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Chemical recycling, either upcycling or returning to monomers, is a promising option for deriving value
from plastic waste. Herein, we report two novel methods of upcycling waste polyoxymethylene (POM) to
generate dialkoxymethanes (DAMs) by alcoholysis and cyclic aminals by aminolysis. A range of products

are reported, including dimethoxymethane (DMM) and diethoxymethane (DEM), both of which are used

industrially. Mixed plastic depolymerizations containing POM, both as a contaminant in other systems
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and as the intended substrate with other plastics as contaminants, were also investigated. The selectivity

of four depolymerization reactions with respect to POM is reported alongside the selectivity of POM
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alcoholysis with respect to common contaminants. Finally, two mixed samples of post-consumer plastic
waste containing POM, BPA-PC, and PET were sequentially and selectively degraded.

Constructing a more sustainable plastics economy will play a key role in the transition to a carbon-neutral society, as well as contributing to the fight against the

global plastics pollution crisis. This will require dramatically improved methods to recycle complex mixtures of plastic waste, including the development of
effective chemical recycling - a promising technology for this transition. Research in this area utilising polyoxymethylene (POM) is sparse and we report new
methods to valorize waste POM that are tolerant of mixed plastic feedstocks, with the aim of improving the sustainability of the material's end-of-life treatment.
By developing new, sustainable and scalable industry relevant processes, valorizing waste plastic, and reducing the amount of plastic entering landfill, this work

directly supports SDG-9 (Industry, Innovation, and Infrastructure), SDG-11 (Sustainable Cities and Communities), SDG-12 (Responsible Consumption and

Production), SDG-14 (Life Below Water), and SDG-15 (Life on Land).

Introduction

Plastics are ubiquitous in today's world. The combination of
excellent mechanical properties, high chemical resistance, and
low costs of production have made plastics the materials of
choice for a wide range of applications.® The global plastics
economy, however, is linear rather than circular,®> and is
unsustainable for two major reasons, commonly termed ‘the
plastics problem’. First, the vast majority of plastics are
produced from depleting, non-renewable fossil resources.>*
Second, their current end-of-life treatment has led to a global
plastic pollution crisis.>* In this context, continued reliance on
plastics will require a global transition to a circular plastics
economy, within which drastically improved mechanical and
chemical recycling processes will be key.
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The utility and sustainability of mechanical recycling is
limited by the unavoidable degradation of the recyclate's
material properties.*” To minimise this, high purity feedstocks
can be necessary; for example, even low amounts of poly(vinyl
chloride) (PVC) as a contaminant in an otherwise pure stream of
poly(ethylene terephthalate) (PET) can compromise the quality
of the resulting material.®* Mechanical recycling can therefore
require resource intensive sorting technologies. Chemical
recycling, on the other hand, can produce value-added chem-
icals with no loss of quality.**® The products of chemical recy-
cling can be used as monomers, returning to the original
polymer and closing the loop, or can provide value in other
applications through upcycling to useful, renewable chemical
feedstocks. Chemical recycling methods can also be tolerant of
mixed plastic feedstocks which is of obvious value in simpli-
fying pretreatment and sorting strategies. The area has
accordingly received increased attention in recent years,>" this
research has mostly focused on demonstrating selectivity
among carbonyl-containing polymers."**°

The application of chemical recycling on an industrial scale
is challenged by high energy requirements and the need for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structure and properties of POM.

expensive and precious catalysts.”*” Recent advances have low-
ered these energy requirements and identified cheaper and
milder catalysts to encourage the prospect of chemical recycling
on larger scales. To date, the vast majority of this work has,
understandably, focused on carbonyl containing polymers,
particularly PET,'>*** bisphenol A-based polycarbonate (BPA-
PC),>*** and poly(lactic acid) (PLA).>***=** This focus has left the
chemical recycling of other industrially relevant polymers
comparatively under-studied. One such polymer is polyoxy-
methylene (POM) (Fig. 1).

