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1. An extended literature survey of past PVC upcycling strategies

Upcycling is a promising means to enhance the circularity of PVC plastics. Several substitution
and C-C bond formation strategies, including Barbier coupling, have been developed to convert
PVC into chemically modified polymers with new functionality!?. The difficulty of these
strategies lies in achieving quantitative conversions*. Alternatively, the comparatively reactive C-
Cl bonds in PVC provide an opportunity to “graft from” the C-C backbone through atom transfer
radical polymerization and cationic polymerization, creating copolymers of diverse structures>®.
In addition, PVC may contain a small amount of tertiary C-Cl bonds>’#, which can be easily
activated for functionalization. Partial dehydrochlorination produces allylic C-CI bonds that are
more reactive than secondary C-ClI bonds for dechlorination and functionalization. However, it is
a challenge to completely activate all the C-Cl bonds, which limits the grafting density and
prevents complete dechlorination’. Therefore, the resulting polymers still retain C-Cl bonds;
precariously, these polymers can release Cl-compounds during use, raising safety concerns’.

Similarly, chlorohydrocarbons are undesirable in lubricants due to their environmental hazards
and corrosiveness. Thus, upcycling PVC to Cl-free lubricants presents a significant technical
challenge. To remove Cl in the upcycled products, a common strategy is to use metal oxides and
base Cl scavengers, which generate unreactive metal chlorides'®!!. This strategy has recently
shown success in protecting hydrogenolysis catalysts from deactivation, enabling the co-upcycling
of polyolefins with up to 10% PVC into lubricants'2. However, the sacrificial scavenger agents can
impose prohibitive costs in scaled-up operations. In short, existing PVC upcycling strategies thus
far have been limited in practicality and hindered by the requirement of expensive and structurally
complex initiators, stoichiometric metal hydride sources, and hygroscopic ionic liquids.

2. Controlling the branching and rheological properties of vVPAO

Prior computational and experimental studies have shown a strong correlation between
lubricant molecular structure and viscosity, as well as viscosity index (VI)!*'*. Thus, it is
imperative to control the molecular structure of lubricants through modulating branching,
isomerization, and chain scission during PVC upcycling. Generally, molar mass (Mn) and
branching ratio (BR) are two main parameters that significantly influence the viscosity of
lubricants. High molar mass and branching are associated with improved viscosity; however,
excessive branching worsens the viscosity index'. In our process, we control the molar mass and
branching by reaction conditions, including AICl; loading, temperature, and time. An increasing
AICl3 loading led to a decrease in lubricant molar mass but an increase in branching, resulting in a
reduced dynamic viscosity (Fig. S11). Thus, 50 mol% of AICl; loading with respect to Cl atoms
was required to ensure complete dechlorination. Similarly, in the control reactions of alpha-olefin
oligomerization without PVC, the effect of catalyst loading on the M, and branching was also
observed. Reducing the AICI3 loading resulted in lubricants with fewer branching sites, as
evidenced by the high CH>/CH3 integral ratios, which are in line with typical cPAO (Fig. S9c).
Conversely, the yield increased slightly, and the viscosity increased, likely due to less chain
fragmentation (Figs. S9b, S9d, and S9e). Additional factors demonstrated a substantial effect on
branching in the PVC upcycling reaction, namely, solvent type and a-olefin chain length (Schemes
S1, S3, and S4). We should clarify that in the current process, branching can result from a-olefin
oligomerization at the side chains (i.e., the chains linked to the PVC backbone), as well as chain
cleavage and isomerization under highly Lewis acidic conditions.



The use of aromatic solvents, such as toluene, suppressed the a-olefin oligomerization at the
side chain through Friedel-Crafts alkylation, which, in turn, minimized the degree of branching,
as evidenced by the CH2/CH3 integral ratio from "H NMR (1.8 in toluene compared to 0.9 in DCM)
(Fig. S16 and Table S4). Similarly, non-chlorinated hydrocarbon solvents (e.g., hexanes) led to
minimal branching in real-world PVC-derived lubricants (Table S4). To confirm that hexanes
minimize branching caused by chain walking and isomerization, we evaluated spectroscopic data
from DEPT NMR and HSQC of two waste-derived lubricants, focusing on the B-CH: and
isopropyl-type CHj signals at 22.6 - 22.9 ppm in °C spectra. The DEPT 135 NMR of PVC waste-
based vioPAO synthesized in DCM featured overlapping CH3 and CH» peaks at 22.6 - 22.9 ppm,
which showed a correlation with both methylene and methyl "H NMR signals in HSQC (Figs. S22
and S32). Conversely, vioPAO synthesized in hexanes displayed mainly a negative CH; peak at
22.7 ppm in DEPT 135 with a strong HSQC cross peak at {1.3, 22.7} ppm and a weak CH3 cross
peak at {0.9, 22.7} ppm compared to vioPAO-mix-DCM (Figs. S22 and S32). The weak intensity
of the methyl group cross-peak stems from suppressed isomerization pathways through hydrogen
transfer from the solvent. Therefore, hexanes promoted relatively low levels of branching as
indicated by minimal isopropyl groups in the upcycled oils. Lastly, 'H NMR and '*C NMR
analyses revealed the least branching and isomerization in lubricants synthesized using long-chain
a-olefins, as indicated by dynamic viscosity measurements. Lightly branched lubricant v10PAO,
synthesized from PVC and 1-decene, showed the lowest viscosity, in contrast to their highly
branched counterparts synthesized from shorter-chain a-olefins (Fig. S3)!!7. Overall, to
synthesize VPAO with a good viscosity index and tribological performance, it is crucial to
minimize branching by judiciously selecting the a-olefin, the solvent, and the catalyst loading.

3. Comparison of lubricant properties of a-olefin reactions with and without PVC

The introduction of PVC into the upcycling reactions leads to PAO with different molecular
structures than those without PVC (Fig. S10a)'8. Foremost, the PVC backbone template provides
a platform for alkylation reactions with a-olefins, which afford vPAO with a relatively high molar
mass of ~1270 g/mol, compared to ~870 g/mol for cPAO (Fig. S10c¢). In addition, side reactions
may involve unsaturated and saturated chlorocarbons formed during PVC degradation, producing
lubricants with different levels of branching (Scheme S4). Both molar mass and degree of
branching greatly influence lubricant properties, including viscosity and thermal properties'®%.
For instance, vVPAO showed over thirty times increase in dynamic viscosity and about five times
increase in kinematic viscosity at 40 °C compared to cPAO (Figs. S10d and S10e). vPAO also
exhibited a T, of -54°C (vs. -62 °C for cPAO) due to restricted segmental mobility (Fig. S10f)*!.
The effect of branching was further illustrated in tribology studies where PVC-derived vPAO
synthesized in DCM led to a deep scar with a wear volume of 243,000 pm?>, in contrast to cPAO
with about ten times less wear volume (24,900 um?, Figs. S10g and S10h). The relatively poor
tribological performance is attributed to short-chain branching, as introduced via PVC degradation
moieties in DCM solvent, which hinders the formation of a robust film at the interface during
testing?>?*. These results reveal clear structural differences in cPAO and vPAO, and the vastly
distinct material properties reinforce that PVC skeletal moieties are incorporated into the final
molecular structures.

