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Chemical degradation of oxygenated polymers: the
case of polyethers and polysiloxanes
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Plastics have become ubiquitous and indispensable in our daily lives since their invention at the beginning of
the 20th century. As a result, millions of tonnes of plastic waste are produced every year and efforts to
reduce their environmental impact are increasing. Most of the efforts have logically been devoted to
tackling the plastic wastes with the highest volume, namely polyolefins and polyesters, as is reflected in
the scientific and patent literature. In this review we have focused on a less studied class of polymer
wastes, polyethers and polysiloxanes, both consisting of monomeric units linked by oxygen atoms. The
most representative examples of chemical degradation of these materials at laboratory and industrial
scales are presented and their reaction mechanisms are discussed.

The continuous accumulation of plastic waste is one of the greatest environmental consequences of human activity on Earth and needs to be addressed urgently.

Many researchers, both in industry and academia, have made commendable efforts to chemically recycle plastic waste, focusing mainly on polyolefins and
polyesters, as these represent the largest volume. However, another important class of synthetic polymers, namely polyethers and silicones, has escaped the
spotlight. Therefore, a literature review is needed to present the latest academic and industrial advances in their chemical degradation. The research efforts
summarised in this review are aimed at achieving the UN SDGs: Responsible consumption and production, Sustainable cities and communities, Life below

water, Life on land and Climate action.

1 Introduction

From the development of Bakelite, the first fully synthetic
thermosetting plastic, by the Belgian chemist Leo H. Baekeland
in 1907, the plastics industry grew dramatically over the
following four decades. Important milestones were achieved by
industrial and academic researchers, such as Wallace H. Car-
others, who contributed to the development of polyamides and
polyesters, and Karl Ziegler and Giulio Natta, whose discoveries
revolutionized the polyolefins field. Furthermore, during World
War II, significant efforts were made to replace natural poly-
mers such as rubber, which led to the development of
numerous applications.”

Since 1950, the global production of plastics has experienced
exponential growth, resulting in an enormous amount of plastic
waste. It is projected that by 2025, the amount of plastic waste
generated will exceed 10 000 million metric tons.> Worryingly,
around 80% of polymer waste ends up in the environment,
either in landfills or contaminating land and marine ecosys-
tems, while a further 10% is incinerated, polluting the atmo-
sphere.* The ubiquity of plastic waste, in particular of
microplastic particles (<5 nm), their resistance to degradation
and their high mobility have made them “technofossils” that
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define the beginning of the Anthropocene, the ongoing unit in
the geological time scale that marks the consequences of
human activity on Earth.>® These activities obviously have had
a terrible impact on the environment and need to be addressed
urgently.

Less than 10% of all discarded plastic is recycled, mostly
mechanically, to manufacture lower quality plastic products.
Only a minute fraction of the waste (around 1%) is chemically
degraded to produce lower molecular weight compounds or
monomers that can be cycled back into the parent polymers or
upcycled into products with higher functionality or market
value.”

As of 2022, of the 400 million Mt per year of plastics
produced globally,® more than 75% consists of those with a C-C
backbone, namely polyolefins, including HDPE, LDPE, LLDPE,
PP, PS and PVC. The second most important type of polymer is
polyethers with 10.2% of the total.* A recent algorithmic liter-
ature analysis on catalytic plastics treatment by Pérez-Ramirez
and colleagues has shown that, as expected, the most targeted
plastics are LDPE, HDPE, PP and PET, in line with their high
production volumes.”

Other important groups of polymers, namely those consist-
ing of monomers linked by non-carbonylic oxygen atoms (X-O-
X), which include polyethers (X = alkyl or aryl) and silicones (X
= SiR,), have fallen out of the spotlight.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Polyethers, especially polyols, are the main component of
most polyurethane foams and adhesives, which are the third
most common type of plastic, with total annual production of
around 27 Mt per year in 2019, and an annual growth rate of
4%.7° Virtually all chemical recycling methods for thermoset
polyurethanes result in the recovery of the parent polyol after
solvolysis (glycolysis, acidolysis, hydrolysis or aminolysis) of the
urethane hard domains, while further depolymerisation of the
polyether is never pursued.®™

Silicones are organosiloxane polymers that are ubiquitous in
our daily lives, widely used in household appliances and many
technical sectors.*® The estimated global production of silicones
in 2020 was over 8 million tonnes,' which although only about
a third of the global production of PET,” is still an amount that
should not be overlooked. It is important to note that the
driving force behind the recycling of silicones is not the envi-
ronmental impact they may cause at the end of their life, but
rather the nature of their raw materials and how they are
produced. The precursors of all commercial silicones today are
methylchlorosilanes, mainly (CH;),SiCl,, produced by what is
known as “direct synthesis” (also known as the Miiller-Rochow
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process), discovered independently in the 1940s by R. Miiller at
the Chemische Fabrik von Heyden in Radebeul/Dresden,** and
E. G. Rochow at General Electric Co.*>*® The original process, as
described by Rochow, consisted of passing gaseous mixture of
hydrogen chloride and chloromethane over a Si/Cu alloy in
a oven at 370 °C, and has not changed much since."” The
metallurgical silicon required for this process is obtained by
carbothermic reduction of quartz at 2000 °C,*® which has
a significant carbon footprint and energy consumption of
around 10 kW h kg™ ".** With an estimated volume of 6 million
Mt in 2021, China is the largest producer of silicon. Russia, in
the second place, is an order of magnitude lower at 580 000
Mt.* Therefore, any geopolitical turmoil that could affect the
global distribution chain of this valuable raw material will
certainly be followed by a crisis in the silicones sector.

With this in mind, we have compiled the present review of the
most representative advances in the chemical degradation of
these two important types of oxygenated polymers. We have paid
attention not only to academic (laboratory scale) methods, as re-
ported in scientific journals, but also to processes with (potential)
industrial relevance, as attested in the patent literature.

It should be noted that this review focuses exclusively on the
chemical degradation processes of traditional polymers,
excluding those materials in which reactive moieties have been
introduced at the monomer stage in order to obtain depoly-
merisable materials.

2 Depolymerization of polyethers

Polyethers, as considered here, are homopolymers or copoly-
mers in which the repeating units are linked by ether linkages,
C-O-C. There the carbon atom is either aromatic (sp”) or
aliphatic (sp®) and the oxygen atom is of the alkoxy or aryloxy
type. Depolymerization methods of polyethers require the acti-
vation and cleavage of C-O bonds, which remains a challenge
due to the high dissociation energies of single C-O bonds in
organic compounds.”*®* Therefore, most reports of ether
cleavage involve the use of catalysts.
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The most prominent polyethers discussed in this review are
polyethylene glycol (PEG), polypropylene glycol (PPG), poly(-
tetrahydrofuran) (PTHF), polyphenylene ether (PPE), polyether
ether ketone (PEEK), and epoxy resins. Typically, plastics
recycling and depolymerization efforts are driven by environ-
mental concerns. However, prominent polyethers such as PEG
and PPG have rarely been investigated as wastewater contam-
inants due to their low toxicity.”® PEG is widely used in the
textile, polishing, toiletry, cosmetic, pharmaceutical, and food
industries from some of which it can be easily introduced into
wastewater.”>** However, the pollution by other polyethers
such as epoxy resins, which contain additives hazardous to
health and environment, are deeply concerning, and have
largely motivated the search for greener end-of-life manage-
ment options.***

Topics related to the biodegradation of polyethers, the
breakdown of polyethers containing ester groups, and the
depolymerization of natural polyethers such as lignin are
reviewed elsewhere and are not covered in this review.

Depolymerization into valuable chemicals is more desirable
than complete degradation (to the original monomer) because
it is economically attractive and less laborious. Important
examples were provided by Yang et al. who first reported cata-
lysed depolymerization of polyethers to valuable chemicals via
esterification in 1993.>° The Enthaler group has extensively
investigated polyether depolymerization using homogeneous
iron and zinc catalysts added as inexpensive salts. Their appli-
cation to the synthesis of chloroesters, diesters, and the reverse
polymerization of PTHF was studied.”** Following these pio-
neering reports, the Jitsukawa group investigated not only the
application of cation-exchanged montmorillonites to the
synthesis of chloroesters and diesters, but also the C-C cleavage
to tetralin derivatives.***® Recent publications have investigated
the depolymerization of arene-containing polyether
compounds.’~** Since catalysis is the key technique for poly-
ether depolymerization, this review will address the substrate
scope as well as the mechanism of catalysed depolymerizations.

2.1. Depolymerization via advanced oxidation processes

In a comparative study of physicochemical methods for PEG
removal from wastewater by Vocciante et al.,”* Fenton oxidation
and ozonization were compared as depolymerization processes
in terms of effectiveness, economic cost, and environmental
side effects.”® Degradation of PEG-1450 and PEG-8000 was
monitored by molecular weight and total carbon content (TOC).
TOC is the indicator of the total degradation of contaminants in
water to water and carbon dioxide. Although ozone is a powerful
oxidant, it cannot be stored and must be generated before use.
The molecular weight of PEG is mainly reduced by the ozoni-
zation process and rarely completely removed. In Fenton
oxidation, the contaminant is reduced by the strong oxidant
hydroxyl radicals catalytically formed by Fe(u) species and the
consumption of hydrogen peroxide via a well-known reaction
mechanism:

Fe' + H,0, — Fe' + OH™ + HO"
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Fe"' + H,0,—Fe'' + H' + HO;
Fe'" 4+ HO; —»Fe" + H" 4+ O,
HO' + Fe"" — OH™ + Fe'!

