nature communications

Article

Highly selective upcycling of plastic mixture
waste by microwave-assisted catalysis over
n/b-Zn0O

https://doi.org/10.1038/s41467-024-55584-1

Jun Zhao"8, Bonan Liu?%, Lungiao Xiong®, Wenchao Liu®, Duanda Wang"®,
Wangjing Ma®' !, Litong Jiang®, Jianlong Yang?, Ping Wang’, Tiancun Xiao®7 ' -,
Sui Zhao', Peter P. Edwards®’ & Junwang Tang ®3

Received: 7 February 2024

Accepted: 16 December 2024

Published online: 18 February 2025

% Check for updates 7 billion of 9.2 billion tons of plastic produced becomes waste while conven-

tional catalytic plastic recycling methods are vulnerable with degraded per-
formance and intensive energy input. Here, a hybrid Zn/b-ZnO catalyst,
together with the specially-designed microwave reaction system, has achieved
fast plastic waste upgrading under atmospheric pressure without using H,.
Bifunctional ZnO acts as a microwave absorber and substrate catalyst, and in-
situ formed Zn clusters promote C-C bond cleavage and nearly 100% upcycle
landfilled plastic mixtures into lubricant base oil precursors and monomers.
Unprecedented turnover number (250 pjastic € catalyst) Of plastic depolymer-
isation and long-time stability over 50 successive cycles have been demon-
strated, together with 8-time higher energy efficiency compared with
conventional catalysis, indicating this strategy is an economical approach to
efficient upcycling of plastics towards valuable products. Moreover, the catalyst
can tolerate high contaminates, even the landfilled plastics can still be con-
verted to lubricant base oil precursors, which has never been reported before.

Plastic, the most representative artificial material of post-indus-
trialisation, has permanently changed the lives of humanity with its
high modifiability and accessibility'™*. In 2019, over 360 million tons of
plastic were produced globally, and after use, most became waste,
ending up in landfills or being dumped®. Plastic pollution can alter
habitats and natural processes, reduce ecosystems’ ability to adapt to
climate change, and directly affect millions of people’s livelihoods in
terms of food production capabilities and social well-being. Common
treatments such as incinerating and landfilling can result in more and
long-term pollution, which is not sustainable. Mechanical recycling is
an essential plastic recycling method but often requires a combination
of multiple separation methods to separate a sufficiently single and

pure polymer from the post-consumer plastic waste stream, which is
challenging to recycle complex mixed plastics and multi-layer packa-
ging materials, but chemical recycling is much superior*. Thus, an
economically feasible technology to use the plastic waste is much
sought-after, and chemical recycling®’ of plastics to yield value-added
chemicals such as H,%, alkenes’'® (ethylene, propylene, etc.), fuel' ™
and lubricant base oil"* has been recognised as a promising solution.
Polyolefins, including high-density polyethylene (HDPE), low-density
polyethylene (LDPE), and polypropylene (PP), account for over 50% of
all plastics produced®™. However, their recycling poses a significant
challenge due to the thermodynamically inert C-C bonds that make
them difficult to activate or break. Consequently, a considerable
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amount of post-consumer polyolefin waste ends up being dumped in
the environment'®. Furthermore, these plastic wastes are often physi-
cally mixed and contaminated with various foreign materials, further
complicating recycling efforts. Additionally, the plastic could be
composited by several polymer and additive components, such as
multilayer packaging, making recycling even more challenging.
Unfortunately, there is a scarcity of applicable catalysts that can meet
the stringent requirements for recycling these complex and multilayer
mixtures. Therefore, it is of utmost importance to develop an efficient
method for the smart recycling of polyolefins, whether as single plas-
tics or mixed plastics, in order to build an environmentally friendly
society.

The existing methods have not adequately addressed these chal-
lenges. For example, conventional plastic recycling techniques, such as
pyrolysis and gasification, often require high operating temperatures
(700-1300 K)*¢, which demand significant energy and lead to intricate
side reactions. Although recently emerged methods, such as catalytic
hydrogenolysis and tandem catalytic alkane metathesis, exhibit better
product selectivity to some extent, they have to work under high-
pressure conditions (8-50 bar H,, O,, or ethylene), use precious metals
catalysts (Pt, Ru, Ir, etc.), and relatively prolonged reaction durations
(6-48 h), resulting in limited practical application'®'*'’, These catalysts
also are very prone to contaminants which are always present in the
used plastics. Very recently, two benchmark works employed a pyr-
olysis method to convert plastic into olefin-rich oils or waxes*?”.
Subsequently, these products were further processed into aldehydes
or fatty acids through hydroformylation or oxidation. Based upon
these successes, there is a pressing need of further advances for the
plastic recycling, involving the efficient catalytic process operated
under milder conditions and generating short-chain valuable
molecules®. Therefore, it is necessary to develop a smart plastic
recycling pathway with high selectivity to value-added products like
lubricant-based oil precursors. Importantly, the selective heating by
microwaves can facilitate process electrification, intensify chemical
recycling of plastic and reduce energy consumption.

Herein, an efficient Zn/b-ZnO catalyst has been developed
through in-situ construction using microwave irradiation to upcycle
plastic waste and selectively depolymerise polyolefin waste into
lubricant base oil precursors. In this process, powdered polyolefin is
mechanically blended with bifunctional ZnO (b-ZnO) prior to expose
to microwave radiation. The reaction temperature and time are set at
280 °C and 30 min, respectively. Following the microwave radiation, a
high yield of hydrocarbon oil, mainly lubricant base oil precursors is
produced. Notably, this in-situ constructed catalyst exhibits remark-
able stability over 50 cycles, with an oil yield range of 70 wt% to 84 wt%,
thereby maximising the production of valuable lubricant base oil
precursors. The gaseous byproducts, predominantly C,-C, monomers
which exhibit a selectivity of 60-80%, further enhance the commercial
value. Moreover, an exceptionally high turnover number (250 gpjastic
g catalyst) for plastic depolymerisation is achieved with this Zn/b-ZnO
catalyst. Importantly, when applied to a mixture of plastics waste dug
out from landfill sites, the Zn/b-ZnO catalyst still efficiently generates
lubricant base oil precursors. Through comparative experiments and
detailed characterisation of bifunctional catalysts at different usage
stages, a plastic upcycling mechanism has been proposed. Overall, this
work holds significance in advancing plastic upcycling.

