. The cubic model had the lowest Akaike
information criterion of models in JMP. Actual future plastic-carbon accumulation will depend on hard-to-
predict socioeconomic factors. Biomass numbers refer to living biomass.
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Stubbins, Science 2021, 373, 51; see also Santos, Science 2021, 373, 56; MacLeod Science 2021, 373, 61.
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Plastics in the Earth system
Aron Stubbins1,2*, Kara Lavender Law3, Samuel E. Muñoz1, Thomas S. Bianchi4, Lixin Zhu5

Plastic contamination of the environment is a global problem whose magnitude justifies the
consideration of plastics as emergent geomaterials with chemistries not previously seen in Earth’s
history. At the elemental level, plastics are predominantly carbon. The comparison of plastic stocks and
fluxes to those of carbon reveals that the quantities of plastics present in some ecosystems rival
the quantity of natural organic carbon and suggests that geochemists should now consider plastics in
their analyses. Acknowledging plastics as geomaterials and adopting geochemical insights and methods
can expedite our understanding of plastics in the Earth system. Plastics also can be used as global-scale
tracers to advance Earth system science.

H
umanity, through its development of
novel chemical reactions and the sheer
magnitude of its activities, is having an
ever-growing impact on Earth’s elemen-
tal cycles. Through this great accelera-

tion (1), we have ushered in a newage inEarth’s
history: the noosphere or Anthropocene (2, 3).
This is anage inwhich the trajectory of theEarth
system is shaped as much by humans as by all
other life (4) and in which we are increasingly
conscious of our role in modifying the global
environment and of our potential to influence

Earth’s future. Plastics, a suite of synthetic
polymers, are exempla of this new age. Just
as fossils indicate when different life-forms
emerged, preserved plastics will provide a geo-
logical record of humanity’s rise to global prom-
inence (4). It has become clear that plastics
are an emerging contaminant that may harm
organisms and ecosystems not adapted to their
presence. Numerous reviews present the poten-
tial deleterious effects of plastics (5–9). Here,
instead, we discuss plastics as an emergent
carbon-based geomaterial—specifically, a new
form of anthropogenic detrital, nonliving OC.
We discuss plastic distribution, transport, and
eventual loss from the Earth system; how con-
tamination of environmental samples byplastics
might affect OC studies; how applying concepts
and methods from the geosciences might accel-
erate our understanding of plastics; and how
the study of plastics may advance fundamen-
tal biogeochemical knowledge.

The plastic-carbon cycle
Biogeochemistry details the cycling of elements
at scales ranging from the organismal to the
planetary. Arrowdiagrams candetail elemental
stocks, sources, fates, and transformations (Fig. 1).
The cycling of one specific element, carbon, is of
particular biogeochemical and societal signifi-
cance. Organic carbon (OC) fuels life and forms
the elemental backbone of biomolecules. Use
of OC stored in fossil fuels drives our economy,
provides raw materials for the production of
most plastics (6), and iswarming the planet (10).
Thus, in concurrence with a growing literature
(11, 12), we present plastics as an emergent com-
ponent of Earth’s carbon cycle.
Different polymers have different carbon con-

tents, depending on their elemental compo-
sition (Table 1). Furthermore, additives and
processing in the environment may modify
plastic carbon content. For instance, oxidation
adds oxygen and noncarbon mass to plastics
(13, 14). Therefore, precise conversion of plastic
mass to plastic-carbon (plastic-C) will require
knowledge of the contributions that different
polymers make to each global stock and flux,
plus empirical measurements of polymer car-
bon content in the environment. The carbon
content of materials is usually determined
by elemental analysis, but these analyses are
rare for environmental plastics. One study
reported homogenized microplastics from
North Pacific Gyre surface waters to be 83%
carbon by mass (14), a percentage we adopt
here to calculate the carbon content of plastic
mass. As plastic production and disposal have
presumably increased since the data reviewed
in this paper were collected, our estimates of
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Fig. 1. The global plastic-carbon cycle circa 2015. Black
arrows represent fluxes of plastics between compartments.
Blue fluxes represent processes that remove plastics
(e.g., incineration to carbon dioxide, or photodegradation to
oligomers). References for plastic mass values are
shown in parentheses. Plastic-carbon values are calculated
as 0.83 times plastic mass (15). Question marks indicate
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MacLeod, Science 2021, 373, 61–65.