HO. + H,0,—H,0 + H02

Ferric hydroxide (Fe(OH);) is formed if the solution is not
sufficiently acidic. In Fenton oxidation, 86-96% of 1 ¢ L' PEG
was degraded within one hour, but high Fe(u) concentrations of
3.5 g L™ " were required. At this relative amount, a significant
amount of iron hydroxide sludge was formed, requiring addi-
tional purification steps. Both oxidation processes produce
many by-products that are more hazardous than PEG, causing
further disposal problems. In addition, the by-products pose
other hazards that would be caused by accidental loss of
containment.?**

The photoinitiated photodegradation of PEGs (photolysis)
with FeCl; and UV light, among others, was found as a side
observation during the investigations of the respective coordi-
nation complexes. PEG photolysis is caused by the formation of
chlorine radicals that abstract a hydrogen from the methylene
groups in the polymer chain (PH), resulting in a polymeric alkyl
radical (P°). These polymeric radical can further react with
oxygen to generate polymeric alkylperoxy open-shell species:**

Fe**(CIN), + v = Fe**(Cl7),_;-CI' — Fe?*(Cl7),_, + CI'
PH + CI' — P’ + HCI

P+ O, —» POO’

Alkylperoxy radicals can further react with a H donor to form
hydroperoxyl species (POOH) which can form photolabile
complexes with Fe(n) and Fe(i) ions, releasing alkylperoxy and
alkyloxy radicals, leading to the eventual destruction of the
polyether chains. As mentioned before, the aim of advanced
oxidation processes is to eliminate polyether pollutants rather
than convert them into valuable chemicals, which makes it
economically unattractive as a depolymerisation method.

2.2. Conversion to chlorinated esters

The depolymerisation of polyethers to chloroesters has been the
subject of much research. The chloroesters can be converted to
vinyl esters, which are valuable monomers for subsequent
polymerisations. Enthaler's group first investigated the
synthesis of chloroesters from polyethers using zinc and iron
salts as precatalysts in homogeneous processes.> >

The use of cheap and abundant transition metals, as well as
not having to use solvents or inert gases, are major advantages
of these reactions. Depolymerisation with acid chlorides, such
as benzoyl chloride derivatives and fatty acid chlorides, result-
ing in chloroesters, proved to be the most efficient

© 2024 The Author(s). Published by the Royal Society of Chemistry
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depolymerisation method in their work, giving high yields of
chloroesters of up to 95%.*>*" It has been found that a variety of
precatalysts provide active zinc and iron catalysts for the
depolymerisation of tetraethylene glycol with benzoyl chloride
at 130 °C (Table 1) as a model reaction. Catalyst activity is
measured by the yields at constant reaction conditions. Zinc(u)
chloride (ZnCl,) and iron(u) chloride (FeCl,-4H,0) were found
to provide the most active catalysts (entries 1 and 9). Methyl
benzoate is obtained as a by-product. Good yields are also ob-
tained with zinc(u) tetrafluoroborate (Zn(BF,),) and iron(m)
chloride (FeCl;). Lower to moderate yields were obtained with
the other halide and perchlorate salts. The metallo-organic salts
zinc(u) acetate (Zn(OAc),) and zinc(u) acetylacetonate
(zn(acac),) provide a working catalyst, although low yields are
obtained. With the zinc catalysts the reaction only takes place at
a temperature of 130 °C, whereas with the iron catalysts the
reaction still takes place at 60 °C with a lower yield, although
good yields can be obtained at 100 °C.>*3*

The Jitsukawa group has reported using montmorillonite as
a heterogeneous catalyst to synthesise chloroesters by depoly-
merising polyethers.*® Montmorillonite (Nag ¢s(OH),Sig(Als 34
Mgy 66F€0.10)020) is a negatively charged layered clay material
with two characteristics that make it attractive for heteroge-
neous catalysts. First, the interlayer Na cations are readily
exchanged for protons and various metal cations with high
catalytic activity for various organic transformations. Secondly,
in polar media, a confined reaction space is created by the
widening interlayer gallery, which allows the intercalation of
molecules.””** Proton-exchanged montmorillonite (H-mont) is
prepared by treating the parent montmorillonite with HCI. H-
mont, the parent montmorillonite and other commercially
available solid acid catalysts such as Amberlyst 36, Nafion NR
50, H-USY and H-mordenite were tested in the depolymerisa-
tion of PEG 350 with benzyl chloride as nucleophile (Table 2,
entries 7-12). In terms of yield, H-mordenite is superior to the

Table 1 Zinc and iron pre-catalysts used for the depolymerisation of
tetraethylene glycol dimethyl ether (tetraglyme) to benzoyl chloride

9 [o)
~ 0, _Smol % [Zn/Fe] o A~
OPV]? " ©)‘\C1 neat, 130 °C, 24h 0 + OMe

Entry Pre-catalyst Yield (%)
1 ZnCl, 84
2 ZnBr, 61
3 Zn(Cl0,),-6H,0 63
4 Zn(0Ac), 19
5 Zn(acac),-H,O 17
6 Zn(BF,), 82
7 ZnO 71
8 Zn(OTf), 75
9 FeCl,-4H,0 87
10 FeBr, 69
11 Fe(ClO,),-H,0 71
12 Fe(ClO,);-4H,0 73
13 FeCl, 81

© 2024 The Author(s). Published by the Royal Society of Chemistry
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other solid acid catalysts. The advantage of the heterogeneous
H-mordenite over the homogeneous Zn and Fe catalysts is the
recyclability of the H-mordenite without loss of activity.** An
interlayer spacing of 2.6-2.8 A has been determined for H-mont
by XRD measurements. Treatment with PEG increases the
interlayer distance to 12 A.3*3%% It is worth noting that in these
experiments the same amount per subunit of PEG was used
with Mn = 8000 and Mn = 2000 000, resulting in the same
interlayer distance.*®** The authors concluded that the PEG
chains extend into the interlayer by intercalation, based on IR
spectroscopy measurements.***%*’

Using benzoyl chloride as a nucleophile and reaction
temperatures of 130 °C for the Zn-catalysed, 100 °C for the Fe-
catalysed and 100 °C for the H-mont catalysed depolymerisa-
tion reaction, several neat polyethers were investigated (Table
2). Regardless of the end group of the polyether, the same
chloroester is obtained. The length of the chloroalkyl chain
depends on the length of the alkyl chain between the ether
linkages. Yields were mostly between 70% and 90% for all
catalyst systems. The Enthaler group carried out experiments
with Zn and Fe catalysts for the synthesis of chloroesters from
oligomeric PEG (entries 1-8 and 14-16). For the synthesis of
chloroesters from high molecular weight PEGs (8000-2 000 000,
entries 17-22), Zn catalysts proved to be more effective than Fe
catalysts. H-mont gave yields in a similar range. A trend seems
to exist where the use of an Fe catalyst in the degradation
process of polymeric PEG (entries 19 and 21) gives higher yields
of 89-95% compared to oligomeric PEG (73-81%, entries 2, 4, 6
and 10). No similar trend is evident with the use of a Zn catalyst.
The Zn catalyst gave higher PPG depolymerisation yields than
the Fe or H-mont catalysts (entries 26-28). The homogeneous
catalyst systems have demonstrated high efficacy for PTHF
depolymerisation (92%), although H-montmorillonite performs
relatively poorly for PPG and PEG depolymerisation (63%). As
there is no observed correlation for various end groups, such as
hydroxyl and methyl groups, the Triton X-100 end group (entries
29 and 30), Polysorbate 20 (entry 31) and polyethylene glycol
monolaurate (entry 32), it can be inferred that the esterification
process may be tolerant of a range of end groups in polyethers.
The ese results demonstrate a lack of general superiority for
either catalyst in depolymerization with benzoyl chloride as
a nucleophile. Instead, their effectiveness relies on the specific
polyether substrate and acid chloride used. Further variations
of the latter can be found in Table 3.

The use of 4-chloro- and 4-methylbenzoyl chloride for the
depolymerisation of PEG or PTHF showed almost identical
yields for all catalysts compared to the yields resulting from the
reaction with benzoyl chloride. The easy accessibility of fatty
acid chlorides and their potential to link unsaturated fatty acids
made the use of fatty acid chlorides attractive. The Zn and Fe
catalysts were examined using both saturated and unsaturated
acid chlorides, including capric acid chloride, lauroyl chloride,
myristoyl acid, palmitoyl chloride, 10-undecanoyl chloride,
oleic acid chloride, and linoleic acid chloride (entries 12-22).
Depolymerization catalysis with the Zn-system resulted in
higher yields (91-94%) than the Fe system (75-82%) when using
saturated fatty acids. The Zn-catalysed system is ineffective for

RSC Sustainability, 2024, 2,1904-1929 | 1907


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4su00093e

Open Access Article. Published on 27 May 2024. Downloaded on 6/28/2026 12:04:42 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Sustainability

View Article Online

Tutorial Review

Table 2 Substrate scope for Zn,?® Fe,** and H-mont** catalysed depolymerisation of polyethers using benzoyl chloride as nucleophile

