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The glycolysis of poly(ethylene terephthalate) is an intensively
researched process, yet simple, highly active catalysts from bulk
sustainable sources without metal ions of known toxicity remain
elusive. We report the development of magnesium carboxylate cata-
lysts capable of performance comparable to the most active literature
systems in the glycolysis of waste PET. A systematic study demon-
strated the inexpensive/environmentally/toxicologically safe magne-
sium stearate to be superior to a range of group I/Il metal variants,
while glycolysis catalysed by an analogue derived from a dietary
medium-chain fatty acid proved extraordinarily efficient (368 ggner
gca(l h™1). The use of commercial cooking oils as a source of
magnesium soap catalysts was then demonstrated. The soap derived
from medium-chain fatty acid triglyceride-rich coconut oil exhibited
particularly impressive activity (267 ggpet gcafl h™Y), while perfor-
mance superior to magnesium stearate was even possible using
a catalyst synthesised from fast-food restaurant waste cooking oil.

Poly(ethylene terephthalate) (PET, 1) is a petroleum-derived
thermoplastic commonly used to manufacture, inter alia,
beverage bottles, food packaging and textiles. In 2023, 25.7
billion kg of PET was produced: equating to a global production
rate of >800 kg s~ '.! Given the staggering speed/scale of PET
manufacturing, the steady growth of worldwide plastics
production/low overall recycling rates,> the >2500 years esti-
mated half-life of waste PET in landfill,> together with the
urgent need to reduce humanity's dependence on fossil fuel
resources; it is obvious that future methods for recycling the
deluge of plastic waste will need to be rapid, circular and -
importantly — highly sustainable.

The majority of non-destructive PET recycling is currently
mechanical.* The PET is sorted, cleaned and reduced in size,
then melted and reformed into flakes/pellets for reuse.*
Without resource-intensive interventions/additives, polymer
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The chemical recycling of polyethylene terephthalate (PET) by glycolysis is
dependant on efficient catalysis. The most common highly-active catalysts
rely on Zn>" ions of concern from an aquatic toxicity perspective. The
staggering volumes of PET synthesised annually mean that highly active,
sustainable catalysts will need to be available on large scales if chemical
PET recycling is to play a key role in the emerging circular economy. This
study details the development of magnesium soap catalysts prepared from
vegetable oils which possess superior activity to the majority of literature
systems, including zinc acetate. These materials can even be synthesised
from waste cooking oil - thereby providing a sustainable methodology
whereby upcycled waste oil can be utilised catalytically to recycle plastic
waste.

chain scission and retained/generated contaminants are prob-
lematic,® which can lead to inferior quality recyclate,*®
increased downcycling (and eventual landfill). By contrast,
chemical recycling® - involving the depolymerisation of the PET
waste to monomers, which can be purified and used to syn-
thesise pristine polymer without requiring blending with virgin
(petroleum-derived) PET - is a complementary, circular meth-
odology more forgiving in terms of waste stream heterogeneity®
which can also be used as a platform for upcycling.’**> Both
mechanical and chemical recycling will be needed to ensure
future PET sustainability,"** yet currently only 0.1% of plastics
production stems from chemical recycling.*

The most common form of PET chemical recycling is cata-
lysed solvolysis; with hydrolytic, glycolytic, alcoholytic, and
aminolytic variants possible.’*>* PET glycolysis is arguably the
most industrially-developed circular chemical recycling
pathway. Glycolysis (Fig. 1A) involves the addition of ethylene
glycol to PET (1) to afford bis-hydroxyethyl terephthalate (BHET,
2). BHET is crystalline and can be either repolymerised directly
to pristine PET or upcycled to value added materials.**** Such is
the potential value, volume and utility of the compound that
a future, more circular BHET-enabled polymer materials
economy has been envisioned.>® The high boiling point of
ethylene glycol is advantageous as it allows high-temperature
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@ Catalytic glycolysis of PET (1) to BHET (2)
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Fig. 1 The catalytic glycolysis of PET.

