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PLASTIC UPCYCLING

Low-temperature upcycling of polyolefins into liquid
alkanes via tandem cracking-alkylation

Wei Zhang'*, Sungmin Kim?, Lennart WahP, Rachit Khare’, Lillian Hale?, Jianzhi Hu?,
Donald M. Camaioni?, Oliver Y. Gutiérrez?, Yue Liu>>*, Johannes A. Lercher*?*

Selective upcycling of polyolefin waste has been hampered by the relatively high temperatures that
are required to cleave the carbon-carbon (C-C) bonds at reasonably high rates. We present a distinctive
approach that uses a highly ionic reaction environment to increase the polymer reactivity and lower
the energy of ionic transition states. Combining endothermic cleavage of the polymer C-C bonds with
exothermic alkylation reactions of the cracking products enables full conversion of polyethylene and
polypropylene to liquid isoalkanes (Cg to Cy) at temperatures below 100°C. Both reactions are catalyzed
by a Lewis acidic species that is generated in a chloroaluminate ionic liquid. The alkylate product forms a
separate phase and is easily separated from the reactant catalyst mixture. The process can convert
unprocessed postconsumer items to high-quality liquid alkanes with high yields.

lastic is ubiquitous in products that
range from packaging and textiles to
medical equipment and vehicle compo-
nents (7). More than 360 million tonnes
per year (estimated 3 to 4% of the total
carbon processed per year) of plastic is pro-
duced globally, and most of the disposed plas-
tic accumulates in landfills or is dispersed into
water bodies (2, 3). The chemically inert poly-
olefins, which amount to more than half of all
plastics, are challenging to convert below their
melting or softening point (4). At the present
time, recycling technologies are still domi-
nated by mechanical recycling and thermal
conversion (incineration and pyrolysis) (5, 6).
As a consequence, catalytic upgrading of poly-

reactions—including hydrogenolysis (10-13),
cross-metathesis (14, 15), and aromatization
(16)—which achieves conversions beyond the
equilibria for cracking (fig. S1).
Thermodynamically balancing the exother-
mic and endothermic Kinetically coupled re-

[C,PyICI-AICI, catalyst

. diluted in DCM
olefin waste into fuels and value-added chem- i 2
icals has seen substantial research attention, 0, S
and exciting solutions based on multifunctional \ &

catalysts have been emerging (7).

Swollen LDPE
5

actions, however, is insufficient to allow for
industrially compatible rates below 100°C.
The stability of C-C bonds and steric and dif-
fusional barriers that limit the contact of poly-
mer strands with catalytically active sites lead
to very slow rates (7). As a consequence, most
tandem processes require moderate to high re-
action temperatures (typically 200° to 250°C)
and diverse catalyst functions for relevant
conversion rates; these processes lack precise
spatiotemporal control over reactive interme-
diates among catalytic sites (I8) and compli-
cate product separation and catalyst recovery
(19). Approaches that would allow selective con-
versions at substantially lower temperatures
would facilitate reactive polymer recycling and
open possibilities for decentralized catalytic
upgrading.

To achieve this, we turn to coupling crack-
ing of the polymer with alkylation of the
formed alkenes by light isoparaffins [iso-
butane and isopentane (iC;)]. At present, the
refining process is used to produce triple-
branched alkanes with a high octane num-
ber, which are used in high-octane gasoline
(20). Conceptually, linking the endothermic
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Conversion of waste polyolefins is particu-

larly challenging because of the C(sp®)-C(sp®)
bonds, which are more stable than the C-
heteroatom bonds of functionalized poly-
mers such as polyesters and polyamides (8).
Additionally, the endothermic cleavage of the
C-C bonds renders processes thermodynami-
cally unfavorable at low temperatures. As a
result, converting polyolefins typically requires
severe reaction conditions to overcome the
kinetic and thermodynamic constraints (9).
This has been addressed in recent pioneering
contributions through the integration of the
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Fig. 1. One-pot catalytic LDPE and iCs upcycling into liquid alkanes over Lewis acidic chloroaluminate
ionic liquid at 70°C. The time-resolved conversion profile of LDPE and cumulative yield of alkanes (Ca,
green diamonds; Cg to Cyp, orange triangles; Cy; to Csg, red squares) (bottom). Reaction conditions were as
follows: LDPE, 200 mg; iCs, 800 mg; [C4Py]CI-AICI5 ([C4Py]CI:AICI3 molar ratio of 1: 2), 3 mmol; TBC as
an additive, 0.05 mmol (5 mg); DCM, 3 ml; and temperature, 70°C. The snapshots of the LDPE conversion
(top) are at 0, 60, and 180 min from left to right. Curves represent the optimal fit to the data, and all
data were repeated at least five times and are shown as mean data points with error bars.