Entry Substrate Mn Product (pre)catalyst Yield (%)
1
R ZnCl, 72
2 FeCl, 79
3 n= ZnCl, 69
4 FeCl, 81
5 o {\A % n=4 ZnCl, 81
- o
6 . FeCl, 78
7 350 H-mont 75
8 Amberlyst 36 72
9 Nafion NR 50 39
10 H-USY 12
11 o H-mordenite 4
12 ph)J\O/\/C‘ H-mont 0
13 o ZnCl, 79
14 G'A ﬁo FeCl, 82
o o)
P
1
5 W ZnCl, 83
16 FeCl, 73
17 o " 8000 H-mont 80
18 {‘AO} 100 000 ZnCl, 70
19 FeCl, 89
20 1000000 ZnCl, 78
21 FeCl, 95
22 2000 000 H-mont 81
23 0 ZnCl, 92
HO. H 100
24 WL/\AO} 0 g~ FeCl, 92
25 2000 H-mont 63
26 o 0 ZnCl, 81
o HO{\AO}” 2500 A, )ko/\ra FeCL, 63
28 ’ 2700 H-mont 71
29 o ‘%/\ }H ZnCl, 86
30 /gp/ L n = 10 (Triton X-100) FeCl, 91
o]
O{\/\OM )(L
OH Cl
™ @0“{ WHx+y+z=20 L H-mont 77
o 0/\710H
" ok/d :
o]
HO.
32 {\Ao]k% n=10 H-mont 84

unsaturated fatty acid chlorides, as well as the Fe-catalysed
system except for oleic acid chloride (39%). An additional
experiment was conducted using polyethers for depolymeriza-
tion with myristoyl chloride as a nucleophile in homogeneous
systems. As for the results of depolymerization with benzoyl
chloride, there is a discernible trend concerning catalyst activity
for the scope employing myristoyl chloride. Generally, markedly
superior yields were achieved by implementing the Zn catalyst
(83-92%) in comparison to the Fe catalyst (56-77%), with the
exception of the depolymerization of Triton X-100 (96%).
Esterification mechanisms (see Fig. 1 and 2)**** have been
proposed for both homogeneous catalytic systems. The first
step in both cases involves coordinating the oxygen function-
ality to the metal centre (A), resulting in the activation of the
carbon atom bound to oxygen. The bond between the C and O
atoms in the ether is cleaved by the nucleophilic attack of

1908 | RSC Sustainability, 2024, 2, 1904-1929

a chloride ion on the activated (electrophilic) carbon atom (see
Fig. 1C and 2B). In the case of iron, a metal alkoxide and alkyl
chloride are formed (see Fig. 2C), whereas an ester compound is
formed by reaction between the iron alkoxide and an acid
chloride via intermediate D. During this reaction, abstraction of
the reactant chlorides regenerates complex A. In both mecha-
nisms, the alkyl chloride and ester coordinate back to the
complex to feed the catalytic system until they react to provide
monomeric esters.

The mechanism of the reaction with H-montmorillonite
differs from that of its homogeneous counterparts, although,
it also relies on the nucleophilic attack of chloride ions to the
electrophilic carbon adjacent to the oxygen atom (Fig. 3).**

The active species for catalysis is the interlayered proton in
H-montmorillonite. This inference stems from XRD measure-
ments and the suppressed reaction when 2,6-lutidine, which

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Scope of polyethers for Zn,?® Fe,** and H-mont* catalysed depolymerisation with myristoyl chloride as nucleophile

ntry olyether eagent n roduct re-) catalyst ie o
E Polyeth R M Prod P | Yield (%
1 /OJ[AO]L o 350 o H-mont 78

" A~ _Cl
2 /©)kc' /©)k° ZnCl, 87
3 FeCl, 91

100 000
4 Ho{\ﬁo}H ZnCl, 91
5 " FeCl, 89
(o]
6 0 350 D*owa H-mont 80
7 o . “ 2000 o H-mont 81
3 Woi 1000 /©)J\O/\/\/CI ZnCIz 85
9 cl FeCl, 92
(o]

10 /OJerJf 0 350 Hga H-mont 76

" A

]
11 “"{\/\Ao}” 2000 M H-mont 63
12 0 0 ZnCl, 92
13 CQH..,ACI CQH,‘,)kO/\/CI FeCl, 78
13 9 o ZnCl, 92
14 Cute C“HB)J\O/\/C] FeCl, 77
15 300 ZnCl 91
HO. H 0 Q ntl,
16 {\A"} clSHX,)J\CI clsHﬂ)J\o/\/C‘ FeCl, 72
17 ZnCl, 94
18 FeCl, 82
19 1000 ZnCl, 91
20 1 FeCl, 69
21 1000 000 Cut” o™ ZnCl, 90
22 FeCl, 56
23 o {\A }H ZnCl, 92
24 % 0 n = 10 (Triton X-100 FeCl, 96
C3H. )k()l
13427
25 0 ZnCl, 90
HO. H
o {\/\AO} 1000 NP SN FeCl, 57
27 o ZnCl, 83
28 " {\)\ }H C”HN)J\OJvCI FeCl, 77
(¢}
" 2500 0

interacts with Brgnsted but not Lewis acid sites, is added, thus
rendering the parent montmorillonite inactive. The proposed
reaction mechanism commences with the activation of acyl
chloride into an acyl cation on Brgnsted acid sites, as illustrated
in Fig. 3. Acyl cations are formed, which are then attacked by the
free electron pair of oxygen in the C-O bond of the polyether.
This results in the generation of corresponding oxonium
cations. The C-O bond of the polyether is cleaved through the
attack of the chloride anion, regenerating the montmorillonite
interlayer space and forming chloroalkyl and ester fragments,
which will eventually produce the corresponding chloroesters
via transesterification.

2.3. Conversion to glycol derivatives

2.3.1. Depolymerization to glycol diesters. Early works of
Williams and co-workers describe the depolymerisation Glycol
diesters serve as valuable solvents and synthetic intermediates

© 2024 The Author(s). Published by the Royal Society of Chemistry
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for various applications.** Carboxylic acids and anhydrides can
be used as reagents in the synthesis of glycol diesters from
polyethers (Fig. 4). The first report of successful production of
diesters from PEG, polyethylene triol and PTHF was detailed in
a patent by Yang and collaborators.’® Using a precatalyst
mixture of ZnBr,, ZnCl,, SnCl,, FeCl, and AICl; at 140 °C with
different time intervals for each experiment.

Enthaler and co-workers also reported successful depoly-
merisations using zinc(u) triflate, Zn(OTf),, as a precatalyst with
acetic anhydride, hexanoic acid and hexanoic acid anhydride to
give glycol diesters (Table 4). However, depolymerisation of
polyethers to glycol esters with Zn catalyst is less efficient than
depolymerisation to chloroesters. Although various Zn salts
were examined for the depolymerisation of the tetraglyme
oligomer, high yields were only achieved with Zn(OTf), (88%)
and the next highest yield was with ZnCl, at 12%. Moderate
yields (18-45%) were obtained in the synthesis of glycol ester
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Fig. 1 Proposed catalytic cycle for the zinc-catalysed depolymerisa-
tion of polyethers to chloroesters (reprinted with permission from
Wiley, ©2012).#
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Fig. 2 Proposed catalytic cycle for the iron-catalysed depolymerisa-
tion of polyethers to chloroesters (reprinted with permission from
Wiley, ©2012).**

using PEG and PPG, acetic anhydride, and hexanoic acid. Good
yields (59-71%) were obtained in the depolymerisation of PTHF
using acetic anhydride (Ac,0), hexanoic anhydride and hex-
anoic acid as depolymerisation reagents.*

The H-mont catalyst described by Jitsukawa has been
extensively studied due to its significantly higher activity in the
production of glycol diesters compared to Zn and Fe catalysts.
Table 5 shows the results of the tests carried out on commer-
cially available acid catalysts, namely Amberlyst 36, Amberlyst
15, Nafion NR50 and other ion-exchanged montmorillonite
catalysts, for the reaction with the oligomer tetraethylene glycol
and benzoic anhydride (Ph,0) or acetic acid (AcOH).>***

It was found that H-mont gave moderate results after 1-2
hours and good yields after 5 hours or 24 hours (entries 1, 2, 8
and 9). Significantly lower yields are obtained using alternative
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Fig. 3 Proposed catalytic cycle for the H-mont-catalysed depoly-
merisation of polyethers to chloroesters (reprinted with permission
from Wiley, ©2016).%*
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Fig. 4 General routes for synthesizing glycol diesters from polyethers
(a) with carboxylic anhydrides; (b) with carboxylic acids; (c) with acyl
chlorides.

catalysts for the reaction with benzoic acid (entries 3-6). The Zn
catalyst used in the experiment by Enthaler et al. also gave low
yields (entry 6). In contrast, sulfuric acid produced better results
in a control reaction (entry 7). Similarly, H-mont retained its
efficacy after multiple cycles in the AcOH reaction, consistent
with its use in chloroester synthesis. The application of
commercial catalysts Amberlyst 36 and Nafion NR proved more
efficacious when reacting with AcOH (entries 10 and 11)
compared to Ph,O (entries 3 and 4). However, initial yields were
marginally lower than those achieved with H-mont. Exchange of
the montmorillonite with AI**, Ti**, and Cu®" ions failed to yield
comparable results to H-mont (entries 12-14).

The investigation of identical polyethers (with the exception
of Tween 20 instead of Polysorbate 20) for the production of
glycol diesters, as well as for the chloroesters, proved to be very
effective with exceptionally high yields with Ph,0 and a mixture
of Ac,0 and AcOH, regardless of the end group of the poly-
ether.***®* However, the process using Ac,O/AcOH mixture
required harsh reaction conditions and long time periods (160 °

© 2024 The Author(s). Published by the Royal Society of Chemistry
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C, 48 h) compared to the mild conditions with Ph,O (100 °C, 12
h).** Entry 1 showed that the H-mont could be reused three
times for the depolymerisation of the PEG without significant
loss of activity, demonstrating the remarkable durability of the
H-mont. As ethylene glycol diacetate is a widely used slow-
evaporating solvent in paints, the researchers demonstrated
that a minor increase in the depolymerisation of PEG (Mn =
300, 2 g, 41.5 mmol) can be achieved by using an Ac,O/AcOH
mixture and H-mont (3.4 g) at a temperature of 180 °C for 72
hours, resulting in a yield of 81%.

