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Carbon Capture with Upcycled Waste Plastics
Fig. 1. (a) Comparison of carbon dioxide emissions and plastic production: The magnitude of emerging waste plastics provides a unique opportunity for sustain
sorbent production (data from OurWorldinData.org). (b) Schematic overview of end-of-life polymer upcycling pathways toward CO2 sorbents.
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1. Introductio n

The global average surface temperatures of the last 3 years have 
reached the +1.5 °C threshold above pre-industrial levels [1–3] 
defined in the 2015 Paris Agreement. In areas such as China or
Europe, temperatures have significantly exceeded this mark
[1–3]. To secure stable living conditions on Earth, humanity must 
decrease its carbon dioxide (CO2) emissions substantially and will 
need to retrieve already-emitted CO2 from the atmosphere. Tech-
nologies such as carbon capture and storage (CCS), as well as car-
bon dioxide removal (CDR) using bioenergy with CCS (BECCS)
and direct air capture (DAC), promise mitigation independent of
behavioral or industrial developments. However, current capture
capacities of 50 Mt a–1 (CCS [4]), 2 Mt a–1 (BECCS [5]), and 
46 kt a–1 (DAC [6,7]) are no match for the over 40 Gt of annually
emitted CO2 [8], which will require CDR volumes on the order of
5–16 Gt a–1 by 2050 [9]. Because current state-of-the-art CO2 

sorbents are synthesized from fossil-derived commodity chemicals 
and were not designed for end-of-life recyclability, upscaling these
CDR approaches is not a sustainable endeavor.
Concurrently, humanity is causing yet another environmental 
crisis through environmental pollution with plastic waste. The 
exponentially growing global plastic production reached
431 Mt a–1 in 2024 [10], with reported recycling rates trailing 
behind: Only 41 Mt of this worldwide production were recycling-
based, of which 8% originated from North America, 19% from
Europe, and 30% from China [10]. An overall plastics recycling rate 
of 75% would be required to achieve sustainability within plane-
tary boundaries [11]. Instead, most end-of-life plastics are land-
filled, incinerated, or mismanaged. In addition to the obvious 
consequences for the biosphere, these predominantly fossil-
sourced plastics contribute significantly to global warming, being
projected to take up 15% of the world’s carbon budget by 2050 [12]. 

In this Views & Comments article, we advocate for a seemingly 
paradoxical, yet highly intriguing opportunity: to fight one envi-
ronmental disaster with another, by upcycling waste plastics, rub-
bers, and textiles into CO2 sorbents. Not only is this synergistic
combination a match with respect to scalability (Fig. 1(a)), but it 
would also go hand in hand with ongoing recycling efforts, pre-
senting further economic incentives to waste collection and sorting
able CO2
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† For example, the chloromethylation step toward state-of-the-art benzylamine 
resin sorbents such as Lewatit VP OC 1065 or Purolite A110 req uires near-
stoichiometric amounts of catalyst and an excess of carcinogenic chloromethyl
methyl ether.
schemes. After a brief methodological overview of the literature 
with selected examples, we discuss the strengths and shortcom-
ings of the concept, which inform our recommendations to
advance the subject area.

2. Existing approaches for the upcycling of waste polymers to
CO2 sorbents

Three distinct avenues for the upcycling of waste plastics 
toward CO 2 sorbents have emerged in this relatively young field
(Fig. 1(b)). ① The chemical post-modification of polymers is 
mainly applied to create solid adsorbents by introducing or trans-
forming functional groups or structural elements in the waste 
polymers, while keeping the backbone intact. ② In contrast, degra-
dation–upcycling is closely related to chemical recycling, to the 
extent that polymers are chemically disassembled into small mole-
cules or oligomeric fragments, which are either applied as sorbents
themselves or further reacted to produce value-added adsorbents.
③ Lastly, pyrolysis can create high-surface-area active carbons
that operate as CO2 physisorbents. Selected recent examples of
these strategies are highlighted in the following paragraphs. Com-
prehensive reviews with further instances are available in Refs.
[13–15]. 