depolymerisation to occur at atmospheric pressures, however
the transesterification process is an equilibrium between 1, 2
and incompletely depolymerised oligomers, which can
complicate purification and necessitate excess ethylene glycol.
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BHET yields in the 65-=80% range are common after several
hours reaction time:*® a comparison of efficacy across studies is
often confounded by inconsistent methods of measuring yield
(i.e. NMR spectroscopic analysis or HPLC of the crude material
vs. mass of crystallised product).’*>

Catalysis is a key part of any glycolytic depolymerisation
regimen, as in the absence of a catalyst only traces of product
are formed at temperatures up to 196 °C. An extensive variety of
both homo- and heterogeneous catalysts for the process have
been developed?® - efforts to rank these in order of reactivity are
complicated by the breadth of reaction conditions employed
(temperature, concentration, catalyst loading) and the physical
nature of the polymer substrate (pristine, post-consumer waste-
derived, flakes vs. powders or pellets, particle size etc.)."®
Recently Cao and coworkers® used a variant of space time yield
to compare catalyst performance in terms of mass of BHET
produced per gram of catalyst utilised per unit time (gpgger
2. - h™'). While this data should not be extrapolated to
potential yields of continuous processes because it often derives
from batch operations, it is nonetheless an interesting and
serviceable method of comparing catalyst efficacy.

A diverse array of organocatalysts have been shown to
promote PET glycolysis.>® Acids, bases and hydrogen bond-
donating systems have been utilised. This catalyst class repre-
sents a broad canvas in terms of structural diversity, and
recently systems from sustainable sources/biodegradable
analogues” have been designed. For instance, Liu et al.
demonstrated the ability of a cholinium acetate organocatalyst
3 (Fig. 1B) to promote the glycolysis of small PET particles,?®
while in a seminal study, Yue and coworkers®*“ disclosed the
superiority of a basic ionic liquid 4 over counterparts incorpo-
rating less basic anions for the depolymerisation of PET flakes -
with 72% yield possible. It is important to note that the
decomposition of such imidazolium hydroxide salts to carbenes
has been documented.*” Sardon and Dove et al.* solved the
problem associated with the inherent instability which can
bedevil organocatalytic systems at elevated temperatures
through the design of the protic salt 5 which exhibited excellent
stability and recyclability under reaction conditions; at the
expense of catalyst activity.

A plethora of metal ion-based catalysts are also known. Of
these, Zn>" systems are common and exhibit impressive activity.
The zinc acetate-based deep eutectic solvent 6 proved highly
efficacious in the glycolysis of PET pellets at 190 °C,** while Cao
et al. recently developed a heterogenous oxygen vacancy (V,)-
rich Fe/ZnO nanosheet system 7 reported to possess the highest
reported activity of any glycolysis catalyst.>® Interestingly,
according to analysis by Cao et al., organocatalytic processes
were less efficient (<10 gpupr Zeac - h ™) while the 6 glycolysis
processes with associated space time yields >100 gpppr Zear
h™" were promoted by either nanoscale catalysts*** and/or
materials incorporating Zn>" ions requiring energy-intensive
synthesis.*»* For example, the preparation of the highly active
catalyst 7 requires a pyrolytic step involving heating at 350 °C
for 3 h. In addition, while Zn** ions are undoubtedly advanta-
geous components of glycolysis catalysts, they are also aquatic
eco-toxins of considerable concern.**** The EU European
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Chemicals Agency (ECHA) has labelled both Zn(OAc), and ZnO
as “very toxic to aquatic life with long lasting effects”.*®

Given the aforementioned rapid (and burgeoning) global
rates of PET generation, it follows that a circular and sustain-
able future would require PET recycling methodologies which
are commensurately rapid, sustainable and applicable across
the world, on enormous scale. The sheer volumes of plastic to
be depolymerised will necessitate the production of even the
most efficient catalysts in quantities sufficiently large enough to
warrant consideration regarding their sustainability, efficacy,
ecotoxicity and biodegradability. As an example, if just 10% of
the PET produced in 2023 had been chemically recycled using
a catalyst at 0.5 wt% loading; then 12.85 million kg of catalyst
would have been required.