In the proposed mechanism for the depolymerisation of
polyether with carboxylic acid derivatives to obtain glycol dies-
ters (Fig. 5), the Bronsted acid site was proven to be the cata-
lytically active site through the addition of 2,6-lutidine, which
inhibits the reaction. The catalytic cycle initiates with the
intercalation of the polyether between the layers of the H-mont
(step i). The carboxylic anhydride is inserted into the interlayer
and activated at the Breonsted acid sites to produce an acyl
cation (step ii), which uses the same activation mechanism as
chloroesters. The electrophilic attack of the acyl cation gener-
ates a carbocation-terminated fragment and an ester-
terminated fragment (step iii). Afterwards, the carboxylic acid
reacts with the carbocation, producing another ester-
terminated fragment (step iv). Based on the results of the
asymmetric production of glycol diesters, the authors propose
that the addition of carboxylic acids increases the overall reac-
tion rate. The produced ester fragments recombine eventually
through acid-catalysed transesterification to yield the corre-
sponding monomeric glycol esters. After depolymerisation, the
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Table 5 Comparison of different heterogeneous catalysts for the
synthesis of glycol esters from tetraethylene glycol343*

reagent

o}
HO. H __catalyst, )k ~_O
bl - Aoy

Entry Catalyst Conditions Yield (%)
1 H-mont Ph,0, 100 °C, 1 h 57
2 H-mont Ph,0, 100 °C, 5 h 99
3 Amberlyst 36 Ph,0, 100 °C, 1 h 19
4 Nafion NR50 Ph,0, 100 °C, 1 h 15
5 Amberlyst 15 Ph,0,100°C, 1 h 2
6 Zn(OTf), Ph,0, 100 °C, 1 h 2
7 H,S0, Ph,0, 100 °C, 1 h 75
8 H-mont AcOH, 160 °C, 2 h 55
9 H-mont AcOH, 160 °C, 24 h 89
10 Amberlyst 36 AcOH, 160 °C, 2 h 45
11 Nafion NR50 AcOH, 160 °C, 2 h 33
12 AP**-mont AcOH, 160 °C, 2 h 22
13 Ti**-mont AcOH, 160 °C, 2 h 10

interlayer distance decreased from 12 A to 3.1 A, which was
measured using XRD.**

The potential environmental application of polyether depo-
lymerization for wastewater treatment using proton-exchanged
montmorillonite catalysts was tested using surfactants as
model contaminants.** The process involves two main steps.
Firstly, complete adsorption of polyethers Triton X-100, Tween
20 or polyethylene glycol monolaurate (2.4 mmol per subunit)
onto H-mont (400 mg) followed by separation from water via

Table 4 Depolymerization of polyethers to glycol diesters with Zn(OTf), as catalyst and acetic anhydride as depolymerisation reagent®

Entry Polyether Mn Reagent Product Yield (%)
o
1b /0{/\01: — )I\O ~_O \[( 88
¢}
2 ofof 300 19
HO H Ac,0O )Ok
3 O 1000 o/\/\/oj( 59
o
o
4 HO‘{\)\o]'H 2700 AOJ\/OY 18
! o
HO. H o o Io)
5 {\/\Ao} 1000 can o e, CSH“)I\O/\/\/OTQH“ 67
o
o o
HO%AOA}H C5H|1)k0/\/0\/\OJkC5H“
6° " 1000 o 31
CSH“*O/\/O\I(CSH”
0 0
HO. H CSH”)J\OH (o}
7 o 1000 )ko/\/\/o\n/ -
(&)
0
© o
8 " {\/L"k 2700 )I\OJ\/ 70( 15

“ Reaction conditions: polyether 9.5 mmol (based on polymer subunits), Zn(OTf), 5 mol%, 150 °C, 24 h. * 130 °C. ° 190 °C.
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Fig. 5 Proposed catalytic cycle for the H-mont-catalysed depoly-
merisation of polyethers to glycol diesters (reprinted with permission
from The Royal society of Chemistry, ©2017).3*

filtration and vacuum drying. The second stage involves the
depolymerization of the polyether with an Ac,0/AcOH mixture
at 160 °C, giving yields up to 67%. This process could be more
economically attractive than the above-described treatments of
polyether-contaminated water (Section 2.1), as it would use the
polyether contaminants as a resource to recover valuable
chemicals.

2.3.2. Depolymerization to glycol silylether and ethane.
PEG can be converted to glycol silyl ethers and ethane by
hydrosilylation under the right conditions. The formation of
ethane is not as desirable as the silyl ether, an economically
valuable building block, as it is obtained cheaply from fossil
sources.

The hydrosilylation of PEG was a single experiment without
deeper investigation in the work of Brookhart et al. which
focused on the C-O bond cleavage of alkyl ethers with an
iridium pincer catalyst (Ir-pin®, Fig. 6) and triethylsilane to

©
A © B(CoFs)s

oY o]
N T
(tBu),P—Ir—P(tBu),

3 : o} )
I J_ Ir-pin*
Et;SiH
Ic) ) Et H Et;SiH H
EtsSi~o~ = Z
(L PR+ My (R sigy, M2
6
CH,CH3 + EtOSiEts
B
Ir-pin* (0,3 mol%)
Et;SiH (2 eq.) .
%ow O% Ersi O SEl + HsC-CHy
n 65°C, CgHsCl, 6h
Conversion 100% 46%
Fig.6 (A) Proposed catalytic cycle for the of the hydrosilylation with of

diethylether with the iridium pincer complex Ir-pin™. (adapted with
permission from The America Chemical Society, ©2008).4® (B) Reac-
tion conditions for the iridium-catalyzed depolymerization of PEG.#°

1912 | RSC Sustainability, 2024, 2, 1904-1929

View Article Online

Tutorial Review

silylethers via hydrosilylation.*®* The mechanism of this reaction
(Fig. 6A) begins with the formation of an agostic complex
between the hydrogen in the triethylsilane and the Ir-pin®,
activating the Si-H bond. The Si-H cleavage is followed by the
addition of Et,O, resulting in the formation of an oxonium
cation. Simultaneously, the hydrogen is transferred to the
iridium complex as a hydride. One of the hydrides is transferred
to the carbon atom at the $-position of a siloxy group of Et;SiO,
resulting in the formation of Et;OSiEt; and ethane.*® Later on,
Cantat et al. applied Brookhart's catalyst for the depolymeriza-
tion of various oxygenated plastics, including PEG (Fig. 6B).*

The metal-free and well-established hydrosilylation catalyst
lithium tetrakis(pentafluorophenyl)borate B(C¢Fs); allows
effective PEG depolymerisation at room temperature. With
triethylsilane, a mixture of glycol silyl ether and ethane is ob-
tained, while polymethylhydrosiloxane PMHS and tetrame-
thyldisiloxane TMDS provide a complete conversion of PEG and
silane to ethene. For hydrosilylation with PMHS and TMDS no
intermediates could be identified.*

2.4. Ring-closing depolymerisations

2.4.1. C-O bond forming reactions. Early works of Wil-
liams and co-workers describe the depolymerisation of
aromatic polyether sulfone (Mn = 8500, Mw = 29000) and
polyether ketone into macrocycles (Fig. 7). The depolymeriza-
tion process is catalysed by caesium fluoride CsF (20 ppm) at
150-155 °C at low polyether concentrations of 30 ppm in
dimethylacetamide (DMA) in 48 h. In the product mixture ob-
tained (95% yield), the molecular weights verified by GPC
indicate the formation of macrocycles from the trimer to the
nonamer of ether sulfone oligomers and macrocyclic ether
ketone oligomers up to the cycloundecamer. However, only the
smaller macrocyclic oligomers - such as the trimer, tetramer,
pentamer, and hexamer - could be extracted from the depoly-
merisation product mixture. Upon examining a single crystal of
the ether sulfone trimer using XRD, it was discovered that there
is a slight ring strain, with all three C-S-C bond angles
compressed to 101.6 £ 0.1° instead of their typical open-chain
value of 104.9°. Additionally, the three biphenyl residues have
an inter-ring torsion angle within a range of 34-38°, despite
usually having a coplanar conformation.*

The reverse depolymerization of polytetrahydrofuran (PTHF)
back to its monomer tetrahydrofuran (THF) is a widespread

N
%
oy 0 s\©\
s O
O \©\ CsF, DMA, 150 °C o
& ’
30- 100 39

0
Q o
o. CsF, DMA, 155 °C O O
O O P et L
n 2-1

1

Fig. 7 Synthesis of macrocycles by depolymerisation of aromatic
polyether sulfone and polyether ketones.>*
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subject in C-O ring closure depolymerization. This reversible
process is primarily controlled by temperature and monomer
concentration, enabled by the low ring strain of THF.** It has
been reported that PTHF can be depolymerized into THF at
temperatures above 160 °C.*’?*%%* The depolymerization of
PTHF is achieved through a C-O bond ring closing metathesis
reaction, which can be catalysed using iron(ur)-chloride (FeCls)
and zinc(u)-triflate (Zn(OTf);) as catalyst precursors. The reaction
takes place within the temperature range of 120-160 °C and 160-
180 °C. Due to the equilibrium reaction, the formed THF must be
continuously removed from the system via distillation.””**

Out of various iron precursors, only FeCl; works as a catalyst
precursor for PTHF depolymerization, while Fe3(CO)y, FeCl,-
4H,0, Fe(OAc),, and Fe(acac), do not. Similarly, zinc chloride
(ZnCly), Zn(OAc),, Zn(acac),, and ZnO are not effective. It was
found that the catalyst activity decreased over time when a new
portion of PTHF was added to the reaction within a certain time
span.”” The depolymerization of PTHF catalyzed by triflic acid
(TfOH) showed comparable reaction performance, indicating
the probable formation of TfOH during catalysis with Zn(OTf)s,.
In this study, no thermal decomposition was observed at 160~
180 °C.>”*® This method is not effective for depolymerizing PEG
and PPG into their original monomers. The high ring tension of
the ethylene and propylene oxide may be a contributing
factor.?®**

Wang et al. compared the use of heteropolyacids (HPA) to
concentrated sulfuric acid (H,SO,4) and previously published
FeCl; for the ring-closing depolymerization of PTHF. The
resulting yield was evaluated, and HPA demonstrated better
reusability.®® The HPAs, including silicomolybdic acid
(HsW;,POyy), silicotungstic acid (H3Mo04,PO4), phosphomo-
lybdic acid (H,SiW;,04), and phosphotungstic acid
(H4SiM0,,040), were utilized. These HPAs, along with H,SOy,,
resulted in yields exceeding 95% (90% with FeCl;). They were
reused ten times with a slightly decreased final yield of over
80%, while FeCl; and H,SO, could only be reused four to five
times with a significantly decreased final yield of 40-50%.

