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To enable a circular and sustainable plastics economy, polymers must be derived from renewable carbon
feedstocks and designed for chemical recyclability. Here, we report a multistep catalytic strategy for con-
verting triacetic acid lactone (TAL), a biomass-derived platform chemical, into poly(a-methylene-
8-caprolactone) (PMCL), a more sustainable (bio-based and chemically recyclable) analogue of poly
(methyl methacrylate) (PMMA). The process proceeds via the (i) quantitative hydrogenation of TAL to
4-hydroxy-6-methyltetrahydro-2-pyrone (HMTHP) catalyzed by Ru/C, (i) HMTHP conversion to
§-caprolactone (dCL) over Pt/TiO, with 88% yield, (iii) Cs,O/SiO, catalyzed vapor-phase aldol conden-
sation of dCL with formaldehyde to methylene-§-caprolactone (MCL) at 92% yield, and (iv) vinyl addition
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polymerization of MCL to PMCL. The resulting PMCL exhibits performance and recyclability advantages
over its fossil-based linear analogue, PMMA. Overall, this work demonstrates the integration of selective
catalytic biomass transformations with polymer synthesis to access recyclable vinyl polymers from a bio-

rsc.li/greenchem based platform molecule.

Green foundation

1. This work advances green chemistry by converting glucose-derived triacetic acid lactone to a chemically recyclable polymer that matches or exceeds PMMA
performance, enabling a renewable and more sustainable pathway to acrylic-like materials. By leveraging heterogeneous catalysis across the entire monomer
synthesis route, the work demonstrates efficiency-driven process design for bio-based, circular acrylic analogues.

2. Each heterogeneous catalytic step was optimized for high performance, achieving a quantitative yield to HMTHP, 88% yield to dCL, and 92% yield to MCL.
The bio-based polymer shows a higher glass transition temperature than PMMA and can be cleanly depolymerized to virgin monomer at 220 °C, demonstrat-
ing true chemical recyclability.

3. Future research will include technoeconomic analysis to assess economic viability and identify impactful process improvement. Additionally, optimizing
monomer recovery beyond 74% will be a key goal to further strengthen circularity and sustainability.

crisis, characterized by the accumulation of non-biodegradable
waste and sustained reliance on fossil-carbon feedstocks.?
Addressing this crisis requires a dual strategy: transitioning
from fossil-based feedstocks to renewable biomass and re-

Introduction

The widespread adoption of plastics derives from their dura-
bility, chemical stability, and low cost, which have enabled
their use across healthcare, food

security, and
transportation.””> However, the prevailing linear “take, make,
dispose” model has precipitated an escalating environmental
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engineering polymers for inherent circularity. While mechani-
cal recycling suffers from cumulative polymer degradation,
chemical recycling can recover monomers with virgin-level per-
formance.? However, the high thermodynamic stability of com-
modity polymers, such as polyolefins and acrylates, typically
necessitates energy-intensive conditions for chemical depoly-
merization, resulting in poor monomer selectivity. Bio-based
monomers derived from oxygen-rich biogenic feedstocks, par-
ticularly lactones, enable polymers that retain the stability
required for commodity applications while allowing selective
closed-loop depolymerization under mild conditions.*?
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Among commodity polymers, polymethyl methacrylate
(PMMA) is therefore a priority target for lactone-based substi-
tution due to its large market volume and associated lifecycle
environmental burden.

PMMA is a transparent thermoplastic widely used as a sub-
stitute for inorganic glass due to its high impact resistance,
high light transmittance, weather endurance, and dimensional
stability.® It is employed in automobile lighting, conductive
and optical devices, electronic displays, architectural panels,
and biomedical applications.””® The PMMA market reached
approximately $1.2 billion in the United States and $4 billion
globally in 2022, and is projected to expand at a compound
annual growth rate of 5.4% by 2030.>'*'" Despite its versati-
lity, conventional PMMA is derived from fossil-based methyl
methacrylate (MMA), contributing to greenhouse emissions,
estimated at around 3.8 million metric tons CO, per year.>'?
Mechanical recycling of PMMA remains limited, accounting
for less than 10%, due to polymer degradation during repeated
processing.'®"? Chemical recycling can recover monomers but
typically requires depolymerization temperatures above 450 °C,
which limits economic and environmental viability.'**>

To address these sustainability challenges, recent efforts
have focused on developing bio-based monomers and PMMA
analogues that combine renewable feedstocks with chemical
recyclability. Diverse synthetic pathways have been explored to
produce bio-derived acrylates and methacrylates from renew-
able organic acids and polyols."®'” For instance, the selective
decarboxylation of itaconic acid and citric acid to methacrylic
acid and its subsequent esterification with methanol has
emerged as a prominent route to bio-based methyl methacry-
late (MMA)."®*2° Ppolymers that have recently emerged
as promising PMMA analogues include poly(a-methylene-
y-valerolactone)  (PMGVL),  poly(a-methyl-3-valerolactone)
(PMVL), and poly(a-methylene-5-decalactone) (PMDL).>>?*!
These polymers feature lactone-containing structures that
enable selective depolymerization to their respective mono-
mers under mild conditions, making them viable alternatives
to fossil-derived PMMA. However, techno-economic analysis
(TEA) indicates that the economic competitiveness of PMVL is
primarily limited by the high cost of its &-valerolactone (DVL)
precursor, where approximately 77% of the PMVL production
cost arises from lactone synthesis and its subsequent homo-
geneous aldol condensation to MVL.> A critical driver of this
cost is the reliance on expensive diol feedstock, such as 1,5-
pentanediol (PDO), which accounts for roughly 30% of the
annual operating expenses ($1.92 per kg).> Furthermore, current
synthetic routes rely on homogeneous catalysts and stoichio-
metric bases (e.g.,, NaH), increasing separation requirements
and waste generation, which limits scalability.>*' Consequently,
existing bio-based PMMA substitutes fail to offer a decisive cost
and environmental advantage over conventional fossil-derived
PMMA, motivating alternative feedstock and catalytic strategies.