lof5


mailto:w.zhang@tum.de
mailto:liuyue@chem.ecnu.edu.cn
mailto:liuyue@chem.ecnu.edu.cn
mailto:johannes.lercher@ch.tum.de

RESEARCH | RESEARCH ARTICLE

cleavage of the polymer C-C bonds to the ex-
othermic alkylation of isoparaffins (i.e., alkyl-
ation of the primary alkenes formed from the
C-C cleavage by using paraffins whose carbon
atoms are retained in the products) couples
the two reactions Kinetically and, hence, ther-
modynamically allows full conversion of the
polymer below 100°C. All of these reactions
are posited to share carbenium ions as inter-
mediates (21), which means that they can oper-
ate simultaneously within the same medium
and with the same catalyst. We showed re-
cently that a highly polar reaction environ-
ment strongly increases the standard chemical
potential and reactivity of a nonionic reactant
(the polymer in this case) and stabilizes the
carbenium ion transition states, thereby low-
ering the overall free-energy barrier of the
coupled reactions and notably enhancing re-
activity (22, 23).

Combining the concurrent tandem catalysis
of cracking-alkylation and polarity-tailored re-
actant environments, we report here a strategy
for the catalytic upgrading of discarded poly-
olefins and isoparaffins (recycled from the
light end of products formed in the process)
into gasoline-range alkanes in a single stage.
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Fig. 2. Low-temperature catalytic performance for LDPE to alkanes and
proposed reaction mechanism. (A) Time-resolved conversion profile of LDPE in
the presence of TBC at different temperatures. Curves represent the optimal fit to
the data, and all data were repeated at least five times and are shown as mean data
points. (B) The corresponding mass yield to alkanes (C4 to Csg) plotted against
LDPE conversion. Reaction conditions were as follows: LDPE, 200 mg; iCs, 800 mg;
[C4Py]CI-AICI3, 3 mmol; TBC, 0.05 mmol; DCM, 3 ml; and temperature, 30° to
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The process enables the upcycling of waste
polyethylene with full conversion at 70°C to
a narrow distribution of branched liquid al-
kanes (Cg to C,o) on Lewis acidic chloroalumi-
nate ionic liquid [which is being used as the
source of the alkylation catalyst species (24)].
Besides its function in generating the active
sites, the presence of the high concentration of
ions in the ionic liquid is critical for the high
conversion rate of the polyolefin at such low
temperatures; it not only stabilizes carbenium
ions as intermediates, thereby determining the
overall reaction rate in the cracking-alkylation
reaction, but also allows for easy separation of
nonpolar alkane products from the reaction
medium.

To visualize the conversion, experiments
in glass-tube reactors using commercial low-
density polyethylene (LDPE; weight-averaged
molecular weight of ~4000, number-averaged
molecular weight of ~1700) and iC; as sub-
strates (the latter would be replaced by low-
molecular weight, branched product alkanes
in translation to a semicontinuous process)
are shown as examples in Fig. 1. The Lewis
acidic chloroaluminate ionic liquid consists of
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AlCl; in a 1:2 molar ratio and is diluted in the
present experiments in dichloromethane (de-
noted as [C,Py]CI-AICl;; see the materials and
methods for details). The liquid catalyst, togeth-
er with iCs, led to complete LDPE conversion
at 70°C after 3 hours in the presence of small
amounts of tert-butyl chloride (TBC) to pro-
vide an initial concentration of carbenium
ions to start the chain process. The yield of
alkane products (C, to Css) was twice as high
as the amount of LDPE converted, reaching
~200 wt % (this suggests that, on average, an
alkene with five C atoms is added relative to
initial LDPE, and the stoichiometric mass
ratio of LDPE/iC5 was 1:1; see details in fig. S2);
these products were present in the organic
phase at the top, which was separated from
the inorganic ionic liquid phase at the bot-
tom. The main products were highly branched
Cs to Cyp liquid alkanes (identified by gas
chromatography-mass spectrometry in fig.
S3), which accounted for ~126 wt % yield.
Other products were gaseous isobutane (iC,,
~48 wt %) and large alkanes (Cy; to Csg, ~27 Wt
%). We found only traces of propane and pro-
pene (<0.1 wt %) in the headspace (fig. S4).
The absence of methane and ethane allows us
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70°C. The red-shaded region represents a general linear fit to the data and is used to
guide the eye. (C) Arrhenius plot for LDPE conversion with initial rates normalized