For the use of a Bregnsted acid, the mechanism shown in
Fig. 8 has been proposed.*® The terminal hydroxyl group is
protonated to form an oxonium cation, and the terminal carbon
is then attacked by the oxygen of the next chain unit in an Sy2
manner. Water acts as a leaving group, forming a tetrahy-
drofuranyl cation. This cation also acts as a leaving group when

Brensted acid)
o o o g
—_— /\/\ﬁ

A:LAorH*
l -AOH
H{OMO/\/\/‘f -—THE H{"W} W@
n-3 ng\_/

O.

)

Fig. 8 Proposed mechanism for the ring-closing depolymerization of
PTHF with acidic catalysts.>*

( A (Lewis or
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the adjacent oxygen unit undergoes nucleophilic attack at the
terminal carbon. It is possible that this mechanism may also be
at work with Lewis acids. The depolymerization of PTHF is
affected by the end group, as for PTHF containing an acetyl end
group instead of a hydroxyl group it does not occur.>

Dioxanes can be synthesised from oligomeric ethylene
glycols, PEG and PPG using silicon-based catalysts.>*™” Jutzi
et al. used the low valent half-sandwich complex pentam-
ethylcyclopentadienyl silicon(n) cation Cp*Si* shown in Fig. 9.
In that study, oligomeric and polymeric ethylene glycol dime-
thylethers with up to 10 subunits of poly(ethylene glycol)
dimethylether were also depolymerised to dioxane by Cp*Si‘.
Complete conversion of dimethoxyethane (DME) was achieved
at room temperature within 15 days. A catalytic cycle for the
DME conversion was proposed (Fig. 9). The open coordination
sphere at the silicon atom allows two DME molecules to be
coordinated to the Si centre via up to four oxygen atoms. These
weak Si-O interactions are of low strength and therefore flex-
ible, but strong enough to induce rearrangements of ¢ bonds
and lone pair electrons, leading to the formation of diglyme and
dimethylether. The C-O ring closure of diglyme to dioxane is
similar. Due to the chelating effect, DME is more likely to be
coordinated to Cp*Si* than dioxane or dimethylether.>

Greb et al. recently reported the depolymerisation of 18-
crown-6, PEG and PPG via C-O bond ring closure metathesis
using a  silicon-based  Lewis  superacid, Dbis(per-
chlorocatecholato)silane, resulting in the formation of 1,4-
dioxane and 2,5-dimethyl-1,4-dioxane. Yields of 91% and 25%
were obtained for the depolymerisation of PEG and PPG,
respectively. It was suggested that C-O cross metathesis can
occur as a side reaction. This was further demonstrated by the
reaction of dibutyl and dioctyl ether to butyl octyl ether.>®
Calculations were carried out with 18-crown-6 as a theoretical
approach to the study of polyether depolymerisation is limited
by its size and conformational flexibility. Four phases of the
reaction were identified (Fig. 10). First, substrate binding,
formation of a zwitterion, formation of dioxane via a Sy2
cascade and release of the product.®®

Recently, Inuoe et al. published an acetonitrile adduct of
a super Lewis acid silane with perfluorinated pinacolato groups
Si(pin®), catalysing the depolymerisation of oligomers 1,5-
dimethoxypentane (1,5-DMP), diglyme, tetraglyme and poly(-
ethylene glycol)dimethyl ether (PEG-DME) with excellent yields
of 87-97%.%” However, the longer the depolymerised oligomer

Hoe- N, Ot o Do—ocn
5 B h
\ o N\ ~ \W\
< /_,'\O—CH3 ~O—CHj
2. i (H0),0 o
HiC A "
e L

Si
si* /< (HiC)0
o]
= L

Fig. 9 Proposed reaction mechanism for the production of dioxane
from dimethyl ether, catalysed by Cp*Si*. (reprinted with permission
from Wiley, ©2011).3°
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Fig. 10 Computational reaction profile of 18-crown-6 degradation by

bis(perchlorocatecholato)silane with possible intermediates and
transition states (reprinted with permission from Wiley, ©2022).5¢
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or polymer, the higher the amounts of catalyst required to
achieve high yields, resulting in a lower TON, indicating catalyst
deactivation. The proposed mechanism starts with the mono
coordination of an ether substrate (Fig. 11). Coordination of
a substrate to the Si centre results in shielding of a second
coordination site by the perfluorinated pinacolato groups.
Coordination is followed by intramolecular Sy2 attack of the
adjacent uncoordinated oxygen atom on the activated carbon of
the C-O bond, resulting in cleavage of the C-O bond, producing
an oxonium cation and a pentavalent silicate anion. The
methoxy group of the anion then attacks the primary carbon
centre in the methyl moiety of the cation, releasing 1,4-dioxane
and dimethyl ether in the case of diglyme. In the case of oli-
goethers, the methoxy group anions attack the kinetically less
favoured secondary carbon centre, reducing the overall reaction
rate. Consequently, the accumulation of the highly electrophilic
oxonium species increases the possibility of side reactions. In
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Fig. 11 Proposed Si(pinf),-catalysed ring-closing metathesis of
diglyme and oligo(ethylene glycol) (reprinted with permission from
Wiley, ©2022).%”
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addition, the oxonium species is susceptible to nucleophilic
attack, so an attack on another secondary atom of the oxonium
species would lead to irreversible catalyst deactivation.®”

2.4.2. C-C and C-N bond forming reactions. Jitsukawa
et al. reported the depolymerisation of PTHF with benzene
derivatives to tetralins using various ion-exchanged montmo-
rillonites (ion-mont) as catalysts (Table 6). H-mont catalysed the
depolymerisation of PTHF with benzene (47% yield), but not as
well as AI**-mont (52% yield) or Ti*"-mont (86% yield). Cu**-
mont and commercially available Nafion NR50 gave low yields
of 10% and 3% respectively.*® Other benzene derivatives such as
toluol, phenol and 1,3-dimethoxybenzene (Table 6) gave the
corresponding tetraline derivatives in good yields. No conver-
sion took place when benzene derivatives with electron with-
drawing groups Cl or CF; were used. The reaction of tetraline
with PTHF also occurs, leading to the formation of
1,2,3,4,5,6,7,8-octahydroanthracene and octahydrophenan-
threne, demonstrating that further alkylation of tetraline occurs
during the reaction of PTHF with benzene. A C-N ring closing
depolymerisation of PTHF with aniline produced N-phenyl-
pyrrolidine. A moderate yield was obtained due to the deacti-
vation of the catalytic active centre within the montmorillonite.

The interlayer distance of the Ti** mont of 2.8 A is broadened
to 4.5 A when treated with PTHF and returns to its original
distance after the d-polymerisation process. The extended
interlayer of the Ti**-mont with intercalated PTHF is signifi-
cantly smaller than the extended interlayer (12 A) of the H-mont
with intercalated PEG. Interestingly, the active centre is not the
Ti** itself, but catalytically active Brensted acid sites within the
interlayer due to the suppressed reaction of the Ti**-mont upon
introduction of 2,6-lutidine. A Friedel-Crafts alkylation mech-
anism is proposed. After activation of the C-O bond at the
Bronsted acid site, a PTHF fragment with a carbocation is
formed. This carbocation attacks the aromatic compound, fol-
lowed by intramolecular alkylation at the acid site to produce
the corresponding tetralin.*

2.5. Depolymerisation of aromatic polyethers and epoxy
resins

Depolymerization of polyethers with aromatic subunits can lead
to the production of valuable aromatic molecules. Wang and
colleagues studied the depolymerisation of poly(p-phenylene
oxide) (PPO) and PPO/polystyrene blends (MPPO) over
Ru@NDb,05 catalysts via hydrogenolysis to a mixture or arenes
under harsh reaction conditions as shown in Fig. 12.*® The
composition of the product mixture as a function of the loading
and support of the Ru catalyst has been extensively studied by
the authors. The product mixture consists of intermediates
from the hydrogenolysis steps. From these products, 3,5-dime-
thylphenol (3,5-DMP) is important in various industries,
including pharma (for antibiotics and vitamin E), food and
agriculture.®®

The size of the Ru particles determines the product selec-
tivity. When using high-loaded (2%) Ru@Nb,0s, PPO is
completely depolymerized and undergoes complete hydro-
genolysis to m-xylene, as well as hydrogenation to 1,3-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 6 C-C bond ring closing depolymerisations of PTHF catalysed
by ion-exchanged montmorillonites in the presence of different

aromatic compounds*®
N S
R R

Additive

ion-exchanged
montmorillonites

Entry Major products

O@ 75

Yield (%)

20 ©/ C©/+ [:@ 65 (3:2)
3¢ @OH C[j/oi Cé 65 (1.1)

©Q
OMe
59 C@ =
DOL Oé)

6° ©/NH2 C”‘@ 36

% Reaction conditions: 50 mg Ti**-mont, 0.3 mmol PTHF (based on
polymer subunit), 8 mL aromatic compound, 160 °C, 12 h. ” Reaction
conditions: 50 mg Ti**-mont, 0.6 mmol PTHF (based on polymer
subunit), 0.5 mmol aniline, 180 °C, 48 h.

