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Plastic waste represents one of the most urgent environmental challenges facing human-
kind. Upcycling has been proposed to solve the low profitability and high market sensitiv-
ity of known recycling methods. Existing upcycling methods operate under energy-intense
conditions and use precious-metal catalysts, but produce low-value oligomers, monomers,
and common aromatics. Herein, we report a tandem degradation-upcycling strategy to
exploit high-value chemicals from polystyrene (PS) waste with high selectivity. We
first degrade PS waste to aromatics using ultraviolet (UV) light and then valorize the
intermediate to diphenylmethane. Low-cost AlCl; catalyzes both the reactions of
degradation and upcycling at ambient temperatures under atmospheric pressure. The
degraded intermediates can advantageously serve as solvents for processing the solid
plastic wastes, forming a self-sustainable circuitry. The low-value-input and high-
value-output approach is thus substantially more sustainable and economically viable
than conventional thermal processes, which operate at high-temperature, high-pressure
conditions and use precious-metal catalysts, but produce low-value oligomers, monomers,
and common aromatics. The cascade strategy is resilient to impurities from plastic waste
streams and is generalizable to other high-value chemicals (e.g., benzophenone, 1,2-diphe-
nylethane, and 4-phenyl-4-oxo butyric acid). The upcycling to diphenylmethane was
tested at 1-kg laboratory scale and attested by industrial-scale techno-economic analysis,
demonstrating sustainability and economic viability without government subsidies or
tax credits.
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Plastic annual production has grown from <2 million tons in the 1950s to ~367 million
tons in 2020 (1), and it is predicted to double in the coming decades (2). About 40% of
the plastics are for short-term use and quickly turn into waste (3). Based on the second
law of thermodynamics, the plastic wastes, once deposited to the natural environment,
will eventually reach every corner of the planet, threatening the inhabitants of the earth
(4-8). To mitigate the plastic-waste crisis, a closed-loop plastic cycle is brewing with the
efforts of major economies (9, 10). On the one hand, researchers have designed
degradation-friendly polymers (11-15), but the market insertion of new polymers is a
long-drawn process due to investment risks (16). On the other hand, substantial efforts
are devoted to recycling legacy plastics. Although plastic quality irreversibly deteriorates
with times of reuse (17), mechanical recycling occupies ~88% of the recycling market
(18). Alternatively, chemical recycling (~6.5% of the market), such as depolymerization
and repolymerization, complements mechanical recycling and retains the plastic quality
(7, 18, 19). Nevertheless, both methods have uncertain profitability (16, 20) and are sen-
sitive to market fluctuation (21, 22), thus often requiring help from government subsi-
dies or tax returns. High profitability and low market sensitivity are urgently demanded
to increase the incentive for plastic recycling, especially for “end-of-life” plastics.

Selective conversion of end-of-life plastic wastes (e.g., tertiary/quaternary plastic
wastes) into value-added chemicals, or chemical upcycling, has the potential to bring
plastic recycling out of the “low-end” dilemma. Great progress has been made for com-
modity polymers, such as polyethylene (PE) (23-25), polyethylene terephthalate (PET)
(13, 26-28), polypropylene (PP) (29, 30), and polyesters (26, 27, 31), which have been
successfully converted to monomers or aromatics through catalytic pyrolysis or enzymatic
degradation. However, for practical deployment in the industry, these upcycling methods
will be more attractive if the products have high economic value. In addition, the prod-
ucts are often a complex mixture, and their economic value fluctuates around the whole-
sale price of virgin plastics (32). Obtaining upcycling products with high economic
values and high selectivity, preferably at mild reaction conditions to expand the profit
margin, is thus a target of plastic chemical upcycling (7, 33). Tandem catalytic strategies
have been recently adopted for PE to improve the product selectivity, especially toward
alkyl aromatics (23, 25, 34). Despite the improved selectivity, the products are still a
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mixture of various alkyl aromatics, whose values are not signifi-
cantly higher than the plastic wastes to make the process eco-
nomically viable.

As an alternative to the development of sophisticated catalysts
and innovative polymers, the selective conversion of plastics to
high-value chemicals is achievable by engineering the pathways
using common industrial catalysts, reagents, and reactions.
Herein, we propose a tandem reaction strategy of degradation-
upcycling (Deg-Up) to chemically upcycle end-of-life plastic
wastes. Our strategy is to judiciously select two or more cascade
reactions that can precisely regulate reaction pathways to pro-
duce desired products with much higher economic values, while
inhibiting unwanted products, leading to potential profitable
industrial implementation.