to the aluminum content. (D) Proposed reaction mechanism for the tandem cracking-
alkylation process of a polyolefin with iCs. The 2-methyl-butene formed in the
cracking cycle is depicted as an example that is based on the ratio of the molecular
weight of the carbon products, which suggests that the ratio of converted LDPE and
iCs is about 1:1 in the reaction, as deduced from Fig. 2B. PE, polyethylene.
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to conclude that the reaction occurs over-
whelmingly via carbenium ions and does not
involve C-C cleavage via carbonium ions (figs.
S5 and S6).

The control experiment with LDPE in the
absence of ¢Cs resulted in only 28 wt % LDPE
conversion and produced a red-orange liquid
with gaseous products that dominated the
product distribution (~39 wt % isobutane and
~26 wt % pentane; see fig. S7). The yield of
liquid alkanes in the range of C4 to C,, was
only 15 wt % (i.e., lower than the 61 wt % that
was observed in the presence of iC;), whereas
the yield of large hydrocarbons (Cy; to Cs6) was
as high as 20 wt %. In the absence of iCs,
olefinic hydrocarbons likely interact with the
chloroaluminate anions, which deactivates the
catalyst and yields adamantanes and acid-
soluble conjunct polymers (so-called “red oil”)
(fig. S8) (25). In the presence of iCs, alkanes
were preferentially formed and accumulated
in the 7Cs-containing phase, separated in this
way from the polar [ionic liquid with dichloro-
methane (DCM)] phase. Thus, 7C; acts as an
alkylating agent to form an alkane mixture,
which resembles that of an isobutane or n-
butene alkylation in the refining industry (24).

Because [C,Py]CI-AlCl; ionic liquid contains
both Lewis and Brensted acid sites (fig. S9A),
the question arises whether the catalysis fol-
lows a reaction pathway that combines carbe-
nium ion formation and sequential reactions
catalyzed solely by Lewis acid sites or a reac-
tion pathway that combines the carbonium ions
formed by Brensted acids with sequential reac-
tions of carbenium ions (26). Carbenium ions
are formed from alkanes at Lewis acid sites via
hydride abstraction, whereas strong Brgnsted
acid sites form carbonium ions on the polymer
strands that may crack or eliminate H, to
form carbenium ions (27).

To discern the potential reaction path-
ways, we added co-reagents, including protic
compounds [H,O and CF;COOH to generate
carbonium ions (28)] and TBC [to generate car-
benium ions (29)]. Adding protic co-reagents
did not change the reaction rates or the prod-
uct distribution compared with the reaction
in their absence (see fig. SOB). Although traces
of H, evolved, other products of protolytic
cracking such as methane or ethane were
completely absent. Thus, we rule out Bronsted
acids and carbonium ions as the pathway to
form carbenium ions. By contrast, adding TBC
substantially enhanced the initial reaction
rate by at least one order of magnitude and
led to a nearly full conversion after 180 min,
whereas only 20% was converted in its ab-
sence (fig. S9, B and C). The nature of the
initiator did not markedly influence the rate
of reaction (fig. S10, A and B). Control experi-
ments using n-hexadecane as a model for
LDPE reacting with iC; led to an identical
enhancement (fig. S10, C and D). Thus, we
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conclude that most of the carbenium ions are
initiated via hydride abstraction from polymer
strands by tert-butyl carbenium ions formed
from TBC, with the reaction propagating via a
carbenium ion chain mechanism (29). The
high reaction rate is determined by the rate of
polymer cracking via a carbenium ion chain
mechanism, and the faster alkylation of inter-
mediately formed alkenes with an isoalkane
(eventually from the light fraction of the prod-
ucts) shifts the equilibrium such that full con-
version is possible.