POM is a highly crystalline engineering thermoplastic
produced from formaldehyde at a scale in excess of 1 Mtpa.**~*
It is commonly used in precisely engineered parts such as gears
and clips and has found extensive use in, for example, the
automotive industry. It is highly chemically resistant and
insoluble in all common solvents.*® POM is typically end-capped
post-polymerisation to increase its thermal stability, as non-
stabilised POM chain-ends undergo endwise decomposition to
formaldehyde under mild heating.*”*® This thermal instability
has limited the mechanical recycling of POM due to the inevi-
table evolution of formaldehyde.***

There are few examples of the chemical recycling of POM in
the literature. A process commercialised in the 1990s decom-
posed POM in a 1: 1 mixture of water and concentrated sulfuric
acid at temperatures up to 135 °C. This process produced
a mixture of formaldehyde and trioxane that was then used to
make virgin POM.*"* Pyrolysis and solvothermal liquefication
have been reported, although selectivities to valuable products
were low.*>** Moore et al. reported the electrochemical depoly-
merization of POM to produce a mixture of formaldehyde,
oxydimethanol, trioxane, and formic acid.*® Milstein et al
recently reported new methods of upcycling the products of
POM degradation following treatment in a solution of 1,4-
dioxane and water at 150 °C using either 7 bar of H, or 2 mol%
of formic acid to produce a mixture of formaldehyde and
methanediol. This mixture was activated by a Mn(i) pincer
complex to produce methanol and CO,, or alternatively, to
methylate various ketones and amines.*® Zhang et al. degraded
POM in the presence of glutaric anhydride to produce a tele-
chelic copolyester in one pot.*” In the most selective example in
the literature, Beydoun and Klankermayer demonstrated
bismuth triflate (Bi(OTf);)-catalysed POM glycolysis using bio-
derived diols to produce a number of cyclic acetals.*® This
work highlighted the potential for the repeat unit of POM to be
used as a C; synthon and prompted us to view the upcycling of
POM as a green alternative to formaldehyde.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Dialkoxymethanes (DAMs), a class of molecules characterised
by two alkoxy groups connected by a methylene bridge, came to
our attention as potential targets for POM upcycling as they have
seen commercial relevance as fuel additives, solvents, and pro-
tecting groups, and are produced industrially through the reac-
tion of formaldehyde and various alcohols.*** Many alternative
routes to DAMs have been reported over the years, replacing
formaldehyde as a methylene source with paraformaldehyde,> >
dibromomethane,>**’ dichloromethane, dimethyl
sulfoxide,**” or carbon dioxide,*® among others.*>”* Herein, we
report, for the first time, the synthesis of DAMs using POM as
a methylene source via Bi(OTf);-catalysed POM alcoholysis.
Having established the utility of this approach using pure POM
feedstocks, we extend the potential usefulness of the reaction by
demonstrating its applicability to feedstocks containing POM as
either a major or minor component of mixed plastic waste.

58-60

Results and discussion
Alcoholysis

It was proposed that the acid-catalysed degradation of POM,
using the conditions reported by Klankermayer and Beydoun,**
could be extended to the synthesis of simple DAMs (Scheme 1).
Initially, we demonstrated methanolysis and ethanolysis to
produce dimethoxymethane (DMM, Scheme 1, 2a) and dieth-
oxymethane (DEM, Scheme 1, 2b). These reactions could be
easily tracked using "H, "*C{'H}, and 2D NMR spectroscopy to
observe the readily identifiable resonances characteristic of the
products’ methylene bridges (spectra shown in ESIf). The
characterisation of the POM used in these experiments is dis-
cussed in the ESI (Section 1.2).17>7

DMM and DEM were key target molecules in this investiga-
tion due to their established industrial applications. DMM, also
known as methylal, has been used as a solvent, fuel additive,
and a replacement for formaldehyde, but its most promising
application has been in the synthesis of oxymethylene dimethyl
ethers (OMEs). OMEs of certain chain lengths (n = 3 to 5) have
very similar properties to diesel fuel and can be used as fuel
additives to supress soot formation without significant engine
modifications.”® DMM was successfully produced from the
methanolysis of POM with a moderate conversion of 63% as
determined by "H NMR spectroscopy with an internal standard.
Attempts to increase this conversion were unsuccessful; the
product's high volatility (BP = 42 °C) may have resulted in losses
post-reaction, which likely led to the conversion being
underestimated.
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Scheme1l Generalised POM alcoholysis to form DAMs alongside results of methanolysis to form DMM (2a) and ethanolysis to form DEM (2b). [a]
— Conversion determined by *H NMR spectroscopy using trimethoxybenzene as an internal standard.

DEM has seen industrial use as a solvent for organometallic
reactions due to its superior hydrophobicity compared to THF
and has been proposed as a replacement for CH,Cl, in phase

transfer reactions.*>**’* DEM was successfully produced from
the ethanolysis of POM with a good conversion of 86% as
determined by "H NMR spectroscopy with an internal standard.
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Scheme 2 Reaction scope of POM alcoholysis. Each example lists the equivalents of alcohol used relative to the polymer repeat unit, the
duration of the reaction, and the conversion determined by *H NMR spectroscopy using trimethoxybenzene as an internal standard. A 5 mol%
Bi(OTf)s loading relative to the polymer repeat unit was used for all reactions. [a] — Highest conversion to 2k observed without the addition of 1,4-

dioxane as a co-solvent. [b] — Discussed in text.
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After the successful demonstration of POM methanolysis
and ethanolysis, the next step was to broaden the substrate
scope. POM alcoholysis was attempted with nineteen substrates
selected to test the system's functional group tolerance (Scheme
2).