To demonstrate the feasibility of the Deg-Up strategy, we have
custom-tailored an upcycling procedure for polystyrene (PS). PS
was selected because it is rich in aromatics (74 wt.%), and it is
widely used for utensils, packaging, and insulation. Yet, <10% of
PS annual production is recycled, and no catalytic upcydling
methods have been employed to harvest the valuable aromatic
(16, 19, 21, 22, 35-38). Upcycling PS and polyolefins, in gen-
eral, is challenging due to the lack of backbone heteroatoms as in
PET and polyesters, which are susceptible to breakage and thus
degrade relatively easily. Additionally, PS and especially expanded
PS foam suffer from a high volume/mass ratio, increasing the col-
lection, transportation, and storage costs and further compressing
the already-narrow profit margin (17). In our Deg-Up procedure,
PS waste was first photochemically degraded to aromatics over
AICI3, followed by a reaction with dichloromethane (DCM) to
produce high-value diphenylmethane (DPM), which has a mar-
ket price over 10 times that of commodity aromatics to compen-
sate for the high costs of PS collection and transportation (Fig. 1
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Aand B). DCM is considered the least toxic simple chlorohydro-
carbon and is used in the industries of food, pharmaceuticals,
paint, metal cleaning, and others. According to the US Environ-
mental Protection Agency report “Risk Evaluation for Methylene
Chloride” [Chemical Abstracts Service Registry No. 75-09-2,
2020 (39)], DCM has no unreasonable risk for use in chemical
production. The product DPM is an important high-value com-
pound in the fragrance and medicine industries (SI Appendix;
Fig. S1) and is usually made by a Friedel-Crafts reaction of ben-
zene and halomethyl benzene in industry or via cross-coupling
and benzylation in the laboratory (40-42). Compared to these
methods that require specific precursors (e.g., aromatics with cer-
tain functional groups), expensive catalysts, and often elevated
temperatures (Fig. 10), our approach uses AlCl; as the catalyst
and polymer wastes as a low-cost feedstock. The approach can be
easily inserted into the existing DPM industry by simply replac-
ing expensive benzyl chloride (~$2,300 per ton) with low-cost
PS waste (average ~$800 per ton) and DCM. The reaction con-
ditions are mild, proceeding at ambient temperature and atmo-
spheric pressure. The mild reaction conditions reduce energy
consumption, remove the need for heat management, and,
importantly, avoid coking and mitigate polyaromatic formation
commonly seen in high-temperature processes. The Deg-Up
method has been scaled up to 1 kg in the laboratory. Upon fur-
ther scale-up to 100 metric tons, techno-economic analysis
(TEA) shows high profitability and litde sensitivity to market

fluctuation, such as the PS waste cost.

Results

In a proof-of-concept experiment, PS (~1.0 g, M, = 192 kDa,
D = 2.15) was dissolved in benzene (~10 mL) and combined
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Upcycling PS waste to DPM via UV-assisted degradation. (A) Comparison of the conventional depolymerization-repolymerization approach to our tan-

dem Deg-Up strategy. Conventionally, PS is depolymerized at high temperatures to styrene, which is repolymerized to PS. Due to impurities in the recycled sty-
rene, the repolymerized PS has inferior properties and reduced value. In our Deg-Up strategy, PS is degraded photochemically to yield mostly benzene and then
converted to high-value DPM at room temperature. AICl; catalyzes both degradation and upcycling reactions and thus enables a one-pot process. Excess ben-
zene is recycled as solvent to create a self-sustaining upcycling circuitry. (B) Market values of styrene, PS, and PS waste, common aromatic products from PS deg-
radation, and upcycled products of DPM and benzophenone (BP), as of March 2021. Crude oil is included because it is the upstream feedstock to produce PS
and many aromatics. DCM is a low-cost additive for PS upcycling. (C) Comparison of our DPM synthesis strategy with those used in industry and literature.
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with AICl; (~1.0 g) in a three-neck quartz flask equipped with
a stir bar, glass dashpot, gas inlet, and a stopper. Initially, the
color of the solution in the reactor appeared light yellow. After
degassing with argon (Ar), the solution was placed under an
ultraviolet (UV) lamp (253.7 nm, 12.5 W-cm ™2, ambient tem-
perature ~37°C), and the color started turning into orange
and then dark brown (87 Appendix, Fig. S2). The color change
was likely induced by the coordination of AlCl; with aromatics
to form an aromatic/Al ionic liquid (43-45).

The PS degradation had an initiation stage of ~1 h, in which
the PS molecular mass decreased only slightly, to ~151 kDa
(Fig. 2A). This slow initiation is attributed to the incubation of
the aromatic/Al halide complex (43, 44), as shown by the color
change in the first hour. According to size-exclusion chroma-
tography (SEC; Fig. 24 and SI Appendix, Fig. S3A), the PS
underwent a sharp decrease in molecular mass from 151 kDa
(degree of polymerization [DP] ~1,500) to 1.4 kDa (DP ~14)
in the second hour. In the subsequent 3 h, the PS oligomers
continued degrading into smaller molecules. Liquid chromatog-
raphy (LC)-mass spectroscopy (MS) further supported the SEC
results (87 Appendix, Fig. S4). All the eluents detected by time-
of-flight (TOF) and UV detectors showed molecular masses
<1,000 Da. In a control experiment using UV light in the
absence of AICl; (Fig. 24 and S/ Appendix, Fig. S3B, wlo
AICl3), PS was barely degraded after 24 h, showing A, slightly
lower than the virgin PS. In another control experiment using
AlICl3, but no UV light (Fig. 24 and SI Appendix, Fig. S3B, wlo
UV), even at a higher temperature of 43 °C, the PS was only
partially degraded, even after 24 h of reaction. With both UV
light and AICls, PS finished most of the degradation within 5 h.

