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Escalating global plastic pollution and the depletion of fossil-based
resources underscore the urgent need for innovative end-of-life plastic

management strategies in the context of a circular economy. Thermolysis

is capable of upcycling end-of-life plastics to intermediate molecules
suitable for downstream conversion to eventually high-value chemicals, but
tuning the molar mass distribution of the products is challenging. Here we
report atemperature-gradient thermolysis strategy for the conversion of
polyethylene and polypropylene into hydrocarbons with tunable molar mass
distributions. The whole thermolysis process is catalyst- and hydrogen-free.
The thermolysis of polyethylene and polyethylene/polypropylene mixtures
with tailored temperature gradients generated oil with an average chain
length of ~C,,. The oil featured a high concentration of synthetically useful
a-olefins. Computational fluid dynamics simulations revealed that regulating
thereactor wall temperature was the key to tuning the hydrocarbon
distributions. Subsequent oxidation of the obtained a-olefins by sulfuric
acid and neutralization by potassium hydroxide afforded sulfate detergents
with excellent foaming behaviour and emulsifying capacity and low critical
micelle concentration. Overall, this work provides a viable approach to
producing value-added chemicals from end-of-life plastics, improving the
circularity of the anthropogenic carbon cycle.

Plastic waste accumulation is amajor environmental challenge facing
the planet. Globally, 380 megatons of plastics are produced annually,
and close to 75% are disposed of after a single use'. Polyethylene (PE)
and polypropylene (PP), in particular, account for 60% of all plastics and
constitute alarge proportion of discarded waste”. To meaningfully dis-
rupt the plastic waste accumulation trend and minimize carbon emis-
sions, it is critical to increase the recycling rate and extend materials’
servicelifeinaccordance with the Kyoto Protocols and Paris Accords®.
Traditional strategies (for example, mechanical recycling) help close
the plasticloop, but the quality of the regenerated plastics deteriorates,
and market value decreases*. After anumber of cycles, plastics reach
the end of life. Using end-of-life plastics as an inexpensive feedstock

for producing value-added chemicals is therefore a highly attractive
means to complement traditional approaches®”.

Inthis context, using end-of-life PEand PP as feedstock to produce
other high-value chemicals is an enticing strategy®. Due to the chemi-
cal inertness of backbone C(sp*)-C(sp®) bonds in PE and PP, elevated
temperatures and long reaction times are required to pyrolyse these
polyolefins’. For fuel uses, the pyrolysis oil must undergo additional
hydrogenation™ forimproved fuel quality. In addition, pyrolysis oilisa
complex mixture of hydrocarbons that must be fractionated into naph-
thaand diesel range hydrocarbonsto afford specific transportation fuel
grades™. Amajor technical challenge thus remains control over the chain
length and its distribution. For lubricant and surfactant applications,
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Fig.1| Controlling the hydrocarbon product distribution from plastic
thermolysis. a, Plastic products used in this work. b, Infrared camera
photographs showing the temperature of the condensation region. ¢, PE-wax
and PE-oil generated upon thermolysis by circulating cold and hot water,
respectively. d, GC traces of the PE-oil and PE-wax generated from the two sets of
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conditions. e, Market prices of virgin plastics, feedstock chemicals and materials
employed, and upcycling products® . f,g, Computational fluid dynamics
simulated reactor temperature fields: T, = 28 °C (left) and 7, =90 °C (right).

h, The temperature profiles along the reactor interior wall. The inset shows the
temperature variation in the plastic melt.

the hydrocarbon distribution requirement is even more stringent.
Numerous strategies have been tested to control the hydrocarbon
distribution, including zeolite-assisted pyrolysis and hydrocracking®,
hydrogenolysis®, catalytic hydrocracking* and cross-alkane metath-
esis®” (Supplementary Scheme 1). Generally, these strategies rely on
precious-metal catalysts (for example, Ir, Ruand Pt)'®, high H, pressures
(10-40 bar) and sometimes long reaction times to attain high oil yields,
and the hydrocarbon distribution and functionality in the product can-
not meet the downstream upcycling needs. Recently, we reported the
conversion of PEand PP into intermediate waxes, followed by catalytic
oxidation into fatty acids for hard soap". This initial effort proves the
conceptofthe ‘plastic-to-soap’strategy, but challenges remainin con-
trolling the hydrocarbon distribution of polyolefin thermolysis prod-
ucts and ensuring a high yield of functional terminal alkenyl groups.
For industrial and household detergents and emulsifiers, surfactant
molecules withchainlengths of C,-C,, are desired, which gives optimal
performance’®”,