63(2:7)
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Fig. 12 (A) of PPO via hydrogenolysis in the presence of a supported
ruthenium catalyst (Ru@Nb,Os). (B) Proposed reaction mechanism
(adapted with permission from The Royal society of Chemistry,
©2021).%8

dimethylcyclohexane as the main product. Conversely, lower-
loaded (0.5%) Ru@Nb,Os results in a mixture of 1,3-dime-
thylcyclohexane and 3,5-DMP. A significant portion of the low
yield observed when using pure Nb,Os was attributed to the
presence of 3,5-DMP, along with smaller quantities of 2,6-
dimethylphenol (2,6-DMP) and PPO residues. However, by
depolymerisation of PPO with exceptionally low loading (0.05%)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Ru@Nb,0;5 under given reaction conditions, a yield of 60% and
the highest selectivity for 3,5-DMP (~95%) can be achieved.*

Comparing Nb,Os with other basic and acid catalyst
supports, such as TiO,, MgAl,0,, and hydroxyapatite, demon-
strates its significant role in product selectivity and its
involvement in the reaction mechanism. CO,-TPD (temperature
programmed desorption) confirmed the presence of basic sites
in MgAl,O, and hydroxyapatite, which decompose PPO mainly
to 2,6-DMP. A significantly higher amount of Brensted acid sites
were found in Nb,O; than in TiO,. On the basis of these results,
the authors concluded that the acid catalyst supports preferably
cleaved the C(ortho)-O linkage, whereas the basic catalyst
supports favoured the C(meta)-O bond-cleavage. The mecha-
nism is also influenced by the Brgnsted acid sites, which cleave
the C(ortho)-O bond and stabilize the intermediates (Fig. 12B).
The proposed mechanism begins with PPO adsorption (1) and
activation of the C-O bond, resulting in an oxygen anion (2) and
two carbocation intermediates. The intermediates are anchored
by the Bronsted acid sites, with anchoring at the ortho-position
of the arene relative to the methyl groups (3a) being more stable
than at the meta-position. The methyl groups donate electrons
to the carbocation in the ortho-position via the o-m-hyper-
conjugation effect, which lowers the kinetic barrier for the
C(ortho)-O cleavage. The weakened C-O bond is attacked by the
hydrides on the Ru cluster, resulting in the formation of 3,5-
DMP.*®

Other studies have shown that small particles such as Ru and
Pt with low loadings result in small metal clusters which limit
the surface area and thus limit the adsorption and hydrogena-
tion of aromatic rings, which is consistent with the complete
hydrogenolysis and hydrogenation of PPO with highly loaded
(2%) Ru@NDb,Os. The limited adsorption sites are also attrib-
uted to the restriction of activated hydrogen supply, which
prevents the hydrogenolysis of the hydroxy group. The cleavage
of the C-O bond at the ortho position is preferred over the meta
position relative to the methyl residues, resulting in 3,5-DMP.
This preference is due to the larger dissociation energy of the
C(ortho)-O bond (305.2 k] mol ') compared to the C(meta)-O
bond (305.2 kJ mol ™), as calculated.>®*®

Nakajima's group recently reported the depolymerisation of
polyetheretherketone (PEEK) using sulphur nucleophiles to
dithiofunctionalised benzophenone derivatives. This was ach-
ieved without a catalyst and resulted in the generation of valu-
able chemicals. Table 7 shows a wide range of substrates
explored using 2-phenylethanol and various alkyl halides. The
depolymerization process allows for the introduction of reactive
functional groups to the alkyl halide. This method is applicable
for PEEK in the form of powder, pellets, or film.*

Epoxy resins typically contain bisphenol A (BPA) and are not
biodegradable. Incineration of these resins results in the
emission of toxic substances. Due to the health risks associated
with these emissions, substitutes are currently under investi-
gation.*® However, methods are needed for a safe disposal of the
remaining end-of-use composites. Skrydstrup et al. have
recently reported the catalysed depolymerisation of epoxy resins
and their fibre composites to recover (BPA) derivatives. The
homogeneous Triphos-Ru-TMM catalyst complex (Fig. 13) was
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Table 7 Depolymerization of PEEK powder with various alkyl
halides®*

1.) PhCH,CH,SH, NaOt-Bu
DMAc, 150 °C, 20 h

2)RX

o o
0.
AU
O S’ S

Mn ~10300

Entry R X T (°C) Time (h) Yield (%)
1 Me I 100 1 93
2 C ¢ Br 100 2 77

3 @ . cl 80 23 67

4 PR Br 100 2 97
5 3o Br 100 2 89
6 B OH Br 100 2 83
7 S Br I.t. 20 53

% Reaction conditions: PEEK powder (0.3 mmol relative to the molecular
weight of the monomer), PhCH,CH,SH (1.2 mmol), NaOt-Bu (0.9
mmol), DMAc (0.6 mL), R-X (0.9 mmol).

used for C-O bond cleavage in both BPA and non-BPA model
compounds and in selected commercial products. The Airstone
760/766H commercial resin, used in the construction of wind
turbine blades, along with UHU two-component glue for
handicrafts, Roizefar epoxy resin, and an epoxy resin for mari-
time engineering were successfully depolymerized. The reaction
protocol was successfully applied to fibre-reinforced epoxy
composite samples, such as those from laminates and wind
turbine blades. Longer reaction times of up to three days were
required for complete disassembly. The glass and carbon fibres
were recovered to a high level of quality.”

The authors propose a depolymerization mechanism based
on their observations from the model reactions on acceptorless
hydrogenations. The mechanism relies on the cleavage of C-O
bonds, as shown in Fig. 13. The alcohol group is dehydro-
genated to a ketone by the Ru-catalyst, as evidenced by the
inactivity of the ether-substituted models. The C-O single bond
of the ketone's B-carbon is then susceptible to cleavage via
oxidative addition, generating intermediate Ru-II. Isopropanol
acts as an additional hydrogen source via transfer hydrogena-
tion, reducing Ru-II to a low-valent R-III, and producing
a phenol derivative. Subsequently, a second oxidative addition
step of Ru-III initiates a reduction cascade, resulting in the
cleavage of the remaining polymeric substrate to yield the cor-
responding phenol derivatives and acetone.*”

3 Depolymerization of polysiloxanes

Polyorganosiloxanes, also known as silicones, are hybrid
organic/inorganic polymers. Their chains are characterized by
a backbone of alternating silicon and oxygen atoms, which
confers them with high flexibility and chemical stability. They
display unique properties that are different from, or
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Fig. 13 (a) Concept scheme for acceptorless hydrogenation. (b)
Proposed reaction mechanism for the Ru-catalysed C-O discon-
nection in epoxy resins and composites (adapted with permission from
Springer Nature under Creative Commons licence, 2023).3®

Oxidative addition

complementary to, those of common organic polymers.** The
construction, automotive, electronics, medical, personal care
and consumer goods industries use them in a variety of appli-
cations. These include their use as insulators, dispersants,
defoamers, release agents, implants, matrices in drug delivery
systems, adhesives, and sealants.'**~%*

The main organosilicon polymers are poly(dimethylsiloxane)
s (PDMS). They are mainly produced from -cyclosiloxane
monomers, such as hexamethylcyclotrisiloxane (D;) and octa-
methylcyclotetrasiloxane (D,), through ionic ring-opening
polymerization, catalysed by acids or bases.®*™®” Studies have
shown that for polymerization to occur, cyclic monomers and
linear polymers must reach a thermodynamic equilibrium.
Thus, PDMS can be depolymerized into cyclosiloxane mono-
mers by continuously removing them from the equilibrium
under acid or base catalysis.®*7*

Individual PDMS chains can be joint into a three-
dimensional network, creating an elastomeric material that
resists shear, tension, and compression. This process is known
as curing or vulcanization in silicone chemistry, possibly in
tribute to Charles Goodyear's accidental discovery in 1839.
Therefore, it is common to refer to these networks as silicone
rubbers.”>7”¢

Recycling vulcanized silicone rubber wastes to its monomers
is challenging due to the slow rate of depolymerization caused
by the network structure, even with the use of catalysts. To
accelerate the process, it is common to conduct depolymeriza-
tion in an inert gas environment at a temperature of 300 °C or

© 2024 The Author(s). Published by the Royal Society of Chemistry
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higher.””””® Surface etching with acid, base, and fluoride are
alternative methods for depolymerizing silicone elastomers.*

This subsection presents the most representative methods
for the chemical depolymerization of linear PDMS and silicone
rubbers. These methods use either stoichiometric depolymer-
ization reagents or catalytic technologies. The underlying reac-
tion mechanisms and industrial applications have been
included. This review will not discuss the historically relevant
and widely used methods for thermal degradation of silicones.
Interested readers can find abundant information on these
approaches elsewhere.®*® Recently, Rupasinghe and Furgal
published an interesting overview on the various available sili-
cone depolymerization methods sorted out by depolymerization
temperature and mechanism.*”

3.1. Acid catalysed depolymerization

3.1.1. Early developments. In 1946, Elliott and Krieble first
introduced a method for cleaving siloxane bonds using
hydrogen halides.*® This method was later used for preparing
silicone polymers. Miiller and his colleagues achieved a 70%
yield of dimethylchlorosilane by passing HCl over tetrame-
thyldisiloxane.** This concept has since been the subject of
numerous academic and industrial studies. In 1954, Kantor
et al. proposed the mechanism of acid- and base-catalysed
equilibration of siloxanes. The depolymerization of silicones
through acid catalysis begins with the preferential attack of
acidic protons on the Si-O bonds of the siloxane chain, result-
ing in the formation of protonated species (Fig. 14).”