After degradation, the mixture in the reactor separated into
light (88.4 wt.%) and heavy phases (10.7 wt.%). The light
phase was primarily benzene and some by-products, including
ethyl benzene (1), cumene (2), tert-butylbenzene (3), indane
(4), 1-methylindane (5), 1-methylindene (6), DPM (7), phe-
nylindene, and methyl phenylindene (8) (Fig. 2B). Indanes,
indenes, and their derivatives were produced by PS backbiting
reactions during degradation (44). Although DPM was pro-
duced upon PS degradation, its yield was low. The remaining
heavy phase was a mixture of inorganic salts and organics, such
as indanes, indenes, and heavy aromatics.

In the upcycling reaction, the mixture was injected with DCM
(5.0 mL). Assisted by the readily available AICl;, the phenyl
groups were swiftly upgraded to DPM with a high selectivity
(87%), as evidenced by the substantially stronger gas chromatogra-
phy (GC) peak of DPM than any by-products (Fig. 2 B and O).
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Side products were evaluated, and they were minor (SI Appendix;
Fig. S5). The conversion of DPM could be controlled by the
upcycling reaction time (87 Appendix, Fig. S6). For example, after
3 h of upcycling, 658 mg of DPM was harvested, accounting for
97% of the phenyl groups recycled from PS waste, based on the
evaluated benzene yield. Balancing the extracted and reacted ben-
zene in the Deg-Up reactions enabled circulated utilization of ben-
zene for processing additional PS, forming an upcycling circuitry
of high self-sustainability.

To determine the yield of benzene in PS degradation, isotope
experiments were conducted in CgDg. The "H-NMR revealed a
benzene yield of 90.1 wt.% (or 89.0 mol.%) of the total aro-
matic carbon in PS (Fig. 3), indicating that PS underwent a
dephenylation process. This result was further confirmed by a
parallel PS degradation experiment in C4Hg using an external
reference of toluene. The amount of increased benzene after deg-
radation was determined by GC, showing a similar benzene yield
0f 91.9 wt.% (or 90.7 mol.%).

To further investigate the degradation process of PS, we con-
ducted experiments under identical conditions, but switching
the solvent from benzene to toluene. Toluene served as a low-
cost tracer molecule thanks to the extra methyl group relative
to benzene, allowing for convenient tracing of the solvent dur-
ing the degradation. Similar to the PS degradation in benzene,
the degradation in toluene phase-separated into a light phase
and a heavy phase (Fig. 34). GC-MS (Fig. 3 Cand D) revealed
toluene and a primary product of benzene in the light phase.
Other by-products resembled those in the benzene solvent sys-
tem. Interestingly, GC-MS also detected benzyltoluenes (10)
and ditolylmethanes (11), and both had a series of isomers
(Fig. 3D), suggesting side reactions of the solvent during the
PS degradation. There are two possible side reactions. First, tol-
uene likely reacted with the backbone of PS and its oligomers
to produce benzyltoluenes, which explained the formation of
DPM during PS degradation in the benzene system. The reac-
tion of solvent with polymer was further confirmed by the
decreasing intensity of benzyltoluenes in a series of controlled
experiments with increasing volumes of toluene (S7 Appendix,
Fig. S8). Another possible side reaction is the polymerization of
aromatics over Lewis’ acid. Early research on Friedel-Craft
reactions and poly(phenylene) showed that aromatics could
undergo polymerization over AlCl;. For example, in the pres-
ence of AICl;, ~1 wt.% benzene could be polymerized to
diphenyl, polyaromatics, and poly(phenylene) at 80 °C after
24 h (46, 47). However, the temperature of our reactions was
much lower, and the participation of solvent in side reactions
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Fig. 2. Characterization and analysis of products from PS Deg-Up. (A) M,, time-evolution of PS upon degradation under various conditions. (4, /nset) A pho-
tograph of waste PS foam after Deg-Up. (B) GC traces of the liquid phase after waste PS foam degradation and upcycling in benzene. The solvent peak is
omitted to draw focus to signals of the products. (C) Magnified view to illustrate the primary upcycled product DPM (7). C, Inset reports the measured weight
fractions of the products and the reaction selectivity toward DPM. Mass spectra of the products (1 through 8) and their isomers are shown in S/ Appendix, Fig. S7.
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Fig. 3. Characterization of benzene intermediate after PS degradation. (A) A photograph of the light and heavy phases after PS degradation. (B) The
"H-NMR spectra in C¢Dg before and after PS degradation. (8, Inset) Benzene yield by the mass of phenyl group in PS. (C) GC traces of the light phase after
PS degradation in toluene (T-Ctrl, blank experiment in toluene without PS, but with AICl; under UV; T-1, degradation of PS in toluene using AICl3 under UV;
T-2, degradation of waste PS foam in toluene using AlCl3 under UV). (D) Magnified view of the GC trace to distinguish isomers. Mass spectra of the products

(1 through 11) and their isomers are in S/ Appendix, Fig. S7.

was minor; using an external reference (Materials and Methods),
the amount of toluene loss during the degradation was found
to be ~2.2 wt.% on average, including both reacted and vapor-
ized solvent (ST Appendix, Figs. S8 and S9).