Temperature-dependent experiments (Fig.
2A) showed that the LDPE conversion in-
creased from 20 to 90% after a 2-hour reaction
time, when the reaction temperature was
raised from 30° to 70°C. The yield of alkanes
points to an overall single alkylation step,
which leads to a yield of products that is ap-
proximately twice the mass of LDPE converted
(Fig. 2B). In return, such an average product
yield indicates that the average size of the in-
termediately formed alkene is close to pen-
tene, followed by alkylation with iCs to yield
decane isomers (fig. S11A). Actually, the main
products are branched alkanes, with an aver-
age carbon number of ~8.4, which is lower than
the theoretical value of 10. The lower carbon
production represents higher H/C ratios,
which means that the competing cyclization
occurs and produces some polycyclic alkanes
and acid-soluble oil with decreased H/C ratios.
Evidently, the detected cyclohexanes and
adamantanes as by-products (fig. S11B) agree
well with this trend.

Figure 2C shows the logarithmic dependence
of the initial rate of LDPE conversion on the
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inverse temperature; from this, the apparent
activation energy of the overall reaction was
17 + 2 kJ/mol, which is much lower than the
reported apparent activation barriers (163 to
303 kJ/mol) for the depolymerization of poly-
ethylene so far (19). We also studied different
isoalkanes using iC, and iCg as alkylating
components for LDPE upcycling, which reached
nearly 100 wt % of LDPE conversion and
yielded branched alkanes (linear alkanes are
negligible) under optimal conditions (fig. S12).
This result demonstrates the practicability
of recycling the lighter alkane product, that
is, using 7C, and iCs as the alkylation agents
(details of recycling of light isoparaffins are
given below).

To account for the tandem reaction pro-
ceeding with a constant rate, we posit two (in-
dependent) linked catalytic cycles based on
carbenium ions, with cracking-derived alkenes
serving as the linking intermediates (Fig. 2D).
The fundamental differences in the reactivity
dictate that in the initial stage of the reac-
tion, hydride transfer from both the isoalkanes
and the polyolefin dominates. As the reaction
progresses, cracking of the polymer strands
becomes predominantly associated with the
cooperative action of alkylation. Thus, overall,
the observed rates and product distributions
are well explained by the two catalytic cycles
depicted in Fig. 2D. The reaction is initiated by
chloride abstraction from TBC. The formed car-
benium ions abstract a hydride, preferentially
from tertiary carbon atoms, both at branches in
the polymer and in the more abundant 7Cs.
The carbenium ions formed in the polymer
strands tend to undergo skeletal isomerization
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Fig. 3. Selective deconstruction of postconsumer polyolefin waste into liquid alkanes. Product
distribution of tandem cracking-alkylation of postconsumer polyolefin waste with iCg with [C4Py]CI-AICI3.
No methane, ethane, or propane was detected; all products were branched alkanes. Reaction conditions
were as follows: polyolefin waste, 200 mg; iCs, 800 mg; [C4Py]CI-AICl3, 3 mmol; TBC, 0.05 mmol; and DCM,
3 ml. Reaction temperatures and times were as follows: disposable surgical mask, 70°C for 6 hours; FFP2
mask, 70°C for 6 hours; food packaging, 70°C for 48 hours; and HDPE bottle, 100°C for 48 hours. PP,

polypropylene; FFP, filtering face piece.
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Replenishing C,-Cgq

100% PE
conversion

Polyethylene

Light paraffins
pool (C,-Cy)

17%
Liquid paraffins (C,-C,¢)

Fig. 4. Full conversion of polyethylene and isoparaffins that are recycled from the light products
formed in the process. Cracking-alkylation of LDPE with light paraffin mixture (C4 to Cg) as recycled light
products from polyolefin deconstruction, which gives full LDPE conversion and branched C. alkanes. Each run
only consumed 4 g of light paraffins from the pool, yielding 8.5 g of liquid isoparaffins (C; to Cz5) and @ minor amount
of red oil as side products (0.5 g) that can easily hydrogenate to saturated hydrocarbons (fig. S20). Reaction
conditions were as follows: LDPE, 5 g; initial light paraffin pool, 20 g (C4, 40 wt %); Cs, 40 wt %; Ce, 20 wt %); [C4Py]
CI-AICI3, 30 mmol; TBC, 100 mg; DCM, 75 ml; 2 MPa (N,); temperature, 70°C; and reaction time, 2 hours.

and cracking via B-scission. Alkenes formed in
this process (cracking cycle) react with car-
benium ions formed from isoalkanes in the
alkylation cycle. The detailed pathways using
n-hexadecane as a model for LDPE are shown
in figs. S13 and S14. The chemistry observed in
this latter cycle is identical to that of the al-
kylation of isobutane with n-butene on such
ionic liquid-based catalysts (30). Unless termi-
nated by hydrogen transfer, these two cycles
operate independently from each other, with
their relative rates determining the product
distribution. The rate of cracking in these
coupled processes allows the use of an un-
usually low concentration of isoalkanes in the
overall pool of reactive substrates compared
with conventional isobutane and n-butene
alkylation.