Here, by controlling the thermolysis temperature gradient using
asimple cooling design, we drastically shift the product hydrocarbon
distribution fromwax to oil and, importantly, achieve high a-olefin con-
tents. The alkene-richoilisupcycledinto alkyl hydrogensulfates (AHS)
through H,SO, treatment followed by neutralization. As an alternative
to fuel that has a short life cycle before being released as CO, into the
atmosphere, AHS retain carbon in areduced form and are high-value,

ubiquitous detergents and emulsifiersinindustrialand household appli-
cations (Fig. 1e). Typically, AHS are manufactured from oleochemicals
and petrochemicals®. Using plastic waste as an alternative feedstock
reduces the stress on global food resources and fossil fuels® 2, repre-
senting a sustainable means to procure synthetic detergents.

Results

The key to hydrocarbondistribution control is the temperature gradi-
entinour thermolysis process. In our design of temperature-gradient
thermolysis, the gradient is controlled by setting the reactor bottom
ata high temperature of 7; and the reactor condenser walls at a lower
temperature of T,. T, is sufficiently high to induce polymer chain scis-
sion, and T, is low enough to quench the chain scission reactions and
condense the product. To control the product chain length, we hypoth-
esize that we cansimply tune 7, in the condensation zone. In our previ-
ousreport”, cold water circulation in the reactor played a critical role
inensuring that thermolysis did not predominantly produce gaseous
products. This observation led us to explore the use of water asa cool-
anttomodulate the temperature gradient and thus the molar mass of
the degradation products.

Conversion of PE
To prove the concept, we first subjected high-density PE (HDPE; M,,,
88.38 kDa) to athermolysis condition of 7;=360-400 °Cand T, =28 °C
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standard deviations. For thermolysis oils, the standard deviation was within
+2.1%. b, The weight per cent distribution of naphthenes and acyclic productsin
PE, PP and PE,s/PP,s thermolysis oil reveals a high concentration of acyclic alkenes
and alkanes. ¢,d, GC traces of the oil and wax products from PP and the PE,s/PP,5
mixture under different reaction conditions.

by flowing room-temperature water in the reactor jacket (Fig. 1b, left).
This degradation reaction afforded 89.9 wt% wax in the condensa-
tionzone consisting of both saturated and unsaturated hydrocarbons
(Fig. 2a, left). The gas chromatogram (GC) of the wax in hot hexanes
revealed aunimodal distribution centred at C,, (Fig.1d, black curve).In
contrast, flowing hot water through the reactor jacket establisheda T,
of~90 °Cinthe cold trap (Fig.1b, right). The high T, resulted in a differ-
enttemperature gradient, which furnished ~52.3 wt% oil inthe reactor
headspace (Fig. 2a, PEat 90 °C; see also Supplementary Fig.1a). Under
the higher-T, condition, the components of the oil shifted to lower GC
elution times, giving hydrocarbons centred at C,, (Fig. 1d, red curve).
Further characterization of the thermolysis oil by gas chromatogra-
phy-mass spectrometry (GC-MS) revealed largely linear alkanes and
alkenes along with minor dienes of C,~C,, (Supplementary Fig.2), with
smallamounts of hydrocarbons >C,,. No cyclic or branched products
were detected, suggesting negligible intramolecular and intermo-
lecular radical recombinations under our reaction conditions®. In
addition to the oil, residual wax (-26.7 wt%) accumulated on the wall
after asix-hour reaction. The residual wax revealed alkene and alkane
compositions similar to wax collected under T, =28 °C, as confirmed
by GC. Besides oil and wax, PE thermolysis produced -21.0 wt% gase-
ous products consisting mainly of propane, 2-butene and pentane
(Supplementary Fig. 3). Presumably, the 90 °C cold trap liquefied the
vaporized hydrocarbons and allowed them to flowback to the reactor
bottom, creating areflux-like phenomenon (Fig. 1g and Supplementary
Fig. 4). The observed change in the oil-to-wax selectivity can thus be
ascribed to the extensive chain cleavage as a result of ‘refluxing’ at
T,=360-400 °C.