After removing the light phase, the heavy phase was extracted
by acetone. The resulting solution was primarily composed of
toluene and benzene (SI Appendix, Fig. S10A). As confirmed by
SEC, the acetone solution contained no detectable polymers.
TOEF-MS further confirmed that the molecular masses of the
acetone extract were smaller than 680 Da, primarily smaller
than 270 Da. The gray precipitate was delivered to Fourier-
transform infrared spectroscopy (FTIR), X-ray photoelectron
spectroscopy (XPS), and TOF-MS. The FTIR and XPS spectra
showed that it was possibly a mixture of unreacted AICl; and
Al chlorohydrates, but no organics, or the amount of organics
was below the detection limit. TOF-MS also excluded the exis-
tence of polymers in the solid. The molecular mass of the solid
was lower than 980 Da, primarily lower than 200 Da.

Both scalability and economic viability are cardinal to practi-
cal deployment of PS Deg-Up. To demonstrate the scalability,
Deg-Up was scaled up by a factor of 10 and 1,000 to process
10 g and 1 kg of PS wastes from both municipal and laboratory
sources (SI Appendix, Fig. S11), respectively, in batch using
slightly modified procedures (SI Appendix). PS wastes were suc-
cessfully degraded and upcycled at both scales (Fig. 4). Notably,
both large-scale reactions showed resilience to impurities, such as
pigments, dirt, adhesives, and other polymers, including PE, PP,
and polyvinyl chloride. The degradation at the 1-kg scale was
slower than that at the smaller scales because we used an open
photoreactor and low-power UV lamp. After upcycling, the reac-
tion was quenched by ice water, and the high-value DPM was
characterized and distilled (87 Appendix, Figs. S12 and S13).
The remainder pitch oil was collected and blended with Al waste
to form a hard asphalt by-product (Fig. 4B). The 1-kg scale
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reaction served as the foundation for another 1,000 times scale-
up in TEA (87 Appendix, Figs. S12-S18).

Economic viability of Deg-Up was analyzed by TEA based
on a 100-ton/year and 1-ton/batch waste PS capacity (Fig. 40).
The TEA is based on a system that included a reactor, UV
lamps, distillation tower, and vacuum pump. The total fixed
capital investment (i.e., factory setup cost) is estimated at $1.28
million (M), including $0.17M working capital. The annual
revenue is $0.765M, with an annual variable product cost of
$0.414M (without depreciation), which leads to an annual net
profit of $0.221M, resulting in an internal rate of return (IRR)
0f 22.75%, a payback period of 4.49 y, and an average return of
investment of 17.25%. Even without any government subsidies
or tax returns usually provided to the recycling industry, our
Deg-Up approach shows high profitability and, thus, is highly

attractive for industrial investment.

Discussion

The profitability is robust against changes in the market. Sensi-
tivity analysis shows that the biggest influencers on the invest-
ment are DPM output and price (Fig. 4D and SI Appendix;, Figs.
S19-821). Effects of labor cost, utility (including the cost of UV
light), and other raw materials (including PS waste cost) on the
investment are minor. The TEA confirms that our Deg-Up strat-
egy circumvents the common challenges facing plastic recycling
(i.e., oil price, PS price, PS waste price, and the additional collec-
tion, transportation, and storage costs associated with foamy
plastics) (S Appendix, Figs. S22 and S23). A decrease of DPM
output or price by 30% will drop the IRR to 6.48%, while an
increase of 30% will boost the IRR to 36.77%. A change in the
equipment cost by —30 to 30% results in an IRR range of
13.27 to 35.05% (SI Appendix, Fig. S19). The profitability is

less sensitive to other factors. Therefore, our upcycling method
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Fig. 4. Scale-up and TEA. Photographs depicting the scaling-up of the 1-g proof-of-concept reactions to 10-g (A) and 1-kg (B) reactions. (C) Sankey diagram of a
1-ton-scale PS Deg-Up reaction. The scaled-up TEA is based on the experimental scale up from 1 g to 1,000 g. (D) Sensitivity analysis of profitability with respect
to PS waste and DPM prices. (E) Versatility of “Deg-Up” to produce diverse high-value chemicals. (E, Upper) LC trace of 4-oxo-4-phenyl butyric acid upcycled
by succinic anhydride. (E, Lower) GC traces of benzophenone and 1,2-diphenylethane upcycled by oxalyl chloride and 1,2-dichrloroethane, respectively.

can stll be profitable, even in a volatile market, unlike the
decomposition of PS to styrene monomers (S Appendix).

In case the consumption volume of DPM is not comparable
to that of PS, adjusting the two cascade reactions can enable
the upcycling of PS to other high-volume, high-value specialty
chemicals, such as benzophenone, 1,2-diphenylethane, and
4-oxo-4-phenyl butyric acid (Fig. 4E and SI Appendix, Fig. S24).
Additionally, further nitration and reduction of DPM can pro-
duce methylenedianiline and then synthesize methylene
diphenyl diisocyanate, a bulk chemical for producing polyure-
thane that is usually twice more valuable than PS. Lastly, our
Deg-Up strategy can be extended to other commodity polymers
and help address the global plastic waste challenge jointly with
other methods.