We are therefore interested in the design of PET glycolysis
catalysts which are highly active yet are ecologically safe and
potentially sustainably sourced. Herein we report the develop-
ment of simple magnesium-soap catalysts (Fig. 1C) known to be
of little/no toxicological/ecological concern, the activities of
which surpasses organocatalytic/metal-ion based systems and is
superior to all but the most efficacious nanoscale metal-based
catalysts. A study of the influence of fatty acid chain length on
activity led to the development of catalysts synthesisable in one
pot from either pure or waste cooking oil (i.e. 8, Fig. 1C) which
are active in the glycolysis of post-consumer PET bottle waste
(86.8-267.2 gpupr Zeae - h ') at loadings of 0.3-1.5 wt%.

Results

Zinc acetate is a commonly-used glycolysis catalyst'® which has
been shown to be superior to other transition metal-based (e.g.
Pb, Co, Mn) analogues.” A systematic examination of the
catalytic activities of acetates derived from more earth-abun-
dant* alkali- and alkaline earth elements is absent from the
literature. Accordingly, the glycolysis of PET flakes from waste
bottles (5 x 5 mm) in the presence of a variety of metal acetates
was carried out at 180 °C for 2 h (Table 1). A challenging catalyst
loading of 0.5 mol% was chosen to better allow catalyst
performance to be compared and to maximise catalyst solubility
in the reaction medium.

Zinc acetate was a competent catalyst (entry 1); which out-
performed group I acetates (entries 2 and 3). Dove et al.*
recently found that Zn(OAc), promoted glycolysis of PET at
15 mol% loading to higher conversion than Mg(OAc),. Inter-
estingly, under these lower catalyst concentration conditions
magnesium- and calcium acetates promoted the reaction to
similar conversion levels as Zn(OAc), (entries 4-5), however 2
was isolated in higher yield. Ca(OAc), had not found application
in PET glycolysis in the literature, however it is mentioned one
recent patent that it catalyses the PET glycolytic equilibrium
more efficiently than Zn(OAc), at 3.5 mol% loading.** Similarly,
the larger alkaline earth metal acetates had not previously been
reported as glycolysis catalysts. Given the small difference in
activity between Ca(OAc), and Mg(OAc),, their Strontium- and
Barium analogues these were subsequently evaluated (entries
6-7). While catalyst activity was appreciable, neither
approached that associated with Mg(OAc),.
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It is clear that the M** ion-based catalysts evaluated were
more active than their M" analogues and that inside a group
that there was a weak correlation between cation Lewis-acidity
when bound to oxyanions** and activity (e.g. entries 2 vs. 3
and entries 4-5 vs. 6-7). Comparisons across groups are not
instructive - e.g. Zn>" is more Lewis-acidic towards oxyanions
than Mg””, yet the latter seems the marginally more beneficial,
while Li* and Sr** have similar Lewis-acidities but very different
activity profiles. Here it is perhaps useful to note that Zn" is
a ‘borderline’ Lewis-acid in Pearson's Hard and Soft Acids and
Bases (HSAB) classification while other cations utilised in Table
1 are ‘hard’.*® Therefore the relative affinity of the Zn>* cation
for ethylene glycol, PET and acetate could be substantially
different to those associated with ‘harder’ cations. In addition,
comparisons between LiOAc and Sr(OAc), are complicated by
(inter alia) their ligand stoichiometry. The acetate ligand is
certainly a significant contributor to catalysis - its exchange for
chloride leads to a complete loss of activity (entry 8).