Sinceitis challenging to precisely measure the temperature field
in our reactors, we employed computational fluid dynamics simula-
tions to furnish a detailed picture of this temperature field** . When

T,=28°C (Fig. 1f), much of the reactor interior wall was at tempera-
tures below the melting points of the wax products, measured to be
~68.8-80.1 °C using a Buchi melting pointinstrument. As such, driven
by diffusion and natural convection (Supplementary Fig. 5), the vapor-
ized wax products were quenched and solidified upon contacting
the cold walls. Raising T, to 90 °C substantially shrank the region of
vertical walls at temperatures below 68.8 °C (Fig.1g). Hence, vaporized
hydrocarbons condensed into liquid onthe reactor walls and flew back
tothereactor bottomdue togravity (see the arrowsinFig.1g), as con-
firmed by our experiments (Supplementary Fig. 4). The hydrocarbon
products thus underwent further chain cleavage to produce lighter
thermolysis oil. Notably, the temperature in the plastic melt changed by
<4.7 °Cwhen T, was raised from28 °Ct0 90 °C (Fig. 1h, inset). The minor
temperature changes in the plastic melt suggest that the tunability of
the hydrocarbon chainlengthis probably not caused by the slight dif-
ferences in the temperature within the melt layer but originates from
the temperature field established in the reactor, especially on the
reactor walls. The two reaction conditions demonstrate the potential
of controlling the reactor jacket temperature to modulate the chain
lengths of thermolysis products.

Further spectroscopic analysis of HDPE-derived hydrocarbons
revealed alarge amount of a-olefins, which are critical for downstream
functionalization. The thermolysis at 7, = 90 °C demonstrated a higher
selectivity towards a-olefinsin the oil (90.1 mol% a-olefins and 9.9 mol%
internal olefins) than in the wax (78.7 mol% a-olefins and 21.3 mol%
internal olefins) (Supplementary Table 1and Supplementary Fig. 6a).
The high selectivity towards terminal alkenes in the oil is probably
caused by extensive -scission, which shortens the product chain
length and statistically promotes terminal alkene formation. This
conjectureis supported by gel permeation chromatography (GPC) and
high-temperature GPC (HT-GPC), which showed a number-averaged
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groups were fully reacted, as evidenced by the disappearance of the greenand
red proton signals in'"H NMR. ¢, HSQC NMR of HDPE-oil AHS in CDCI; highlighting
the correlation pertaining to the sulfation reaction.

molar mass (M,) of <180 g mol™ for the oil versus 380 g mol™ for the
wax (Supplementary Table 2 and Supplementary Fig. 7b,c). Notably,
the synthetically useful a-olefins in the thermolysis oil consisted of
mostly diesel range hydrocarbons (Supplementary Fig. 6¢), opening
anopportunity for alternative fuel applications.

Conversion of PP and mixed plastics

Similar to HDPE, wax was the main product from PP thermolysis when
T,=28°C (Fig. 2a, middle). When we increased T, to 90 °C, thermoly-
sis oil emerged as the main product, giving a yield of 61.7%, similar to
previous studies” at comparable temperatures (Fig. 2a, middle ‘PP at
90 °C’; see also Supplementary Fig. 1b). The thermolysis oil contained
predominantly 2,4-dimethyl-1-heptene (-10.1wt%; Fig. 2c),acommon
trimer fragment (C,) from PP degradation®**'. Up to 38.3 wt% of PP
was converted into gases, probably because PP has easily degradable
tertiary C-Cbonds. The gas phase was primarily composed of acyclic
compounds, including propene, 2-butene and 2-methyl-1-pentene
(Supplementary Fig. 8); 1,3,5-trimethylcyclohexane was the only
gaseous cycloparaffin detected in the GC-MS. In the end, no wax was
collected from the reactor. GC confirmed a narrower product distri-
bution in the oil, mostly <C,, light hydrocarbons (Fig. 2c). Addition-
ally, GPCand HT-GPC validated the overall decrease in product molar
mass upon elevating T,, showing an M, of -565 g mol™ for the wax and
~250 g mol™ for the oil (Supplementary Table 2 and Supplementary
Fig. 7b,c). Altogether, these results uphold the practicality of varying
temperature gradients in regulating the extent of chain scission in
polyolefin thermolysis.

Like PE thermolysis, the alkenyl concentration (c..c) of PP-oil
was substantially higher than that of PP-wax (6.75 mmol g™* for
PP-0il-90 °C versus 4.61 mmol g™ for PP-wax-28 °C; Supplementary
Fig. 9a and Supplementary Table 1). Unlike PE, PP has methyl substi-
tution at every second backbone carbon and offers thermodynami-
cally stable carbon-centred radical intermediates and alkene scission
products®. Thus, upon thermolysis, PP-oil exhibited higher c._. than
PE-oil. Temperature-gradient heating serves the dual purpose of
improving alkenyl group concentration and modulating hydrocar-
bon distribution. Interestingly, most alkenes in PP-oil were acyclic
a-olefins. Internal alkene signals were weak and broad (see 'H nuclear

magnetic resonance (NMR) 4.9-5.5 ppm, Supplementary Fig. 9b),
but in total, they accounted for ~12.7% of the total alkenyl signals.
Furthermore, GC-MS substantiated the predominance of a-olefins,
and the most intense peaks corresponded to 2,4-dimethyl-1-heptene,
2,4-dimethyl-1-decene and 4,6,8-trimethyl-1-nonene (Supplementary
Fig.10). Even though PP-oil contained minor cyclic products, includ-
ing 1,3,5-trimethylcyclohexane (Fig. 2b, middle; and Supplementary
Fig. 10, products 3 and 9), acyclic alkenes and alkanes still comprised
the majority of PP thermolysis oil.