Bio-derived platform molecules that are low-cost and
capable of modular transformation via heterogeneous catalysis
are particularly desirable for establishing a circular polymer
economy. Triacetic acid lactone (TAL) is a bio-privileged mole-
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cule known for its versatility in producing commercially valu-
able chemical intermediates.>” TAL is a polyketide compound
produced from glucose through engineered microbial fermen-
tation using strains of Saccharomyces cerevisiae, Escherichia
coli, or Yarrowia lipolytica.”>>*> Recent advances report TAL
yields of 0.05 g ¢! glucose with titers of 9.9 g L™ in anti-
biotic-free fed batch fermentation wusing engineered
Rhodotorula toruloides, while techno-economic benchmarks for
sugarcane-based production estimate a baseline minimum
product selling price of approximately $4.60 per kg.”®*’
Process integration and biorefinery optimization are projected
to reduce this value to $2.26 per kg, making bio-based TAL
cost-competitive with fossil-derived precursors.”>?*” TAL is
structurally rich in reactive functionalities, making it a highly
versatile platform molecule for further transformation into
high-value products such as sorbic acid, potassium sorbate,
and &-lactams.>®?®2° Notably, TAL also serves as an entry point
to sustainable materials, including highly recyclable polydike-
toenamine plastics and PMMA analogues, offering a scalable,
low-carbon alternative to traditional petroleum-based synthetic
routes.>

In this work, we report a catalytic strategy for the conversion
of TAL to methylene-3-caprolactone (MCL) and its subsequent
polymerization to poly(a-methylene-8-caprolactone) (PMCL)
(Scheme 1), a PMMA analogue with higher temperature resis-
tivity and demonstrated chemical recyclability (vide infra). The
pathway achieves high selectivity at each transformation step
and avoids the use of homogeneous catalysts or stoichiometric
bases. TAL undergoes (i) hydrogenation to 4-hydroxy-6-methyl-
tetrahydro-2-pyrone (HMTHP), (ii) dehydration and hydrogen-
ation of HMTHP to &-caprolactone (dCL), (iii) aldol conden-
sation of dCL with formaldehyde to MCL, and (iv) vinyl
addition polymerization of MCL to PMCL. This sequence inte-
grates biomass-derived feedstock upgrading with monomer
synthesis and polymerization using catalytic steps compatible
with scalable processing.

Experimental methods
Materials

All commercial chemicals were used as received. Triacetic acid
lactone (Sigma-Aldrich, 98%), 5,6-dihydro-6-methyl-2H-pyran-
2-one (Enamine, 97%), §-caprolactone (Sigma-Aldrich, 98%),
tetrahydrofuran (THF with BHT, Sigma-Aldrich, 99%), dioxane
(Sigma-Aldrich, 98%), acetylacetone (Sigma-Aldrich, 99%),
4-hydroxy-2-pentanone  (Enamine, 95%), formaldehyde
(37 wt% formaldehyde in water, stabilized with methanol,
Thermo Scientific), ¢rans-3-hexenoic acid (Sigma-Aldrich,
>97%), y-caprolactone (Sigma-Aldrich, >98%), methyl-trans-3-
hexenoate (Sigma-Aldrich, >97%), hexanoic acid (Sigma-
Aldrich, 99%), trioxane (Sigma-Aldrich, >99%), sulfuric acid
(Fisher, 97%), zirconium dinitrate oxide hydrate (Thermo-
Scientific, 99.9%), ammonium hydroxide solution (Fisher,
27-30%), palladium(u) nitrate dihydrate (Sigma-Aldrich), plati-
num(v) chloride (Sigma-Aldrich), calcium acetate monohy-
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Scheme 1 Multistep catalytic strategy for PMCL synthesis from TAL.

drate (Sigma-Aldrich, >99%), barium acetate (Sigma-Aldrich,
>99%), and cesium acetate (Sigma-Aldrich, >99%).
Commercial catalysts and supports used include 5 wt% Ru/C
(Sigma-Aldrich), 5 wt% Pd/C (Sigma-Aldrich), 5 wt% Ru/Al,O3
(Sigma-Aldrich), 5 wt% Pd/Al,O; (Sigma-Aldrich), SIRAL 40
(Sasol), SIRAL 70 (Sasol), titanium(iv) oxide P25 (Sigma-
Aldrich), cerium oxide support (CeO,, Daiichi Kigenso),
gamma-alumina (y-Al,O3, Strem Chemicals), silicon(iv) oxide
amorphous nanopowder (SiO,, Alfa Aesar). The ZrO, support
was synthesized by coprecipitation using ammonia as a preci-
pitant. Typically, zirconium dinitrate oxide hydrate (5.015 g)
was diluted in 100 mL of DI water. Next, a 28% ammonium
hydroxide solution was added dropwise into the zirconium
solution while stirred at room temperature until the pH = 7.
The resulting slurry was stirred at room temperature for 24 h,
during which the slurry reached a pH = 9. The precipitate was
recovered by centrifugation (5000 rpm for 5 min) and washed
multiple times with DI water until the pH of the solution was
neutral. The recovered powder was dried overnight at 120 °C.
Finally, the material was calcined in a muffle furnace under air
at 500 °C with a ramp rate of 2 °C min™" and a hold time of
2 h.

Air and moisture-sensitive reactions were conducted in
oven- or flame-dried glassware on a dual manifold N,/vacuum
Schlenk line or inside an N,-filled glovebox. HPLC-grade
toluene was first sparged extensively with nitrogen during
filling 20 L solvent reservoirs and then dried by passage
through activated alumina. Toluene was additionally stirred
over CaH, for 12 hours followed by vacuum distillation and fil-
tration. The solvent was stored in an N,-atmosphere glovebox
over NaK and filtered through a 0.22 pm nylon filter prior to
use. The following reagents were used as received: La[N
(SiMes),]s (Sigma-Aldrich). Azobisisobutyronitrile (AIBN) was
purchased from Sigma Aldrich, dried under vacuum at 25 °C
for 2 days, transferred to an N,-atmosphere glovebox, and
stored at —30 °C. Benzyl alcohol (BnOH) initiator, purchased
from TCI, was stirred over CaH, for 12 h under N, then
vacuum distilled at 100 °C under 50 mTorr. It was then trans-
ferred to an N,-atmosphere glovebox, filtered through a
0.22 pm filter and stored at —30 °C in a brown bottle.