The branching ratio (BR) of the lubricants was calculated according to the following equation,
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Generally, methine (CH) peaks are omitted in the integration due to their low intensities?*?*. To
ensure that the branching ratio values accurately reflect the mass ratio of CH2/CH3, we collected
DEPT-315 spectra of v¢PAO, vsPAO, and vi0PAO synthesized from lab-grade PVC, in addition to
mixed-waste-based vioPAO synthesized in DCM and hexanes to exclude methine signals from the
integration.

4. Quantification of the gas phase and structure identification with GC-MS analysis

We estimated the gas fractions in the reactions based on mass conservation in a closed system.
Without a-olefins, the control reaction generated the most volatile products, due to unabetted
dehydrochlorination to HCI and short-chain hydrocarbons (Figs. S4 and S33a). With a-olefins,
the upcycling reaction in CH>Cl, produced fewer gaseous products because the alkylation reaction
between dechlorinated PVC and a-olefins attenuated backbone chain scissions. Furthermore, via
hydrogen transfer to carbenium, the upcycling reaction in hexanes effectively reduced the extent
of chain scission to produce short-chain hydrocarbons (Scheme S3), resulting in the least gas
products. In addition, size-exclusion chromatography (SEC) revealed a higher molar mass of
vPAO prepared in hexanes than in CH>Cly, (1660 kDa vs. 1270 kDa, respectively), further
confirming that hydrogen transfer to the carbenium obstructed PVC chain cleavage (Fig. S33b).

To perform qualitative analysis of gaseous products, the contents of the Schlenk tube headspace
were passed over ZnO to neutralize HCI before injection into GC-MS. All reactions with a-olefins
featured isoalkanes, mostly saturated and minor naphthene products. Naphthene-type structures
were formed through intramolecular cyclization of carbocations and unsaturated sites. However,
this pathway was minor owing to intermolecular alkylation of the PVC backbone with a-olefins
and hydrogen transfer from the solvent. Hydrocarbon gases were not detected in the control
reaction without a-olefins (Fig. S7). The absence of hydrocarbons in the GC-MS of the control
reaction suggests that extensive dehydrochlorination generated mostly gaseous HCl. However,
isoalkanes and unsaturated products, along with minor chloroalkanes, were detected in the solution
from the control reaction. (Figs. S4d and S4e).

5. Quantification of trace residual chlorine in lubricants

To determine ppm-level chlorine content in wupcycled lubricants, we performed ion
chromatography on lab-grade PVC-derived vsPAO and mixed-waste PVC-derived vioPAO
prepared in DCM and hexanes. The lubricants were first subjected to Schoniger oxidation to
mineralize organic chlorine, and the products were dissolved in a hydrogen peroxide solution for
further analysis. All lubricants contained < 100 ppm chlorine, and vioPAO mix hexanes showed
the lowest levels of chlorine based on the area under the curve in the chromatogram (Fig. S12 and
Table S3). The oils prepared in DCM (vsPAO and vioPAO-mix-DCM) contained slightly higher
chlorine, likely due to possible side reactions involving the solvent and the Lewis acid (Schemes
S2 and S4). Therefore, the dechlorination and alkylation of PVC drastically decrease the
concentration of chlorine to < 100 ppm in the lubricant, representing > 99.98% chlorine reduction.



6. AICl3 dechlorination efficiency in hexanes under dry and humid conditions

Previous work has established that chloromethanes can react with AICl3 to produce chloromethyl
cations, diverting AICI; from the PVC dechlorination reaction?®. Therefore, we considered
alternative solvents such as hexanes. To establish the effect of solvent on AICl3 loading, PVC was
reacted with 1-octene in hexanes using 10-50 mol% AICls. At low AICl3 loadings (< 28 mol%),
the lubricants and solid byproducts featured discernible residual chlorine as indicated by peaks
associated with C-Cl in both FTIR and '"H NMR (Fig. S17). Complete dechlorination was attained
at > 28 mol% AICI3 loading, representing a 1.8-times increase in efficiency compared to the
reactions in DCM. Therefore, solvents such as alkanes, despite their lower solubilities for PVC,
are effective and suitable for PVC dechlorination and alkylation. Attempts to lower AICl3 loadings
in DCM reactions were unsuccessful, even after extending the duration to 48 h. The product
obtained using 25 mol% AICI; in DCM contained residual PVC, as indicated by a strong C-Cl
peak at 617 cm™! in the FTIR and the set of protons centered at 4.4 ppm, associated with nearby
chlorine, in the 'H NMR (Figs. S34b and S34c). The molar mass of the product, which appeared
greasy, dropped in comparison to the 20 mol% AICl; loading, likely due to a high extent of chain
scissions (Fig. S35).

To further improve catalyst efficiency, future efforts should focus on developing supported,
high-surface-area, deactivation-resistant catalysts that are easily recoverable for large-scale
synthesis?’. It is worth exploring alternative Lewis acids, such as BF3; and
tris(pentafluorophenyl)borane, which are potentially more catalytically active. We did not
investigate them due to safety concerns in a laboratory setting.

We further investigated additional factors that could lower the activity of AlCl3. For example,
the high oxophilicity of AICI; could cause reactions with moisture, reducing the activity of AIC15%%.
Indeed, adding 2 - 10 wt.% water to AlICI; in the upcycling of PVC with 1-decene resulted in
decreased lubricant yield, leaving behind an increasing amount of residual solid, likely partially
dehydrochlorinated PVC (Fig. S31). This reduced reactivity can be attributed to the formation of
aluminium chlorohydrates, whose Lewis acidity was much weaker than that of AICI3. To minimize
the effect of water in a large-scale process, AICI3 could be heated before feeding it into the main
reactor. To ensure catalyst recyclability, the HCI produced during the reaction (Fig. S5) can also
be used to convert chlorohydrates back to AlCl3, as indicated in Scheme S5 and process flow
diagram (PFD) (Fig. S36).

7. The timing of a-olefin addition

The timing of a-olefin addition influenced the lubricant yield. During an attempted synthesis of
vsPAO, we inadvertently delayed the introduction of 1-octene, resulting in the formation of solid
products. Therefore, we systematically investigated the effect of delaying the addition of 1-octene.
When the addition of 1-octene was delayed up to 5 min, the reaction did not generate any
significant amount of solids (Fig. S29b). However, when 1-octene was added after a 10-min delay
at 0 °C, it resulted in 184 mg of solid product. Further delays of over 10 min increased the amount
of the solid product.

Structural analysis revealed that the solid products consisted of partially alkylated polyene-like
material, similar to the control reaction without a-olefin, differing only in the degree of alkylation
(Fig. S29a). Presumably, before the addition of a-olefin, HCI was released from PVC and further
accelerated the dehydrochlorination of PVC?’, yielding a partially alkylated polyacetylene.
Therefore, to prevent the formation of insoluble polyacetylenes and the conversion of PVC to low-
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value carbonaceous materials, a-olefins should be added immediately once the solvent is
introduced into the reaction. Alternatively, a solution of a-olefins in a selected solvent should be
slowly added to a mixture of AICI3 and PVC. Attempts to add AICI5 to a stirred mixture of PVC
and o-olefin are discouraged due to the violent bubbling that occurs in the reaction vessel.