Considering that real-world plastic waste is a complex mixture,
we performed thermolysis of PE with varying amounts of PP. PE/PP
mixtures are interesting because these two polyolefins can be easily
isolated from other plastics® but are hard to separate from each other
duetotheir comparable densities and chemical structures®. A PE,/PP,;
mixture of 25 wt% HDPE (milk jug), 25 wt% low-density PE (LDPE) (con-
tainer lid), 25 wt% linear low-density PE (LLDPE) (commercial grade)
and 25 wt% PP (centrifuge tube) was subject to thermolysis. The PE,5/
PP,; mixture provided a high waxyield of ~-87.8 wt% when T, =28 °C and
a-~-54.3 wt% yield of oil as the major product when 7, =90 °C (Fig. 2a,
right). The gas phase under T, =90 °C accounted for ~25.9 wt% of the
products and comprised light alkenes, including propene, 2-butene
and minor >C, products (Supplementary Fig. 11). As established in
single-polymer thermolysis, the hydrocarbon distribution shifted to
lower molar masses uponincreasing T, (Fig. 2d). This observationis fur-
thersupported by GPCand HT-GPC, which revealed alower M, for the
0il (=200 g mol™) than for the wax (-244 g mol™) from PE,s/PP,s-mixture
thermolysis (Supplementary Table 2 and Supplementary Fig. 7b,c).

The thermolysis of the PE,;/PP,s mixture yielded products that were
characteristic of PE and PP thermolysis. In addition to the typical PE
thermolysis linear products, GC-MSrevealed PP fragmentation com-
pounds of methyl-substituted acyclic alkane and terminal alkenes (Sup-
plementary Fig.12). The presence of PP led to the generation of a small
amount of cycloparaffinsinthe oil, such as1,3,5-trimethylcyclohexane
(Supplementary Fig.12). The mixed-plastic-waste-derived oil exhibited
slightly higher selectivity for a-olefins (93.4 mol%) than pure HDPE-oil
(Supplementary Table 1). Inaddition, the mixed-plastic-waste-derived
wax under T, =28 °C furnished 84.4 mol% a-olefins (Supplementary
Table1and'H-NMR in Supplementary Fig.13a).
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Inall cases, the contact angle decreased with increasing detergent concentration.
¢, Contact angle as a function of the PE-, PP-, PE,s/PP,s- or SDS-detergent
concentration.

Upcycling to sulfate detergents

PE-oil and PP-oil can undergo functionalization to produce fatty
acids, aldehydes, alcohols and various useful products®-. In this
study, we targeted detergents, considering their high demand and
market values (Fig. 1e). As a proof of concept, PE and PP thermoly-
sis oils were converted into detergents in two steps. First, chilled oils
werereacted with concentrated H,SO, to produce AHS. The hydrogen
sulfates were then neutralized with aqueous KOH (1 M) to generate
ionic detergents (Fig. 3a). The addition of H,SO, to PE-oil converted
all a-alkenyls to AHS, as evidenced by the disappearance of the alkene
peaks at4.90-5.04 ppmand 5.82 ppmin'HNMR (Fig. 3b). The two new
resonance peaks at4.71and 4.82 ppm—attributed to the Markovnikov
and anti-Markovnikov products, respectively—were correlated to the
carbon signals between 84.5 and 88.4 ppm in the 2D 'H-"*C heteronu-
clear single quantum coherence (HSQC) NMR (Fig. 3c). Different from
the a-alkenyl groups, the minor internal alkenes were unaffected by
the sulfation reaction, probably due to the mild reaction condition.
Because alkene groups are present in many surfactant compounds and
are beneficial for lathering and moisturizing properties”, we did not
pursue further sulfation of residual internal alkene groups. Similarly,
the sulfation reaction effectively transformed PP-oil and PE,s/PPs-0il
into the corresponding AHS (Supplementary Figs.14 and 15). The inter-
nal alkene groups (6.6 mol% in the mixed oil and 12.7 mol% in PP-oil)
were unreacted, as detected in both 1D NMR and HSQC. Eventually,
AHS were neutralized and basified with KOH until the pH reached -9
before further characterization.