Prior to polymerization, MCL was transferred to a Schlenk
flask and put under vacuum at 25 °C for 30 minutes, then
transferred to an N,-atmosphere glovebox and stored in a
brown bottle at —30 °C over 4 A molecular sieves. The
monomer was then used without further purification. For com-
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parison studies, MCL was also synthesized according to the
procedure detailed below. The synthesized MCL was dried by
stirring over CaH, for 12 h under N, prior to vacuum distilla-
tion at 50 °C under 50 mTorr. The purified monomer was
brought into an N, atmosphere glovebox, filtered through a
0.22 pm filter, and stored at —30 °C in a brown bottle.

HMTHP synthesis

Since HMTHP is not commercially available, the compound
was synthesized and purified from the hydrogenation of TAL
using a 5 wt% Ru/C (Sigma-Aldrich). In a typical experiment,
500 mg of TAL was dissolved in 24 g of THF and 125 mg of
5 wt% Ru/C were added in a 50 mL Parr reactor equipped with
a magnetic stir bar. The reactor was sealed and purged three
times with N, and then three times with H, and subsequently
pressurized to 35 bar H,. The reaction was carried out at 60 °C
for 2 h at a stirring speed of 740 rpm. After completion, the
reactor was cooled to room temperature by directing a continu-
ous air stream over the external surface. The catalyst was
removed from the product mixture through a 0.22 pym PTFE
filter, and HMTHP was then isolated from the product mixture
through solvent evaporation. The isolated HMTHP (97.2%
pure as measured by '"H NMR) was used to prepare calibration
standards for GC analysis. A detailed description of NMR ana-
lysis results can be found in the SI (Fig. S1-S3).

Catalyst synthesis

Monometallic catalysts Pt/TiO,, Pt/CeO,, Pt/ZrO,, Pt/SiO, and
Pt/Al,0; (containing 1 wt% Pt) and Pd/SIRAL (5 wt% Pd) were
prepared by incipient wetness impregnation. For Pt-supported
catalyst, an aqueous solution of PtCl, was deposited on TiO,
(P25), ZrO,, y-Al,03, CeO, and SiO,. For Pd-supported catalyst,
aqueous solutions of Pd(NO;),-2H,0 were deposited on SIRAL
40 and SIRAL 70. Catalysts were then dried overnight at 120 °C
and calcined in air at 500 °C for 3 h.

For aldol condensation reactions, supported catalysts were
synthesized via incipient wetness impregnation. Fumed silica
served as the support and was pre-calcined at 550 °C in air
(ramp rate: 3 °C min™%; hold: 4 h; air flow: 120 mL min™").
Calcium acetate monohydrate, barium acetate, or cesium
acetate was dissolved in deionized water to achieve the desired
metal loading. The impregnation volume was fixed at 4.4 mL
of aqueous solution per gram of SiO,. After impregnation, the
samples were dried at 80 °C for 16 h and calcined at 550 °C
under identical conditions to the support pre-treatment. The

This journal is © The Royal Society of Chemistry 2026
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calcined material was crushed and sieved to retain particles in
the 250-500 pum range for catalytic testing.

MCL synthesis

To compare the polymerization results with MCL produced by
the process developed in this work, a batch of MCL was syn-
thesized using an organic synthesis route. A suspension of
NaH (60 wt% dispersion in mineral oil, 5.8 g, 0.24 mol, 2.75
equiv.) in anhydrous THF (60 mL) was cooled to 0 °C. A solu-
tion of 8-hexalactone (10.0 g, 88 mmol, 1.00 equiv.) and diethyl
oxalate (13.0 g, 88 mmol, 1.01 equiv.) in THF was added drop-
wise to the NaH suspension at 0 °C. After the addition was
complete, the reaction mixture was stirred at 0 °C for
10-15 min. Absolute ethanol (3.4 g, 74 mmol, 0.85 equiv.) was
then added dropwise at 0 °C over 15 min (gas evolution
observed). The reaction mixture was allowed to warm to room
temperature and stirred for 3 h. The reaction mixture was
cooled again to 0 °C, then saturated aqueous K,CO; solution
(49 g, 0.35 mol, ~4 equiv.) and formalin (37 wt% aqueous solu-
tion, 98 g, 3.3 mol, 37.1 equiv.) were added sequentially. The
biphasic mixture was stirred at 0 °C for 30 min, then diethyl
ether (100 mL) was added, and the mixture was stirred for an
additional 30 min. The organic layer was separated, and the
aqueous layer was extracted with diethyl ether. The combined
organic layers (THF/Et,O) were washed with brine, dried over
Na,S0,, filtered, and concentrated under reduced pressure.
The crude product was purified by column chromatography
(hexanes/EtOAc = 5:1) to afford the product as a pale-yellow
oil (83% yield). "H NMR (400 MHz, CDCl;, ppm) 6 6.40 (s, 1H),
5.55 (s, 1H), 4.47-4.48 (m, 1H), 2.53-2.71(m, 2H), 1.94-1.98
(m, 1H), 1.64-1.67 (m, 1H), 1.38-1.39 (d, 3H).

Characterization

CO, uptake measurements were conducted using thermo-
gravimetric analysis (TGA) on a TA Instruments Q500 thermo-
gravimetric analyzer. Samples were pretreated under flowing
N, (50 mL min~") at 450 °C (ramp rate: 3 °C min~"; hold: 4 h),
then cooled, and equilibrated at 50 °C. CO, adsorption was
carried out by exposing the samples to a CO,/N, mixture
(45 mL min™" CO, in 5 mL min™" N,) for 1 h, followed by
purging with N, (50 mL min™?) for 1 h. Desorption was moni-
tored by ramping the temperature stepwise to 150 °C, 250 °C,
350 °C, and 450 °C (3 °C min~" under N, flow), holding for 1 h
at each step. Total and temperature-resolved CO, uptake
was quantified relative to the final sample mass at 450 °C
under N,.