Results

Microwave catalytic upcycling of plastic

The b-ZnO was prepared via a controlled precipitation method.
Zn(CH5C00),-2H,0 was dissolved in deionised water, and then aqu-
eous ammonia was added dropwise into the solution. The resulting
mixture was precipitated in an 85 °C water bath to obtain the b-ZnO
precipitate. Such lab-prepared ZnO catalyst is found to own compli-
cated microstructures, more defects, excellent catalytic activity and

excellent microwave absorption ability compared with commercial
ZnO. Therefore the synthesised ZnO is defined as bifunctional ZnO (b-
Zn0). (Supplementary Figs. 1-3 and Supplementary Table 1). The
plastic depolymerisation process was conducted in a specially-
designed microwave reaction system that utilised a 2.45 GHz magne-
tron multimode microwave reactor (Supplementary Fig. 4). Firstly,
different microwave power such as 240 W, 320 W and 400 W were
evaluated (Supplementary Table 2 and Supplementary Fig. 5), along
with electric field strength and distribution simulations and discus-
sions (Supplementary Figs. 6-8). Results show that the oil yield
increases from 29.9 wt% to 31.4 wt% as the microwave power increases
from 240 W to 320 W, while further increasing the microwave power to
400W, the oil yield decreases to 26.0 wt%. Moreover, the C,-C,4
monomers present the highest accounting in the gaseous products
when the microwave power setting is at 320 W. Therefore, the optimal
microwave irradiation power is determined to be 320 W. Next, the
mass ratio of plastic to the catalyst is optimised to be 4:1 or 5:1. When
the mass ratio is smaller than 4, the heating capacity of the mixture
under microwave irradiation is enhanced. In this case, (i) the mixture
can powerfully transform the incoming microwave electromagnetic
energy into heat, providing sufficient energy to break the C-C bonds
and may induce excessive depolymerisation; (ii) the plastic and pro-
ducts have more chance to contact with the ‘catalyst’ or ‘active sites’,
causing secondary cracking or side reaction, which can be proved by
Supplementary Fig. 9. In contrast, when the mass ratio of plastic to
catalyst increases to a proper range, although the heating efficiency of
the mixture is slightly reduced, the heat generated selectively on the
catalyst can be better allocated to the plastic, forming a solid-liquid
contact state and reducing the contact opportunity between the ‘cat-
alyst’ or ‘active sites’ with the plastic intermediates, facilitating to
reduce excessive depolymerisation and obtain oil products® (Sup-
plementary Fig. 10, Supplementary Table 3 and Supplementary
Movie 1). However, when the mass ratio of plastic to catalyst is set as
6:1, the reaction is prolonged from 30 min to 45 min (Supplementary
Fig. 11). Furthermore, the in-situ construction (self-activation) of the
catalyst was also investigated. Results indicate that under the optimal
mass ratio of plastic to the catalyst, the catalyst is activated within the
first five cycles, which significantly increases the oil yield to more than
70% and maintains stability in subsequent cycles (Supplementary
Figs. 12-14, Supplementary Tables 4-6). Importantly, the catalyst
reconstruction rates can be accelerated by adjusting the mass ratio of
plastic to the catalyst (Supplementary Table 3).

The above-selected conditions were then employed in the sub-
sequent investigation of microwave catalytic plastic depolymerisation.
Figure 1 shows the results of the microwave catalytic depolymerisation
of mechanically pulverised agricultural film plastic (digged out from
landfill site, ~6.4 wt% impurities, Supplementary Fig. 15) using activated
b-ZnO as the catalyst at a reaction temperature of 280 °C and a reac-
tion time of 30 min. A typical cycle includes mixing LDPE feedstock
pulverised from agricultural film with activated b-ZnO catalyst parti-
cles and then irradiating the mixtures by microwave in a special reactor
(Fig. 1a and Supplementary Movie 2). For upcycling agricultural film
plastic waste (polyethylene), the gas yield (Yield: 27-37 wt%) and oil
yield (Yield: 61-70 wt%) remain relatively stable over ten cycles (Fig. 1b
and Supplementary Table 7), despite the presence of high impurities in
this plastic waste. Gas chromatography was used to analyse the
byproducts, particularly the volatile products. It was found that
between 56-70% of the gaseous species produced from LDPE depo-
lymerisation are ethylene, propylene, and butylene (Fig. 1c and Sup-
plementary Fig. 16), which can be utilised in the resynthesis of plastics.

The excellent catalytic activity is further highlighted when com-
pared with the representative plastic upcycling catalysts (Fig. 1d
and Supplementary Table 8). The oil yield per g catalyst per hour
(g g™ h™) over Zn/b-ZnO surpasses the majority of benchmark cat-
alysts by a significant margin, about several times higher activity even