We have previously shown that PET glycolysis catalysed by
ammonium and phosphonium-based ionic liquids depends on
the properties (lipophilicity in particular) of both the catalyst
anion and cation.””*® Hydrocinnamate emerged from these
studies*” as a particularly effective anion (rationalised in part
due to increased lipophilicity and m-stacking capability which
could facilitate interaction with the PET surface). Accordingly,
magnesium hydrocinnamate (9) was synthesised and found to
promote the formation of BHET in improved yield relative to
magnesium acetate (entries 4 and 9). A lipophilic
hydrocinnamate-based ionic liquid devoid of a metal ion proved
markedly inferior (i.e. 10, entry 10). Our goal was to identify
active yet ecologically safe and sustainable catalysts. The
finding that neither the zinc cation nor acetate anion was a sine
qua non for catalytic activity, coupled with the promising
performance of a magnesium-based catalyst equipped with
a more lipophilic ligand (i.e. 9) led to the hypothesis that the
fatty-acid derived magnesium stearate (11) could serve as
a powerful and sustainable catalyst system.

Magnesium stearate is an inexpensive soap derived from
edible fats and oils which is used as a lubricant and an additive
(no. E470b) in dietary supplements, pharmaceuticals and food
products. In 2024, >280 million kg of this material was syn-
thesised and production is expected to exceed 425 million kg by
2033.* The compound is readily biodegradable,*® non-toxic* at
high doses (even to 2500 mg per kg per day),* non-genotoxic*
and has been affirmed by the US FDA as generally recognised as
safe (GRAS) for use in food products.®*

Additionally, it has been given a ‘green half circle’ label by
the US Environmental Protection Agency which signifies that
“the chemical is expected to be of low concern based on
experimental and modeled data”.’> Magnesium stearate is not
classified by the EU European Chemicals Agency (ECHA) as
either toxic to humans or harmful to aquatic life.** Commercial
11 comprises a mixture of predominantly (>90%) stearate (Cyg)
and palmitic (Cy6) ligands.”® To ensure homogeneity of the
sample, we prepared 11 from pure stearic acid. Gratifyingly, this
lipophilic material was as efficacious as 9 and superior to
Mg(OAc), as a glycolysis catalyst (entry 11). To ensure that the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Glycolysis of waste PET using acetate catalysts

HO  OH
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(400 wt%) Q O

HO >—< >—< OH

= 180°C, 2h s o/

catalyst

(0.5 mol%)
PET (1) BHET (2)
Ph o_ 9 Ph .] o) Ph

AT et e
o’ o

Cation Lewis acidity Conv.”  Yield”?

Entry Catalyst (v.ou.)” (%) (%)
1 Zn(OAc), 0.405 88 61
2 LiOAc 0.215 37 29
3 NaOAc 0.159 30 25
4 Mg(OAc), 0.337 89 70
5 Ca(OAc), 0.264 91 67
6  Sr(OAc), 0.222 76 58
7 Ba(OAc), 0.194 76 60
8 MgCl, 0.337 0 0
9 Mg(hydrocinnamate), 0.337 90 75
9
10 [Nggss] 59 43
[hydrocinnamate] 10
11 Mg(stearate), 11 0.337 90 74
12¢  [Ngggs) 50 32
[hydrocinnamate] 10
13°  Mg(stearate), 11 0.337 81 67

“Valence units. From ref. 45. ” Average of at least two experiments
agreeing within 6%. ¢Based on unreacted 1. ?Isolated yield
after recrystallisation. © Reaction using commercial pristine PET
pellets (3-5 mm) for 4 h.

relative catalyst activities were not dependant on the PET
source, the glycolysis of more challenging virgin commercial
PET pellets was also carried out in the presence of either the
metal-free catalyst 10 or the metal-based 11; with results
consistent with the trends observed using waste PET flakes
(entries 12-13). The catalyst is also stable — TGA analysis of the
catalyst indicated no decomposition before 300 °C.

The effect of the ethylene glycol loading on the BHET-
forming equilibrium was next examined. We investigated PET
waste glycolysis using either 1:4 or 1:10 (w/w) ratios of PET:
ethylene glycol at 180 °C catalysed by 11 (0.5 mol%, Table 2). In
parallel sets of duplicate experiments, the isolated yield of 2
after recrystallisation was compared with that determined by 'H
NMR spectroscopic analysis of the reaction in the presence of
an internal standard.