Detergent properties were investigated using a theta flow tensi-
ometer and other surfactant analytical techniques. To determine the
wettability (a characteristic of how well a surfactant solution spreads
across a substrate), we measured the contact angles of a series of
detergent concentrations (0 to 6.25 g ™) on a hydrophobic surface.

The hydrophobic surface was created by wrapping a strip of parafilm
around a glass slide (Fig. 4a). For all PE-, PP- and PE.s/PP,s-detergents,
the contact angle decreased withiincreasing detergent concentration
(Fig. 4b). PE-detergents showed superior wettability compared with
both the mixed and PP counterparts (Fig. 4c). Theimproved wettability
is attributed to the favourable interactions between the detergents’
alkyl chains and the hydrophobic parafilm chains at the interface.
Conversely, the incorporation of methyl-substituted chains in PP-oil,
mostly short-chain 2,4-dimethyl-1-heptene, hindered the same inter-
chaininteractions, probably because of the poor chain flexibility*®. The
introduction of PP-derived moleculesin the mixed detergent formula-
tions therefore slightly worsened the wettability (Fig. 4b, red curve).
Nevertheless, adequate wettability was maintained at PP loadings of
up to 10 wt% (Supplementary Fig. 16). For comparison, commonly
used sodium dodecyl sulfate (SDS) exhibited greater wettability than
PP-derived detergent (Fig. 4c). However, PE and PE,s/PP,;-derived deter-
gents outperformed SDSin terms of wettability. High PP loadinginthe
feedstocks (>25%) results in detergents of poor wettability, probably
because of the extensive substitution of the alkyl chains.

PE- and PE,/PP,-derived ionic detergents displayed excellent
foaming behaviour and emulsifying capacity at room temperature.
PE-detergent exhibited a well-sustained foamy lather over one hour
(Fig. 5a, first row). In contrast, PP- and PE,s/PP,;-detergents could not
sustainastable foamy lather (Fig.5a, second and third rows), presum-
ably because of the defoaming characteristic of branched chains®.
Nonetheless, the low-foam feature of PP-detergent can be exploited to
formulate PE/PP mixed surfactants presenting excellent wettability and
defoaming performance forindustrial applications*’. Furthermore, an
effective detergent should have an affinity for both water and organic
substances to achieve amphiphilicity. To determine the emulsifying
power of the plastic-waste-derived detergents, we recorded the time for
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10 ml of water to separate from a mixture of paraffin oil and water (foam
drainage process; Supplementary Fig.17)*. In the absence of a deter-
gent, the separation was swift, and 21 s was sufficient to isolate 10 ml
of water from the mixture (Fig. 5b). The addition of PP- or PE-detergent
at a concentration of 1.25 mg ml™ drastically bolstered the drainage
time to 91sor186 s, respectively. Remarkably, PE,s/PP,s-detergent also
demonstrated great emulsification performance comparable to that
of pure PE-detergent, illustrating the feasibility of turning unsorted
mixed polyolefin wastes into sustainable emulsifiers. Besides paraffin
oil, the detergent solutions (1.2 ml) mixed well with 50 pl of hexanes,
which further corroborates their excellent emulsification properties
(Supplementary Fig.18).

Tostudy the detergents’ ability to lower water surface tension (y),
we prepared a series of detergent solutions with varying concentra-
tions and examined y using a theta flow tensiometerina pendant-drop
mode. PE-detergent displayed a critical micelle concentration (CMC)
of 241 mg ™" and exhibited the highest reduction in y at the air-water
interface (ycouc =45.5 mN m™; Fig. 5¢). PP-detergent produced small
changes in y at low concentrations and only underwent micellization
at higher concentrations (Yeyc = 51.6 mN m™, CMC =518 mg I%; Sup-
plementary Fig. 19a), as a consequence of poor hydrophobicity and
aggregation of short alkyl chains*. Accordingly, the inclusion of 25 wt%
PP in the PE,s/PP,s mixture precursor led to a CMC value of 389 mg |™
and ycyc 0f49.3 mN m™ for PE,s/PP,s-detergent (Fig. 5d). Nonetheless,
detergents derived from mixed PE/PP waste containing up to 10 wt% PP
still exhibited a high reduction in y (ycuc = 48.4 mN m™) at a relatively
low CMC 0f238 mg |, on par with pure PE-detergent (Supplementary

Fig. 19b), which suggests the latter’s ability to tolerate ‘polymer con-
taminations’. Compared with some benchmark detergents, such as
SDS (CMC >2 g1™)*, the CMC of PE- and PE/PP-mixture-derived deter-
gents is lower, illustrating their excellent performance even at low
concentrations.