8. Effect of solution concentration

To explore the effect of solution concentration on the structure and properties of vVPAO, we set up
two 3-h reactions using 5 ml and 10 ml of DCM. The yield of the lubricant in 5 ml DCM (vsPAO-
5ml) dropped to 51.6% from 64.4% for the lubricant in 10 ml DCM (vsPAO-10ml) (Fig. S30a).
Due to its poor solubility, PVC formed a suspension in DCM. The smaller amount of DCM solvent
caused relatively inefficient suspension of PVC, and thus, the dechlorination reaction did not
proceed to completion. As a result of incomplete dechlorination, minor proton resonance peaks
attached to the C-Cl bond were detected at 4.4 ppm (Fig. S30c). In addition, vPAOg-5ml displayed
a low decomposition temperature at 5% weight loss (T4s%) of 170 °C, possibly due to the early
onset of dehydrochlorination. Conversely, the product of dehydrochlorination exhibited high
thermal stability and degraded at temperatures exceeding 450 °C (Fig. S30b). The presence of
partially dechlorinated products was further evidenced by the size exclusion chromatography
(SEC) results, which revealed a high molar mass fraction and broad dispersity in the chromatogram
that was not exhibited by the product obtained under low-concentration reaction conditions (Fig.
S30d). As expected, the presence of high M, fractions in the vPAOsg-5ml sample resulted in a
viscous oil with about twice the dynamic viscosity of vVPAOg-10ml (Fig. S30e). Altogether, these
results show that concentration is a critical variable in the upcycling reaction, and it can regulate
the viscosity and overall performance of lubricants.

9. Characterization of solid byproducts from reactions using alternative Lewis acids

PVC upcycling using anhydrous FeCls, BF;OEtz, and Sb,O; generated white solid by-products.
The reaction using FeCls catalyst produced 26.7 wt.% of partially dechlorinated and partially
alkylated solid. The partial dechlorination and partial alkylation were confirmed by
thermogravimetric analysis (TGA), showing a ~ 52 wt.% dehydrochlorination weight loss
compared to a ~ 63 wt.% loss in virgin PVC, and FTIR, exhibiting strong C-H stretch bands (Fig.
S15b and Fig. 2f). In addition, the differential scanning calorimetry (DSC) trace of the solid
product revealed a slight decrease in the glass transition temperature compared to PVC,
presumably due to the plasticizing effect of the attached alkyl chains (Fig. S15¢). We observed no
significant change in molar mass (Fig. S15d). The attachment of alkyl chains did not result in any
sharp 20 peaks in the X-ray diffraction (XRD) spectrum, and the diffraction pattern resembled that
of PVC, indicating no measurable change in crystallinity at low levels of alkylation (Fig. S37).
Accordingly, there was no noticeable melting endotherm in the DSC (Fig. S15c¢).

The solid product could be swollen in CHCI3 at room temperature to produce a gel-like
material, and the solubility improved at higher temperatures. The improved solubility enabled us
to record '"H NMR spectra in CDCls, which exhibited alkyl chain proton peaks between 0.7 and
1.5 ppm and hydrogen near C-Cl at 2.2 - 4.4 ppm (Fig. S38). The solid product also exhibited good
solubility in hot trichlorobenzene, similar to low-density polyethylene (LDPE) (Fig. S39).
Therefore, we plan to investigate the performance of alkylated PVC products further in the future.

In reactions catalyzed by BF:OEt. and Sb20s, the solid products exhibited structural
characteristics, thermal properties, and solubility similar to virgin PVC, indicating that these Lewis
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acids are ineffective for PVC dechlorination under our experimental conditions (Figs. S15b and
S15c¢).

10. Effects of additives on PVC upcycling

PVC pipes, toy frogs, and cards were dissolved in THF and precipitated in water to obtain PVC
powders. Without undergoing further purification to remove organic additives, the dried PVC
powders were upcycled using 1-octene in DCM with AlCls.

Due to the potential presence of organic additives, the reaction yielded lubricants in low to
moderate yield. The products appeared dark brown even after hydrogenation utilizing a 15 wt.%
Pd/C catalyst (Figs. S40a and S40b). Structural analysis of the lubricant revealed additional peaks
in the '"H NMR and FTIR spectra, in addition to the typical CH, CHa, and CH3 signals found in
VvPAOs synthesized from pure PVC (Figs. S40c and S40d). For example, FTIR spectra displayed
ester C=0 and aromatic C=C signals, likely originating from common PVC additives and
plasticizers (e.g., phthalates), which were absent in the spectra of VPAO from cleaned PVC waste
(Fig. S41). As shown by '"H NMR, aromatic peaks appeared in these lubricants.

Due to detrimental interactions between additives and AICl;3 (i.e., reduced activity of the Lewis
acid), the reactions generated solid residues consisting of unreacted PVC and other by-products,
amounting to ~ 3.2 - 15.3 wt.% of the initial mass of the feedstocks (Fig. S40a).

To avoid the unfavorable interactions caused by additives and to synthesize high-quality
lubricants, we dissolved the PVC waste in THF and filtered off the insoluble residues. The THF
solution was then precipitated in water to remove water-soluble salts. The precipitate was
redissolved in THF and precipitated in isopropanol to remove organic additives (e.g., phthalate
plasticizers). ICP-MS was used to analyze the purity of PVC powder extracted from waste.
Unpurified waste powders contained substantial amounts of Ca, Mg, Zn, Ti, and Al due to additives
used in PVC products (Table S5). Ti is typically associated with UV protection, and Al is linked
with flame retardancy®'*. In contrast, the purified PVC powders showed reduced concentrations
of Ti (down to 101 ppm) and Al (down to 0 ppm). However, considerable amounts of Ca (2,232
ppm) were still detected in the purified powders, but their further removal can be accomplished by
using dilute HCI during purification. Notably, < 10 ppm of Ti was found in the final vPAO, likely
due to additional filtration steps after synthesis (e.g., passing through activated carbon of Pd/C
catalyst). Despite some residual impurities (Fig. S20), the upcycling reactions of PVC with 1-
octene yielded vsPAO, and the alkylation was confirmed by the strong alkyl CH> and CH3 signals
at 0.6-1.8 ppm in '"H NMR (Fig. S21). Similar to lab-grade PVC, the upcycling reaction led to a
drastic reduction in the molar mass of the products to M, < 2,000 g/mol, confirming extensive
chain scission of waste-derived PVC under our reaction conditions (Fig. S23a). The lubricants
unveiled glass transition temperatures (7g) in the range of -54 °C to -50 °C (Fig. S23b) and good
thermal stability with a Tasy, of >185 °C and > 57 wt.% after the ASTM D5800 test (Figs. S23d
and S23e), signifying potential applications across a wide range of temperatures (Fig. S24a).

The lubricant yield was determined according to Equations (S5.1) and (S5.2), where mproduc:
denotes the mass of product after workup, mq-osesin 1s the mass of olefin used per reaction, and mpyrc
denotes the mass of PVC used for the reaction. The constant 0.433 represents the fraction of carbon
and hydrogen content in the PVC.

(S5.1)

mproduct

Total Yield(wt%) = X 100%

ma—olefin + Mpyc



(S5.2)

mproduct

x 100%
Ma—olefin + 0-4'33TnPVC

Carbon and Hydrogen Yield(wt%) =

11. Long-term stability of waste-derived lubricants

To determine whether residual trace chlorine affects the long-term stability of the lubricants, we
evaluated the coefficient of friction and wear volume of a six-month-old vi9)PAO-mix-hexanes
lubricant. Wear tests revealed a wear loss volume (WLV) of ~1400 pm?, which was lower than that
of PAO10 and PAO40 (Figs. 4¢ and S42). Although the 3D non-contact profilometer suggested an
increase in WLV from 619 pum?®, the 2D line-scans over the wear scars showed almost no
differences in the spherical contour of the wear scars (Fig. S42). Overall, the wear remained
minimal with the steel ball showing no signs of wear, exhibiting only slight abrasive marks. The
coefficient of friction remained almost unchanged (~ 0.08), suggesting tribological stability over
an extended period of time. Therefore, it is reasonable to conclude that the trace chlorine in vVPAO
did not drastically compromise the long-term rheological and tribological performance.