In conclusion, our study demonstrates an economically attrac-
tive strategy to upcycle a commodity polyolefin into high-value
specialty chemicals at high selectivity. The upcycling strategy tan-
demly combines two highly selective Deg-Up reactions to convert
PS to DPM, which can be used as fragrant wearables and medici-
nal edibles and have one-order-of-magnitude higher market value
than plastic wastes. The Deg-Up reactions proceed under mild

PNAS 2022 Vol. 119 No.34 2203346119

conditions and remove the need for high-temperature, high-
pressure, and expensive catalysts required in conventional cata-
lytic degradation (23, 24, 31). The Deg-Up strategy is highly
profitable and compensates for the polymer waste collection,
transportation, and storage costs. We anticipate the process to
complement existing methods (e.g., mechanical recycling and
chemical recycling to styrene), and it is particularly suited for
eliminating end-of-life plastics due to the high tolerance of
low-quality plastics.

Materials and Methods

Materials. All chemicals were purchased from Sigma-Aldrich with a purity of
>99% unless otherwise stated. Deuterated benzene (C¢Dg, 99.8%, Cambridge
Isotope Laboratories, Inc.) and waste PS packaging foam (M,, ~152 kDa, polydis-
persity index [PDI] = 2.55) were used as received.

Characterization. Photodegradation was conducted in three-neck quartz flask
(KangBo, 0.3 L, transmittance ~70% for UVC) under a UV reactor (Rayonet RPR-
100) equipped with 12 light bulbs (peak wavelength, 253.7 nm). The maximum
light intensity of each lamp was 12.5 W-cm 2.
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All GC analyses were performed on a 6890 GC equipped with a DB-5 capillary
column (30 m long x 250 pm inner diameter with a film thickness of 0.25 pm)
from J&W Scientific and a flame ionization detector. The following operating
parameters were used for each GC analysis: injection port temperature, 280 °C;
purge valve, 3 mL-min~"; purge time, 1 min; total flow, 11 mL-min~"; constant
flow, 0.8 mL-min~"; injection volume, 1 pL, split 1:10; column oven initial tem-
perature, 40°C; column oven initial time, 3 min; column oven ramp rate,
10°C-min~" to 280 °C; column oven final temperature, 280 °C; column oven
final time, 1 min.

All GC-MS analyses were performed on a 6890 GC equipped with a 5973
Mass Selective Detector (MSD) from Agilent. The MS Wiley library was used to
identify the peaks. Separations were performed by using the same GC column at
the same operation conditions. The MSD transfer line temperature was 260 °C.

MS analysis was performed by using an Agilent 6220 Accurate-Mass mass
spectrometer with an electrospray ionization probe in a positive mode and Agi-
lent 1200 high-performance LC system (HPLC/MS) using isocratic 70/30 MeOH/
H,0 + 0.1% fluoroacetic acid as the solvent. Samples were dissolved and then
injected directly into the MS by using a 1367B Agilent Autosampler.

SEC (TOSOH multidetector EcoSEC HLC-8320GPC) was utilized to determine
the number average molecular weight (M,), weight average molecular weight
(M), and PDI. The instrument was equipped with two TSKgel SuperHM-H col-
umns, a refractive index detector, and a multiangle light-scattering detector
(WYATT, MiniDAWN TREQS). The oven temperature was kept at 50 °C, and
the eluent flow rate was 0.5 mL-min~". The mobile phase was DMF containing
0.05 M LiBr.

Proton NMR ('H NMR) spectroscopy was performed on a Bruker Avance Ii
500 spectrometer at 500 MHz inC,D4 with 64 scans.

FTIR was performed at room temperature by using a PerkinElmer attenuated
total reflectance-FTIR (model Spectrum 100) in the range of 4,000 to 1,000 ™!
with 256 scans at a resolution of 4 cm ™"

XPS spectra were conducted on a PHI VersaProbe Il scanning XPS micro-
scope with a monochromatic Al Ko X-ray source (1,486.6 eV). XPS spectra were
acquired with 200 um/50 W/15 kV X-ray settings and dual-beam charge
neutralization.

Experimental Methods.
Deg-Up of PS in benzene solvent.

Degradation. In a three-neck quartz flask equipped with a stir bar, glass
dashpot, gas inlet, and a glass stopper (S/ Appendix, Fig. S24), PS (~1.0 g) was
dissolved in benzene (~10.0 mL), followed by the addition of AICl3 (~1.0 g).
The total mass of the reactor and reactants were recorded (my). Immediately after
loading, the reactor was purged with Ar (20 mL-s~" for 0.5 min and then
5 mL-s~" for 15 min) to remove air in the flask. The reactor was sealed, and the
total mass was recorded again (my), from which the change in mass (m; — mo)
was determined. The mass change was attributed to the loss of solvent and
replacement of atmosphere from air to Ar. To evaluate the loss of solvent during
purging, the mass difference between air and Ar was evaluated by using their
densities at 25 °C (in a 0.3-L flask containing ~10 mL of liquid; after replacing
the air in the flask to Ar, the mass increase was ~132 mg) (48, 49). The loss of
solvent was thus (132 + mg — m4) mg, and the actual solvent mass was tabu-
lated in SI Appendix, Table S1. The quartz flask was then placed under a UV
lamp (working temperature ~37 °C) for 5 h. After photodegradation, the gases
in the dashpot were released, and the total mass of the reactor was weighed
again (my) to evaluate the mass of gas in the dashpot (m, — my). The mass of
the gas phase (gases in the flask and dashpot) was evaluated based on the mass
in the dashpot and the volume ratio of gas in the dashpot and flask, excluding
the mass of AR (S/ Appendix, Table S1). The fractions of the light and heavy
phases were roughly estimated. The total mass of the reactor was measured
(m3). The light phase was pipetted out from the reactor. The potential residue
was removed by a vacuum pump at room temperature, and the heavy phase
remained because it is nonvolatile. The mass of the reactor was weighted (mj) to
evaluate the recovery of the light phase (m3 — mj) and heavy phase. The light
phase was then characterized by GC-MS (Fig. 2).