Under conditions identical to those previously utilised (i.e.
1:4 PET: ethylene glycol) the amount of BHET product formed
(determined by "H NMR spectroscopy) was greater than that

© 2026 The Author(s). Published by the Royal Society of Chemistry
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obtained after recrystallisation (entries 1-2). Small amounts of
oligomeric material were also detected. Extension of the reac-
tion time to 4 h led to no change, indicating that equilibrium
under these conditions had been reached after 2 h (entries 3-4).
In the presence of 10 mass equivalents of glycol, both isolated-
and NMR product yields are lower after 2 h (entries 5-6) - most
likely due to catalyst dilution - however a 4 h reaction time
afforded 80% isolated yield of pure BHET (entry 7). Quantitative
analysis of the mother liquor indicated that 11% of BHET
remained unrecrystallised - meaning that higher overall yields
could be obtainable at industrial scale after mother liquor
processing. This was confirmed by quantitative NMR spectro-
scopic analysis of replicate reaction mixtures; which provided
a BHET yield of 95% with only trace amounts of oligomeric
products formed (entry 8).

While magnesium stearate is an inexpensive, safe and
environmentally benign species, we were nevertheless inter-
ested in catalyst recovery and reuse. It was found that filtration
of small amounts of the metallic soap was challenging, however
a 62% mass recovery of the stearate post-glycolysis was possible.
The recovered catalyst was successfully used in a subsequent
glycolysis reaction without loss of activity (SI). With better
filtration methodologies and larger scales, improved catalyst
recovery rates may well be possible at scale.

Nature provides a cornucopia of medium- and long chain
fatty acids. Given the efficacy of the stearate-derived system, an
examination of the influence of the fatty acid chain length on
catalyst activity seemed prudent. Reactions were carried out at
0.5% loading for 1 h (Table 3). Under these conditions equi-
librium was unlikely to be reached, so more potent catalysts
could be more easily distinguished from less active analogues.
Beginning with the short-chain magnesium caproate 12 (entry
1), product yield increased as the chain length increased to 10-
and 14-carbon atoms (i.e. 13 and 14, entries 2-3) and then
declined: the C;5 acid-derived stearate catalyst (11, entry 4) and
its monounsaturated analogue 15 (entry 5) possessed similar
activity to 12. Further augmentation of the chain (i.e. 16, entry 6)
led to a precipitous decline in product yield. By comparison,
Zn(OAc), and the active hydrocinnamate-based ionic liquid 17
(ref. 27) promoted considerably slower glycolysis than 13-14
(entries 7-8) while the literature organocatalysts urea and
TBD-MSA (5) afforded only traces of product (entries 9-10). The
performance of catalysts prepared via anhydrous deprotonation
of fatty acids using Bu,Mg with those prepared via NaOH-
mediated carboxylate formation followed by cation exchange
with MgCl, were virtually identical - indicating that NaOH is
not a contributor to catalysis.

The activity of the pure fatty acid-derived promoters 11-15
raised the possibility of preparing potentially more sustainable
catalysts directly from cooking oils. Intriguingly, the changes in
catalyst activity as the ligand chain length increased suggested
that cooking oils with different fatty acid compositions could
possess different activity profiles. Magnesium soap catalysts
derived from supermarket-purchased rapeseed oil (RS-cat),
sunflower oil (SO-cat) and coconut oil (CO-cat) were synthesised
(Fig. 2) via saponification and quenching with MgCl, (obtain-
able from seawater®*).