2.1. Chemical post-modific ation

Both physisorbents and chemisorbents can be produced via the 
chemical post-modification of waste polymers. The former gener-
ally requires the generation of a high surface area and micropore
volume within the material, which has been demonstrated, for
example, by the Friedel–Crafts ‘‘hypercrosslinking” of scrap poly-
styrene [16]. In contrast, the mechanism of action in the majority 
of chemisorbents is based on amines either undergoing nucle-
ophilic addition to CO2 to generate carbamates under dry condi-
tions or assisting in the formation of bicarbonates in the
presence of water. These amine moieties have previously been
introduced to waste plastics by means of sequential polystyrene
nitration–reduction or through the substitution of polyvinyl chlo-
ride with aliphatic amines [17]. Recently, Kumar’s [18] and our 
groups [19] have independently demonstrated the catalytic hydro-
genation of nitrile butadiene rubbers as a first example of the 
transformation of nitrogen-containing functional groups, which
are present in certain waste polymers, into amines for carbon
capture.

2.2. Degradation–u pcycling

An example of an effective upcycling strategy that involves 
(partial) disassembly of the waste polymer’s backbone is the adsor-
bent N1,N4-bis(2-aminoethyl)terephthalamide (BAETA) proposed
by Lee’s group [20], synthesized via the ethylene diamine aminol-
ysis of polyethylene terephthalate (PET). Furthermore, metal–or-
ganic frameworks (MOFs) with CO2-selective gas physisorption 
properties such as Materials Institute Lavoisier (MIL)-53(Al) have
been synthesized from PET-derived terephthalic acid or, in the case
of MIL-101(Cr), directly from PET flakes [15]. 

2.3. Carbonization 

Finally, porous carbon physisorbents have been produced 
through the pyrolysis of various waste plastics ranging from polye-
sters [21], polyurethanes, polyamides, and polyacrylonitriles to 
mixed-waste plastic materials [22]. Pre-treatment for increased 
heteroatom incorporation, which is correlated with increased CO2 

selectivities, often includes caustics, but strategies such as sulfona-
tion prior to pyrolysis have also been explored [22]. 
26
3. Discussion of conceptual strengths and challenges

3.1. Focus on chemisorbents

Various parameters must be considered in the design of CO2 

sorbent materials, including their capacity (dictated by accessibil-
ity and degree of functionality), sorption rate, stability (chemical, 
thermal, and mechanical), sustainability (synthesis, leaching, and 
end of life), and price. Their enthalpy of adsorption is also a key 
parameter, as it is associated with energy consumption and gas
selectivity, among other factors. Strongly exothermic CO2 adsorp-
tion leads to the selective capture of carbon dioxide over other
gases, which is desirable because a purity of more than 95% CO2

is required for pipeline transport or underground storage [23]. 
However, it also leads to an energy-intensive sorbent regeneration 
step, which is one of the major cost drivers of carbon capture. Low 
heats of sorption are characteristic of physisorbents, giving rise to 
less-selective adsorption that seldom offers CO 2/N2 selectivities
above 50. Considering the abovementioned purity requirements,
this means that these sorbents would require downstream purifi-
cation of the CO2 captured from flue gas, which would add to the
cost [24] and be challenging to apply for DAC. Despite notable 
exceptions such as Calgary framework-20 (CALF-20), a physisor-
bent MOF with an extraordinary CO2/N2 selectivity of 230 [25] that 
is employed for carbon capture by Svante, this discussion focuses 
on chemisorbents. Nonetheless, many of the arguments discussed
are valid for all types of CO2 sorbents.

3.2. Suitability of waste plastics as sorbent feedstock

Plastic waste is an abundant and cheap feedstock, making it 
attractive for the large-scale synthesis of CO2 sorbents. In the fol-
lowing sections, advantages and drawbacks of waste-plastic-based
sorbents are discussed from cradle to grave.

3.2.1. In synthesis
High-volume consumer polymers were made to last. This 

design choice makes their selective chemical modification chal-
lenging in many cases, possibly requiring expensive catalysts or 
harsh conditions, which could impede the profitability, sustainabil-
ity, or even scalability of these upcycling pathways. Although
benchmark sorbents are synthesized from fossil sources, contrary
to waste-based upcycling, their production nevertheless com-
monly requires equally forcing or toxic conditions.† Therefore, a 
‘‘sustainable advantage” [26] can be retained despite chemical waste 
transformation steps that are not perfectly green themselves.