Nitrogen physisorption isotherms were measured on a
Micromeritics 3Flex instrument at 77 K. Prior to analysis,
samples were outgassed under vacuum (<5 pmHg) for 4 h at
300 °C. Surface areas were estimated using Brunauer-Emmett-
Teller (BET) analysis. Carbon monoxide chemisorption of Pt-
based catalysts was conducted in a Micromeritics AutoChem II
2920 unit equipped with a thermal conductivity detector. The
catalyst sample (0.1 g) was loaded in a U-shaped quartz reactor
between two quartz wool plugs and pretreated in hydrogen
(50 mL min™") at 450 °C (ramp rate: 3 °C min™"; hold: 4 h)

This journal is © The Royal Society of Chemistry 2026
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before purging and cooling to 45 °C in He (50 mL min ).
Then pulse doses of CO (1% CO/He) were injected onto the
sample until saturated. The combined CO uptake nco was
taken as the number of accessible Pt sites and used to calcu-
late site density, where m,,, is the mass of catalyst:

__TNco
Meat

Powder X-ray diffraction (XRD) patterns were acquired using
a Bruker D8 diffractometer equipped with a Cu Ko radiation
source. Data were collected over a 26 range of 10-90° at a scan
rate of 0.05° s™'. Scanning transmission electron microscopy
(STEM) was performed using a probe-corrected Thermo Fisher
Scientific Themis Z G3 microscope operated at 200 kV. Images
were collected using a 19 mrad probe convergence angle and
detector collection angles of 70-200 mrad for high-angle
annular dark field (HAADF, Z-contrast) imaging. Energy disper-
sive spectroscopy (EDS) was performed using a dual silicon
drift detector (Thermo Fisher Dual-X) with an energy resolu-
tion of 129 eV at Mn Ka.

For hydrogenation, dehydration, and aldol condensation,
NMR spectra were collected on a Bruker Avance Neo 500 MHz
spectrometer (500 MHz, 'H; 125 MHz, *C). For polymeriz-
ation, NMR spectra were collected on a Bruker AV-III 400 MHz
spectrometer (400 MHz, 'H; 100 MHz, '*>C). Chemical shifts
for "H and "C spectra were referenced to internal solvent reso-
nance 7.26 (chloroform) and are reported as parts per million
relative to SiMe,. Monomer conversion and copolymer compo-
sition were calculated based on relative integrations between
monomer and polymer "H NMR signals.

Polymer absolute weight-average molecular weight (M),
number-average molecular weight (M,,), and molecular weight
distributions (P = M,/M,) were measured via size exclusion
chromatography (SEC). The SEC instrument consisted of an
Agilent HPLC system equipped with one guard column and
two PLgel 5 pm mixed-C gel permeation columns, coupled
with a Wyatt DAWN HELEOS II multi (18)-angle light scatter-
ing detector and a Wyatt Optilab TrEX dRI detector.
Measurements were taken at 40 °C using chloroform as the
eluent at a flow rate of 1.0 mL min~". Samples were analyzed
with Wyatt ASTRA 8.2.0 molecular weight characterization soft-
ware, assuming 100% mass recovery, which calculated a dn/dc
of 0.0876 internally, based on sample concentration of
2.63 mg mL™".

All thermal analysis was performed on polymer samples
that were dried at 60 °C for 12 h under 40 mTorr. Differential
Scanning Calorimetry (DSC) was performed on a TA 2500
Modulated Differential Scanning Calorimeter and data was
analyzed with the TRIOS software package. DSC Plots show the
glass transition temperature (7) obtained from a second
heating scan. Each cycle was performed at a rate of 10 °C
min~". Decomposition temperatures (Tas9%, defined by the
temperature of 5% weight loss) of the polymers were measured
with TGA by heating from ambient temperature to 700 °C at
10 °C min~" under N, on a TGA-55 (TA Instruments) with an
evolved gas analysis furnace (TA instruments). TGA data were
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processed with the TRIOS software package. Values of Tyso,
were obtained from wt% vs. temperature (°C) plots.

Transmission measurement for polymer optical properties
was performed on a Shimadzu UV-3600i UV-vis/NIR spectro-
photometer, equipped with MPC-603A integrating sphere
accessory, using the standard wide-open sampling port. The
samples were scanned from 1000 nm to 200 nm at a rate of
1 nm s~ with a data interval of 1 nm. The detector crossover
from InGaAs to PMT was set at 860 nm.

Reactivity test

Hydrogenation and dehydration reactions were performed in a
50 mL high-pressure batch reactor (Parr Instrument, 4792). For
each reaction, the desired amount of reactant (TAL or
HMTHP), THF, catalyst, and magnetic stir bar were added to
the batch reactor. After sealing the reactor, it was purged three
times with N, and then three times with H, to ensure com-
plete removal of residual air. The reactor was then pressurized
with H, (35 bar), followed by heating to the desired reaction
temperature (60-160 °C), and stirring at 740 rpm. Upon com-
pletion of the reaction time, the reactor was cooled by
directing a continuous flow of air over its external surface.
After the reaction, the catalyst was filtered, and the liquid pro-
ducts were quantified by high-performance liquid chromato-
graphy (HPLC, Waters Alliance €2695) and gas chromatography
(GC, Agilent 7890B). HPLC analysis was conducted for TAL
quantification. The Waters HPLC was equipped with a Bio-Rad
Aminex HPX-87H column (300 mm x 7.8 mm) and Waters
2414 refractive index detector, operating at 30 °C and 0.005 M
H,SO; solution at 0.55 mL min~'. The Agilent GC was
equipped with a SHRXI-5MS capillary column (Shimadzu,
15 m x 0.53 mm ID x 0.25 pm) and a flame ionization detector
(FID, Agilent). GC analysis was used for the identification and
quantification of HMTHP, 5,6-dihydro-4-hydroxy-6-methyl-2H-
pyran-2-one (DHMP), parasorbic acid (PSA), acetylacetone, hex-
anoic acid, 4-hydroxy-2-pentanone, and dCL.