12. Techno-economic analysis

12.1 Process design at an industrial Scale for techno-economic analysis

The techno-economic analysis (TEA) was conducted at an industrial scale of 50,000 tons per year,
with a batch capacity of 2,080 kg.

12.1.1 Process design

1. A Sankey diagram illustrating the major process streams and products is presented
in Fig. 4d, while a simplified process flow diagram (PFD) is shown in Fig. S36. The
process design is based on the following configuration: Production capacity: 50,000
tons of VPAO lubricant per year; batch reaction scale: 2,080 kg; operation time per
batch: 4.8 hours.

2. Reaction conditions: heating at 70 °C, and a reaction vessel pressure of 3 bar.

3. Mass feed ratio: PVC/1-decene/AlCls = 2/5/3.

4. Hexane loss percentage: 10%.

5. Catalyst recycling: 90% of Raney nickel recovered for reuse.

The process is divided into two primary stages. In the first stage, PVC, 1-decene, and AICl; are
fed into Reactor 1 under mild thermal conditions, with hexanes serving as the solvent. The reaction
yields VPAO and allows for high solvent recovery through downstream distillation, although a
small portion of hexanes is lost due to evaporation and participation in the reaction. A water quench
step facilitates the recovery of approximately 60% of AICls for reuse. The resulting vPAO stream
is then transferred to Reactor 2 for hydrogenation, where it reacts with hydrogen gas in the
presence of Raney Nickel. Upon reaction completion, Raney Nickel is separated and recovered for
future use. The final product, saturated vPAO, is then collected and stored. By integrating closed-
loop recovery systems for both the solvent and catalyst, the process improves overall sustainability
and enhances economic efficiency.



12.1.2 Key equipment designs

The primary equipment and accessories—including two reactors, a distiller, two heat exchangers,
and two vacuum pumps—are designed for batch processing at a scale of 2080 kg per batch. To
meet the annual production target of 50,000 tons, 16 batches are operated in parallel. These
components form the basis for equipment cost estimation and the subsequent TEA. Detailed
specifications of the equipment design are provided below.

Reactor Design: First stage

The reactor used in the first stage should be constructed with a glass liner and capable of operating
at pressures between 3 and 5 bar. For a batch capacity of 2080 kg, the first-stage reaction requires
the following inputs: 854 kg of PVC, 1,095 kg of AICl3, 5,130 L of hexanes, and 2,010 kg of 1-
decene. Under the specified reaction conditions of 70 °C and 3 bar, the total required reaction
volume is estimated to be approximately 15,000 liters.

Reactor Design: Second stage

The reactor used in the second stage does not require any specific material constraints. For a batch
capacity of 2,080 kg, the second-stage reaction requires approximately 120 kg of Raney Nickel, a
widely available and easily recyclable catalyst used as an alternative to Pd/C. The estimated
reaction volume for this stage is approximately 3,500 liters.

Distillation design

A batch distillation setup using a still pot is employed to separate vVPAO from hexane. The entire
reaction mixture is charged into the still pot, which is then heated. Due to its higher volatility
relative to vPAO, hexane vaporizes first and is removed from the system, leaving behind the
purified vPAO.

The total batch volume determines the size of the still pot. The feed consists of 2080 kg of vVPAO
and 5,130 L of hexane, for a total liquid volume of 7,670 L. To prevent entrainment or carry-over
of boiling liquid into the vapor outlet, the still pot must include sufficient headspace. Therefore, a
still pot with a total volume of at least 10,000 liters is used to ensure safe and efficient operation.

12.2 Considerations of converting PVC waste to PAO lubricant

12.2.1 Assumptions for conducting TEA at an industrial scale

Key capital investment assumptions are presented in Table S7. Additional critical assumptions for
the base case are detailed in Tables S8 and S9, including project duration, salvage value,
depreciation method and period, annual interest rate, fixed costs (such as raw material and product
prices), operating labor, supervision, utilities, maintenance and repairs, operating supplies,
laboratory expenses, royalties, plant overhead, and general expenses. In a 2-ton reactor, the 1-
decene loading can be reduced by optimizing the a-olefin feed rate, an adjustment that is less
consequential for small-scale reactions but can help minimize undesired oligomerization reactions.
Moreover, it is reasonable to assume that all 1-decene in the feed reacts under highly cationic
conditions, eliminating the need for additional costs associated with distilling unreacted olefins. In
the TEA, the plant is modeled with an annual production capacity of 50,000 tons, corresponding
to 2,080 kg per batch.
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12.2.2 Chemical price analysis

Key material prices were determined through market investigations and reputable data sources.
The price of PAO lubricant was obtained from a Q4 2024 market survey>, while hydrogen pricing
was sourced from a 2030 forecast published by Statista®?°. PVC waste pricing was derived from
a Q2 2025 market investigation. The cost of 1-decene was drawn from a U.S. market study
conducted in June 20233”. The price for AICIs catalyst was sourced from market surveys in China
in December 202328, Nitrogen and hexane prices were derived from Q1 2025 market analysis***,
and the cost of Raney Nickel was drawn from a European market investigation conducted in

December 20234!,
12.2.3 Capital investment

Based on the process design, we estimated fixed and total capital investments using the Percentage
of Delivered-Equipment Cost method*?. Equipment sizes were determined to establish a
preliminary industrial process, and their costs were estimated using market price research
combined with the six-tenths-factor rule. The resulting cost estimates for a single batch are
presented in Table S9, and total equipment costs were calculated by multiplying these values by
16. Additional components, such as direct costs, were computed as percentages of the purchased
equipment cost. Further elements of capital investment were derived using average percentages of
the total direct cost and the combined total of direct and indirect costs.

12.2.4 Product cost and revenue

Total product costs include both manufacturing and general expenses. Manufacturing costs
encompass all expenditures directly related to the production process or related equipment. The
estimation began with raw material costs, followed by other direct production costs, which were
calculated as percentages of either the total product cost or labor costs. Raw material costs were
determined based on the chemical inputs and prices listed in Table S8. To produce 100 kg of
lubricant, the process requires 115 kg of 1-decene, 49.3 kg of PVC, 52.6 kg of aluminum chloride,
246 L of hexanes, 5.77 kg of Raney Nickel, 1.58 kg of nitrogen, and 0.0780 kg of hydrogen.

Fixed charges include depreciation, local taxes, insurance, rent, and financing interest. These costs
are generally influenced by fixed capital investment and typically account for 10% to 20% of the
total product cost. Plant overhead costs typically cover general plant maintenance, payroll
overhead, packaging, medical services, safety and protection, dining facilities, recreation, salvage,
laboratories, and storage, usually accounting for 5% to 15% of the total product cost. General
expenses encompass administrative costs, distribution and selling expenses, and research and
development, typically ranging from 9% to 37% of the total product cost*’.

Gross earnings are determined by subtracting the total product cost from total revenue. Revenue
is generated from the sale of products produced by the plant. The total annual revenue from product
sales is calculated by summing up the products of each item’s unit price and its sales rate.