Eleven substrates successfully produced DAMs (2a-k),
confirmed by the presence of the characteristic methylene
bridge protons by 'H, ">*C{"H} and 2D NMR spectroscopy with
conversions between 75% and 99%. No side products were
observed in these reactions, although as previously observed by
Klankermayer et al., trioxane and POM oligomers were observed
as intermediate species.*® No conversion to the intended
product was observed for the remaining eight substrates (11-s).

Conversion did not significantly change for either secondary
alcohols (2c¢ and 2f) or bulky primary alcohols (2e and 2g),
showing that the reaction is tolerant to a moderate level of steric
hindrance. 2f took twice as long as 2e to fully consume the solid
polymer, which is likely due to steric effects of the alcohol. The
tertiary alcohol substrate (11) did not form product, presumably
due to steric effects.

The reaction was shown to be tolerant of ethers (2i), nitriles
(2j), and alkenes (2k), but no conversion was observed with the
acid (1p). The alkyne substrate (10) appeared to degrade under
the hot, acidic reaction conditions, as the clear solution rapidly
went black upon heating. Benzyl alcohol (2h) gave the highest
observed conversion, although phenol (1m) showed no
conversion at 24 h. Lactic acid (1q) and two lactate esters (1r and
1s) formed a wide array of side products, including both lactide
and PLA oligomers, without forming the intended products.
Attention is drawn to furfuryl alcohol (1n), which solidified and
began to swell only minutes after heating began, yielding an
insoluble black solid. Furfuryl alcohol has been shown to
rapidly auto-polymerize and uncontrollably cross-link under
acidic conditions,” which explained the observed behaviour.
Some of the intended products that were not formed in this
work have been successfully synthesised by other methods (11-
0),7>°%%%%” put publications reporting production of the lighter
DAMs from simple alcohols (2a-c) are rare.**”

A range of factors were investigated for ethanolysis in order
to optimise reaction conditions. A small screen of co-solvents
deemed likely to solubilise POM oligomers was conducted
(Table S21). No significant difference was observed between
reactions in 2-MeTHF, THF, and without the addition of a co-
solvent, although all were notably slower than in 1,4-dioxane.
The effect of catalyst loading was investigated (Table S37). A ten-

(e} o OH
)j\o'{'\o%\oj\ " Ho_A_oH
n
Polyoxymethylene Glycerol
POM 1t
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fold drop in catalyst loading, from 5 mol% to 0.5 mol%, led to
an increase in reaction time from two to five hours, and at
0.1 mol%, the reaction took 22 hours. The effect of alcohol
excess relative to the polymer repeat unit was investigated
(Table S4t). Loadings from 3:1 up to 20:1 showed no signifi-
cant difference in reaction performance, but below 3:1,
conversion dropped noticeably. This observation suggested that
a lower excess of alcohol could be used without affecting the
reaction.

To improve the sustainability of the process, ‘reuse’ of the
Bi(OTf); catalyst was investigated. Bi(OTf); is an extremely
hygroscopic solid, which makes recycling by isolation and
subsequent reuse challenging, particularly on the lab scale. A
semi-continuous process, in which the reaction vessel is reloa-
ded with reagents has shown promise in a previous study.*® A
large scale POM ethanolysis reaction was reloaded twice with
POM and ethanol (see ESI Section 1.7, Table S51) over the
course of three days without additional catalyst. Conversions
were low (52% initially, falling to 33% upon second reloading,
41% overall), but this may be due to poor stirring and mass
transfer. Future work will build on these findings and seek to
further improve the sustainability of POM alcoholysis through
catalyst recycling.

While isolation of products 2a-k in high yield is possible,
due to the products’ general lack of functionality and tendency
to form azeotropes, most would require distillation procedures
beyond the scope of this preliminary investigation.**’*”® To
exemplify product isolation, 2k was produced on a five-gram of
POM scale and isolated via a silica plug. In this example,
a conversion of 42%, resulted in an isolated yield of 40%
demonstrating the general feasibility of this approach.