Nature Communications | (2025)16:1726


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55584-1

a
b - -
LDPE [ 1Gas [ Oil - o- Conversion
(digged out from Q Zn/b-ZnO 1004 100
landfill site) —
_________________________ 804 r80
= 2
g 3 0 160 ¢
o &2
e @ 40 F40 O
> c
o
20 20 ©O
! y (e T T T T T T T T —0
Reac Lubricant base oil 1 2 3 4 5 6 7 8 9 10
precursors Cycle number
‘E CHy4 [ CoHy [ 1C3Hg 1 C4Hg [ 1Co-C4 M Cs4 d,:\
100+ < gl . . . |
¥ o5° L7 (mSIO/PLX/SIO,)eH43 I 4 !
o 51 (Znib-zno)his work I ref.35 [
80 257 (@n/b-Zno) % | (RuHzsmsye" \
= < 1203 > ]
X = | [ = L [ = 4 e 1
B.GOA—_*!:_gj—\_f §3 1802 :
'2‘2: % (Ru/C)ef42 :% o (mSiOZ/Pt/SiE)z)mf-12 !
s e L < 2] N , g
g 40 N e . g2 , (AC/zeolite)e"23 Tt « (swsyer2e| |
® 2 1] Rumioyret14 (SIC/IZSM-5) 47 | 15 OO o o yrefad :
S 20 o ; £.45 o (PYAIO5)
0] o Sl (SiC/MgO)e™- J'E 04 :
A R R R BRER R R 2 04 1_4___l-----”qiafg)r-ef]g““‘,-% 260 280 300 320
ol [ ! ) ] ! ' ' : ' 2 . . . ! . 15 Reaction temperature (°C)
1 2 3 4 5 6 7 8 9 10 5 200 300 400 500 600 0[O 1

Cycle number

Fig. 1| Successive cycles of microwave catalytic depolymerisation of LDPE
(digged out from landfill site). a Microwave catalytic depolymerisation process.
b Products yield and conversion. ¢ Gas product selectivity. The mass ratio of the
catalyst to the plastic was: Zn/b-ZnO: Plastic =10 g: 40 g. C,H,, C3H¢, C4Hg repre-
sent ethylene, propylene, butene, and C,-C4° means ethane, propane, and butane.
d Summary of oil yield per g catalyst per hour (g g'..c h™) in different reaction
temperatures achieved in this work and other representative studies (mSiO,/Pt/

Reaction temperature (°C)

SiO, (autoclave reactor, ref. 12), Ru/TiO, (autoclave reactor, ref. 14), Ru/
HZSM5(autoclave reactor, ref. 35), Ru/C (autoclave reactor, ref. 42), mSiO,/Pt-X/
SiO, (autoclave reactor, ref. 43), Pt/Al,O5 (autoclave reactor, ref. 44), ZSM5
(microwave reactor, ref. 24), SiC/MgO (microwave reactor, ref. 45), NiO/HY
(microwave reactor, ref. 46), AC-zeolite (microwave reactor, ref. 23), SiC/ZSM-5
(microwave reactor, ref. 47)).

though many of those catalysts consist of noble metals known for their
high catalytic activity. Therefore, this highly active Zn/b-ZnO catalyst
holds the potential to substantially enhance the oil production while
concurrently reducing energy consumption.

To assess the catalyst’s robustness and stability against different
plastic streams, mixed plastics waste (digged out from landfill site,
~10 wt% impurities, Supplementary Fig. 17) collected from a waste
disposal site in Britain and single-used lunch boxes (PP) were selected
as representative materials (Fig. 2a). For upcycling mixed plastics
waste, the gas yield (Yield: 32-44 wt%) and oil yield (Yield: 47-62 wt%)
exhibit slight variations over five cycles, reflecting the complexity of
the mixed plastics waste (Fig. 2b and Supplementary Table 9). In
addition, 50 cycles of PP depolymerisation were evaluated under
microwave radiation to assess the long-term stability of the catalyst. As
discussed above, the first five consecutive cycles of the catalytic
reactions are the self-activation of the b-ZnO, the gas yield decreases
from 66 wt% to 25 wt%, while the oil yield increases from 30 wt% to
70 wt%, after which the yields stabilise in the following 45 cycles, the oil
yield on average reaches 73 wt%, as shown in Fig. 2c and Supplemen-
tary Table 10. The selectivity of olefins (ethylene, propylene, and
butylene) from mixed plastics waste and PP is around 65-70% and
60-80%, respectively, and the overall selectivity to C,-C4 monomers is
also comparable to some previous work®* (Supplementary
Figs. 18-19a). Olefins dominate over alkanes in the gas products
(Supplementary Figs. 18-19b), especially for depolymerisation of PP,
the ratio of propylene is 21 times higher than propane, accounting for
around 50% of the gaseous species, indicating a relatively high purity
of olefins. This high purity is advantageous for further refining these
compounds into industrial monomer materials®. Additionally, the

production rate of CH, and H, are relatively low (Supplementary
Figs. 18-19¢). This is beneficial as excessive generation of methane and
hydrogen leads to the aggregation of carbon deposits, which can block
active sites on the catalyst’”***. By reducing methane and hydrogen
production, the selectivity to high value-added products and the life-
time of the catalyst can be dramatically improved**? (Supplemen-
tary Fig. 20).

Compared with the gaseous product, it is more appealing that oil
is produced from LDPE (digged out from landfill site), PP and mixed
plastics waste (digged out from landfill site) depolymerisation, which
was analysed by simulated distillation gas chromatography, GC-MS,
'H-NMR and “C-NMR. Simulated distillation curves indicate the LDPE
oil products mainly consist of hydrocarbons with boiling points
around 280-650 °C (molecular weight around 200-1000 Da), which
can be used as lubricant base oil precursors” (Fig. 3a and Supple-
mentary Table 11). GC-MS reveals that oil products have carbon num-
bers ranging from Cg-C40 and a high account of up to 65% for alkanes,
with Cy6-C4o representing >74% of the hydrocarbons (Fig. 3d-f and
Supplementary Figs. 21-25), in consistence with simulated distillation
results (Fig. 3a). Furthermore, the carbon number distribution of the
oil products is relatively narrowed with the increase of catalyst cycles,
making the oil products more suitable to be used as the lubricant base
oil precursors. In addition, the 'H and *C NMR spectra indicate that the
oil products derived from LDPE plastic waste depolymerisation consist
of linear-chain compounds. As the boiling point/molecular weight of
the components increases, the composition shifts to more linear chain
and fewer complex isomers in the oil products, especially for the
hydrocarbons with carbon number >Cy¢. This implies that this portion
of the product is obtained directly through C-C bond cleavage without
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Fig. 2 | Microwave catalytic depolymerisation of PP and mixed plastics (digged
out from landfill site). a Images of plastic waste and corresponding oil products.
b, ¢ Products yield and conversion of mixed plastics and PP, respectively. The mass

ratio of the catalyst to the plastic was: Zn/b-ZnO: mixed plastics =10 g: 40 g, b-ZnO:
PP=10g:50g.