RSC Sustainability, 2026, 4, 770-778 | 773
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Table 2 The influence of ethylene glycol loading on product yield
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HO  OH
/ Q 0
—— HO >—< >—< OH
= 180°C, 2-4h g o/
11 (0.5 mol%)
PET (1) BHET (2)
Entry PET: ethylene glycol (w/w) Time (h) Conv.*? (%) Isolated yield®“ (%) NMR yield™ (%)
1° 1:4 2 90 74 —
2 1:4 2 — — 88
3 1:4 4 91 74 —
4 1:4 4 — — 87
5 1:10 2 86 71 —
6 1:10 2 — — 82
7 1:10 4 97 80/ —
8 1:10 4 — — 95

“ Average of two experiments agreeing within 5%. ? Based on unreacted 1. © Isolated yield of 2 after recrystallisation. ¢ Yield of 2 determined by
uantitative 'H NMR spectroscopic analysis of the reaction mixture using (E)-stilbene as an internal standard. ¢ Data from Table 1.
Quantitative "H NMR spectroscopic analysis of the residual mother liquor using (E)-stilbene as an internal standard revealed the presence of

an additional 11% yield of BHET product which did not crystallise.

In addition, two catalysts were prepared from ‘vegetable oil’
of unknown composition sourced from a local fast-food
restaurant; one from fresh, unused oil (ie. RES-cat) and
another from a waste sample of the same oil after 5 days use in
that restaurant, immediately prior to disposal (i.e. W-RES-cat).
High mass yields of the solid catalysts from the oils were ob-
tained in each case. These largely insoluble materials were
characterised IR spectroscopy, solid-state "H NMR spectroscopy
and fatty acid composition analysis. The latter was broadly in
line with values expected from the literature data associated
with precursor oils (Fig. 2 and see SI).*®

The cooking-oil derived catalysts were evaluated in the
glycolysis of PET bottle waste at 190 °C (Table 4). Under these
conditions the very insoluble magnesium stearate (11) at
1.5 wt% loading could promote the formation of 2 in 35.8%
yield in 30 min (entry 1). Gratifyingly, catalysts prepared from
supermarket-bought cooking oil (i.e. RS-cat, SO-cat and CO-cat)
exhibited improved activity (entries 2-4). The CO-cat catalyst
(the only soap in the study enriched in the catalytically more
competent medium-chain fatty acid ligands) proved particularly
efficacious. The restaurant-sourced oil-based RES-cat was also
found to be useful (entry 5), and while diminished performance
of the corresponding waste oil-based W-RES-cat was observed
(entry 6), it is noteworthy that this catalyst is still significantly
superior to 11 under these conditions. An experiment using W-
RES-cat involving adding the ethylene glycol in two equal
charges, one at ¢ = 0 min and the other at ¢ = 15 min (based on
the hypothesis that initial conditions would feature higher
catalyst concentrations which would facilitate bulk polymer
destruction followed later by increased ethylene glycol loadings
to drive the equilibria towards BHET formation) led to
a marginal improvement (entry 7).

Next the loading of the two most active catalysts were opti-
mised. The decanoate system 13 could be utilised at loadings as

774 | RSC Sustainability, 2026, 4, 770-778

low as 0.3 wt% (entries 8-10); resulting in an 83.6% yield of
recrystallised BHET, which corresponds to a space time yield of
368.7 gpuer 8eat - h ', In a similar fashion, it was found that
CO-cat could be utilised at 0.4 wt% to afford a product output of
267.2 gpupr 8eat - h ' (entries 11-13). At a loading of 1.5 wt% W-
RES-cat could promote the formation of 2 in high isolated yield
in just 50 min (entry 14). This reaction was repeatable on 5 g
scale (SI). Modification of the crystallisation volume to maxi-
mise yield from the first crop was not impactful (entries 15-16),
however, depolymerisation of textile PET T-shirt waste with
similar efficiency to that observed using bottle waste (entry 17)
was possible. TGA analysis of both the cooking-oil derived
catalysts and 13 indicated high stability - no decomposition
before 300 °C.