Plas@cs Weathering and Degrada@on
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Fig. 2. Weathering processes of poorly reversible plastic pollution in the environment. Weathering proceeds along two co-occurring and synergistic pathways of
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Zhu et al., Nature 2016, 540 (7633), 354-362.

Plas@cs from Renewable Feedstocks
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• monomers obtained from renewable resources in order to replace petroleum-based plas@cs 

• selec@on of feedstock 
• ”first genera;on” from agricultural plants – compe;;on with food produc;on 

• ”second genera;on” from food or agricultural waste – huge amounts of source material required 

• ”third genera;on” from processes using primi;ve organisms – environmental impact on large scale 

• even for second genera@on feedstock: consider compe@@on with other value chains 

• end-of-life solu@ons, recyclability, and biodegradability are addi@onal requirements



Zhu et al., Nature 2016, 540 (7633), 354-362.

Examples from Renewable Resources
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“pro-oxidant” addi;ves: 

banned in EU (2019)

biodegradable polymers: 

enzyma;c scission or hydrolysis

degradability as end-of-life op;on 

for selected examples only

Albertsson and Hakkarainen Science 2017. Aarsen et al. Chem. Rev. 2024. EUR-Lex-32019L0904 (europa.eu).

Biodegradable Plas@cs
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• polymers must be biodegradable because of leakage, but desired end-of-life solu@on is recycling 
• biodegradability should only be considered as end-of-life solu@on in rare excep@ons ! 
• industrial compos@ng is possible par@cularly in closed loop but remains hard to control

• leakage of plas;c into the environment can never be fully prevented but should be reversible
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End of Life of Plas@c Products
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• chemical recycling is the selec@ve depolymerisa@on back into monomers under mild condi@ons  
• pyrolysis is thermal decomposi@on into small molecules (not monomer), requires high energy
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Grossmann, Ind. Eng. Chem. Res. 2000, 39, 1171; Phan, Green Chem. 2018, 20, 1813; Yao, Waste Management 2016, 48, 300.

Pyrolsis of Vinyl Polymers
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• high depolymeriza@on temperatures result in down-cycling to lower-energy side products  
• pyrolysis (even to monomer) is not “chemical recycling to monomer under mild condi@ons”
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Yang, S.; Du, S.; Zhu, J.; Ma, S. Closed-Loop Recyclable Polymers: From Monomer and Polymer Design to the Polymeriza;on–Depolymeriza;on Cycle. Chemical Society Reviews 2024, 53 (19), 9609–9651.

Chemical Recycling by Ring-Closing Depolymeriza@on
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• polymers made by ring-opening polymeriza@on of heterocyclic monomers are ideally suited 
• polymeriza@on is almost ergoneutral, selec@ve depolymeriza@on occurs above ceiling temperature
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EASAC, Packaging Plastics in the Circular Economy, 2020.

Why is it so Hard to Replace Plas@cs with Sustainable Alterna@ves ?
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• challenge: reduced set of polymer materials and components must be adapted to the broad range 
of processing requirements and final product performance solu@ons they are intended to replace ! 
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• commodity polymers such as PE and PP have seen 

seven decades of technological development 

• various grades exist for different industrial 

processing methods (film drawing, moulding …) 

• virtuous cycle: industrial produc;on lines  

op;mized for exis;ng polymers and vice versa 

• changes to exis;ng produc;on line non-trivial or 

require significant capex investment 

• typical “sustainable polymers” oóen have severe 

shortcomings: heat stability, melt stability … 

• sustainability requirements ask for small  

set of base polymers
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