Discussion

Over the past few decades, single-use plastics have continued to accu-
mulate in the environment, and concerted efforts have been made to
curb this pollution crisis. Using plastic waste as feedstocks to synthe-
size useful chemicals is among the most promising approaches. Our
method herein employs underutilized plastic waste as a resource to
generate high-value detergents. Modulating the temperature gradient
in our custom-designed thermolysis reactor effectively adjusted the
molar mass of hydrocarbons, enabling the production of thermolysis
oilsinstead of waxes. We further valorized the hydrocarbon intermedi-
atesto furnishionic detergents by reacting the olefins with H,SO,. All
detergents displayed superior emulsifying power and substantially
reduced the surfacetension of the air-water interface at low detergent
concentrations.

Compared with conventional hydrocracking strategies, our
hydrogen-free thermolysis process produces substantial amounts
of olefinic hydrocarbons that can be chemically transformed into
high-value products***. The relatively mild thermolysis conditions are
key to minimizing the generation of low-value char and coke, typically
seen for reactions at temperatures above 450 °C*¢. To further improve
the carbon efficiency and overall sustainability, it is essential to boost
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the alkene-to-alkane ratio in the thermolysis products. Nonetheless,
the saturated alkanes can be valorized into functional chemicals via
oxidation using inorganic catalysts or microorganisms***$, Alterna-
tively, the alkanes canbe used directly as diesel fuel without additional
hydrogenation®. It is noteworthy that naphthenes observed in the
PP-oil are allowed in diesel formulations, and they can make up >30%
of the total composition®®. Future studies should also explore the
possibility of upcycling into terminal AHS exclusively, which can be
achieved through converting a-olefins into terminal fatty alcohols
via hydroboration, followed by oxidation with air/SO;. Terminal AHS
may perform better than secondary AHS; however, the trade-off is
that the synthesis involves more steps, thus potentially adding costs
to large-scale production.

Thiswork highlights a viable chemical upcycling strategy to obtain
high-value products from plastic waste while contributing to the goal
of achieving a circular economy. The presented methodology can
potentially reduce the consumption of petrochemicals in detergent
manufacturing. Compared with using plant-based oleochemicals (for
example, agricultural fatty acids), the current process does not com-
pete with food resources for raw materials or take up any agricultural
land. A plastic-waste-based detergent industry does not exacerbate
deforestation as do oleochemicals, and therefore presents a sustain-
able approach to accessing detergents. The use of cooling fluids to
modulate the temperature gradient and control thermolysis product
distributions demonstrates the versatility, effectiveness and practi-
cality of our temperature-gradient thermolysis to procure detergent
precursors from low-cost plastic waste resources.

Methods

Materials

Deuterated benzene (C,D,, 99.8%; Cambridge Isotope Laboratories),
deuterated chloroform (CDCl;, 99.8%; Cambridge Isotope Laborato-
ries), sulfuric acid (98.0%; Fisher Scientific), hexanes (=98.5%; VWR
Chemicals), 1-dodecene (95%; Sigma-Aldrich), isopentane (=99.5%;
Sigma-Aldrich), n-decane (99%; Fisher Scientific), potassium hydrox-
ide (pure pellets; Sigma-Aldrich), sodium hydroxide (pure pellets;
Sigma-Aldrich), borane tetrahydrofuran complex solution (1.0 M
in tetrahydrofuran (THF); Sigma-Aldrich) and hydrogen peroxide
(30 wt%; Fisher Scientific) were purchased and used as received.
HDPE (milk jug), LDPE (container lid) and PP (centrifuge tube) were
obtained locally in Blacksburg, Virginia, followed by washing and air
drying before pulverization. LLDPE pellets (commercial grade) were
used without further purification. All polymers were pulverized into
powdersinaHomend pulverizer for 15 min (5 min, three times) before
thermolysis.

Instrumentation

GC and flame ionization detector. Most GC analyses were carried out
onaHewlett Packard HP 5890 Series Il Gas Chromatograph equipped
with a DB-5 capillary column (30 m x 0.25 mm x 0.25 um) and a flame
ionization detector. The following conditions were applied: helium
column flow rate, 11 ml min; injection port temperature, 280 °C;
detector temperature, 280 °C; initial column temperature, 50 °C; ramp
rate, 10 °C min; final column temperature, 280 °C. The GC analysesin
Supplementary Figs.20-23 and 28-30 were carried out on an Agilent
7890A Gas Chromatograph System equipped with an HP-5 capillary
column (30 m x 0.32 mm x 0.25 pm) and a flame ionization detector.
The following conditions were applied: carrier gas column flow rate,
11 ml min™; injection port temperature, 280 °C; detector temperature,
280 °C; initial column temperature, 40 °C; ramp rate, 10 °C min™;
final column temperature, 280 °C. For sample preparation, typically,
10-15 mg of oil or wax was dissolved in10 ml of hexanes or toluene. The
oil solutions were stirred at room temperature until complete dissolu-
tion, and the waxes were stirred at 70 °C until all solids were dissolved.
The samples were filtered through a 0.45 pum PTFE filter,and 1 plof each

sample was injected into the GC. Triacontane was used as an internal
standard for all weight fraction evaluations.