Determination of benzene yield from PS degradation. Two methods were
used to determine the benzene yield from degradation: 1) toluene as an exter-
nal reference method and 2) the C,Dy isotope method.

Toluene as an external reference. After degradation of PS in C4Hq, the reac-
tion was quenched by acetone (~50 mL). A glass vial (~2 mL), cleaned at
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600 °Ciin air for 12 h, was filled with a controlled amount of toluene as an exter-
nal reference (SI Appendix, Table S2). Carefully handled with a tweezer, the vial
containing toluene was dropped into the quenched mixture. After sonication for
5 min, the mixture was sampled, filtered, and then characterized by using GC.
The mass of benzene product from PS degradation (mge,,,) was determined by
Eg. 1.

r
m = ——— X Myy; + Mpeny — Mpen,0, 1
Ben,p kBen / kToI Tol,r Ben,v Ben,0 [ ]
where r is the peak area ratio of benzene over toluene; k is the slope of the GC
calibration curve (kr = 58,531 and kge, = 61,736; SI Appendix, Fig. S6C);
My, is the mass of the toluene external reference (SI Appendix, Table S2);
Mgeno is the mass of solvent benzene before degradation (S/ Appendix, Table
S1); and mgen, is the mass of benzene vapor and is estimated using Eq. 2.
based on Raoult's law and the ideal gas equation,
¢ X P, xV
% X Meen, [2]
where ¢ is the molar concentration of benzene in the liquid phase; Py, is the
saturated vapor pressure of benzene (13.33 kPa) at the postreaction temperature
T (i.e., 293 K); V is the gas volume in the reactor (~0.3 L); R is the ideal gas
constant; and Mg, is the molar mass of benzene. Under the experimental condi-

tion, the mass of benzene vapor is ~121.7 mg.
Isotope method. PS (~1 g) was degraded in C4Dy over AICl; under UV light

following the same setup as above. After 5 h, the mixture was quenched by ice
water (~9 molar equivalent of AICI3), resulting in solid precipitates of Al com-
pounds, an aqueous solution, and an organic solution of C¢Ds. Chloroform
(CHCI3) was added as a reference for 'H NMR analysis. The mass of benzene
product (Mgen,p) from PS degradation was calculated by using Eq. 3.

Meeny =

Mchas !
X —— X Mgen — Viceps X Coen, [3]

Meuas — Nu

mBen,p =

where Mgy is mass of chloroform; r is the 'H NMR peak area ratio of benzene
to chloroform; Ny is the number of hydrogen in CgHs; Menas and M, are the
molar mass of chloroform and benzene, respectively; and Vcgps is the volume of
CsDe, Caen is the concentration of C¢Hy in CeDyg (3.273 mglg; Fig. 3B). CeHe
vapor was omitted due to a small molar ratio of CeHg to C4Dg (~0.07) in
the solution.

Upcycling. DCM (5.0 mL) was then injected to the reactor to upcycle the deg-
radation products into DPM. The liquid products in the reactor separated into
two phases. The light liquid phase was sampled and analyzed by GC-MS. In a
parallel experiment, the light phase was sampled at 9, 25, 60, and 180 min
after the injection of DCM, using an Ar-degassed syringe (~0.5 mL) equipped
with a long needle. Each sample was diluted with acetone (~5.0 mL) and deliv-
ered for GC analysis. The yield of DPM was estimated by using Eq. 4, based on
the GC peak ratio of benzene (~2.7 min) and DPM (~14.7 min) (S/ Appendix,
Table S3).

r
Mopu =1 Tk X Meen 0. (4]
where r is the GC peak area ratio of DPM over benzene; mge ¢ is the mass of
benzene solvent; mppy is the mass of DPM; and k is the slope of the GC calibra-
tion curve (kppy = 73,675 and kgen = 61,736) (SI Appendix, Fig. S6 C and E).
The DPM vapor was ignored due to the low vapor pressure (S/ Appendix,
Table S4).

Catalyst reusability. Waste PS foam (~1.0 g) was dissolved in benzene
(~10.0 mL) and photodegraded for 5 h by using AICl; (~1.0 g) under UV light
in a quartz three-neck flask. DCM (1.0 mL) was injected to convert the degrada-
tion products to DPM. After stirring at room temperature for 3 h, the light phase
was collected and characterized by using SEC to confirm PS degradation (S/
Appendix, Fig. S3C). The residual heavy phase, protected by Ar, was mixed with
another gram of PS in benzene (10 ml) that was subjected to three
freeze-pump-thaw cycles and Ar protection. After purging the flask with Ar
(5 min, 5 mL/min), the mixture was placed under UV light for degradation. After
5 h, the light phase in the quartz flask was collected again for SEC characteriza-
tion (S Appendix, Fig. S3C).
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PS Deg-Up to other products. To exhibit the versatility of Deg-Up for pro-
ducing other high-value chemicals other than DPM, we adjusted the upcycling
step to obtain a list of products including 1,2-diphenylmethane, benzophenone,
and 4-oxo-4-pheny! butyric acid.