undergoing further isomerisation (Supplementary Fig. 26). However,
for lubricant production, the highly branched structure is more con-
ducive to improving the fluidity of the lubricant and reducing the pour
point. Polypropylene plastics have a rich branched skeleton structure.
Therefore, the catalytic depolymerisation of polypropylene or mixed
plastics waste is expected to obtain better lubricant base oil
precursors.

Similar boiling points and carbon number distribution of oil pro-
ducts are observed in the upcycling of mixed plastics and PP waste. The
results from simulated distillation gas chromatography reveal that the
predominant components of the oil products are composed of lubricant
base oil precursors fractions (Fig. 3b, ¢). This finding is further corro-
borated by the GC-MS results. Furthermore, the oil products obtained
from the first cycle exhibit a broader distribution, while the other cycles
produce a relatively uniform distribution of oil (Fig. 3g-n) and Supple-
mentary Figs. 27-38). These results suggest that the catalyst’s capacity
for selectively cleaving C-C bonds progressively improves over the
course of the reaction. Furthermore, the catalyst remains effective even
after 50 cycles of PP depolymerisation, enabling the continuous depo-
lymerisation of LDPE (specifically, plastic straws), resulting in the pro-
duction of Cyp-centred distributed oils (Supplementary Figs. 39-40)
with a yield of 76.9 wt%. This suggests that the designed catalyst pos-
sesses a lifespan exceeding 50 cycles and can efficiently cleave the C-C
bond to obtain the narrowly distributed oil products. Conventionally,
such narrow distribution oil products are commonly achieved through
high-pressure (10-50 bar H,) hydrogenolysis or long-term reaction
durations”** (Supplementary Table 12).

Moreover, lubricant base oil precursor properties are important
in the evaluation of the potential application of the oil products
obtained in this work in the lubricant industry. Therefore, the pour
point, kinematic viscosity, and viscosity index (VI) of oil products were
analysed and listed in Supplementary Table 13. Results indicate that

the VI of oil products obtained from microwave catalytic upcycling of
LDPE, mixed plastics and PP are 141.3, 123.4 and 122.2, while the pour
point is 39.7°C, 40.9 °C and 41.2°C, respectively. Typically, the VI
below 120 corresponds to Group I-lll mineral oil and higher than 120
belongs to synthetic lubricants**°. Compared to commercial lubri-
cants, liquid oil products show lower kinematic viscosity and higher
pour points, as microwave catalytic depolymerisation proceeds under
hydrogen-free and atmosphere pressure without undergoing hydro-
genation, isomerisation, and cracking, so it is defined as lubricant base
oil precursors. Importantly, the lubricant base oil precursors play a
vital role in the production of lubricants (lubricants are composed of
80% to 90% base oils and 10% to 20% additives), which can be post-
processed to produce lubricants through industrially available pro-
cesses such as hydrogenation, branching and refining®.

Overall, based on the above results, the catalyst has demonstrated
remarkable efficiency in depolymerising complex plastics, showcasing
notable robustness and stability. This holds promising potential for the
efficient upcycling of plastic mixtures, eliminating the need for any
pre-treatment, and yielding high-value-added monomers and lubricant
base oil precursors since the relatively weak acidity of Zn/b-ZnO and
selective heating characteristics under microwave irradiation con-
tribute to obtaining these valuable products (Supplementary Fig. 41).
Furthermore the valuable cyclic (Cs-Cy4) hydrocarbons can also be
selectively improved by mixing a small amount of ZSM-5 with Zn/b-
ZnO during microwave catalytic depolymerisation of plastic (Supple-
mentary Figs. 42-43). Therefore, the product distribution from
depolymerisation of plastics can be flexibly controlled by selecting a
catalyst with suitable acidity.

The excellent performance of the synthesised b-ZnO catalyst in
upcycling plastic waste can further be highlighted by comparing it with
various catalysts used in microwave catalytic depolymerisation of
polyolefin. The synthesised catalyst exhibits a significant increase in
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Fig. 3 | Microwave catalytic upcycling results and the process energy efficiency.
Simulated distillation gas chromatography results of oil products from the

microwave catalytic upcycling of (a) LDPE (digged out from landfill site), (b) mixed
plastics (digged out from landfill site), and (c) PP at different cycles, respectively.

Carbon number distribution of oil products from the microwave upcycling of LDPE
(digged out from landfill site) (d-f), mixed plastics (digged out from landfill site)
(g-h), and PP (i-n) at different cycles, respectively. o Electricity consumption of
microwave (280 °C) and conventional thermal (450 °C) catalytic processes.

the yield of monomers and lubricant base oil precursors, surpassing
the performance of other catalysts, including carbon materials and
commercial ZnO as summarised in Supplementary Fig. 44 and Sup-
plementary Table 14. This superiority can be attributed to the struc-
tural characteristics of the hybrid catalyst, together with the unique
microwave heating (Supplementary Figs. 1-3, Supplementary Fig. 10
and Supplementary Table 1). Another well-known microwave-absorb-
ing carrier, e.g. activated carbon was added to b-ZnO to enhance its
microwave absorption. However, this process often leads to undesired
side reactions®, ultimately resulting in lower added value of the final
product (Supplementary Table 15). Thus the synthesised b-ZnO cata-
lyst does not require such additional measures to strengthen micro-
wave absorption and can appropriately harness the microwave energy
for efficient depolymerisation, thereby achieving higher product
yields and maintaining the value of the end product.