12.2.5 Profitability

Profitability is evaluated using four key metrics: return on investment (ROI), payback period
(PBP), net present value (NPV), and internal rate of return (IRR). While ROI and PBP provide
straightforward assessments, they do not consider the time value of money. In contrast, NPV and

11



IRR incorporate the time value of money, offering a more comprehensive financial analysis. The
calculation methods for each metric are outlined below.

Return on Investment (ROI) is calculated as the ratio of net profit to total investment, as shown in
Equation (S5.3):

annual net profit .
ROI P (55.3)

~ total capital investment

Payback period (PBP) refers to the number of years required for the cumulative returns to equal
the initial fixed capital investment. It can be calculated using Equation (S5.4):

fixed capital investment 4
PBP = P (55.4)

average annual net cash flow
The annual net cash flow generated by the entire project and returned to the capital reservoir is

determined using Equation (S5.5):

where A; represents the cash flow from the project to the corporate capital reservoir in year j, s; is
the sales revenue in year j, ¢, denotes the operating costs (excluding depreciation) in year j, d; is
the depreciation expense in year j , and & is the fractional income tax rate.
Depreciation is calculated using the straight-line method, which assumes the asset’s value
decreases uniformly over its recovery period, with a salvage value of zero. The annual
depreciation is determined using Equation (S5.6):

Annual depreciation = ort : (55.6)

LRP

where OPI refers to the initial property investment at the start of the recovery period, and LRP
denotes the length of the straight-line recovery period.

Net present value (NPV) is calculated as the difference between the present value of all future cash
flows and the present value of the total capital investment (TCI), as shown in Equation (S5.7):

NPV =Y"_ 2 T(] (S5.7)

J=1 (14r)J

where A; denotes the nominal net cash flow in year j, 7 is the discount rate, and n is the project
lifetime (in years).

The internal rate of return (IRR) is the discount rate that sets a project’s NRV to zero. It
represents the break-even rate of return, where the present value of future cash flows equals the
initial investment. The IRR is determined by solving for the discount rate 7 that sets the NPV in
Equation (S5.7) equal to zero.

12.2.6 Results of TEA at an industrial scale

The TEA is based on a production capacity of 50,000 tons per year of PAO lubricant. In the base-
case scenario, the fixed capital cost is estimated at $72.89 million, with 21.1% allocated to
purchased equipment, 65.9% to other direct costs, 21.1% to indirect costs, and 8.1% to other costs.

12



The total capital investment (TCI) amounts to approximately $83.83 million, including $10.93
million in working capital.

Assuming full production capacity, the annual sales revenue is estimated at $160.6 million, with
annual product costs (excluding depreciation) of $7.29 million. This results in a gross profit of
$24.23 million and a net profit of $19.66 million. Based on these figures, the project achieves an
IRR 0f22.80%, a PBP of 4.26 years, and an average ROI of 23.45%.

Sensitivity analysis. A sensitivity analysis was conducted to evaluate how variations in key design
and cost assumptions affect project profitability. Fig. 4f shows a tornado diagram illustrating the
impact of key economic variables on the IRR of the project. Among the factors analyzed, the PAO
price exerts the most significant influence on IRR: a 10% increase raises IRR by approximately
15%, while a 10% decrease lowers it by approximately 16%, highlighting its high sensitivity. The
price of 1-decene also significantly affects IRR, with +7% price changes resulting in
approximately +10% IRR deviations. In contrast, equipment costs have a moderate effect (+2—
3%), and the PVC price has minimal impact, with IRR remaining nearly unchanged under +10%
variations. Overall, these results indicate that PAO and 1-decene prices are the primary drivers of
project profitability, whereas capital expenditures and other material costs play a comparatively
minor role. The overall profitability of the project demonstrates low sensitivity to the prices of
other raw materials (Fig. S27). Inputs such as PVC, AICls, nitrogen, and hydrogen exhibit minimal
influence on IRR across a £30% price variation, with the corresponding IRR curves remaining
relatively flat. These results suggest that the project is resilient to fluctuations in the prices of most
raw materials, highlighting the robustness of the economic model under varying market conditions.
Fig. S28 illustrates the effect of equipment cost changes on the project’s payback period, showing
a clear positive correlation: higher equipment costs lead to longer payback periods. Specifically, a
30% reduction in equipment cost shortens the payback period to approximately 2.4 years, whereas
a 30% increase in equipment cost extends it to over 6 years. Despite these variations, the project
remains economically viable across the full range of equipment cost changes examined.
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13. Additional schemes, figures, and tables

1 branch 2 branches 3 branches

¢ O

vgPAO in DCM vgPAO in hexanes

Scheme S1. Schematic illustration of (Top) PVC-initiated o-olefin oligomerization at one
activated site to form “branch-like” structures and (bottom) a-olefin substitution at multiple
activated sites. The solvent plays a role in the PAO chemical structure during the PVC-templated
substitution of CI with a-olefins. Compared to DCM, hexanes quench a-olefin oligomerization and
minimizes short-branch formation, thus reducing the overall branching in PAO to form “comb-
like” structures.
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CCly + AICI; = > CCl,*AICI,
CHCl, + AlCl; — > CHCI,"AICI,

Reactivity >

CH,Cl, + AICl; ~ = CH,CI*AICI,

Scheme S2. Reactivity of chloromethanes with Lewis acids. The reactivity increases with
increasing chlorination of chloromethanes**.
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dechlorination

alkylation

hydrogen transfer
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R-H
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—_—
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Cl

[¢]]
hydrogen shift

AlCly

Cl
Additional Routes:

Scheme S3. Proposed mechanism of PVC upcycling in hexanes. Carbocations shift or are
quenched via either intramolecular hydrogen shift or intermolecular hydrogen transfer with
solvent. Note: The H-transfer and elimination reactions do not necessarily proceed in sequence,
and the scheme is to illustrate the possible reaction pathways such as alkylation, B-scission, and
cyclization.
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Scheme S4. Upcycling of PVC in DCM. The solvent can participate in the dechlorination and
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AICI; regeneration

+ AICI
NNy Alky + AICl; + HCl AlCl;  _
¢ I 1L HC( Cl' from chloroalkane
+
H+AICI, H Saicis

Scheme SS. Dechlorination-alkylation reaction of a model chloroalkane substrate. In
principle, AICIz can turn over after dechlorination if free protons are present in the reaction

solution.

18



h P ml
2h i
1 day o
7 days 't

...............

f1 (ppm)

b

I

BC-H/pC-H

=

Oh

1h

2h

Transmittance (a.u.)