Discussion and conclusion

At low catalyst loadings, magnesium carboxylates can serve as
highly active catalysts for PET glycolysis. The safe and envi-
ronmentally benign lubricant/food additive magnesium stea-
rate (11) proved superior both the more environmentally-
concerning zinc acetate and other group I and II metal
acetates. It appears clear that the observed activity trends
depend on both the metal and the ligand. With regards to the
metal, in general more Lewis-acidic cations outperformed less
Lewis-acidic members of the same group, however, compari-
sons between groups proved more complex. It is also note-
worthy that a magnesium cation also proved superior to
a quaternary ammonium variant - again indicating (although
analysis is complicated by ligand stoichiometry) involvement of
the metal ion in catalysis. The ligand is also key: exchange of
acetate for the considerably less basic chloride led to a complete
ablation of activity, implying that general base catalysis by the
ligand plays a role. An investigation into the influence of ligand

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Influence on fatty acid-derived chain length on catalysis over
1h
HO  OH
/
(400 wt%) o 0\5 C 20, on
L= 180°C, 1h N\ o/
catalyst
(0.5 mol%)
PET (1) BHET (2)
g
o 9 .\| o) Ph
7 mg N e _Pr._® >_/
o” o {. O eeeemeoeee
12 17 1@ =C;Hys

Entry Catalyst Carbon chain length  Yield (%)*”

1 Mg(caproate), 12 6 49
2 Mg(caprate), 13 10 59
3 Mg(myristate), 14 14 57
4 Mg(stearate)z 11 18 44
5 Mg(oleate), 1 18 49
6 Mg(hgnocerate) 16 24 23
7 Zn(0OAc), 2 39
8 [Pgggs|[hydrocinnamate] 17 — 33
9 Urea — 1
10 TBD-MSA 5 — 2

“ Average of at least two experiments agreeing within 5%. ” Yield of 2
determined by quantitative 'H NMR spectroscopic analysis of the
reaction mixture using (E)-stilbene as an internal standard.

chain length on catalyst efficacy revealed that medium chain
fatty acid-derived systems are optimal; resulting in the identi-
fication of magnesium decanoate (13) as a simple glycolysis
catalyst par excellence which considerably outperformed zinc
acetate and selected organocatalysts at low loadings. The
advantages associated with medium chain fatty acid-derived
ligands is ascribable to a combination of the lipophilicity
required for interaction with the hydrophobic PET surface and
solubility: higher homologues (i.e. 11, 15 and 16) proved
increasingly insoluble in the reaction medium. The product
output associated with catalysis by 13 (368.7 gguer 8eac - h™ ') is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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- \ 1. NaOH4q,)
90°C,3h
or —_—
2. MgCl,
Mg-soap
catalysts

waste restaurant
oil (W-RES)

rapeseed oil (RS)
sunflower oil (SF)
coconut oil (CO)
restaurant oil (RES)

ds

UPCYCLING

catalyst fatty acid composition (% of total fatty acids)®

mass

yield (%)? Cs Csg Cio Ci2 Ci Cq¢ Cig Coo

RS-cat. 84 1.3 15 0.2 0.0 0.1 104 589 109
SF-cat. 80 4.7 1.5 0.1 0.0 0.3 208 373 54
CO-cat. 94 0.0 0.6 44 462 214 102 144 03
RES-cat. 78 20 0.9 0.1 0.0 0.3 279 553 36
W-RES cat. 80 2.2 0.8 0.1 0.1 0.4 273 526 44

2Mass yield = mass,/massg; x 100. PIncludes both saturated and
unsaturated fatty acids. For full composition details see the ESI.

Fig. 2 Synthesis and fatty acid composition of magnesium soap
catalysts derived from (waste) cooking oil.

higher than all but 2 nanoscale catalysts detailed in Cao et al.'s*
recent comprehensive comparison of literature systems (see the
SI associated with ref. 25). Two points are noteworthy here (i) we
calculated ‘space time yield’ based only on isolated yields of
BHET and (ii) this figure is based on a 60 min reaction time to
provide more potentially meaningful data regarding the actual
potential of this process in terms of product production per
hour reaction time.