GC-MS. All GC-MS analyses were performed using a 6890 coupled
with a 5973 MSD from Agilent. Separations were obtained using a
DB-5column (30 m, 250 pm inner diameter (ID), with a film thickness
of 0.25 um). The following operating conditions were used for the
analyses:

Injection port temperature 280°C
Split valve 1/25
Purge flow 3mlmin™
Constant flow Tmlmin™
Injection volume Tul
Column oven initial temperature 50°C
Column initial time 3min
Column oven ramp rate 10°Cmin™
Column oven final time 280°C
MS transfer line temperature 250°C
MS database Wiley

MS scan mod range 10-800

HT-GPC. HT-GPC of PE- and PP-derived waxes was performed using a
Tosoh EcoSec HLC-8321High-Temperature GPC System with an autosa-
mpler and a differential refractive index detector. The temperature
settings were as follows: solvent stocker at 40 °C, pump ovenat 50 °C,
column oven at 160 °C, refractive index detector at 160 °C, injector
valve at 160 °C and autosampler at 160 °C. The mobile phase was
1,2,4-trichlorobenzene (TCB) (Sigma Aldrich-HPLC Grade-256412).
The TCBsolvent was used as received, and no inhibitor was added. The
sample columns were set to an operating flow rate of 1.0 ml min™, and
thereference columnwasset to an operating flow rate of 0.5 ml min™. A
300 plsample loop was used for sample injection. Polymer separation
was performed using four Tosoh TSKgel columns attachedin the follow-
ing order: one TSKgel guard column HHR (30) HT27.5 mmID X 7.5 cm
(PN 22891), two TSKgel G2000 HHR (20) HT2 7.8 mm ID x 30 cm col-
umns (PN22890) and one TSKgel GMHHR-H (S)HT27.8 mmID x 30 cm
column (PN 22889). Tosoh 10 ml high-temperature sample vials with
PTFE caps were used for sample preparation. 6-16 mg of sample was
addedtoal0 mlsamplevial,and TCB solvent was then added toreach
an end concentration of -1.6 mg ml™. PE- and PP-derived waxes were
heated at 160 °C for 1 hdirectly onthe autosampler. The samples were
not filtered. Tosoh’s Polystyrene-Quick Kit-M (PN 21916) was used to
create the calibration curve. The calibration curve was verified using
Tosoh polystyrene F-10 (106 kDa—PN 05210)) and Agilent polystyrene
(700 Da—PN PSS-ps700) standards. The run time for all standards and
samples was 60 min. For data analysis, Eco-Sec 8321 software (Tosoh)
was used to evaluate the calibration curves and determine the molar
mass and dispersity values. All polymer refractive index peaks were
integrated from the point where they first deviated from the baseline
to where the refractive index signal returned to the baseline again.
Mark-Houwink correction values were used to determine PE and PP
molar mass. The Mark-Houwink values used for polystyrene were
K=12.1x10"°dIg™" and a = 0.707. The Mark-Houwink values used for
PEwere K=40.6 x10°dl g and a = 0.725. The Mark-Houwink values
used for PPwere K=19.0 x10~° dlg"and a = 0.725.

Ambient-temperature GPC. To prevent the evaporation of oils at high
temperatures, room-temperature GPC was used to characterize the
molar masses of thermolysis oils. 15-20 mg of sample was dissolved in
THF to achieve a concentration of -2 mg ml™ and stirred for 30 min. The
THF solution was filtered through a 0.2 um syringe filterintoan HPLC
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vial. 20 pl of sample was injected into an HPLC fitted with three PLgel
7.5mm x 300 mm columnsin the series 10 pm x 50 A,10 pm x 103 Aand
10 um x 104 A (Agilent Technologies) at ambient temperature with an
isocratic1 ml min?100% THF (Sigma-Aldrich inhibitor-free, suitable for
HPLC > 99.9%) for 40 min. Analytes are monitored at 210 nm, 260 nm
and 270 nm on the diode-array detection.