1 day

7 days

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

S - ',’———5;—-4’"‘” g 1}}? M
-
- AT 1h \o\,\h
5 hi
s d v CqH =
u v O-H ———— c=C ekt
T T e
fl—m ml
2 ~A 1 day \Jk\,\
=
NM
T 7days \,,/'\«.\’\
N

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™')

Figure S1. Comparative study on the oxidation stability of polyene versus vsPAO. a) Time-
resolved '"H NMR spectra of vsPAO left on a bench for 7 days. No noticeable changes were
observed between 1.9 ppm and 4.5 ppm, indicating no oxidation occurred. b) Time-resolved FTIR
of vsPAO exposed to air over a period of 7 days, revealing no evolution of oxidation peaks, such
as O-H around 3500 cm™'. ¢) Time-resolved FTIR of polyene exposed to air over a period of 7
days. Note the O-H stretch intensity at 3500 cm™! increased and plateaued after 1 day.
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Figure S2. Integration of 13C NMR peaks to evaluate the branching ratio in vPAO. All vPAO
lubricants were synthesized in DCM except vioPAO-mix-hexanes. CH3 signals, 10.8-22.7 ppm;
CHa signals, 22.7-44 ppm (negative signals in DEPT 135). The mixed PVC waste consisted of
cards, gloves, pipes, and toy frogs.
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Figure S3. a) Photographs show the PVC powder, reaction setup, and vPAO products. b) Effect of
a-olefin chain length on the vPAO dynamic viscosity at 20 °C. Longer-chain a-olefins resulted in
lower dynamic viscosities at room temperature.
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reaction product phase breakdown. ¢) FTIR of the solid phase. d) GC trace and e) MS spectra of
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Figure S7. GC-MS analysis of the gas phase of the control reaction in DCM. No hydrocarbon
gaseous products were observed. Low-molar-mass molecules from PVC degradation likely
remained in the solvent DCM.
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Figure S8. Control reactions of a-olefin oligomerization without PVC. a) The yield of cPAO
lubricants increased with an increasing a-olefin chain length from 1-hexene to 1-decene. b) FTIR
spectra of cPAO show the signals pertinent to C-H bonds.
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Figure S9. Effect of AICI3 loading on the molar mass and viscosity of cPAQO. a) Reaction
scheme of 1-octene oligomerization using AlCI; catalyst, b) cPAO yield under the two AICI3
loadings, ¢) '"H NMR spectra show CH»/CHj3 integration ratios, indicating fewer branches for
cPAO synthesized at 4% AICl3 (4%-csPAO) than 42% loading (42%-csPAO). Note: In this control
experiment, the AICI3 loading is with respect to the alkene content. In other words, the weight of
AlCI; is the same in control reactions (42 mol% AICl; loading with respect to alkene) as that in
the upcycling reaction (50 mol% AICI3 with respect to PVC). d) SEC traces show that 4%-csPAO
had a higher molar mass than 42%-csPAO, e) 4%-csPAO exhibited a dynamic viscosity about one
order of magnitude higher than 42%-csPAO. (inset) digital photographs of 4%-csPAO and 42%-
csPAO.
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Figure S10. Lubricant properties of a-olefin reactions with and without PVC. a) Structures of
csPAO and vsPAO synthesized in DCM, comparing the extent of branching and branching chain
lengths. b) 'H NMR of ¢sPAO and vsPAO displaying the degree of branching determined through
the Icno/Icus integral ratios. ¢) SEC chromatograms of csPAO and vsPAO. d) dynamic viscosity
and e) kinematic viscosity of csPAO and vsPAO, revealing high viscosity for the more branched
vsPAO at low temperatures. f) DSC thermograms of csPAO and vsPAO showing high 7 for the
PVC-derived lubricant. g) 3D profiles of the ball’s contour after tribology tests. vsPAO resulted in
a deep scar due to poor lubrication performance of short branch chains, whereas csPAO led mostly
to abrasion marks. h) Wear volume of scars incurred in tribology experiments.
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Figure S11. Structural analysis and viscosity measurement of upcycled products under an
increasing AICI3 loading. a) 'H NMR in CDCls of vsPAO prepared under various AlCl3 loading
(from 10 mol% to 120 mol%). The reactions were run in DCM. During 'H NMR characterization,
the vsPAO prepared at 10 mol% loading was mostly PVC-like and exhibited poor solubility in
CDCls. b) Dynamic viscosities of vsPAO prepared under various AICl; loading (from 40 mol% to
120 mol%). At AICl3 loadings of 10 mol% and 20 mol%, the product was too greasy to be recorded

by the rheometer used in this study.
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Figure S12. Ion chromatograms reveal chlorine in the oils. Top: vsPAO; middle: vioPAO-mix-
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Figure S13. '"H NMR in CDCI; of lubricants synthesized at varying temperatures. The degree
of branching increased with the reaction temperature, as evidenced by the ratio of Icua/Ichs.

31



b c

—1h
Time Yield M
L T e T wes (@mon

[ Volatiles [ Lubricant

: i : V W] 1 514 1,410
3 —6h
5 é M VV‘ s 3 54.6 1,270
2 E —12h 6 53.8 1,620
40 4 H V W —
5 —24h 12 554 1,570

n
=3
1

V L G 24 48.2 1,490

1h 3h 6h  12h  24h 4000 3500 3000 2500 2000 1500 1000 500
Time (h) Wavenumber (cm™')

o
¥

Figure S14. Reaction time optimization. a) Product yield at various reaction time durations from
1 h to 24 h. b) FTIR spectra of the lubricants. Only the 1-h reaction showed residual C-CI bonds.
¢) Summary of the yield and molar mass of lubricants as a function of reaction time.

32



b
100 - FeCl, solid
Sb,0, solid
—— BF,OEt, solid
751 —PVC _
- 3
g s
£ z
S 50 s
] N
2 11 wt.% §
= o
25 4
0 5 L] Ll Ll L] Ll Ll
100 200 300 400 500 600 700 800

Figure S15. Analysis of by-products from PVC upcycling reactions using alternative Lewis
acids. a) Digital photographs of recovered solids after the reaction. b) TGA and c¢) DSC
thermograms of solids showing a slight drop in the 7} of FeCls solid byproduct. d) SEC traces of
solid products indicate a slight decrease in molar mass compared to virgin PVC. The reaction with
FeCls produced limited quantities of lubricants. These analyses suggest that the solids might be
partially alkylated PVC, and the degree of alkylation depended on the Lewis acid used in the

reaction.
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Figure S16. Upcycling of PVC in alternative solvents. a) FTIR analysis of vsPAO lubricants
obtained from various solvents, b) 'TH NMR of vsPAO lubricants in CDCls, c¢) plausible chemical
structures of VPAO prepared in chlorinated, hydrocarbon, and aromatic solvents, d) FTIR of solid
by-products exhibiting strong C-Cl signals.

34



a [ volatiles [l Solid [0 Lubricant b 10 mol% - Solid vC-Cl
10 mol% - Lubricant

20 mol% - Solid

20 mol% - Lubri

'is
!" 28 mol% - Lubricant
reat —————

Yield (wt.%)

Transmittance (a.u.)
N
3
2
2
|

2'Ag =

i 10 20 28 30 40 50 4000 3500 3000 2500 2000 1500 1000 500
1
AICl, loading (mol%) Wavenumber (cm™)

10 mol%

CI-CH
—_~~ 400 x

20 mol%

28 mol%

30 mol%

40 mol%

50 mol%

|
FFEFFT

6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

f1 (ppm)