Aldol condensation of dCL and formaldehyde (37 wt% for-
maldehyde in water, stabilized with methanol) was conducted
over SiO,-supported base catalysts (sieved to 250-500 um) in a
downflow packed bed reactor. Gas flows were controlled by
mass flow controllers (Brooks GF40), and liquids were deli-
vered via syringe pumps (Harvard 11 Elite) through capillary
tubing. For catalyst masses below 0.5 g, the catalyst was
diluted with silicon carbide (350 pm) to a total bed mass of
0.5 g and loaded into a 3" 316 stainless steel tube. For catalyst
masses above 0.5 g, undiluted samples were packed directly
into a 3" 316 stainless steel tube. Quartz wool plugs were used
to secure the bed, and ~1.0 g of borosilicate glass beads was
added atop the bed to promote premixing of vapors.

The reactor was heated in a tube furnace (ATS system), with
temperature controlled by a Digi-Sense controller (Cole-Parmer
R/S 68900-11) using a K-type thermocouple positioned just
below the bed. Reactor effluent was monitored online using a
gas chromatograph (Agilent 8890) equipped with an HP-5 ms
column and FID detector. Liquid products were collected in a
toluene bubbler and identified by GC-MS (Agilent 7890 with
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5975C MSD). All transfer lines were heat-traced at >300 °C to
prevent condensation. Prior to experiments, the catalyst bed
was calcined with air (50 mL min™", 500 °C, 3 °C min", 4 h)
before being purged with nitrogen. For reactions using dCL
and formalin, a premixed feed was vaporized and merged with
the nitrogen carrier gas stream in a stainless-steel tee heated
to 240 °C. For trioxane-based feeds (37 wt% in methanol or
THF), the trioxane solution was vaporized at 110 °C, carried by
nitrogen flow through a 400 °C decomposition zone, and then
joined with the dCL vapor stream upstream of the reactor.
Catalysts deactivate rapidly upon exposure to the reactant
stream. For consistent comparison, all reported rates corres-
pond to steady state, defined as <5% variation in product for-
mation rates over 2 h, reached after at least 20 h on stream.
Contact time was varied by adjusting the total flow rate at con-
stant reactant concentrations. The catalyst bed was regenerated
by repeating the calcination procedure described above.
Contact time in the packed bed reactor was calculated as:

Meat
T=—
Mot
where m., is the total mass of the catalyst in the reactor, and
M’ 1S the total mass flow rate of all feed components entering
the reactor.
The conversion (x) of reactant (j) and selectivity (S) to
product (i) were calculated as:

No(j) — Ng(j
To(j)

Ners
Si=——9 100

og) — 1t()
where n, and n; refers to initial and final moles for hydrogenation
and dehydration, or initial and final molar flow rates for aldol
condensation. Any carbon deficit in the aldol condensation mass

balance was assigned to lost carbon, with selectivity defined as:

Slost carbon = 1 — Zsi
i

Polymerization procedures

PMCL (radical). In an N,-supplied atmosphere glovebox,
0.0006 g of AIBN were added to 0.539 g MCL solubilized in
2 mL toluene in a pressure vial ((MCL]: [I] = 1000 : 1). The reac-
tion vial was transferred to an oil bath and brought to 80 °C
while stirring. After 24 h, the reaction was quenched by
exposure to air. An aliquot of the quenched mixture was taken
for analysis with "H NMR, confirming 43-44% conversion of
MCL to PMCL. The reaction mixture was precipitated into cold
ethyl acetate. The precipitate was resolubilized in CHCl;, preci-
pitated twice more in ethyl acetate and once in diethyl ether.
The purified polymer was then dried at 60 °C in a vacuum
oven over 12 h to reveal 0.119-0.173 g of pure polymer
(22-32% yield).

PMCL (coordination-addition). In an N,-supplied atmo-
sphere glovebox, 0.50 g of MCL and 1.98 mL toluene were
added to a 20 mL scintillation vial equipped with a PTFE-
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coated magnetic stir bar. Separately, 0.002 g of La[N(SiMe3),]3
was dissolved in a minimal amount of toluene and added to 3
equivalents (0.0013 g) of BnOH and allowed to stir for
5-10 min to form the desired lanthanum alkoxide initiator
(IMCL]: [[La(OBn)s],] = 1000:1). The mixture was then trans-
ferred to the MCL solution and allowed to react at 25 °C. After
6 h, the reaction was quenched with a few drops of acidified
MeOH and an aliquot was taken for analysis with '"H NMR,
confirming 99% conversion to PMCL. The reaction mixture
was diluted with CHCI; and precipitated into cold ethyl
acetate. The precipitate was resolubilized in CHCI;, precipi-
tated twice more in ethyl acetate and once in diethyl ether.
The purified polymer was then dried at 60 °C in a vacuum
oven over 12 h to reveal 0.361 g of pure polymer (71% yield).

Depolymerization procedures

PMCL (0.2 g) was placed in a flame-dried reaction flask and
fitted to a short-path distillation apparatus equipped with a
receiving flask. The system was connected to a high-vacuum
line, evacuated to 50 mTorr, and the receiving flask was cooled
in a dry ice/acetonitrile bath. With the system under continu-
ous vacuum (50 mTorr), the reaction flask was heated to
220 °C and maintained at this temperature for 11 h. During
this period, MCL distilled from the reaction flask into the
receiving flask. After reaction completion, the apparatus was
allowed to come to room temperature, and the monomer was
collected as a colorless liquid and weighed to calculate the
yield (0.148 g, 73.9%). An additional 0.024 g of oligomeric
PMCL collected from the reaction flask accounted for another
12% of the mass balance, and the remaining 14.1% uncol-
lected mass was attributed to transfer loss.

Results and discussion
TAL hydrogenation to HMTHP

Heterogeneous catalysts based on supported Pd, Pt, and Ru
have been reported for TAL hydrogenation to HMTHP.*®3!
Accordingly, we screened a series of supported Ru, Pd, and Pt
catalysts for this reaction (Table 1), aiming to maximize
HMTHP selectivity at complete TAL conversion while suppres-
sing ring-opening and decarboxylation byproducts such as
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acetylacetone,
(Scheme 2).