To further test the scope of the reaction, POM degradation
using glycerol was demonstrated (Scheme 3). This reaction
produces a mixture of two isomers known together as glycerol
formal (2t) with a conversion of 63%. Glycerol formal is
a commercially available mixture, the properties and broad
industrial applications of which have been well described
elsewhere.”””” A 3:2 molar ratio of the six-membered ring
isomer to the five-membered ring isomer was observed which is
consistent with other studies in the literature.”®*°

Aminolysis

To further explore the utility of acid-catalysed POM degrada-
tion, aminolysis to produce cyclic aminals was also attempted
(Scheme 4). Cyclic aminals are rarely discussed in the literature

Bi(OTf); N
(5 mol%) o0 . OAO

-n H,O KH \_K'

130 °C OH OH

Glycerol Formal
2t
1.2eq.-5h
63%

Scheme 3 POM degradation with glycerol without the addition of a co-solvent to form glycerol formal, a mixture of five- and six-membered
ring isomers. Conversion measured by *H NMR spectroscopy with trimethoxybenzene as an internal standard.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Reaction scope of POM aminolysis. Each example lists the diamine equivalency used, reaction time, and the highest conversion

achieved. A 15 mol% TfOH loading was used for all scope reactions. [a] —

Conversion estimated by relative *H NMR integrations of the product

and starting materials. [b] — Conversion determined by *H NMR spectroscopy using trimethoxybenzene as an internal standard. [c] — Reaction
conducted in DMSO rather than 1,4-dioxane, allowing for resolution of the diagnostic methylene bridge peak.

but have been described as biologically important and have
seen use as pharmaceutical intermediates and as starting
materials for herbicide additives.*"** Initial attempts at POM
aminolysis used optimised alcoholysis conditions (5 mol%
Bi(OTf);, 100 °C) and were unsuccessful. Typically, a rapid
colour change to dark brown was observed upon addition of the
diamines to solutions containing Bi(OTf);, and none of the ex-
pected products were identified. It was found, however, that
POM aminolysis proceeded at 130 °C using TfOH as a catalyst
(15 mol% relative to polymer repeat unit) in place of Bi(OTf)s.

POM aminolysis was attempted with nine substrates. Five
cyclic aminals were successfully produced (4a—e) with moderate
to low conversions. Four substrates showed no conversion to
product (3f-i). Cyclic aminals have been shown to be unstable in
acidic media.*® This instability likely contributes to the low
conversions observed. The characteristic methylene bridge
signals were found in the region of ~3.6 ppm in the "H NMR
spectrum and were strongly overlapped by the peak corre-
sponding to the reaction solvent, 1,4-dioxane. Clearer detection
of some of the products was achieved by substituting 1,4-
dioxane for DMSO, although this change resulted in lower
conversions. Notable is the success of a secondary amine
substrate to form an asymmetric aminal product (4d) contain-
ing a tertiary amine. As predicted, due to the Thorpe-Ingold
effect, the bulkier diamine substrates were able to cyclise more
easily with higher conversions. The lack of observed conversion
to product for substrates 3f and 3g suggested that six-
membered products were more easily formed than five-
membered. This effect has also been observed in the forma-
tion of cyclic carbonates via glycolysis of BPA-PC.**

M8 | RSC Sustainability, 2025, 3, M4-1121

POM alcoholysis of mixed plastic feedstocks

There is currently little understanding in the literature of the
behaviour of POM in mixed plastic feedstock degradations.
However, in developing industrially relevant processes, it is
important to understand both the effect of contamination from
other plastics in POM valorization and the effect of POM as
a contaminant in the chemical recycling of other plastics. The
compatibility of POM with various other plastics and degrada-
tion conditions was investigated, the results of which are shown
in Fig. 2.

POM was found to be stable under the conditions chosen
(see Fig. 2 caption) for BPA-PC glycolysis and PLA methanolysis
with no mass loss being observed. No POM was recovered after
reacting under PET or poly(butylene terephthalate) (PBT)
glycolysis conditions, and traces of 1,3-dioxolane were observed
by "H NMR spectroscopy. It was therefore concluded that POM
is unstable under PET and PBT glycolysis conditions. End-
capped POM is reported to be stable up to only approximately
160 °C,*® and given that the conditions for PET and PBT
glycolysis require 180 °C, it is likely that the majority of the POM
degraded to formaldehyde.

The conditions for POM alcoholysis were not found to be
selective with respect to BPA-PC or PLA and partially degraded
both polymers. The conditions were selective with respect to
PET, PBT, PE, PP, and PVC, as no mass loss of any contaminant
was observed.