Figure S17. Optimization of AICI3 loading in PVC upcycling reactions in hexanes. a) Product
yield at various AlICl; loadings. b) FTIR spectra of the lubricants and solids formed as the AlCI;
loading varies. ¢) 'H NMR spectra of the lubricants showing hydrogen signals at 4.0 ppm in the
10 mol% loading sample, likely corresponding to methine hydrogen near the Cl in low molar mass

chlorohydrocarbons*’.
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Figure S18. Representation of the simulation cells containing all the atoms. a) Initial structure
containing atactic PVC chain with five monomers, five 1-octene, five AICl3, and ten DCM
molecules. b) Five 1-octene molecules are attached to the five active sites in parallel, forming a
“comb-like” structure. ¢) Five 1-octene molecules are oligomerized and attached to one active site,
forming a “branch-like” structure.
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Figure. S19. Comparison of the relative energetics of a single Cl-site (left) and double Cl-sites
(right) on PVC. AICl; forms AICl4™ after binding to Cl on PVC, and AICly is cleaved, forming an
active carbon site on PVC in a gas-phase reaction. The energy comparison plot shows the DFT-
calculated bond-breaking energy of ~96 kcal/mol in both simulated cases.
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Figure S20. Extraction of PVC from real-world products. a) FTIR spectra of PVC products as

received. b) FTIR spectra of extracted PVC.
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Figure S21. Upcycling of PVC waste to vsPAO. a) Yields of the lubricants on a basis of C and H
(orange bars) and the total mass of C, H, and Cl (gray bars). b) 'H NMR of the lubricants from
various types of PVC waste.
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Figure S22. HSQC spectra of the oils. a) HSQC of csPAO alkyl region, b) vsPAO, ¢) vioPAO-
mix-DCM, and d) vioPAO-mix-hexanes showing the correlation intensity map of B-CH> and
isopropyl type CH3 signals at ~22.6-22.9 ppm in '*C NMR. The strength of the methyl group cross-

peak showcases the difference in branching between oils prepared in DCM and hexanes.
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Figure S23. Molar mass and thermal properties of waste-derived lubricants synthesized in
DCM. a) SEC chromatograms and molar masses of various PVC feedstocks and the corresponding
vsPAO synthesized in DCM. b) DSC of vsPAO showing glass transition temperatures. ¢) DSC of
cPAO prepared using 1-hexene, 1-octene, and 1-decene in a solvent of either DCM or hexanes. d)
TGA thermograms of vsPAO synthesized from various types of PVC waste. All lubricants showed
Ty4s% >180 °C. e) ASTM D5800 test of vsPAO synthesized from various types of PVC waste (28 -
250 °C at 3.7 °C/min followed by an isothermal hold at 250 °C for 60 min under an air
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Figure S24. Thermal properties of waste-derived vPAO1o synthesized in hexanes and
comparison with their counterparts synthesized in DCM. a) ASTM D5800 test thermogram
demonstrating residual weight for lubricants synthesized in hexanes higher than that in DCM. b)
TGA thermograms and c) DSC thermograms displaying low 7§ for hexanes system, likely due to

minimal branching.
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Figure S25. Tribology and viscosities of waste-derived vi0PAO. a) Coefficient of friction (COF)
of vioPAO from a mixed waste stream synthesized in hexanes, compared with that of commercial
PAO10 and PAO40 at 25 °C and b) 60 °C. c¢) Kinematic viscosity and d) dynamic viscosity of
vio0PAO from various waste, compared with the standard commercial PAO10 lubricant.

43



60 °C

V,o,PAO-mix-DCM

X fpem]

Wear volume : 619 um®

V3,PAO-mix-hexanes

Hoight [um)

v10PAO-mix-hexanes

1000 2000 3000
Time (s)

Figure S26. Comparative tribological performance of vioPAO-mix-DCM and vi0PAO-mix-
hexanes. 3D profiles of the steel ball after tribology test of oils: a) vi)PAO-DCM and b) vioPAO-
hexanes, showing the change in scar wear volume. The wear volume of the vi)PAO-DCM oil was
higher than that of vioPAO-hexanes, demonstrating the effect of the lubricant microstructure on
tribological performance. ¢) Coefficient of friction of viopPAO-DCM and vioPAO-hexanes at 60°C.
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Figure S27. Sensitivity of IRR with respect to prices of raw materials and the product.
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Figure S28. Sensitivity analysis of equipment cost. Sensitivity analysis of payback period (PBP)
with respect to equipment cost, ranging from -30% to 30% of the basic assumption.
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Figure S29. Delayed a-olefin addition to the PVC upcycling reaction. a) FTIR analysis of the
major reaction product. The peaks around 1595-1680 cm™! imply that polyacetylene forms in the
absence of a-olefin. b) Yield curves of the solid with increasing delay time for a 0.5-g-scale
reaction.
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Figure S30. Effect of reactant concentration on vsPAQO properties. a) vsPAO yield under two
different reaction conditions with varying amounts of DCM solvents. b) TGA thermograms of
lubricants show lower Tgsy and less thermal stability for vsPAO prepared under concentrated
conditions. ¢) 'H NMR of lubricant products. The set of peaks centered at ~4.4 ppm is ascribed to
protons attached to C-Cl bonds. d) SEC chromatograms reveal a broader dispersity for the vgPAO-
Sml lubricant than vsPAO-10mL. ) Rheological measurements show the dynamic viscosities of
vgPAO-5ml and vgPAO-10ml.
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Figure S31. Influence of excess water on the PVC upcycling reaction. a) Product yield at
various water contents in the reaction. The water content is based on the mass ratio of water to
AICIls. The yield of solid byproducts increased with water loading, indicating decreased efficiency
of AICls. b) FTIR spectra of the solids featuring O-H, C=C, and C-Cl peaks as a result of partial
dehydrochlorination and dechlorination. ¢) "H NMR and d) FTIR spectra of the lubricants showing
no detectable C-CL.
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Figure S32. DEPT 135 NMR of upcycled PVC oils and cPAO to identify methine, methylene,
and methyl signals. Methylene and methyl peaks were assigned based on prior literature on PAO
microstructure. Methine peaks were assigned to positive signals above 27.0 ppm, which is outside
the typical methyl group resonance range in saturated PAO structures>*#-4%,
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Figure S33. Effect of olefins and solvents on PVC chain degradation. a) Gas-phase yield
generated without a-olefin and with a-olefins under different solvent conditions. b) SEC
chromatograms of vsPAO in DCM and hexanes, revealing a high molar mass lubricant in the
isoalkane solvent.
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Figure S34. Effect of prolonged reaction time on AICI3 loading. a) Product yield obtained in
the 48-h reaction at 25 mol% AICI; loading vs 3 h reaction at 50 mol% AICIl; loading. b) FTIR of
the products, showing residual C-Cl under low AICI3 loading conditions. ¢) 'H NMR of lubricant
products. Residual PVC moieties are evidenced by the triad at 4.4 ppm.
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Figure S35. SEC chromatograms of the prolonged reaction under low AICI3 loading. The
shoulder peaks of vsPAO indicate high-molar-mass partially reacted and/or crosslinked PVC.
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Figure S36. A process flow diagram showing the key steps of the upcycling operation. For

simplicity, a detailed illustration of catalyst regeneration using HCl was omitted.
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Figure S37. Powder XRD of the solid products after PVC reactions using various Lewis acids.
No sharp peaks were detected. In the reaction using FeCls, the peak at 20 = 17 ° diminished,
suggesting partial alkylation of PVC.
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Figure S38. '"H NMR of the solid product formed in the PVC upcycling reaction using FeCl3
in CDCls. The presence of unreacted PVC moieties was confirmed by the triad at 4.4 ppm and the