Post-consumer polymers frequently contain additives such as 
antioxidants, dyes, plasticizers, flame retardants, or fillers [27] 
and might additionally be partially oxidized or hydrolyzed from 
exposure to the elements. Crosslinking in thermoset materials pre-
vents their dissolution, further exacerbating functionalization of 
the bulk material. Moreover, potentially inaccurate plastic waste 
sorting and the presence of composite materials will cause feed-
stock inhomogeneities. An excellent level of robustness with
respect to impure feedstocks is therefore a prerequisite for eligible
chemical transformations.

Conversely, once a robust process is established, upcycling 
toward CO2 sorbents could be complementary to recycling strate-
gies, in which parameters such as discoloration, food safety, or
specific mechanical properties cannot be met from all waste
sources. Both upcycling and recycling technologies might benefit
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† Estimations for fossil-sourced DAC adsorbents indicate that 60%–91% of these 
materials’ direct carbon footprint is caused by their production [29]. 
from economy of scale with respect to collection and sorting 
schemes, even if there is an overlap in targeted waste types. In par-
ticular, thermoset polymers such as vulcanized rubbers or polymer
blends, for which currently only downcycling applications exist at
their end of life, are promising targets for upcycling to CO2

sorbents.
In this context, degradation–upcycling should clearly be distin-

guished from chemical recycling with downstream transforma-
tions. If the small-molecule building blocks produced in a down-
up procedure are of (near)-virgin monomer quality but more 
expensive than fossil-based alternatives, there will be limited 
incentive for such an upcycling process. Instead, degradation–up-
cycling is advantageous if it can utilize monomers of lower quality,
mixtures of different monomers without (complete) separation, or
oligomers. Alternatively, down-up procedures that advance in one
step from waste plastics without (e.g., BAETA [20]) or only with 
in situ monomer formation (e.g., MIL-101(Cr) [15]) could be 
competitive.

In summary, while the chemical modification of waste materi-
als certainly poses considerable challenges to the field, these are 
expected to be less severe than the difficulties encountered in
closed-loop recycling because the non-consumer target application
of carbon capture imposes less stringent product requirements
than food-grade standards, for example.

3.2.2. In CO2 capture operation
Sorbents generated from waste plastics are typically supported 

solids, requiring less energy input for thermal desorption com-
pared with aqueous sorbents (the specific heat capacity of common 
polymers is 1–3 J g−1 K−1 , vs that of H2O, at 4.2 J g–1 K−1). Further-
more, wider temperature ranges are expected to be accessible with
these solid sorbents in comparison with aqueous solutions of
absorbents, enabling more diverse flue gas capture applications.

The notion that polymeric adsorbents pose a lower risk than 
small-molecule sorbents of leaching potentially toxic or environ-
mentally harmful compounds during operation is another argu-
ment in favor of waste-plastics-based CO2 adsorbents. In 
contrast, the potential for microplastic release from capture facili-
ties might require preventive measures such as filters to avoid
environmental contamination. We argue that the risk of microplas-
tic pollution will be more controllable in centralized upcycling and
CO2-capturing plants compared with the status quo of misman-
aged and landfilled waste.

It is well-known that a weakness of amine-based chemisor-
bents is their oxidative degradation, which can be compounded
by the presence of catalytically active metals [28]. Both polymer 
additives such as zinc or titanium oxides and trace residues of 
metal-catalyzed upcycling processes might therefore limit the life-
time of sorbents derived from waste plastics. This issue is partially 
balanced by the lower mobility of these metal ions in the predom-
inantly solid adsorbents, compared with traditional aqueous sor-
bents. Importantly, it has been shown that this disadvantage can
be alleviated by the addition of chelators or sulfur-based antioxi-
dants [28], which are already present in some waste materials.

3.2.3. At end of life
The upcycling of plastics is not an inherently circular model. It 

is therefore best suited for difficult-to-recycle plastic types. How-
ever, until globally high recycling rates are implemented, upcycling 
toward CO2 sorbents might establish a business model toward bet-
ter utilization of these waste materials, independent of their recy-
clability. As previously mentioned, a higher demand for sorted
waste could benefit closed-loop recyclers as well.

Another aspect of plastics upcycling is the functionality that is 
regularly introduced by polymer post-modification. Carefully
designed reactive moieties that serve as handles for controlled
27
degradation could arguably facilitate the management of spent 
plastic-derived sorbents compared with their parent waste materi-
als [26]. Retired sorbents composed of shortened polymer frag-
ments as products from degradation–upcycling might 
additionally be more easily recycled owing to increased solubili-
ties. Finally, end-of-life carbonized sorbents have been discussed
in applications such as soil remediation.