Over 5 wt% Pd/Al,O; and 5 wt% Ru/Al,03;, TAL was con-
verted to HMTHP with 83% and 88% selectivity, respectively,
with the balance comprising the decarboxylation products
acetylacetone and 4-hydroxy-2-pentanone (Table 1, entries 1
and 2). Replacing Al,O; with the acidic SIRAL support
decreased HMTHP selectivity while increasing selectivity to
acetylacetone and 4-hydroxy-2-pentanone (Table 1, entries 3
and 4). The Brgnsted and Lewis acid sites on SIRAL promote
hydrolysis, destabilizing the TAL and DHMP lactone rings, and
facilitate decarboxylation through enolization and protonation
pathways.?'~*3

TAL hydrogenation over 5 wt% Pd/C and 5 wt% Ru/C
achieved 92% and 98.6% HMTHP selectivity, respectively, at
complete conversion (Table 1, entries 5 and 6). Despite 5 wt%
Pd/C resulting in high selectivity to HMTHP, trace amounts of
4-hydroxy-2-pentanone were still produced. Thus, 5 wt% Ru/C
was identified as the optimal catalyst for quantitative TAL
hydrogenation to HMTHP at 60 °C and 35 bar H,.

3-penten-2-one, and 4-hydroxy-2-pentanone

HMTHP conversion to dCL

The catalytic activity and selectivity of Pt-supported catalysts in
HMTHP conversion to dCL at 160 °C, 35 bar H,, and 2 h of
reaction time are reported in Table 2. The surface areas and
metal dispersions for 1 wt% Pt-supported on various ampho-
teric metal oxide supports (TiO,, Al,03, CeO,, ZrO,) are sum-
marized in Table S1. Among the Pt-based catalysts studied for
HMTHP conversion, 1 wt% Pt/TiO, resulted in the highest
activity for dCL formation (44% conversion of HMTHP, 88.7%
selectivity) within 2 hours of reaction time despite its relatively
low surface area (52 m> g™) and Pt site density (10.2 pmol
g ) (Table S1 and Fig. S4). Upon increasing the reaction
time to 8 hours, full conversion of HMTHP was obtained with
a dCL selectivity of 87.5% (Table 2, entry 2). The other main
product observed was hexanoic acid resulting from the sub-
sequent ring-opening and hydrogenation of dCL to hexanoic
acid. The performance observed for 1 wt% Pt/TiO, can be
attributed to the bifunctional nature of the catalyst, where the
support facilitates PSA formation through oxygen-vacancy sites
and mild acidity, favoring the deoxygenation pathway, as

Table 1 TAL hydrogenation over different metal (Pd, Ru, Pt) supported catalysts®

Selectivity (%)

Entry Catalysts TAL conv. (%) HMTHP dCL Acetylacetone 4-Hydroxy-2-pentanone
1 Pd/y-Al, 03 100 83.7 4.2 6.3 4.8

2 Ru/y-ALO; 100 88.4 0.9 6.7 3.2

3 Pd/SIRAL 40 100 67.0 4.7 11.1 17.0

4 Pd/SIRAL 70 100 63.0 8.2 2.2 26.4

5 Pd/C 100 92.0 6.0 — 2.0

6 Ru/C 100 98.6 1.2 — —

7 Pt/TiO, 100 7.9 6.2 27.0 58.9

“Reaction conditions: TAL (3.9 mmol), THF (24 g), catalyst mass (125 mg), H, pressure (35 bar), reaction temperature (60 °C), reaction time (2 h),
740 rpm. Metal loadings for M/support (5 wt% M = Pd, Ru; 1 wt% Pt). Carbon balances for all reactions reported are >99%.
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reactions.

Table 2 HMTHP conversion to dCL over Pt-supported catalysts®

Selectivity (%)
Reaction ~HMTHP Hexanoic

Entry Catalysts  time (h) Conv.(%) dCL PSA acid
1 Pt/TiO, 2 44.4 88.7 1.7 6.8
2 Pt/TiO, 8 100 87.5 0 7.4
3 Pt/CeO, 2 32.1 77.2 5.4 12.1
4 Pt/ZrO, 2 8.7 90.3 0 9.6
5 Pt/y-ALLO; 2 18.4 904 O 9.1
6 Pt/SiO, 2 0 0.0 O 0

7 TiO, 2 16.5 0.0 100 0

38 TiO,? 2 13.1 0.0 100 0

“Reaction conditions: HMTHP (3.8 mmol), THF (22 g), catalyst
£125 mg, 1 wt% Pt/support), H, pressure (35 bar), 160 °C, 740 rpm.

N, pressure (35 bar). Carbon balances for all reactions reported are
>95%.

shown in Table 2, entries 7 and 8 for bare TiO,, while Pt acti-
vates hydrogen for C=C bond saturation of PSA to dCL
(Scheme 2).>**” When varying the support from TiO, to CeO,,
Zr0,, and y-Al,O; for Pt-based catalysts, lower activities for
dCL conversion at reaction times of 2 h are obtained of 32.1%,
8.7%, and 18.4% (Table 2, entries 3-5), respectively, despite
these catalyst systems exhibit higher surface areas and Pt site
density (Table S1, entries 2-4) compared to Pt/TiO,. Notably,
Pt/SiO, did not show catalytic activity (Table 2, entry 6), which
can be explained by the inert nature of the SiO, support
towards dehydration chemistries under the reaction conditions
studied.

Aldol condensation of dCL and formaldehyde to MCL

Having successfully generated dCL from TAL, we next investi-
gated its heterogeneous aldol condensation to MCL. Aldol

7842 | Green Chem., 2026, 28, 7836-7846

condensation of analogous lactones such as y-valerolactone
(GVL) and DVL has been reported over BaO/SiO, and CaO/
SiO, in continuous vapor-phase reactors, achieving >95%
selectivity at ~40% conversion at 340 °C.*® In the liquid
phase, Cs,O-supported p-zeolites are active at 280-310 °C in
methyl-tetrahydrofuran.”*° However, the reactivity of dCL in
aldol condensation is largely unexplored, and its conden-
sation to MCL has not been previously reported. As a base-
line, we selected silica-supported alkali and alkaline earth
metal oxides (5 wt% CaO, BaO, and Cs,0/SiO,) for vapor-
phase condensation. Note that under the water-rich con-
ditions of the feed, these species are expected to convert to
hydroxides. We nonetheless refer to them as metal oxides to
reflect their pretreated state.

