
nature sustainability

https://doi.org/10.1038/s41893-023-01215-4

News & views

Plastics upcycling

Plastics upcycling made more sustainable  
and practical

Chuan Xia & Buxing Han

Contemporary plastics upcycling methods 
rely on the use of hydrogen and solvents, which 
make the process not environmentally friendly. 
Now a solvent- and hydrogen-free strategy 
can convert high-density polyethylene into 
separable hydrocarbons with high efficiency.

The proliferation of plastics has surpassed most synthetic materials, 
reaching a magnitude comparable to that of natural organic carbons. 
As a result, plastics are an increasingly prominent component of geo-
materials1. The disposal of plastics not only wastes carbon resources 
but also poses notable environmental hazards. Presently, the methods 
used for plastic recycling encompass a range of approaches such as pri-
mary recycling, mechanical recycling and incineration2. These existing 
strategies, however, are typically characterized by their high energy 
demands or their substantial reliance on co-reactants and solvents, 
posing substantial environmental and economic constraints given the 
enormity of plastic waste. Chemical upcycling — a chemical process 
that breaks down parent materials to produce value-added products —  
emerges as an alternative. It not only delivers valuable products, spe-
cifically smaller fuel-range hydrocarbon and low-molecular-weight 
wax for applications such as aviation fuels and lubricants, but also 
minimizes the energy-intensive product separation processes, as the 
costs tied to separation and purification often exceed those linked to 
the depolymerization stage3. Various studies have showcased the suc-
cessful transformations4–7; unfortunately, these existing approaches 
must consume large amounts of co-reactants (for example, hydrogen 
gas) and/or solvents, making it challenging to align their consumption 
with the vast scale of plastic waste. Furthermore, the projected environ-
mental impact of these processes is alarming. This concern stems from 
the fact that the primary source of hydrogen gas at present is through 
steam methane reforming, a process known to contribute substantially 
to greenhouse gas emissions. Additionally, the inherent toxicity associ-
ated with many solvents is a pertinent concern. Therefore, developing 
co-reactant- and solvent-free plastic upcycling technologies is of critical 
importance to tackle plastic pollution and achieve a circular economy. 
In a recent article published in Nature Nanotechnology8, Jie Zeng and 
colleagues reported a strategy to upcycle high-density polyethyl-
ene (HDPE) to cyclic hydrocarbons while remarkably circumventing  
the necessity for any co-reactants and solvents.

Recently, a hydrogen-free method has been developed for con-
verting polyethylene into benzene, toluene and xylenes through tan-
dem hydrogenolysis–aromatization9. However, this strategy still faces 
limitations related to the low efficiency and the incapability of dealing 
with HDPE, a predominantly recycled plastic waste known for its high 
density and chemical resistance. Moreover, the presence of numerous 

linear and cyclic products with identical carbon numbers poses chal-
lenges for subsequent separation processes. As a result, the existing 
hydrogen-free methodology remains detached from viable practical 
application, necessitating an exigent demand for an innovative strategy 
that incorporates efficient hydrogen- and solvent-free processes. Zeng 
and colleagues bring solvent- and hydrogen-free polyethylene upcycling 
one step closer to practice. They formulated a process in which ruthe-
nium (Ru) nanoparticles supported on zeolitic HZSM-5 serve as a cata-
lyst (Ru/HZSM-5(300)) to enable the effective transformation of HDPE 
into separable hydrocarbons in decent yield, without the utilization of 
solvent or hydrogen (Fig. 1a). Furthermore, prior research indicated 
that hydrocarbon products derived from plastic upcycling spanned a 
broad spectrum. For example, the presentence of alkanes, cycloalkanes, 
mono-aromatics, di-aromatics and even polyaromatics with the same 
carbon number in liquid products presents considerable challenges in 
subsequent separation and purification, which demand considerable 
energy input. In this work, the disparity in the distribution of linear 
hydrocarbons (C1–C6, utilized as fuels, chemical feedstocks, solvents and 
so on) and cyclic hydrocarbons (C7–C15, utilized as plasticizers, heat trans-
fer fluids and so on) is substantial enough to permit feasible separation  
via boiling point differences, which is particularly promising to effec-
tively reduce separation cost and complexity in industrial processes.

The authors further undertook a series of robustness evalua-
tions. Notably, the spent catalyst demonstrated effective regeneration 
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Fig. 1 | The solvent- and hydrogen-free strategy for the upcycling of HDPE.  
a, Scheme of converting HDPE into cyclic hydrocarbons over Ru/HZSM-5(300).  
b, Cyclization mechanism.
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additional consumables. By adopting this method, plastic waste can 
be conceptualized as a valuable resource akin to ‘solid petroleum’, 
enabling its reintegration into the global economy and thereby sup-
porting the long-term sustainability of society.
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subsequent to the reaction, exhibiting unaltered activity and selectiv-
ity. This outcome serves as a compelling validation of the catalyst’s 
enduring stability across multiple cycles of use. In addition to HDPE, 
the catalyst also exhibited applicability to the pyrolysis of commercial 
low-density polyethylene food wrap. Based on their work, a plethora of 
new daily products can be fabricated through the utilization of those 
recycled plastics, examples of such products include but are not limited 
to rope, toys, piping, recycling bins and rubbish bins, bringing us closer 
to a circular economy.

Moreover, the authors enhanced the mechanistic understanding 
of the coupled hydrogenolysis–aromatization process underlying 
the polyethylene conversion and elucidate a comprehensive reaction 
scheme (Fig. 1b). This work will catalyse further research and imple-
mentation of this solvent- and hydrogen-free approach, boosting the 
development of more environmentally friendly plastics upcycling 
technologies.

However, in this study, pure HDPE was utilized, and, as a result, the 
catalyst’s resilience when applied to real waste HDPE remains unex-
plored, highlighting the need for subsequent investigations to evaluate 
its effectiveness and robustness in such scenarios. Another limitation is 
represented by the use of noble metals as catalysts, which entails sub-
stantial costs and imposes adverse environmental consequences 
throughout their mining and extraction processes. Future endeavours 
towards potential industrialization emphasize careful consideration 
for exploring non-noble alternatives with improved cost-effectiveness 
and a reduced environmental footprint.

Overall, this study presents a proficient approach that effectively 
converts plastic waste into valuable products without the need for 
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