To illustrate the superiority of the Zn/b-ZnO catalyst for
microwave-assisted catalytic depolymerisation, a comparison of pro-
duct distribution and electricity consumption between microwave and
traditional thermal catalysis was conducted. The traditional thermal
catalysis process under a series of reaction temperatures (400 °C, 450
°C, 500 °C and 600 °C) presents that the oil distribution obtained by

the depolymerisation of PP with thermal catalysis has specific differ-
ences compared with microwave-assisted catalytic depolymerisation
of PP, which also reflects the uniqueness of microwave-assisted cata-
lytic depolymerisation of plastics (Supplementary Fig. 45). Moreover,
the energy efficiency of the overall PP depolymerisation reaction was
estimated using the electricity metre. Figure 3o illustrates the elec-
tricity consumption of the designed Zn/b-ZnO catalyst in PP upcycling
by microwave and traditional heating methods. The electricity con-
sumption of the microwave-assisted catalytic depolymerisation
method is only 0.3 KWh when 10 g catalysts were used with 50 g plastic
per cycle. In comparison, the traditional thermochemical method
reaches 2.4 KWh (450 °C when the oil products distribution is similar
to microwave-assisted catalytic to some extent), significantly higher
than microwave-assisted catalytic depolymerisation. This improve-
ment can be attributed to the bifunctionality of the designed Zn/b-ZnO
catalyst, which acts as an excellent microwave absorber, efficiently
converting electromagnetic energy into hot spots (Supplementary
Fig. 46), and faster catalytically depolymerising plastic to generate
terminal products. In contrast, the plastic catalytic depolymerisation
by conventionally thermal catalysis is also much slower than that of the
microwave-assisted catalysis due to the overall heating process,
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Fig. 4 | Characterisations of the used b-ZnO catalyst after different cycles of plastic depolymerisation. a-c HAADF-STEM images of pristine and used b-ZnO and (d, e)
HAADF-STEM images of b-ZnO after 50 cycles, the Zn clusters on b-ZnO marked by red circles. f Corresponding element mapping (red for Zn, green for O and blue for C).

leading to higher energy consumption and the formation of numerous
undesired side reactions, reducing the yield of high value added
lubricant base oil precursors and increasing the complexity of the
product'®. Notably, the rapid depolymerisation reaction and short
residence time of the microwave-assisted process greatly reduce the
energy consumption and suppress side reactions of the reaction®*,
Therefore, the microwave-assisted catalytic depolymerisation
approach using the designed Zn/b-ZnO catalyst presents remarkable
energy efficiency and excellent product distribution in the depoly-
merisation of plastic.

The characterisation of the active catalyst
To investigate the evolution of product distribution from 1% cycle to 5™
cycle, the improvement in catalytic efficiency, and the long-term sta-
bility of high catalytic activity throughout the subsequent 45 cycles,
the catalysts used at different stages were characterised to compre-
hensively monitor the changes occurring in the catalyst during the
extended cycling process. Firstly, the aberration-corrected high-angle
annular dark field scanning transmission electron microscope
(HAADF-STEM) and energy dispersive X-ray spectroscopy (EDX)
mapping were carried out to investigate the morphology of the cata-
lysts. The pristine b-ZnO exhibits a uniform, smooth rod-like structure,
while the used b-ZnO surface shows an increasing number of elliptical-
shaped holes, indicating structural modifications with prolonged
cycling (Fig. 4a-d) and Supplementary Fig. 47). This is due to the
generation of hydrogen during the depolymerisation reaction of
plastics, which could initiate the reduction of b-ZnO, forming etch-
ing holes.

Furthermore, an in-depth analysis of a 50-cycle used catalyst
sample reveals that the recycled b-ZnO sample exposes abundant Zn

clusters (0.7-1.1 nm, Fig. 4e). The EDX mapping further confirmed that
the existence of etching holes and Zn clusters, providing additional
support for the aforementioned procedure (Fig. 4f and Supplementary
Figs. 48-49). The related information can also be derived from the
X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), X-ray
absorption spectroscopy (XAS), thermogravimetry (TGA) and H,-TPR
as discussed in the Supplementary Information (Supplementary
Figs. 50-58, and Supplementary Table 16).

Proposed reaction pathway

Plastic materials, due to their low dielectric loss and essentially
microwave transparency, are inefficient in converting electro-
magnetic wave energy into heat (Supplementary Fig. 10), which
hampers their ability to initiate chemical reactions. As a result, it
is often necessary to combine them with materials that possess
high microwave energy conversion capacity to induce reactions.
In this process, b-ZnO serves as a catalyst that rapidly converts
microwave energy into local heat (hot spots), ensuring selective
heating of the catalyst particles (Supplementary Figs. 46, 59a, b).
The generated heat is then transferred to the plastic, causing it to
melt quickly and transition into a solid-liquid contact state which
facilitates the plastic depolymerisation reaction (Supplementary
Movie 1).

During the reaction, a notable shift in product compositions
towards more valuable products is observed in the early stages, indi-
cating an intrinsic transforming of the catalyst. The production rate of
lubricant base oil precursors gradually increases while gaseous pro-
ducts exhibit a gradual decrease and eventually reach a plateau after
five cycles. Similar trends are also observed in the catalytic depoly-
merisation of other plastic waste (Supplementary Figs. 12-14,
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Supplementary Tables 4-6 and Supplementary Figs. 60-69). The
STEM, XAS, XRD, TGA, H,-TPR and XPS results of the used catalyst
suggest the b-ZnO catalyst progressively undergoes reduction and
transformation, i.e. a self-activation process, forming a highly reactive
and selective Zn cluster/b-ZnO hybrid catalyst (Supplementary
Figs. 50-58).