Textural and basicity properties of the catalysts are summar-
ized in Table S2. All impregnated samples showed reduced
surface area relative to the parent SiO,, likely due to surface
reorganization induced by interactions with strong bases
during synthesis. Despite higher molar metal loading on CaO/
SiO,, qualitative CO, adsorption measurements indicate com-
parable surface basic site densities across the three catalysts,
possibly reflecting weaker basic sites on CaO/SiO, that interact
less strongly with CO,. Cs,0/SiO, exhibited the highest CO,
uptake at elevated desorption temperatures, consistent with
the stronger basic character of alkali metal oxides.’® PXRD
(Fig. S5) revealed no crystalline diffraction features beyond a
broad amorphous silica feature near 20 = 22°. STEM-EDS
(Fig. S6) showed no discernible nanoparticles and uniform
elemental distributions, indicating that the metal oxides are
highly dispersed across the silica surface.

Selectivity and conversion data for the aldol condensation
of dCL at 240 °C are summarized in Fig. 1a. All three catalysts
exhibited significant ring-opening reactivity, an unexpected
result given prior aldol condensation studies of GVL and

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Product distribution (bar chart) and dCL conversion (scatter)
during aldol condensation reaction of dCL and formalin. Condition:
0.4 mol% dCL, 1.2 mol% formaldehyde, 1 bar, N, balanced. (a) Catalyst
activity comparison at 240 °C with a fixed contact time of 9.3 min. (b)
Effect of changing temperature on 5 wt% Cs,0O/SiO, catalyst with
contact time of 4.6 min. (c) Influence of varying contact times at 220 °C
for 5 wt% and 15 wt% Cs,O/SiO, catalysts. Juxtaposed conditions rep-
resent experiments with the same amount of Cs loaded.
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DVL.>*® As illustrated in Scheme 2, the proposed reaction
network involves nucleophilic ring-opening of dCL by water or
methanol in formalin, followed by dehydration to form hexenoic
acid and methyl hexenoate over the basic catalyst surface.
Formation of y-caprolactone (gCL), observed across all catalysts,
likely arises from acid-catalyzed ring closure of hexenoic acid and
is consistent with prior reports over acidic metal oxide surfaces.®

Among the catalysts tested, Cs,O/SiO, achieved the highest
overall conversion of 71% while suppressing the selectivity of
ring-opening side reactions to a combined 5%. In contrast, BaO/
SiO, and CaO/SiO, gave markedly lower conversions (19% and
25%, respectively) and substantially higher ring-opening selectiv-
ities (13% and 40%, respectively), consistent with their weaker
basic sites.** However, reaction over Cs,0/SiO, exhibited substan-
tial carbon loss with selectivity of 14%, primarily attributed to oli-
gomerization, as evidenced by the presence of heavy species in
the GC traces (Fig. S7). Similar carbon losses have been reported
during DVL aldol condensation over strong bases at elevated
temperatures.”**** These results suggest that the high basicity of
Cs,0/Si0, enhances aldol condensation activity while partially
suppressing undesired ring-opening pathways. Thus, Cs,0/SiO,
was selected as the catalyst for further optimization.

To identify the optimal temperature for selective aldol con-
densation, a temperature study was conducted over 5 wt%
Cs,0/Si0, (Fig. 1b). Conversion of dCL increased from 220 °C
to 240 °C, but MCL selectivity declined in favor of carbon loss,
driven primarily by faster dimerization and coke formation at
elevated temperatures. At 260 °C, substantial coking caused
severe deactivation, reducing conversion to 48%, which is com-
parable to the 49% observed at 240 °C. These results indicate
that an operating temperature of 220 °C is required to main-
tain high MCL selectivity (>95%).

A contact time study for the aldol condensation of dCL over
5 wt% Cs,0/Si0, at 220 °C is shown in Fig. 1c (shorter contact
times of 2.3-9.3 min are provided in Fig. S8a). Increasing
contact time raised overall conversion while MCL selectivity
remained largely unchanged. The apparent carbon loss at
220 °C was attributed primarily to measurement uncertainty
rather than coking, as the carbon balance varied non-monoto-
nically with contact time. At the longest contact time examined
(74.2 min), conversion reached 87% with 92% MCL selectivity.

To increase the MCL production rate per unit catalyst mass,
the cesium loading was tripled to 15 wt% via the same incipi-
ent wetness impregnation method. PXRD (Fig. S5a) and STEM
imaging (Fig. S9) showed no crystalline diffraction features or
observable particles, indicating that high dispersion was
retained at this loading. Although qualitative, CO, uptake
measurements (Table S2) confirmed an increase in accessible
basic sites from 303 to 600 pmol g~ " with the higher cesium
content. The 15 wt% Cs,0/SiO, catalyst achieved comparable
conversion and selectivity to the 5 wt% formulation at one
third of the contact time (Fig. 1c), consistent with its greater
density of active basic sites. At a contact time of 48 min,
15 wt% Cs,0/Si0, reached 96% conversion and 95% selecti-
vity (Fig. S8b), corresponding to a near-quantitative MCL yield.
The MCL sample collected under these conditions was charac-
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Fig. 2 Product distribution (bar chart) and dCL conversion (scatter plot) for the aldol condensation reaction over 15 wt% Cs,0/SiO,. (a) Effect of the
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terized by 'H and '*C NMR (Fig. S10) and used for the
polymerization step.

The effect of the formaldehyde-to-dCL molar ratio on aldol
condensation over 15 wt% Cs,0/SiO, is shown in Fig. 2a.
Increasing the ratio to 6:1 improved conversion by approxi-
mately 15% while maintaining high MCL selectivity above
95%. In contrast, reducing the ratio to 1:1 decreased conver-
sion by 33% and increased side product formation. A 3 : 1 ratio
was therefore identified as a practical balance between feed-
stock economy and product yield.