Siloxane depolymerization through acid catalysis occurs via
an equilibrium between the initial siloxane and cyclic siloxane
product. The acidic proton coordinates with the siloxane
oxygen, leading to the disruption of the siloxane bond and the
formation of a silanol group, silyl halide, and silyl ester group.
Strong protonic acids seem to utilize silanol end groups as
active intermediates in the polymerization and rearrangement
of diorganosiloxanes. The rate at which equilibrium is reached
and the products produced depend on the concentrations of
silanol and silyl ester (or halide) end groups in the siloxane
phase.®®

|/ ‘/ |/ |/ H*A |_/ .~ |_/ |_/
R{SI‘O}SI‘O’SI‘O’SI R R{SI‘O}SI‘O'SI‘ EBSLR
n n Ill o
A
“ !
HO™™"R
[l 11
si’ lsi”_si’_si Al /N
R{ ‘o} 00 R T [ } i ®{s|\}
m |l|® ° R SI\O fr:‘\o,SIwQ (I) .
A ) i
A@ /SI'\O/S
Sli—O x=1to4
|
m=3to6

Fig. 14 Reaction mechanism for acid-catalysed depolymerisation of
siloxanes.
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3.1.2. Industrial applications. Although there are many
reported methods, there is still a lack of an industrially feasible
and sustainable method for the acid-catalysed depolymerisa-
tion of both silicone oils and solid silicones.

In 1956, Hyde et al. at the Dow Corning Corp. introduced
a method to depolymerize silicone polymers, such as filled and
vulcanized siloxane elastomers, using anhydrous hydrogen
chloride in various hydrocarbons, ranging from aliphatic,
aromatic, or chlorinated solvents.’*

In 1973, Miller et al. patented a distillation process for the
preparation of cyclic polysiloxanes, using clay treated with sul-
phuric acid at 300 °C to successfully produce cyclic products.
However, the prolonged exposure of the reactant to acidity and
heat, large amounts of evolved hydrogen gas, and the low yield
of cycles made the process commercially impractical.**

Burkhardt and colleagues presented a technique for
producing cyclic siloxanes by means of acid-catalysed depoly-
merisation of linear siloxanes. Linear poly(dimethylsiloxanes)
were treated with 50-85% agq. sulfuric acid for 1.5-6 hours at
130-150 °C. The siloxane cycle and water were recovered by
distillation, yielding 89%. This method can have a significant
impact even on a smaller scale. However, due to the corrosive
nature of sulfuric acid and the inherent risk of explosion when
large amounts of highly concentrated sulfuric acid come into
contact with hydrosiloxanes, the industrial-scale synthesis of
cyclic siloxane is still not feasible.”® Later in 1994, the same
group reported another acid-catalysed depolymerisation of
silicone elastomers using sulfuric acid and aluminosilicate.*

Similarly, in 1990, Crivello patented the high temperature,
acid catalysed depolymerisation of polyalkylhydrosiloxanes
using a fixed acid bed at reduced pressure. The use of an acidic
zeolite catalyst is described for the production of cyclic silox-
anes from linear polysiloxanes.”> The method is based on
incrementally adding a reactant to a hot acid catalyst at
temperatures ranging from 200 to 800 °C under reduced pres-
sure. Volatile cyclic compounds were recovered through
condensation. However, the possibility of linear hydrosiloxane
build-up in contact with heat and acidity still exists, despite the
semi-batch nature of this procedure. As the reaction progresses,
high molecular weight non-volatile species tend to stick to the
catalyst surface, forming a gel that deactivates the catalyst. This
results in hydrogen production and leads to the accumulation
of linear hydrosiloxanes. To avoid an ineffective and expensive
use of the reactor volume and catalyst active surface area, it is
important to expose the reactants to the whole catalyst bed. The
method's versatility in producing variable amounts of distinct
cyclic species is limited by the set residence period at the
catalyst.”

The reuse of waste silicone by dissolving it in a suitable
solvent is the subject of a US patent. The waste silicone is
converted into cyclic dimethylcyclosiloxanes, such as Dj, Dy,
and Ds, using a two-step acid/base catalysed scission process.
The waste silicone used is of high molecular weight, including
liquids and elastomeric solid silicone polymer products with
short alkyl groups, such as methyl groups. A high-boiling
organic solvent containing sulphuric acid can be used to heat
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silicone polymers until they dissolve, thereby cracking high
molecular weight silicone polymers. The polymers are heated
until they dissolve, then the mixture is made basic, and the
resulting cyclic siloxanes are separated by distillation. Filtration
is the only way to remove the solvent from semi-volatile by-
products and silicone polymer components such as fillers.
However, the finely divided nature of the fillers used in silicone
formulations clogs the filters. Unfortunately, it is not econom-
ically viable to re-use the filtered fillers. Additionally, the solvent
has a short shelf life and requires periodic replacement.®

Katsuragi and Mori developed a method to remove vulca-
nized silicone resins from non-sensitive, hard supports. They
used a mixture of solvents, including chlorinated aliphatic
hydrocarbons, aliphatic hydrocarbons, and monocyclic
aromatics, as well as methyl ethyl ketone, acetone, cyclohexa-
none, acetic acid/n-butyl acetate, or a mixture of these solvents
with tetrahydrofuran and dodecylbenzenesulfonic acid.
However, the process of desiliconisation mentioned above
focuses on the removal of the silicone component from the
surface. It does not provide an up-cycling process to convert this
silicone waste into a value-added product.®”” Very recently, Knott
and colleagues at Evonik patented a similar approach to
perform a series of acid catalysed depolymerisations of silicone
waste (silicone oil, elastomer, rubber, adhesive, sealant, sheet
like silicone coated material) to acetoxysilane using acetic
anhydride, acetic acid and one Brgnsted acid within the
temperature range of 50 to 200 °C with and without solvent.?®**

In 1992, Humphrey and colleagues introduced a method to
partially depolymerize silicone elastomers into a viscous liquid
silicone product. They treated milled silicone rubber with
anhydrous hydrogen chloride at room temperature for several
hours to obtain liquid silicone. The patent suggests that silicone
rubber can be depolymerized using anhydrous halogen acid or
certain easily hydrolysable halides to generate hydrochloric
acid, which is a useful catalyst.'*

In 1995, Wilford and colleagues proposed a method to break
down silicones into shorter chains using dodecylbenzenesul-
phonic acid as a depolymerization agent in a hydrocarbon
solvent with a chain length between C9 and C15." Shin Etsu
Chemical Co Ltd later patented a similar approach to decom-
pose waste silicone rubber using acid catalysed depolymerisa-
tion. An organic sulfonic acid was used as a catalyst for the
depolymerisation in a non-aqueous solvent.'® More recently,
Wu and Tang patented very similar process, where silicone
waste is depolymerised into cyclosiloxanes by treatment with
concentrated sulfuric acid and dodecylbenzenesulfonic acid at
temperatures between 100 and 250 °C in vacuuo.'*>'*® Using
slightly different processes, Chen and Zhao disclosed the
chemical degradation of silicones in acidic media containing
formamide or dimethylformamide, and a mixture of sulfonic
and sulfuric acid at 200-280 °C.*%7%®

In 1996, Knies developed an inexpensive method of depoly-
merizing addition-cured silicones into volatile siloxanes and
fillers using a small amount of acid. The process consists of
three steps: first, a solvent-based solution of strong Breonsted
acid is introduced into the silicone rubber vulcanizate; second,
the solvent is removed; and finally, the silicone rubber
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vulcanisate is heated to a temperature of at least 350 °C. For this
process, it is preferable to use non-polar solvents with boiling
points up to 100 °C at 0.1 MPa, whether halogenated or non-
halogenated.'*

In 1996, Kostas proposed a method to produce cyclo-
siloxanes from various linear polyorganosiloxanes and siloxane
copolymers. The process involves continuously passing silicone
feedstock through a reactor containing an acidic catalyst under
an inert atmosphere with a pressure of more than 14.7 psi and
a temperature ranging from room temperature to 800 °C.
Zeolite catalysts, such as HY type and zeolite molecular sieve
with a pore size of 5-20 A, silica alumina, titano silica alumina,
hetero polyacid, supported mineral acid catalyst, and ion
exchange resin catalyst, are preferred for their acidity. This
method has the main advantage of not requiring a solvent for
the recovery of this cyclic siloxane."*®

In 1996, Hirose and colleagues introduced a halogen-free
method for decomposing silicones into alkoxysilanes at room
temperature. The silicone polymers are decomposed using an
acidic catalyst, orthoester, and active hydrogen groups, such as
sulphuric acid, methyl orthoester, and methanol. This method
can be used for recycling of silicone rubber to alkoxysilanes, and
for surface modification of silicone coated substrates by
partially decomposing and removing the polysiloxane film from
the substrate with high yield and without the formation of
undesired side products.*™

In 1997, Tsuji et al. proposed a method to produce alkox-
ysilane monomers in a cost-effective and safe manner. This was
achieved by quantitatively decomposing a range of silicone
products, including silicone oils, rubber, resin, elastomers, and
varnish, under mild conditions. Waste silicone is treated in the
presence of orthocarboxylic ester, specifically trimethyl ortho-
formate, and a proton donor such as alcohol or water. The
alkoxysilane monomer or oligomer is hydrolysed and the
resulting hydrolysate is condensed. However, this method
produces an unwanted hydrolysis product of orthocarboxylic
ester, which requires further purification. As a result, this
process has not been practical on an industrial scale.'*> Kawa-
moto et al. proposed an improved method to prevent the
unwanted production of side products and produce pure
monomers or oligomers. Under reflux conditions at 90 °C for 4
hours, silicone scrap is decomposed using dimethyl carbonate,
an alcohol and an acid catalyst such as sulphuric acid, hydro-
chloric acid, nitric acid, fuming sulphuric acid or acetic acid,
etc."™

In 2004, Oishi developed a method to recover silicone oil or
grease from used silicone rubber by acid catalysed depolymer-
isation. The reaction is performed between 70 and 170 °C with
various acidic catalysts, such as concentrated inorganic acids
like sulphuric acid, nitric acid, and hydrochloric acid, as well as
organic methyl sulfonic acid, phenyl sulfonic acid, and triflic
acid in toluene or xylene as a solvent."™*

3.2. Base catalysed depolymerization

3.2.1. Early studies using metal hydroxides. The polymeri-
zation of cyclosiloxane monomers with ring sizes ranging from
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six to twelve involves a thermodynamic equilibrium between
cyclic monomers and linear polymers.®***'** Based on this, it
has been suggested that linear and cross-linked PDMS (vulca-
nized silicone rubbers) can be recycled to create cyclosiloxane
monomers under the right conditions.”7*77-7°

Already in 1946, Hyde and co-workers described a process for
the synthesis of highly purified cyclic dimethylsiloxanes with
91% yield from liquid polydimethylsiloxane using powdered
sodium hydroxide at high temperatures between 230 and 240 °
C. Strong bases such as sodium hydroxide, potassium
hydroxide, or lithium hydroxide, as well as alkaline earth metal
hydroxides and alkali metal fluorides, or mixtures of these
hydroxides and fluorides, were used.'*® This work was soon
followed by Kantor, who used quaternary ammonium bases and
quaternary phosphonium bases as initiators for the depoly-
merisation of polydiorganosiloxanes."”

