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POLYMER CHEMISTRY

Polymer design for the circular economy
Addition of keto groups to polyethylene helps it degrade while maintaining its properties 

By Margaret J. Sobkowicz 

T
he field of polymer science and engi-

neering has produced elegant chemi-

cal structures and highly functional 

economical materials during the past 

century. However, society still faces 

fundamental challenges recycling even 

the simplest polymer, polyethylene (PE). The 

advent of Ziegler-Natta and metallocene cat-

alysts (1) has enabled synthesis of 

PEs with targeted branching struc-

tures, spurring their use in an ever-

increasing range of applications, 

including broad adoption in sin-

gle-use packaging. By comparison, 

approaches to recover the ethylene 

monomer or otherwise recycle PE 

have not kept pace. On page 604 of 

this issue, Baur et al. (2) describe 

a catalytic approach to redesigning 

PE to facilitate its inclusion in the 

circular economy by maintaining 

its properties but making it easier 

to degrade to monomers. 

In 2016, 242 million tonnes 

of plastic waste were generated 

worldwide (3), and this num-

ber continues to rise annually. In 

theory, polymers could be easily 

remelted and reformed into new 

objects, but the recycling rate has 

stagnated at only 9% of all plastics 

produced globally (4), or only 14% of plas-

tic packaging (5). This low recycling rate not 

only represents an inefficiency in manufac-

turing and loss of material value but also 

results in unintended leakage to the environ-

ment (6) and damage to ecosystems (7). 

At the heart of the struggle is that sepa-

rations, purifications, and subsequent ther-

momechanical processing cannot completely 

restore recycled plastics to their original 

quality, and the recovered material ends 

up in lower-value products. Advanced recy-

cling approaches focus on recovering puri-

fied chemicals for repolymerization or use 

in other chemical applications, such as fuels 

and solvents (see the figure). Processes that 

are more energy intensive—such as pyroly-

sis, gasification, and biochemical digestion—

can create higher-value product. Hybrid (8) 

and solvent-based (9) processes are also at-

tracting interest. Catalysts can target specific 

bonds for cleavage and lower the energy 

threshold for polymer deconstruction.

The zero-waste hierarchy (10) suggests 

that the most preferred option for solving 

the plastics waste problem is to rethink or 

redesign the polymer itself . Compostable 

plastics such as poly(lactic acid) could fill 

this role with appropriate infrastructure 

(11), but their properties are much different 

than those of the fossil fuel–derived materi-

als to which industry is accustomed. “Oxo-

degradable” materials, which contain 1 to 

2 wt % of transition metal complexes that 

promote free-radical chain scission (12), may 

reduce accumulation of visible recalcitrant 

waste but do not advance recovery and re-

use and could inhibit greater adoption of 

current mechanical recycling and compost-

ing infrastructures (13).

Baur et al. describe a class of nickel-phos-

phinophenolato catalysts that favor ran-

dom incorporation of oxygenated carbonyl 

groups into high–molecular weight PE, ren-

dering it more susceptible to oxidative and 

enzymatic deconstruction. Notably, they 

controlled the degree of substitution of keto 

groups in a nonalternating fashion along 

the carbon backbone, distinct from other 

attempts to incorporate such oxygen func-

tionality in the past. These ketone-modified 

PEs have thermal and mechanical proper-

ties comparable to those of conventional 

PE of similar molecular weight, which is 

critical if they are to be used as drop-in re-

placements for existing materials. This ap-

proach may give these materials a competi-

tive advantage, considering the existing 

challenges that have hindered adoption 

of new biodegradable plastics. The study 

demonstrates that exposure to ultraviolet 

light results in photodegradability similar 

to that of the additive-modified 

PEs previously described.

This promising approach to 

polymer redesign should be incor-

porated into the toolbox of strate-

gies to achieve a circular economy 

for plastics. Moving forward, the 

field must develop approaches for 

processing these materials into 

packaging structures and work to-

ward controlled depolymerization 

to recover valuable feedstocks. As 

with the oxo-degradable additive 

approach, the degradation prod-

ucts should not be dispersed into 

the environment unless they are 

proven safe to ecosystems. More 

work is needed to establish the 

time- and environment-dependent 

breakdown of modified PE to opti-

mize both its in-use properties and 

end-use recycling methodologies.        j

REFERENCES AND NOTES

 1.  H. Sinn, W. Kaminsky, in Advances in Organometallic 
Chemistry, F. G. A. Stone, W. Robert, Eds. (Academic Press, 
1980), vol. 18, pp. 99–149.

 2.  M. Baur, F. Lin, T. O. Morgan, L. Odenwald, S. Mecking, 
Science 374, 604 (2021).

 3.  K. L. Law et al., Sci. Adv. 6, eabd0288 (2020).  
 4.  J. M. Garcia, M. L. Robertson, Science 358, 870 (2017).  
 5.  United Nations Environment Programme (UNEP), 

“Single-use plastics: A roadmap for sustainability” (UNEP, 
2018).

 6.  R. Geyer, J. R. Jambeck, K. L. Law, Sci. Adv. 3, e1700782 
(2017).  

 7.  A. A. de Souza Machado et al., Environ. Sci. Technol. 52, 
9656 (2018).  

 8.  S. Martey et al., ChemSusChem 14, 4280 (2021).  
 9.  T. W. Walker et al., Sci. Adv. 6, eaba7599 (2020).  
 10.  S. Billiet, S. R. Trenor, ACS Macro Lett. 9, 1376 (2020). 
 11.  M. T. Zumstein, R. Narayan, H. E. Kohler, K. McNeill, M. 

Sander, Environ. Sci. Technol. 53, 9967 (2019).  
 12.  M. Koutny, J. Lemaire, A.-M. Delort, Chemosphere 64, 

1243 (2006).  
 13.  New Plastics Economy, “Oxo-degradable plastic packag-

ing is not a solution to plastic pollution, and does not fit in 
a circular economy” (Ellen MacArthur Foundation, 2019).

ACKNOWLEDGMENTS

I thank D. Kazmer for helpful consultation on this text. 

10.1126/science.abm2306

Department of Plastics Engineering, University of 
Massachusetts Lowell, 1 University Avenue, Lowell, MA, 
01854, USA. Email: margaret_sobkowiczkline@uml.edu

Product 
use

Waste 
recovery

Loss to 
environment

Landfill and
degradation

Incineration

Chemical deconstruction

Polymerization

Modified polyethylene

Conventional polyethylene

Product 

manufacture

O

O
x

Circular polymer design
Polyethylene recycling by converting to monomers and chemicals is made 

easier by Baur et al., who incorporated ketone groups into the backbone chain.
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