To demonstrate the utility of the selectivities described in
Fig. 2, two mixed samples of post-consumer plastic waste con-
taining POM were sequentially degraded. The first was a sample

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Results of depolymerizations with POM as a contaminant (top) and POM depolymerizations with other contaminants (bottom). ‘Yes', in
red, signifies undesired degradation of the contaminant, and that the reaction is not selective. ‘No', in green, signifies that the contaminant was
not degraded, and that the reaction is selective. The conditions and catalyst used for BPA-PC glycolysis, PLA methanolysis, and PET glycolysis are
from previous work.?¢ [a] — BPA-PC glycolysis conditions: 1.3 mol% Zn half-salan complex (Zn(BAP),),1 1.2 equiv. rac-1,3-butanediol, 5 mL 2-

MeTHF, 75 °C.2¢ [b] -

1,4-dioxane, 100 °C.

BPA
96%!°!

POM

2 PA A 02489 T
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Glycolysis!al
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PLA methanolysis conditions: 0.72 mol% Zn half-salan complex (Zn(BAP),),1 7 equiv. MeOH, 4 mL THF, 50 °C.2¢ [c] — PET
glycolysis conditions: 1.3 mol% Zn half-salan complex (Zn(BAP),),{ 20.6 equiv. ethylene glycol, 180 °C.2¢ [d] —
Zn half-salan complex (Zn(BAP),),1 20.6 equiv. 1,4-butanediol, 180 °C. [e] -

PBT glycolysis conditions: 1.3 mol%
POM alcoholysis conditions: 5 mol% Bi(OTf)z, 10 equiv. EtOH, 5 mL
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Fig. 3 Sequential chemical recycling of two mixed samples of post-consumer plastic waste containing POM. The first (upper) shows: (i) sources
of BPA-PC and POM, (ii) plastic pre-reaction, (iii) untouched POM after full consumption of the BPA-PC to produce BPA, and (iv) empty flask after
full consumption of the POM to produce DEM. The second (lower) shows: (v) sources of POM and PET, (vi) plastic pre-reaction, (vii) untouched
PET after full consumption of the POM to produce DEM, and (viii) the empty flask after full consumption of PET to produce bis(2-hydroxyethyl)
terephthalate (BHET). [a] — BPA-PC glycolysis conditions: 1.3 mol% Zn half-salan complex (Zn(BAP),),i 1.2 equiv. rac-1,3-butanediol, 5 mL 2-
MeTHF, 75 °C.?¢ [b] — Optimised POM alcoholysis conditions: 1 mol% Bi(OTf)s, 3 equiv. EtOH, 5 mL 1,4-dioxane, 100 °C. [c] — Conversion
determined by *H NMR spectroscopy using trimethoxybenzene as an internal standard. [d] — PET glycolysis conditions: 1.3 mol% Zn half-salan

complex (Zn(BAP),),1 20.6 equiv. ethylene glycol, 180 °C.?¢

containing BPA-PC from a broken pair of safety glasses and
POM from a broken glassware clip (Fig. 3, top). The BPA-PC was
depolymerized with a conversion to BPA of 96%, and no mass
loss of POM was observed. The remaining POM was washed,
dried, and underwent ethanolysis to produce DEM with
a conversion of 75%. The second was a sample containing POM
from a broken glassware clip and PET from a soft drink bottle
(Fig. 3, bottom). The POM underwent ethanolysis to produce
DEM with a conversion of 85%, and no mass loss of PET was

1 Zn(BAP), refers to a Zn half-salan complex reported by Jones et al.,*® see Fig. S1
(ESI).t

© 2025 The Author(s). Published by the Royal Society of Chemistry

observed. The remaining PET was washed, dried, and depoly-
merized by glycolysis to produce bis(2-hydroxyethyl) tere-
phthalate (BHET) with a conversion of 82%. These experiments
demonstrate the value of establishing relative selectivities in
order to design sequential chemical processes for chemical
valorization and potentially simplify pretreatment and sorting
strategies for mixed plastic waste.

Conclusion

In summary, two novel methods of chemically recycling POM
that harness the polymer's repeat unit as a C; synthon have
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been reported. The first produced dialkoxymethanes, an
industrially relevant class of compounds that have not previ-
ously been synthesised from plastic waste. The second
produced cyclic aminals which have seen modest application to
date but have not been previously synthesised from plastic
waste. The behaviour of POM in mixed plastic chemical recy-
cling systems was established for the first time, with the selec-
tivity of POM alcoholysis with respect to a number of
contaminants reported. These relative selectivities were exploi-
ted to demonstrate the sequential chemical recycling of two
mixed samples of post-consumer plastic waste containing POM,
illustrating the promise of chemical recycling strategies as
a potential solution to help alleviate ‘the plastics problem’.
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