The final question to be addressed is the
nature of the active sites that initiate and stabi-
lize the chain propagation and catalysis that
was observed. The speciation of [C,Py]CI-AlCl3
ionic liquid depends closely on the initial ratio
between N-butylpyridinium chloride and anhy-

Zhang et al., Science 379, 807-811 (2023)

drous aluminum chloride, in which monomeric
AICl,” and dimeric Al,Cl,” dominate at equi-
librium (fig. S15). In situ 2’Al magic-angle spin-
ning nuclear magnetic resonance spectroscopy
(*’A1 MAS NMR) and Raman spectroscopy
showed that increasing the initial fraction of
anhydrous aluminum chloride promotes the
transformation from AlICl,” to Al,Cl, , which
in turn results in improved reaction rates (fig.
S16). The observed catalytic behavior seems
to be determined by the Lewis acidic Al,Cl,~
anions (fig. S17), which were generally pro-
posed as the catalytically active sites for cataly-
sis over past decades (31). Intriguingly, further
kinetic analysis uncovered that the reaction
rate was not proportional to the concentration
of Al,Cl; (fig. S18) but rather to the transient
aluminum trichloride (AICl;*) derived from the
dissociation of Al,Cl; (fig. S19). Unlike anhy-
drous aluminum chloride that features dimeric
Al,Clg, AlCl5* species were undetectable and
typically ignored because of the extremely small
value of the equilibrium dissociation con-
stant (26). To substantiate this inference, we

24 February 2023

plotted, in fig. S19, the turnover frequencies
of [C4Py]CI-AICl; against the concentration of
AICl;*, which showed a linear correlation. Thus,
we conclude that increasing the molar ratio of
AlCl; to [C4Py]Cl increases the concentration
of dimeric Al,Cl;” species, which in turn re-
sults in an increased concentration of AICl;*
active species.

The strategy described can near-quantitatively
convert a wide selection of polymer consumer
products with selectivity to Cg to C;, products
totaling more than 70 wt %, as exemplified by
the results of reactions run using face masks,
food packaging, and a high-density polyethylene
(HDPE) bottle (Fig. 3). Depolymerization of
HDPE bottles is less straightforward because
of their compact structure, which lowers the
contact surface or site between catalyst and
granules, and will require further practical
measures to increase dispersion. In practical
implementation, the formed light isoalkanes
(C4 to Cg) can be recycled back as alkylating
agents, which will ideally enable full conver-
sion (because we hardly produce other light
alkanes, including methane, ethane, and pro-
pane). To test this, we used the light isopar-
affins mixture (C, to Cg) as the alkylating
component for LDPE upcycling to simulate
the recycling experiments, which reached full
LDPE conversion and yielded branched al-
kanes (linear alkanes are negligible) (Fig. 4).
Repeated batch experiments showed that the
[C,Py]CI-AlCl; catalyst retained its activity
and can be used at least five times without
regeneration, thereby constantly reaching
full LDPE conversion (fig. S20A). Some minor
by-products, including red oil complexed with
chloroaluminate anions, can be easily con-
verted into saturated hydrocarbons via hydro-
genation (fig. S20, B and C), which regenerates
the [C4Py]CI-AlCl; ionic liquid. These results
demonstrate the practicability of recycling the
lighter alkane product as the alkylation agent.
Although practical challenges will exist, scal-
ing these results to a quasi-continuous process
(conceptualized in fig. S21) is concluded to be
highly promising and will integrate recycling
of all light hydrocarbons or polymer swelling
components.

Acidic chloroaluminate-based ionic liquids
as emerging alkylation catalysts have already
been industrially used in the paraffin alkyla-
tion process at Chevron’s Salt Lake City refinery
and China National Petroleum Corporation
(CNPC), which demonstrates the stability of
such catalysts (32). We thus envision that this
upcycling strategy can be rapidly implemented
not only in newly designed plants but also in
existing refining technology. The synchronous
release of alkenes via polyolefin cracking in the
presented cascade cracking-alkylation con-
ceptually allows for better control of product
distribution and minimization of the forma-
tion of red oil waste (27), making polyolefins a
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potential feed for refining alkylation. This work
opens a transformative scalable approach to
convert polyolefins and enables a critical con-
tribution to a circular carbon economy.
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