Deg-Up of PS using halide. The degradation followed a similar procedure.
After degradation, the reactor was placed in an ice bath, followed by the addition
of 0.012 mol halide (0.95 mL of 1,2-dichloroethane or 1.02 mL of oxalyl chlo-
ride). The reactor was then returned to 60 °C and stirred for 24 h. The reaction
was quenched by ice water (~0.5 mL). The upper layer was sampled and diluted
in acetone (~4 mL) for GC-MS characterization.

Deg-Up of PS using acid anhydride. The degradation followed a similar proce-
dure, and the upcycling was modified due to the low solubility of acid anhy-
drides in benzene. After degradation for 5 h, the reactor was placed in an ice
bath. Under vigorous stirring, succinic anhydride (0.012 mol, 1.2 g) was added
slowly. The mixture was kept stirring in the ice bath for 1 h to afford a suspen-
sion in benzene. The reactor was then transferred to an oil bath at 60 °C. After
24 h, the reaction was stopped and quenched by acetone (~50 mL). Because
the product was poorly soluble in neutral agueous solution and benzene, ace-
tone was utilized to extract the product for LC-MS characterization.

Additional discussion of PS Deg-Up to other products. To exhibit the versatility
of Deg-Up, additives such as oxalyl chloride, 1,2-dichloromethane, and succinic
anhydride were used to obtain Deg-Up products benzophenone, 1,2-diphenyl-
methane, and 4-phenyl-4oxo butyric acid, respectively. We note that these pro-
cesses are not optimized, and they only serve as examples to demonstrate the
versatility.

Benzophenone. The classic industrial process to obtain benzophenone is react-
ing benzene and phosgene over Lewis acid (50). However, for laboratory safety,
the acutely toxic phosgene was substituted by oxalyl chloride to upcycle PS to
benzophenone (51). The product of benzophenone was confirmed by GC-MS
(Fig. 4 and SI Appendix, Fig. S7).

1,2-diphenylethane. Similarly, a drug precursor 1,2-diphenylethane was pre-
pared through Friedel-Craft alkylation and confirmed by GC-MS (Fig. 4F and S/
Appendix, Fig. S7).

4-phenyl-4-oxo butyric acid. Friedel-Craft acylation was utilized to Deg-Up
PS to 4-phenyl-4-oxo butyric acid, the precursor of BuPhenyl (a Food and Drug
Administration-approved drug for urea disorder). Due to the low solubility of 4-
phenyl-4-oxo butyric acid in benzene, the product precipitated in the reactor after
the reaction. The product of 4-phenyl-4-oxo butyric acid was confirmed by LC-MS
using a 4-phenyl-4-oxo butyric acid standard (Fig. 4F and S/ Appendix, Fig. S7
and S24). The solvent benzene signal (3.5 min) appeared later than the 4-phe-
nyl-4-oxo butyric acid (3.1 min) due to the stronger affinity of benzene to the col-
umn than the hydrophilic mobile phase.
Degradation of PS in toluene solvent.

PS (~1.0 g, My ~192 kDa) was dissolved in toluene (~10.0 mL) and com-
bined with AICl; (~1.0 g) in a three-neck quartz flask equipped with a stir bar,
glass dashpot, gas inlet, and a glass stopper (S/ Appendix, Fig. S2A). The flask
was placed under UV light to initiate the degradation. After 1, 2, 3, and 5 h of
UV exposure, the light and heavy phases were sampled (50 pL each) by using
an automatic pipet and then diluted in ~4 mL of DMF/LiBr. The diluted solu-
tions were filtered before SEC characterization.

Control experiments.

Toluene without AICI;. PS was dissolved in toluene (~10.0 mL) in a three-
neck quartz flask equipped with a stir bar, glass dashpot, gas inlet, and a glass
stopper (S/ Appendix, Fig. S2A). After degassing with Ar, the reactor was placed
under UV light to initiate the degradation. After 5 and 24 h of UV exposure, the
liquid phase was sampled for SEC characterization.

Toluene without UV. PS was dissolved in toluene (~10.0 mL) and combined
with AlCl3 (~1.0 g) in a three-neck quartz flask equipped with a stir bar, glass dash-
pot, gas inlet, and a glass stopper. After degassing with Ar, the reactor was placed
in an oil bath at 43°C to initiate the reaction. After 24 h, the light and heavy
phases were sampled (50 pL each) using a pipet and then characterized by SEC.

Characterization of the degradation products. The analysis of the light-
and heavy-phase products was performed using the GC/MS, SEC, FTIR, XPS, and
TOF-MS.

Analysis of the gas phase. The gas products were collected, and the composi-
tion was characterized by using GC-MS.