Soap-based catalysts prepared from cooking oils of varying
triglyceride chain lengths and unsaturation - rapeseed oil,
sunflower oil and coconut oil (global 2022 production: 26.7,
20.3 and 3.2 billion kg respectively®®) — together with analogues
synthesised from one ‘vegetable oil’ of unlabelled composition
from a local restaurant and a sample of same after 5 days of
restaurant use, all proved to be highly active glycolysis catalysts,
which is advantageous as future industrial availability of this
catalyst class would not be dependent on any one crop. The
superiority of the C,s-fatty acid-enriched RS-cat, SF-cat and RES-
cat to 11 is interesting and may be related to unsaturation (see
SI); as 15 is also superior to 11. The coconut oil-derived CO-cat
possessed particularly outstanding efficacy (267.2 gpypr Zeat
h™"): if this level of activity could be replicated at scale
(assuming identical catalyst synthesis- and BHET-product
yields), then the hypothetical diversion of just 1% of 2022
global coconut oil production to the synthesis of CO-cat would
have been sufficient to depolymerise 7.4 billion kg of PET (or
29% of 2023 global production) with potential BHET yields of
7.9 billion kg.

CO-cat comprises higher levels of medium chain fatty acid-
derived ligands, which is consistent with both the literature
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Table 4 Performance of pure fatty acid- and vegetable oil-derived catalysts

HO  OH
Y-
(400 wt%) HO 0>_©_/<o o
= ; g il
190 °C
catalyst
800 rpm
PET (1) BHET (2)
(1.00 g)
Entry Catalyst Loading (wt%) Time (min) NMR yield* (%) Isolated yield” (%) STY® (2pHET Zear ' ™ Y)
1 11 1.5 30 35.8 — —
2 RS-cat 1.5 30 72.4 —_ —_
3 SF-cat 1.5 30 67.7 — —
4 CO-cat 1.5 30 79.6 — —
5 RES-cat 1.5 30 66.4 — —
6 W-RES-cat 1.5 30 54.8 — —
7 W-RES-cat 1.5 15 + 159 58.5 — —
8 13 1.5 30 94.2 —_ —
9 13 0.5 60 92.4 84.1 222.5
10 13 0.3 60 91.0 83.6 368.7
11 CO-cat 0.3 60 78.5 — —
12 CO-cat 0.3 70 91.2 — —
13 CO-cat 0.4 60 89.4 80.8 267.2
14 W-RES-cat 1.5 50 — 83.0 87.9
15 W-RES-cat 1.5 50 — 83.4° 88.3
16 W-RES-cat 1.5 50 — 80.7 85.4
17 W-RES-cat 1.5 50 — 80.0° 84.7

“ Yield of 2 determined by quantitative "H NMR spectroscopic analysis of the reaction mixture using (E)-stilbene as an internal standard. ? Isolated
yield of 2 after recrystallisation in replicate experiments. ¢ Space time yield (2pper 8eae * h™') = massppr/(Masscy: x time). ¢ Ethylene glycol (total
loading 400 wt%) added in 2 equal charges, one at ¢ = 0 min and a second at ¢ = 15 min. ® Volume reduced to 40 mL instead of 50 mL prior to
recrystallisation. ” Volume reduced to 60 mL prior to recrystallisation. £ Recycling of waste textile (T-shirt)-PET.

lipid composition of cooking oils* and the superiority of 13 and
14 over both shorter- and longer-chain catalyst homologues. It
is noteworthy that medium chain fatty acids are also obtained
on large scale as a byproduct of palm refining and can also be
produced from the fermentation of a variety of organic waste
streams.”” They are a normal constituent of the human diet
which can improve metabolic function and cognition.*

It is estimated that global production of used cooking oil is
41-67 billion kg, the incorrect disposal of which is an envi-
ronmental hazard.* In this context, it is notable that W-RES-cat
is capable of impressive activity far superior to that associated
with magnesium stearate at loadings as low as 1.5 wt%; which
highlights the considerable promise of waste cooking oil as an
abundant future feedstock for more sustainable PET-glycolysis
catalysts.
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