The self-activation process can be validated by adjusting the mass
ratio of the plastic feedstock to the catalyst, resulting in controlled
activation. When the mass ratio of the plastic to the catalyst is set to 1:1
or 2:1in the first cycle with the same radiation power, the catalyst takes
only one cycle to be fully activated. Upon readjusting the mass ratio to
5:1 for this activated catalyst, it directly attained an oil production rate
of 70-74 wt% for the subsequent cycles. This acceleration is attributed
to the lower ratio of the plastic amount to the catalyst, which promotes
the fracturing of the C-H bond and facilitates H, generation (Supple-
mentary Table 3). Furthermore, the presence of hot spots during the
reaction likely enhances the dissociation of H, into atomic hydrogen.
The atomic hydrogen, in turn, leads to the breaking of Zn-O bonds and
the conversion of b-ZnO into Zn clusters (Supplementary Fig. 59(c-f)).
Additionally, this process generates ~OH (or H,0) and creates pits on
the catalyst surface, known as hydrogen etching®** (Fig. 4).

Particularly, the HAADF-STEM results provide insights into the
etching process (Fig. 4, and Supplementary Fig. 49), which exhibits a
gradual transfer process of the b-ZnO catalyst from a uniform, smooth
rod-like structure to elliptical-shaped holes structure. The formation of
holes is conducive to exposing the active site and increasing the spe-
cific surface area of the catalyst. Moreover, this etching process facil-
itates the b-ZnO reduction into Zn clusters® and the transformation of
the b-ZnO substrate catalyst into a Zn/b-ZnO hybrid catalyst that
exhibits extraordinary catalytic activity and selectivity towards value-
added monomers and lubricant base oil precursors.

Based on the above analysis, the reaction mechanism for the
plastic upcycling over Zn/b-ZnO hybrid catalyst under microwave
irradiation was studied using n-hexadecane as a model compound. The
product distribution after being catalysed by Zn (80 nm), b-ZnO and
Zn (80nm) /b-ZnO was studied to explore the potential catalytic
reaction mechanism. It is worth noting that since Zn (80 nm) cannot be
heated under microwave irradiation, therefore to ensure as much
consistency as possible in the reaction conditions, the catalyst and
n-hexadecane were mixed at a mass ratio of 1:5 and placed in a reaction
vessel, which was further placed in a quartz sleeve filled with graphite.
Under microwave irradiation, graphite converts electromagnetic wave
energy into heat and heats the reactive material through heat con-
duction, realising the catalytic depolymerisation process of
n-hexadecane (Supplementary Fig. 70).

Supplementary Fig. 71 presents the carbon number distribution of
oil products from n-hexadecane depolymerisation. Interestingly, the
oil products are mainly olefins and alkanes when Zn and b-ZnO or Zn/b-
ZnO are used as catalysts, respectively, which indicates the dehy-
drogenation process is efficiently promoted on Zn sites, just like the
function of previously reported metal catalysts”* (e.g. Ir, Rh), addi-
tional evidence can be found from a time-on-stream study (Supple-
mentary Fig. 72). Moreover, XRD results can further demonstrate the
superior dehydrogenation properties of Zn as the diffraction peaks at
the 26 of 18.1°, 23.4°, 27.3°, 31.7°, 34.4°, 41.3°, 47.8°, 56.8°, 62.9°, 68.4°
are detected in the catalyst samples (especially the used Zn catalyst)
after catalytic depolymerisation of n-hexadecane, which corresponds
to the characteristic diffraction peaks of ZnH, and ZnH; ¢¢. While the
diffraction peaks at the 20 of 43.2° and 54.3° are detected in the used
b-ZnO catalyst, corresponding to Zn (Supplementary Fig. 73).

Based on a comprehensive series of control experiments, a
depolymerisation mechanism of plastics is proposed (Fig. 5). For the
b-ZnO catalyst, the plastic reacts with it through initial C-H bond
activation to form an intermediate (x1), in which the hydrogen is
transferred from the plastic to the O atom and the alkyl chain is

bonded to the Zn atom (a0-al). Afterward, the f-alkyl chain is elimi-
nated, resulting in the C-C bond scission, forming alkene and a new
intermediate (x2) (al-a2). The produced x2 intermediate can undergo a
hydrogen transfer process to obtain alkane compounds, where the
hydrogen is transferred from the O atom to the alkyl chain and
accompanied by the metal-alkyl bond broken, releasing the b-ZnO
catalyst (a2-a3). Additionally, the  hydrogen elimination reaction can
also occur, where the hydrogen is transferred from the alkyl chain to
the O atom and following the metal-alkyl bond broken, producing
alkene and ZnOH, (a2-a4). Finally, the ZnOH, is decomposed into Zn
and H,0 (a4-a5)*33°,

The Zn generated via the a4-a5 process also plays an essential role
in plastic depolymerisation. The C-H bond activation is the initial step
in the plastic depolymerisation reaction, both the hydrogen atom and
alkyl chain are shifted and bonded with the Zn atom, forming a y1
intermediate (bO-bl). In the second step, 3 alkyl elimination reaction
causes the C-C bond to break and forms alkene compounds and y2
intermediate (bl-b2). Finally, p hydrogen elimination process facil-
itates the cleavage of the metal-alkyl bond, resulting in the acquisition
of alkene and ZnH, (b2-b3).