To minimize ring-opening reactions associated with water
and methanol in formalin, trioxane was tested as an alterna-
tive formaldehyde source. Above 300 °C, trioxane thermally
decomposes to release three equivalents of formaldehyde per
mole of trimer, providing a controlled feed without introdu-
cing species that facilitate ring opening.’**™*" However, when
trioxane solutions in methanol or THF were used to replace
formalin over 15 wt% Cs,0/SiO,, dCL conversion decreased
substantially from 72% to 66% and 55% (Fig. 2b), likely due to
incomplete decomposition of the precursor. Surprisingly, ring-
opening selectivity remained comparable to that observed with
formalin. We attribute this to water generated during dehydra-
tion of the aldol intermediates, which drives ring opening
regardless of the formaldehyde source. Because water for-
mation is inherent to MCL production, formalin was retained
as the preferred reagent given its high reactivity, commercial
availability, and minimal pretreatment requirements.

Catalyst reusability was demonstrated through multiple
regeneration cycles (Fig. S11a). Conversion declined from 97%
to 65% after 9 h on stream, and calcination in air at 500 °C for
4 h fully restored activity to 97% conversion. This deactivation-
regeneration profile was reproducible over three consecutive
cycles. Thermogravimetric analysis of spent 15 wt% Cs,0/SiO,
catalyst (Fig. S11b) revealed two distinct mass loss events at
50 °C and 360 °C, corresponding to the desorption of physi-
sorbed volatiles (e.g., water and residual reactants) and the

7844 | Green Chem., 2026, 28, 7836-7846

combustion of soft coke deposits, respectively.*> PXRD analysis
showed no evidence of metal aggregation or hard coke for-
mation, confirming that structural integrity was maintained
during operation. Taken together, the results from TGA, XRD,
and reactivity testing point to soft coke deposition as the
primary, and fully reversible, deactivation mechanism under
the conditions examined.

PMCL synthesis, recyclability, and properties

To validate the quality of the monomer MCL obtained by our
current synthetic method, the MCL generated by the herein-
described synthetic route was used for polymerization without
further purification steps, except for simple degassing and
drying by storage over molecular sieves ("H NMR shown in
Fig. S12). Azobisisobutyronitrile (AIBN) was used as a radical
initiator and the polymerization was performed at 80 °C over
24 h in 2 M toluene solution, resulting in 43% conversion of
MCL to PMCL (Fig. S13). SEC of the isolated PMCL yielded a
number-average molecular weight M,, = 62.5 kDa and disper-
sity D = 1.86 (Fig. S14). Differential scanning calorimetry (DSC)
revealed that PMCL exhibits a T, of 168 °C (Fig. S15), which is
considerably higher than PMMA (~110 °C), but lower than
analogous PMVL, an expected result due to the plasticizing
effects of the methyl group in the §-position of MCL.> The
decomposition temperature (Tysq, defined as the temperature
at 5% mass loss) was determined with TGA as 298 °C
(Fig. S16). The optical clarity of the material was comparable
to PMMA, determined by high transmittance of the sample
(89%) in the visible light wavelength range (Fig. $17).**** Next,
we examined the polymerization of MCL via coordination-
addition polymerization using tris(benzyloxy)lanthanum {[La
(OBn);],} as the catalyst and initiator, which is expected to be
highly reactive due to the conjugated MCL structure and
locked s-cis conformation.>**> Over 6 h, the reaction reached
99% monomer conversion to PMCL (Fig. S18), and the isolated
PMCL showed a high molecular weight (M,, = 470 kDa, b =
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1.46) (Fig. S19), along with similar thermal properties to the
radically initiated polymer (Fig. S20 and S21). Together, these
results showed that our synthetic method is successful in pro-
ducing polymerization-grade MCL, which can be readily poly-
merized through different mechanisms without requiring
additional purification steps.

As a comparison, we applied the same radical polymeriz-
ation conditions to the independently synthesized MCL
(Fig. S22), which was prepared through a standard method,
analogous to those previously reported for MVL and MDL.?
Notably, this monomer achieved almost identical conversion
(44%) to PMCL as the initial run (Fig. $23), and the isolated
material likewise exhibited a similar molecular weight with M,
= 65.5 kDa (P = 1.96) (Fig. S24) and thermal properties
(Fig. S25 and S26). These results further confirmed that the
MCL synthesized by the new method reported in this work has
the same quality and polymerizability as the one obtained by
the standard organic synthesis.

After demonstrating the polymerizability of the MCL
obtained by the new method, we sought to investigate the
chemical recyclability of PMCL back to its virgin-quality
monomer. We reasoned that we could apply the established
depolymerization conditions for PMVL to PMCL due to their
structural similarity.> Hence, we subjected PMCL to a reactive
distillation setup at 220 °C under 50 mTorr over 11 h, success-
fully recovering the reformed MCL in 74% isolated yield and
in high purity (Fig. S27), along with 12% remaining non-vola-
tile PMCL oligomers (Fig. $28), which could be reused for the
next depolymerization to recover more monomer. It is impor-
tant to note that this depolymerization temperature is only
possible under non-equilibrium conditions, wherein
monomer is continuously removed from the system to drive
the reaction to completion. It is, therefore, not a representative
degradation temperature under standard conditions. These
results demonstrate the markedly improved recyclability of
PMCL relative to PMMA, the latter of which requires signifi-
cantly higher temperatures for appreciable monomer recovery
under bulk depolymerization conditions.*’

Conclusions

We present a catalytic approach to produce PMCL from TAL
through sequential hydrogenation and dehydration of TAL to
dCL, aldol condensation to MCL, and vinyl addition polymer-
ization to PMCL. TAL hydrogenation was evaluated over sup-
ported Pd, Pt, and Ru on various supports, with 5 wt% Ru/C
achieving 98% HMTHP yield at complete conversion under 35
bar H, at 60 °C. For the subsequent conversion of HMTHP to
dCL, Pt catalysts supported on Al,O3, SiO,, TiO,, and CeO,
were studied to facilitate C-O bond cleavage. From these, a
1 wt% Pt/TiO, resulted in the highest dCL yield (88%) at com-
plete HMTHP conversion under 35 bar H, at 160 °C. Aldol con-
densation of dCL with formaldehyde over Cs,0/SiO, produced
up to 92% MCL yield under optimized conditions.
Polymerization of MCL produced PMCL with enhanced heat
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resistance (higher T) and chemical recyclability (higher
monomer recovery yield under lower reaction temperature), as
compared to PMMA. This study presents a viable route to more
sustainable PMMA alternatives using catalysis and bio-based
feedstock and intermediates.
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