Analysis of the light phase. The remaining products in the reactor separated
into a light phase at the top and a heavy phase at the bottom. The total mass of
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the reactor was measured (mj). The light phase was then pipetted out and char-
acterized by GC/MS, followed by toluene wash (10.0 mL) five times to ensure
that the light phase was fully removed. The potential residue was removed by a
vacuum pump. The mass of the reactor was weighted (m,) to evaluate the recov-
ery of the light phase (m3 — my) and heavy phase.

Analysis of the heavy phase. A part of the heavy phase in the reactor was
extracted by acetone (50.0 mL), forming a chartreuse acetone solution with insol-
uble precipitates. A part of this mixture was transferred into a colorimetric tube
(81 Appendix, Fig. S2G). The acetone solution was sampled (100 pL) and diluted
by additional fresh acetone (~2 mL) before characterization using GC/MS (S/
Appendix, Fig. S104). Another ~1 mL of the acetone solution was air-dried and
dispensed into a DMF solution containing 0.05 M LiBr for SEC analysis (S/
Appendix, Fig. S10B). In addition, another ~2 mL of the acetone solution was
sampled for TOF-MS without treatment (S/ Appendix, Fig. S10C). Afterward, the
acetone solution was carefully decanted to obtain a gray precipitate. The gray
precipitate was dried at 60 °C under reduced pressure to remove any volatiles.
The insoluble precipitate was then analyzed by FTIR and TOF-MS (SI Appendix,
Fig. S10 D and E).

A portion of the heavy phase was transferred to a colorimetric tube. Chloro-
form was injected into the colorimetric tube to dissolve the liquid components
in the heavy phase. Because AlCl3 has a lower solubility in chloroform than in
acetone, AlCl; was preserved during solvent washing. A yellow solid residue (S/
Appendix, Fig. S2H) was obtained after decanting the liquid. The remaining solid
residue in the colorimetric tube was washed with chloroform (10 mL, 3 times)
and then delivered for FTIR and XPS analysis (S/ Appendix, Fig. S10 £-H).

Determination of solvent participation during PS degradation. To deter-
mine the average solvent loss during PS degradation, three parallel experiments
in toluene were conducted by using an external reference method. After 5 h of
UV exposure, acetone (~50 mL) was added to quench the degradation. An exter-
nal reference DPM was measured in a glass vial that was precleaned at 600 °C
in air for 12 h. Subsequently, the vial containing DPM was dropped into the
solution in the reactor. After sonication for ~5 min, the solution was sampled for
GC. The amount of reacted toluene was calculated by using Eq. 5,

Amypy = Mygp — X Mppy, [5]

r
kTol/kDPM
where Amyy is the toluene reacted; r is the GC peak area ratio of toluene over
DPM; mpy is the mass of toluene solvent; mpey is the mass of DPM external
reference; and k is the slope of the GC calibration curves (SI Appendix, Fig. S6 D
and E; kr = 58,531 and kppy = 73,675).

Scale-up reactions.

To reduce the usage of the solvents (benzene and DCM) and catalyst (AICl3),
we designed an improved procedure for the scale-up reactions and TEA

Deg-Up of PS waste at 10-g scale. PS waste foam (~10 g) was dissolved in
benzene (~30.0 mL) and photodegraded in a quartz three-neck flask using AICI;
(~5.0 g) under UV light. After degradation for 5 h, DCM (~7.5 mL) was injected
into the reactor to upcycle the extracted phenyl groups from PS. After 12 h at
room temperature, the reaction was quenched by using ice water. The product
DPM was collected by vacuum distillation at 130 °C under ~10 mmHg.

Deg-Up of PS waste at 1-kg scale. Due to the limited size of our UV photo-
reactor, the Deg-Up reaction of PS waste at 1-kg scale was conducted in a 6-L
cylindrical quartz beaker. The batch photoreactor was custom-built by assembling
the quartz beaker, a UV lamp, a glass mechanical stir rod, an aluminum lid, and
a polytetrafluoroethylene stir bar (S Appendix, Fig. S14). As a semiopen system,
a continuous Ar flow (~100 mL/min) was applied to keep low levels of oxygen
and moisture in the reactor. Waste PS recycled from packaging and laboratory
supplies (SI Appendix, Fig. S11) was dissolved in benzene (~3.5 L) without
cleaning (i.e., glue, tapes, dirt, and other impurities were not removed). Because
of the semiopen reactor and the constant gas purge, the solution volume
decreased ~500 mL after purging. AICl; powder was added to the reactor, which
was later covered by the aluminum lid. After purging the reactor with Ar for
another 2 h, the UV lamp was illuminated to trigger the reaction. The degrada-
tion reaction stopped after 41 h. Solution in the beaker was sampled for SEC to
confirm the degradation (S/ Appendix, Fig. S3D).

In the upcycling step, DCM (~750 mL) was slowly added into the quartz bea-
ker and stirred in an ice bath. After the addition of DCM, the beaker was kept at
room temperature and sealed with a PE film to hinder solvent evaporation. The
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production of DPM was monitored by using GC (S/ Appendix, Fig. S15). After
12 h, the light phase was decanted into a flask, and the residual heavy phase
was quenched by ice water (~0.6 kg). The remaining organic phase after
quenching was combined with the light phase and distillated to harvest DPM.

Data, Materials, and Software Availability. Al study data are included in
the article and/or S/ Appendix.
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