Eventually, this in-situ conversion of b-ZnO into Zn/b-ZnO catalyst
achieves an efficient upcycling of plastics, gradually depolymerising
macromolecular polymers into small value-added chemicals through a
synergistic catalytic cracking process. Owing to the difficulty of
obtaining pure zinc hydride, it is difficult to explore its functional role
alone, but it is undeniable that the formation of zinc hydride likely
plays a crucial role in breaking C-C bonds and acquiring saturated
alkanes™?,

Further evidence regarding the influence of the Zn and supported
catalyst can be observed through comparative experimental results
(Supplementary Fig. 74 and Supplementary Table 17). Before the
reaction test, the b-ZnO catalyst was pre-reduced in a tubular furnace
at 550°C for 0/1/2/3h in a 10% H,/Ar gas mixture (heating rate
10 °C min™), and then the pre-reduced b-ZnO catalyst mixed with PP
with a mass ratio of 1:5. Subsequently, the samples were catalytically
depolymerised at 320 W microwave power for 30 min. The gas yield
decreases from 66.3 wt% to 35.7 wt% and the oil yield increases from
30.2 wt% to 61.1 wt% as the reduction time of b-ZnO increases from O h
to 3 h, indicating that b-ZnO loaded with the reduced Zn can selectively
improve the oil yield (Supplementary Fig. 75). Moreover, in order to
provide more straightforward evidence, Zn/b-ZnO and Zn/AC catalysts
were constructed by loading with 1wt% Zn on b-ZnO and activated
carbon (AC) support, respectively. The oil yields of 70.2wt% and
55.3 wt% are achieved when applying Zn/b-ZnO and Zn/AC catalysts for
microwave-assisted catalytic depolymerisation of PP, higher than
b-ZnO and AC. These results further proved that the in-situ formed Zn
is the active site, and the excellent activity of the Zn/b-ZnO catalyst
(Supplementary Table 18).

Discussion

This work presents an in-situ generated Zn/b-ZnO hybrid catalysts with
remarkable efficiency, exhibiting outstanding catalytic performance
and stability in selectively depolymerising diverse polyolefin plastic
waste into valuable hydrocarbons. Leveraging a microwave-assisted
catalytic process, this approach facilitates swift depolymerisation,
converting over 92 wt% of PP into monomers and high-quality lubri-
cant base oil precursors. Notably, the resultant lubricant base oil pre-
cursors represent the predominant product, accounting for 60-85% of
the oil products and the corresponding yield reaches 46-60 wt% in all
products. Remarkably, this process achieves similar lubricant base oil
precursors production when depolymerising unprocessed agricultural
film plastic and mixed plastics waste digged out from landfill sites,
despite their complex compositions and elevated impurity levels.
Crucially, this selective upcycling of the plastic occurs under mild
conditions, at 280 °C, with a fast reaction time of just 30 minutes. The
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Fig. 5 | Proposed reaction pathway. The synergistic catalytic plastic depolymerisation reaction pathway of b-ZnO (a0-a5) and Zn (b0-b3) in Zn/b-ZnO catalyst.

Zn/b-ZnO catalyst attains an impressive oil yield per g catalyst per hour
of 6 (g g'ca h™), exemplifying a highly efficient and energy-conserving
approach to plastic upcycling. Furthermore, the plastic depolymer-
isation process exhibits a high turnover number (250 gpjastic € catalyst)»
long-time stability over 50 successive cycles and 8-fold increase in
energy efficiency compared to conventional catalytic methods.
Fundamental characterisation through HAADF-STEM indicates
that during the microwave pre-activation process, the generated
hydrogen gradually reduces b-ZnO, resulting in the formation of low-
coordinated Zn clusters with higher activity. This transformation
converts the b-ZnO catalyst into a highly active Zn/b-ZnO hybrid cat-
alyst, which synergistically promotes polyolefin depolymerisation
by facilitating C-H bond activation and subsequent cleavage of
C-C bonds. Additionally, the presence of Zn clusters enhances the
electric field strength of the metallic sites, creating micro-plasma
or hot spots. These hot spots provide sufficient energy to break
the C-C bond and facilitate the desorption of products from the
catalyst, significantly increasing the yield of olefin monomers and
lubricant base oil precursors. These findings have significantly
promoted the upgrading and recycling of plastic waste, enabling
the selective conversion into high-value olefin monomers and

lubricant base oil precursors, and achieving highly efficient
recycling of plastic waste.

Clearly, the key parameter of the depth of penetration should also
be considered further regarding to improve the applicability of this
method for scale-up applications. This is due to the penetration depth
of microwave irradiation into absorbing materials is important to
ensure direct microwave dielectric heating rather than heat transfer by
convection, which is critical in the scale-up. However, the pene-
tration depth of the microwave is only a few centimetres at
2.45 GHz so the scaling-up will be carried out by numbering up
the small reactors and reducing residence time, which would also
improve the safety of each reactor as its size is not very big, and
this scale-up process is underway.

Methods

Materials

All materials were of analytical grade and used as received without
further purification. Commercial ZnO, Zinc acetate dehydrate
(Zn(CH5C00),-2H,0), and Aqueous ammonia solution (NH,OH) were
purchased from Aladdin Chemical Reagent Co., Ltd (Shanghai, China).
Plastic waste such as plastic straws (LDPE), drug bottles (HDPE),
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single-used lunch boxes (PP), and car bumpers plastic (PP) are col-
lected from supermarkets. Agricultural film plastic (LDPE) (digged out
from landfill site) and mixed plastics waste (digged out from landfill
site) are collected from landfill sites in UK.

Preparation of ZnO catalyst

The synthesis process of the b-ZnO substrate catalyst follows: 44 g Zn
(CH3C00),-2H,0 were weighed in a container and dissolved in
1800 mL deionised water. The mixture was stirred at room tempera-
ture until fully dissolved into a transparent solution. Then aqueous
ammonia was added dropwise into the solution. With the dropwise
addition of aqueous ammonia, a white precipitate is initially observed,
which subsequently dissolves into a clear solution. The clear solution
was heated under 85°C for 6 h to obtain the b-ZnO precipitate. The
b-ZnO precipitate was filtrated out and stoved in the oven at 80 °C for
5h to obtain the catalyst.

The synthesis process of Zn clusters-carbon composite catalysts
follows: the made b-ZnO catalyst was mixed with plastic in a ratio of 1:2
and proceeded by different standard reaction cycles. The resulting
mixture was washed with 1M sulphuric acid 3 times and dried under
80 °C for 5 h to obtain the Zn clusters-carbon composite catalysts.