NMR. AllI'H NMR experiments were performed at 298 Kona 500 MHz
Bruker Avance 11 500 spectrometer with 16 scans. All spectra were
recorded using deuterated benzene and chloroform.>C NMR experi-
ments for oils were conducted at 298 K on a 500 MHz Bruker Avance
11500 spectrometer using a relaxation delay of 2 s and 1,024 scans.
BCNMR experiments for AHS were performed using a relaxation delay
of 6 sand 3,072 scans. 2D-HSQC was conducted at 298 Kona 500 MHz
Bruker Avance Il 500 spectrometer with a relaxation time of 2's,
16 scans and a digitizing increment of 400.

Theta flow tensiometer. Contact angle and surface tension were
measured at room temperature on a Biolin Scientific theta flow tensi-
ometer. Contact angle experiments were performed in a sessile drop
mode with a drop volume of -5 pl, a drop rate of 1pul s and arun time
of~10 s. Surface tensions were evaluated in apendant drop mode with
adrop volume of -10 pl, adrop rate of 1l s*and a run time of ~10 s.

Thermolysis procedures

Typically, 1.5 g of pulverized HDPE (particle size, 2.7 mm) or PP (par-
ticle size, 1.6 mm) was loaded into a custom-designed quartz reac-
tor and purged with nitrogen at 200 °C for 15 min. After purging, the
temperature was slowly ramped (rate, 20 °C min™) to the operational
temperature range (the top layer of the plastic melt was 360 °C). At the
same time, room-temperature water or heated water was circulatedin
thereactorjacket. After 10 min, the cold-zone temperature stabilized
at-28 °Cor~90 °C. The thermolysis lasted for 6 hfor HDPE and 2 h for
PP. After completion, the thermolysis oil in the headspace was collected
using a glass pipette and weighed on an analytical balance. Solid wax
was extracted from the reactor with hexanes twice (10 mleach), dried
under vacuum and weighed to determine the yield.

To upcycle PE- and PP-oil to sulfate detergents, 100 mg of each
oil was weighed and transferred to a flame-dried 25 ml vial fitted with
astirbar. Thetest tube was setinacoldbathat 0 °C, and 50 mg of con-
centrated sulfuric acid was added dropwise while stirring. For PP-oil,
86.7 mg of H,SO, was used. After 10 min, the vial and its contents were
stirred at room temperature for 10 min and then neutralized with1M
KOH solution (1.2 ml) to afford the ionic detergents. The detergent
solutions were diluted with DI water to a total volume of 8 ml. The
unconverted alkane component was isolated by washing the crude
solution with hexanes (5 ml, 3x). The combined hexane extracts were
dried over Na,SO,, concentrated under vacuum and weighed. An ali-
quot of the sample was subject to GC and GC-MS characterization.
To remove any residual hexanes in the purified detergent solution, a
moderate vacuum of 300 mmHg was applied to the detergent vial at
45°Cfor10 min.

Alternatively, selective upcycling of the thermolysis oils to termi-
nal fatty alcohols was accomplished through hydroboration. Typically,
500 mg of PE-oil (-1.9 mmol of alkene, 1 eq.) was added to a two-neck
round-bottom flask equipped with astir bar. The flask was purged with
nitrogen and transferred to anice-water bath. Then, 4.0 ml (4.0 mmol,
2.1eq.) of boranetetrahydrofuran complexsolution (BH;-THF,1.0 Min
THF) was dispensed into the flask over a 30-minute period. The flask
was warmed to room temperature and stirred for 2 h. Excess BH; THF
was decomposed by adding1 mlof DIwater until bubbling stopped. The
flask was placed back into anice-water bath. Then, 5.4 mlof3 M NaOH
and 5.4 ml of H,0, (30 wt%) were added dropwise sequentially. The
flask was allowed to warm to room temperature and stirred overnight.
After completion, the solution was worked up in a separatory funnel

using ether and DI water (30 ml each). The water layer was extracted
with additional ether (10 ml, 2x) to recover any residual fatty alcohols.
The combined organic layer was washed with DI water (50 ml, 3x). The
etherextracts were dried over Na,SO,, concentrated under vacuumand
characterized with NMR and Fourier transforminfrared spectroscopy.
PP-and PE,s/PP,s-derived fatty alcohols were prepared similarly.

Simulations

Computational fluid dynamics (CFD) simulations were conducted to
analyze the fluid flow and heat transfer within the reactor. The meshing
was carried out using ANSYS ICEM CFD 2023 R2, and the simulations
were performed using ANSYS FLUENT 2023 R2. Detailed descriptions
of the physical models, numerical setup, and simulation parameters
canbe foundinthe supplementary information.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Additional data are provided in the Supplementary Information, and
all the raw files are available via Dryad at https://doi.org/10.5061/
dryad.41nslrnqO (ref. 51). Source data are provided with this paper.
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