dyad at 2.2 ppm. Partial alkylation was evidenced by the alkyl chain resonance between 0.7 ppm
and 1.5 ppm.
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Figure S39. Solubility test of the solid product after the PVC upcycling reaction using FeCls.
(left) Representative powder of the solid product. (right) A solution of the solid product (35 mg)
in 1,2,4-trichlorobenzene (7 ml).
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Figure S40. Upcycling of raw PVC powders with additives. a) Product yield for each type of
raw PVC feedstock, without any extraction or purification processing. b) Photographs of lubricants
obtained from raw PVC powders without any extraction or purification processing. ¢) FTIR spectra
of lubricants showing both residual C-Cl from PVC and C=0 from the additives. d) 'H NMR
spectra of the lubricants featuring methine protons in residual PVC in the card and glove-derived
lubricants, as well as aromatic additives in the toy frog and glove lubricants.
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Figure S41. Structural analysis of lubricants upcycled from purified waste PVC. a) FTIR of
vsPAO synthesized from four representative PVC products (e.g., frog, pipe, card, and glove) and
their mixtures. The reaction was carried out in DCM. b) FTIR of vioPAO from waste PVC products
and their mixtures. The reaction was carried out in hexanes. ¢) FTIR of vioPAO from waste PVC
mixtures synthesized in DCM and hexanes. d) 'H NMR of vi)PAO synthesized from four PVC
products. All spectra show complete dechlorination.
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Figure S42. Effect of aging on tribological properties. a) 2D line scans over the wear scars of
both the original and aged vioPAO oils, showing negligible differences. b) Wear volume of original
and aged vioPAO oil. ¢) COF revealing no substantial changes between the original and aged
vi10PAO oil.
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Table S1. Effect of alpha-olefin chain length and solvent type on the branching ratio and dynamic
viscosity of vPAO.

Lubricant PVC Solvent  Icmo/Icus’  Branching Ratio  Dynamic Viscosity*
feedstock (%) (Pas)
csPAO DCM 1.23 35.5 0.10
vioPAO DCM 1.00 38.5 2.20
vsPAO lab-grade | pCMm 0.93 46.0 3.70
vePAO DCM 0.63 65.2 16.40
real-life | DCM 0.87 384 2.98

vioPAO mix* | waste*

hexanes 2.65 17.1 0.37

* Waste mixture consisted of PVC cards, gloves, pipes, and toy frogs.

#v10PAO mix was synthesized using 60 mol% and 50 mol% of AlCI5 loading in DCM and hexanes,
respectively, affording Cl-free lubricants.

" The ratio of the CH, and CHj3 signal integration in '"H NMR.

* Dynamic viscosities were recorded at ~20 °C.
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Table S2. Effect of AICl; loading on Ich2/Ichs and dynamic viscosity of vsPAO. The Icua/Ichs ratio
is indicative of the degree of branching in vPAO.

Lubricant AICl3 loading Icno/Ichs Molar mass, My Dynamic Viscosity
(g/mol) (Pa-s)
120%-vsPAO 120 mol% 0.46 630 0.25
100%-vsPAO 100 mol% 0.57 750 0.51
80%-vsPAO 80 mol% 0.61 1070 1.05
60%-vsPAO 60 mol% 0.80 1130 2.03
50%-vsPAO 50 mol% 0.93 1270 3.70
40%-vsPAO 40 mol% 1.09 1430 14.54

Note that all vPAO synthesized with <40 mol% AICl3 loading yielded grease-like products, which
did not flow and were not testable using a rheometer to determine the dynamic viscosity.
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Table S3. Results of ion chromatography analysis. All oils contained < 100 ppm chlorine
regardless of the PVC source and reaction solvent.

Sample Compound Peak area Peak height Concentration
(ppm)
5 4
vgPAO 2.34x10 1.64x10 <100
: . 5 4
v1oPAO-mix-DCM Cl 2.27x10 1.58x10 <100
v, ,PAO-mix-hexanes 2.08><105 1.29x 104 <100
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Table S4. Effect of solvent on Ich2/Ichs of vsPAO. All vPAO was synthesized at 50 mol% AICl3
loading.

sample Solvent Icn2/Icus
CH:Cl 0.93
CHCI3 1.18
CCly 2.48
vsPAO
hexanes 2.76
heptanes 2.19
toluene 1.80
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Table SS. ICP-MS analysis of metals in PVC powders and upcycled lubricants.

[Ca] [Mg] [Al] [Ti] [Cr] [Sn] [Fe] [Zn]
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm)  (ppm)  (ppm)

Waste PVC 15958 299 227 259 0 94 0 117
Washed PVC 2232 0 0 101 0 61 0 68
Virgin PVC 0 0 0 5 0 0 0 0
v ,PAO 0 0 0 6 0 0 0 0
v, PAO-mix-

10 0 0 0 7 0 0 0 0
hexanes
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Table S6. Thermal properties of vPAO synthesized using lab-grade PVC and PVC waste

Sample PVC feedstock Solvent fgé; ];ié’)/ ( olé)
| c ,PAO 170 | 295 | -53 |
¢, PAO None DCM 178 323 -62
¢ ,PAO 166 340 =77
v .PAO 176 325 -47
v.PAO Lab-grade DCM 200 362 -54
v, ,PAO 189 364 -61
VSPAO Cards 187 335 -54
v,PAO Gloves 205 364 -53
VSPAO Pipes DCM 205 367 -53
V8PAO Toy frogs 193 359 -50
v ,PAO Mix waste* 152 323 -49
¢, OPAO None Hexanes 276 420 -82
v, ,PAO Card 192 413 -76
v, ,PAO Glove 221 415 -83
v, ,PAO Pipe Hexanes 261 411 =75
v, ,PAO Toy frog 202 424 -78
v, ,PAO Mix waste* 207 416 -76

* Mix waste consisted of 25 wt.% of PVC cards, 25 wt.% PVC gloves, 25 wt.% PVC pipes, and
25 wt.% PVC toy frogs.
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Table S7. Key assumptions of capital investment

Fixed capital investments

(1) Direct cost (specified as % of equipment cost)

Equipment

Other direct costs (specified
as % of equipment cost)

Installation 40%
Piping 66%
Instrumentation and control 20%
Building & Structure 20%
Yard improvement 10%
Service facilities 50%
Land 6%
(2) Indirect cost (specified as % of direct cost)
Engineering & supervision 15%
Legal expenses 2%
Construction expenses 15%
(3) Others (specified as % of
the direct and indirect cost)
Contractor's fee 5%
Contingency 10%

Working capital: 15% of fixed capital investment

67




Table S8. Other key assumptions and the prices of input and output

Assumptions
Project length 20 years
Salvage value 0%

Depreciation method

Straight-line  depreciation, under which
equipment is depreciated at a constant annual
rate of 1/n, where n is the depreciation period
in years

Loading of 1-decene

The optimal loading of 1-decene was assumed
to be 1.05 equivalents to chlorine in PVC after
optimizing the olefin feed rate

Depreciation period

10 years

Annual interest rate

3%

Fixed costs, raw material and product prices

remain constant over time

PAO lubricant $3,212/ton

PVC $100/ton

1-Decene $926/ton

AlCl3 $329/ton

Dichloromethane $348/ton

Nitrogen $250/ton

Hydrogen $1,280/ton

Raney Nickel $16,680/ton

Operating labor 15% of the total product cost

Operating supervision

10% of the operating labor

Utilities

15% of the total product cost

Maintenance and repairs

5% of the fixed capital investment

Operating supplies 15% of maintenance and repair costs
Laboratory charges 15% of operating labor
Royalties 3% of the total product cost

Plant overhead costs

5% of the total product cost

General expenses

10% of the total product cost
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Table S9. Key equipment cost evaluations

amount Price of each | Total price

Reactor 1 1 150,000 150,000
Reactor 2 1 100,000 100,000
Distiller 1 400,000 400,000
Pump 2 20,000 40,000

Heat exchanger | 2 25,000 50,000

Others* 222,000
Total cost($) 962,000

*The costs of other auxiliaries were estimated based on 30% of the total equipment cost.
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