The procedure of microwave catalytic depolymerisation of the
plastic

After mixing the catalyst and the plastic, transferring it into a
quartz bottle, the filled bottle was placed in the centre of the
microwave cavity of a 2.45GHz magnetron, multimode micro-
wave reactor, the maximum output power was 800 W (Qingdao
Microwave Applied Technology Co., Ltd). The sample tempera-
ture was measured using an infra-red probe. Although previous
works have demonstrated that the temperature measured by the
infra-red camera can be significantly lower (-100-300 °C) than
the actual bed temperature measured in the centre of the
reactor’’>®, this depends on the composition of the system and is
unlikely to occur during microwave-assisted catalytic depoly-
merisation of plastics®. Therefore, it is reasonable to use infra-
red temperature measurement for the reaction temperature in
this work. Argon flow was applied for 30 min at a rate of
100 ml min™ to purge oxygen from the reaction system before the
microwave-assisted catalytic depolymerisation of the plastic.
Then, the samples were catalytically depolymerised at 320 W
microwave power for 30 min. Two-stage cold traps (0 °C) were
employed to collect oil products, and non-condensable products
were collected in an airbag. The compositions were analysed by
gas chromatography (GC-7820), and the mass of each gaseous
species was calculated by molar fraction.

m
Gas yield= —5= x100% (Wt%) M
plastic
+
0il yield _ Myeactor T Meold trap collects x100% (Wt%) (2)
mplastics
P Xproduct X*Nproduct X
Gas selectivity = x100% (%)  (3)
product nX *N
product1 “*product x "Yproduct x
TON= rl*mplastic (4)
mcatalyst

Where the mgas: mplastic: Myeactor, Mcold trap collects refers to total mass of
gaseous products, mass of plastic substrates, mass of oil collected in
the reactor, and mass of oil collected in the cold trap, respectively. And

Xproduct x» Nproduct x» 1, Mcatalyse Fefers to the molar fraction, the carbon
number of product x*°, cycle number of catalyst, and mass of catalyst,
respectively. TON refers to the turnover number of plastic depoly-
merisation, which is underestimated as we consume that all molecules
of the catalyst are active sites.

Electric field strength and distribution simulation

The electric field strength and distribution in the microwave reactor
were simulated using COMSOL v.5.6 software. The complex permit-
tivity used for plastic in this simulation is £ =2.35-*2x10™**, and the
complex permittivity for the b-ZnO catalyst is 12.4-*1.18, which is
obtained from the vector network analyser results (2.45 GHz, Supple-
mentary Fig. 2a, b).

Characterisation and analysis

The crystalline structure of the catalyst before and after use was
characterised by XRD on a Bruker D8-advance diffractometer using Cu
Ka (\=1.54056 A). Morphologies of the catalyst before and after use
were examined by QUANTA FEG 250 field emission scanning electron
microscope (SEM). High-angel annular dark-field scanning TEM
(HAADF-STEM) images were captured by an Aberration-corrected
transmission electron microscope (JEM-ARM300F) operated at an
accelerating voltage of 300 kV. X-ray absorption near-edge spectra
(XANES) and extended X-ray absorption fine structure spectra (EXAFS)
measurements of Zn were performed at the beamline 1WIB of the
Beijing Synchrotron Radiation Facility (BSRF), Institute of High Energy
Physics (IHEP), Chinese Academy of Sciences (CAS) in a transmission
mode. The carbon residues were measured by in Via-Qontor Raman
spectroscopy with a 532 nm laser. A gas chromatograph coupled to a
high-resolution mass spectrometry (GC-MS QP2010 Ulltra) with an
Rtx-5MS column ((5%-phenyl)-methylpolysiloxane, 30 m x 0.25 mm)
was employed to analyse the oil product. The compositions of gas
products were analysed by gas chromatography (GC-7820, Shandong
Huifen Instrument Co., Ltd.), permanent gases were detected by
thermal conductivity detectors (TCD) with a TDX-01 carbon molecular
sieve column (3 mmx2m), and hydrocarbons were detected by a
flame ionised detector (FID) with an HP-PLOT-Q column
(30 m x 0.25 mm). Thermogravimetric analysis (TGA) was used to
characterise the carbon yield of used catalysts, heated from room
temperature to 900 °C with a heating rate of 10°C min™ in an air
atmosphere. High-temperature gel permeation chromatography
(GPC) was performed on an Agilent PL 220 equipped with a refractive
index (RI) detector and a PL-Gel Mixed B columns, the samples were
dissolved in 1,2,4-trichlorobenzene (TCB) containing di-tert-
butylhydroxytoluene (BHT, 0.01wt%) and heated at 150 °C at least
1hto ensure the sample was completely dissolved. Then, GPC columns
were eluted at 1.0 mL/min with TCB (with BHT) at 150 °C. The ele-
mental valence state information of catalysts’ surfaces before and after
use was obtained by X-ray photoelectron spectroscopy (XPS Ther-
moFisher ESCALAB 250Xi). 'H and C NMR spectrum was recorded
with Ascend 600 MHz spectrometer at room temperature, CDCl; was
used as the solvent. Simulated Distillation Gas Chromatography Flame
lonization Detection (SimDist GC-FID) was performed on an AC Agilent
6890 gas chromatograph equipped with a split/splitless injector and a
flame ionisation detector (FID). H,-TPR was obtained on AutoChem II
2920. Before measurements, the catalyst sample was flushed with
99.99% N, at 120 °C for 0.5 h to remove traces of water and naturally
cooled down to 50 °C. After that, the temperature was increased from
50 to 700°C with a heating rate of 10°Cmin™ in a 10% H,/N,
atmosphere.

Data availability
The authors declare that all data are available in the main text or the
supplementary information. Source data are provided with this paper.
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