3.3. Overall sustainability

According to Sardon and co-workers [26], upcycling is ‘‘the use 
of plastic waste as a feedstock for the synthesis of value-added 
products,” including materials. The discussed application of post-
consumer plastics in carbon capture clearly fulfills this definition.
At the same time, a relevant question arises: Is the overall upcy-
cling process in fact more sustainable than alternatives from fossil
resources?

Unfortunately, this straightforward question cannot be 
answered in simple terms. The material’s origin, synthesis, and 
end-of-life fate make up for its direct footprint, which must be 
weighed against the amount of CO 2 it captures throughout its life-
time, balanced by the energy consumed in this process. While
qualitative arguments that assume a net-zero CO2 balance for the
waste plastic feedstock† [29] or comparisons between amines liber-
ated from polymer-innate nitrogen and the energy-intensive Haber– 
Bosch process shine a positive light on these materials, more sophis-
ticated life-cycle assessment (LCA) must be performed on individual 
materials for a definitive answer. An additional level of complexity is 
imposed by limited modeling accuracy when it comes to a CO2 sor-
bent’s performance, because many difficult-to-control parameters 
such as morphology, permeability, capacity retention, or the pres-
ence of water play important roles. This effectively prohibits confi-
dent sustainability evaluations of any CO2 sorbent prior to its
synthesis and rigorous analysis. To the best of our knowledge, LCAs
for plastic-waste-derived carbon capture materials have only been
performed on pyrolyzed carbons thus far [21]. 

Because the synthesis, capture cycling, and stress testing of 
such materials is highly time- and resource-intensive, we propose 
a range of guidelines and research directions in the subsequent
section that we believe will be expedient to the field.

4. Recommen dations

4.1. Scientific recommendati ons

Due to the abovementioned challenges for LCA prior to thor-
ough characterization of synthesized materials, focus should be 
put on basic green chemistry principles in the scope of sorbent 
synthesis from waste plastics. This pertains to, for example, 
reagent toxicity, mild reaction conditions with low energy 
demand, or minimized waste production through preferably cat-
alytic transformat ions. Appropriate process design, including reac-
tor selection, energy optimization, and process intensification,
should be evaluated to ensure economic viability. Furthermore,
the whole product lifespan should be considered even in the early
research phases, including the upcycled material’s end-of-life fate.
Ideally, sorbents would be designed with their recycling in mind.

To enable the applicability of LCA and techno-economic models, 
efforts to report relevant data such as the heat of adsorption or sor-
bent kinetics should be made. Although the theoretical maximum
CO2 capacities of these materials are of academic interest, working
capacities at ambient and elevated temperatures, as well as under
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reduced CO2 partial pressures and in optimized time intervals, are 
more pertinent to judge potential impact and economic viability. 
Broad availability of such relevant data would eventually allow 
for more systematic design approaches, possibly augmented by 
machine learning (ML). Until the low data regime is surpassed in
this emerging field, we currently see the most promising opportu-
nities for ML in improved computational simulations that can com-
plement synthetic and analytical work.

These application-focused metrics are heavily dependent on 
surface area and morphology, among other factors. Despite the 
field’s overall low technology readiness level, an early focus on 
these parameters is deemed important to generate economic inter-
est. Strategies for both microscopic (i.e., milling to powders, pore 
forming by porogen leaching) and macroscopic structuring (i.e.,
pelletization, coating) or combined approaches (i.e., fiber spinning,
freeze drying) of waste-polymer-derived CO2 sorbents should
therefore be explored to maximize the accessibility of capture
sites, thereby improving capacity and kinetics while reducing back
pressure in fixed-bed sorption reactors.

Because of overall better gas sorption selectivities, we expect 
greater potential for chemisorbents over physisorbents in post-
consumer polymer upcycling. A notable exception is the applica-
tion of pyrolysis toward CO2 sorbents for inseparable mixed-waste
plastic fractions, owing to the robustness of the process [22]. 
Beyond this, we recommend targeting chemisorbents from more 
defined waste fractions. Our suggested four key indicators for
promising waste polymers are as follows (Fig. 2): 

(1) Waste polymer availability is crucial, both with respect to 
annual production volumes and considering waste collection and
sorting capabilities.

(2) Limited recyclability must be considered; for example, cross-
linked plastics and rubbers are more challenging to recycle than
thermoplastic polymers, making their upcycling an attractive
long-term application.

(3) Functional groups can efficiently guide the design for novel 
upcycling strategies, since they serve as handles for chemical
modifications.

(4) Polymeric nitrogen content that can be converted to amines 
reduces the need for the addition of energy-intensive and fossil-
based external amines.

Considering the above guidelines, we believe that polyacrylates 
and problematic polyvinyl chlorides (see indicator (2) above) are 
underexplored substrates, despite their comparatively high reac-
tivity (indicator (3)) and abundance (indicator (1)). We also note 
that, in light of diverse methodology for aromatic functionaliza-
tion, the potential of waste-polystyrene-derived chemisorbents
does not appear to be exhausted. Furthermore, we recommend
investigating the upcycling of thermoset rubbers, epoxy resins,
and polyurethanes (indicator (2)), as well as that of likewise nitro-
gen-rich polyamides (indicator (4)).

Due to the insolubility of polymeric sorbents, especially cross-
linked ones, we generally expect reduced biotoxicity following
Fig. 2. Overview of scientific recommendations for plastic waste upcyc
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lower degrees of bioavailability. This might enable exciting appli-
cations in enhanced microbial CO2 conversion. At the same time, 
these more benign sorbents could advance decentralized carbon 
capture owing to reduced concerns regarding the leaching of toxic
volatile species. Reaching these long-term goals will require inter-
disciplinary and international collaboration, including academia,
industry, and legislators, to harmonize research goals with eco-
nomic needs and regulatory frameworks.

4.2. Regulatory recommendatio ns

In addition to the specific recommendations concerning the sci-
entific aspects of this plastic-waste-to-carbon-capture concept, we 
would like to add more general suggestions on how policymakers
can support it, beyond encouraging and promoting multidisci-
plinary research.

Firstly, national and transregional sustainability strategies 
should specifically incentivize the upcycling of waste plastics, 
especially difficult-to-recycle types. During the transition period 
toward more widespread closed-loop recycling, value creation 
from all kinds of plastic is desirable, as upcycling and recycling 
could develop synergy through scaling effects. Textile upcycling
initiatives may serve as functional blueprints for similar poly-
mer-focused campaigns. To avoid ambiguities with recycling or
downcycling, as well as claims of greenwashing, a clear and bind-
ing definition for upcycling must be established.

Secondly, a framework should be created that enables a solid 
planning horizon for investments in CDR technologies. We believe 
that carbon taxes or emissions trading, like those implemented in 
Canada, China, and the European Union (EU), are valuable tools in 
this pursuit. However, it must be ensured that these CO2 credits do 
not become subject to financial speculation s and thereby market
price fluctuations. Otherwise, the system can easily punish early
adopting companies and create apprehension toward future
investments into their carbon neutrality. The EU carbon permit
price collapse in the first quarter of 2026, which negatively affected
share values of CO2-intensive industries, is a glaring example of
this detrimental mechanism.

Finally, we wish to urge legislators not to let short-term politi-
cal tensions overshadow our global effort to preserve the living 
conditions on Earth by combating climate change and plastic pol-
lution. Instead, we should foster international collaboration, in
which agreements such as the EU–China Memorandum of Under-
standing to Enhance Cooperation on Emissions Trading can be role
models for worldwide cooperation.

5. Conclusio ns

The upcycling of waste plastics, rubbers, and textiles into CO2 

sorbents presents a unique opportunity to simultaneously tackle 
two environmental crises. Challenges to this concept are centered
around the required robustness of the chemical transformation (in
ling into carbon capture materials, especially solid chemisorbents.
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common with monomer recycling) and the currently limited pre-
diction of sorbent properties. Beyond their sustainability benefits, 
important advantages of (self-supported) waste-polymer-based 
adsorbents over conventional amines include their energy-efficient 
regeneration, thermal stability, and reduced corrosivity. Ulti-
mately, the impact of this emerging field now depends on our con-
certed efforts to develop scalable plastic upcycling routes,
demonstrating that polymer waste can be successfully re-engi-
neered into green and economically competitive CO2 sorbents.
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