In 1953, Hurd et al. proposed a mechanism for the rear-
rangement of organopolysiloxanes using a strong base. The
mechanism involves two main steps. In step 1, the catalyst
molecule is added to the siloxane system and in step 2, the
catalyst molecule, or a part of it, is continuously involved in the
rearrangement of the siloxane bonds (Fig. 15). It is well known
that the silicon atom is a relatively good electron acceptor. It can
coordinate with electron donor groups such as alkali metal
hydroxides or fluorides to form corresponding potassium sila-
nolate or fluorosilicate ions.®* When a hydroxyl group-
containing base is introduced into the system, the oxygen
atom in the hydroxyl group coordinates with the silicon atom in
the siloxane chain, leading to successive chain-breaking rear-
rangements of the activated complex. Subsequently, these
active intermediate coordination complexes undergo further
rearrangement, such as chain scission and backbiting, resulting
in the formation of a mixture of cyclic and linear siloxanes,
depending on the chosen starting material.*

3.2.2. Industrial applications of inorganic bases. In 1982,
Shapatin patented a method for depolymerizing poly-
organosiloxane in the presence of a fluoride or alkali metal
hydroxide. This is achieved by passing the substance through
a reaction mixture of water vapor and inert gas. The molar ratio
of organocyclosiloxane to water vapor and inert gas is 0.82:1
and 0.007-0.073 : 1, respectively, at a temperature of 150-200 °
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Fig. 15 General mechanism of base-catalysed depolymerization of
polysiloxanes.
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C. To simplify the process, the reaction was carried out at
atmospheric pressure. The simultaneous passing of water
vapour and an inert gas improves the quality of the target
product.”*

In 1997, Allandrieu described a kinetically favourable
method for the selective depolymerisation of poly-
diorganisiloxane (PDOS) into high purity D, and D5 in good
yields. The depolymerization is conducted at temperatures
between 110 and 150 °C using hydroxide of rubidium, caesium
or quaternary phosphonium hydroxides."*®

In 1999, Yang et al introduced a process for effectively
decomposing siloxane products, such as silicone rubber, resin,
and silica, using an alkali reagent in secondary and tertiary
aliphatic alcohols. The base is a metal hydroxide or alkoxide
that is present in an amount of 5-40% by weight with respect to
polyorganosiloxane. The reaction was carried out either at
atmospheric pressure or at a pressurised reactor varying
between 20 and 100 °C within a time frame of one hour to three
days. The pressure, temperature, and time required for the
reaction varied depending on the starting material to be
recovered.'®

Mukherjee et al. described in 2001 an efficient process for
recovering cyclosiloxane from silicone waste. The process
involves a four-step reaction to recover cyclic siloxane from
silicone scrap. First, the silicone is dissolved in octyl alcohol
with linear alkylbenzene sulfonic acid (LABS) at 140 °C for 4
hours. In the second step, the reaction mixture was heated at
140 °C and 4 bar pressure after adding 50% aqueous NaOH.
After 1 hour, the system was cooled down and the sodium sili-
cate was separated from the mixture. To remove the octyl
alcohol, the neutralised liquid mixture was maintained at 130 °
C under vacuum.'**

In 2002, Oku et al. reported an effective method for depoly-
merising PDMS using potassium hydroxide and buffering acids
such as KH,PO, and KCOOCsH,COOH to produce monomeric
cyclic siloxanes such as D; and D,. This method not only
depolymerises silicone oil but also efficiently depolymerises
vulcanised PDMS into a mixture of cyclosiloxane monomers
with an 85% yield."* Later the group depolymerised high-
temperature vulcanised silicone rubbers containing fillers
using KOH catalyst in a mixture of hexane, diethylamine and
methanol. They not only separate cyclic siloxane with a high
yield but also recover the filler present in the silicone rubber.
However, the catalyst used in the reaction is present in the
fillers as potassium silanolate, which does not allow the filler to
be reused for reproducing corresponding rubber with good
thermal stability.'®* Later on, they a complex catalytic system
was developed to recover both the cycles and the fillers
contaminated by alkali metal cations. To achieve this, an
organic base catalyst, tetramethylammonium hydroxide, was
used in a mixture of diethylamine and hexane under reflux
conditions.**

In 2008, Sik proposed a process for regenerating silicone oil
from silicone waste. The process involves treating waste silox-
anes with alkali metal hydroxide, such as sodium or potassium
hydroxide, and to remove hydrosilane and trihydroxysilane
impurities, which cause gelation. The process also involves
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treating these impurities with an oxidant, such as NaOCI or
CaOCl,, to convert them into siloxanes.'**

In 2009, Eyster et al. introduced a solvent-free method for
recovering the monomer or cyclic siloxane from filled silicone
material. They used a special reactor with a heated side wall, an
agitator, and an additional heating setup, keeping the temper-
ature below 200 °C and the pressure at 15 mmHg with potas-
sium silanolate as a catalyst. This method is more
environmentally friendly and cost-effective than traditional
solvent-based methods.**

In 2010, Zhao presented a three-step method for producing
silicone rubber from waste silicone rubber. Firstly, discarded
silicone rubber was catalytically decomposed with a basic
catalyst, decolourised with activated carbon filters and dime-
thylsilane was produced. Secondly, silicone rubber was
produced using the recovered dimethylsilane and tetramethyl-
oxyammonia.'*

In 2022, Xu introduced a method for cracking silicones using
alkali metal hydroxide and Schiff base metal complex, which
has potential applications in the field of silicone production.
The method mainly employs 5-8% of sodium or potassium
hydroxide with 0.2-0.5% Schiff base metal complex, preferably
copper, in a high boiling inert solvent such as tetraethylene
glycol dimethyl ether or phenyl ether at 140 °C to recover cyclic
siloxanes."”

3.2.3. The rise of organic bases. Amines, Alkoxides, Phos-
phazenes and Silanolates. In 1975, Pappas and co-workers
investigated the dissolution of silicone resin and rubbers in
aliphatic primary and secondary amines at room temperature.
They dissolved Dow Corning DC 840 silicone resin, which has
a phenyl methyl polysiloxane backbone, in amine solvent at
room temperature by continuously shaking it. This was ach-
ieved through the selective breaking of Si-O bonds at cross-
linking sites by amines through nucleophilic action (Fig. 16).
The presence of three oxygen atoms at these sites is believed to
enhance the electrophilicity of silicon and may be responsible
for the selectivity."”® In 1980, the group introduced a method to
increase the solubility of silicon in amine by substituting it with
alkyl and aryl groups. Additionally, they found that the
‘expanded octet’ adduct may be easier to decompose into
products due to the increased nucleophilicity of amines and the
increased electrophilicity of Si linked to three oxygens. This led
to the discovery that aminolysis reaction of RTV silicones
networks at ambient temperature can form linear polymers,
which was first presented by this group.”® Schimmel et al. later
studied the reaction mechanism and the effect of other basic
catalysts, such as potassium hydroxide. Steric and inductive
effects, as well as the base catalyst, play an important role in the
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Fig. 16 Cleavage of Si—O bond by an amine.
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efficient splitting of silicone by aminolysis. The decomposition
agents used for the dissolution of PDMS networks involve
primary, secondary, and tertiary amines, which are used alone
or in combination with sodium ethylate and potassium
hydroxide. Cyclic, linear, and/or branched products can be
formed from RTV silicones through the influence of amines and
bases‘130—132

In 1978, Schatz and colleagues patented a method for
reclaiming siloxane formulations containing fillers using an
amine. This technique involves dissolving siloxane polymers
and mixtures of them in a butyl amine solution. Quaternary
ammonium and phosphonium bases may also be added, along
with 1 to 10% by weight of alkali metal hydroxide. The solution
is then heated to the boiling point of the amine while being
stirred. Distillation is used to extract the amine and remove low
molecular weight products from the mixture. The resulting
monomers can then be used as raw materials to create poly-
siloxanes. Additionally, fillers from the original mixture can be
retrieved and reused.**

Ionic potassium hydroxide is only sparingly soluble in
amines, and understanding the dynamic study of the splitting
reaction can be tedious. It took hours or days for the complete
solubilization of PDMS in primary and secondary amines. To
avoid this situation, Chang et al. prepared a homogeneous
catalytic solution of potassium hydroxide in ethanol, where
ethanol acts as a second nucleophile to enhance the rate of
aminolysis. This method is potentially important from
a commercial standpoint.***

The group later used different solvents to swell the silicone
matrix, reducing the internal resistance of diffusion of the
nucleophilic agents. The results were used to model the effect of
the solvent on product distribution and the nucleophilic
cleavage, aminolysis and alcoholysis reactions.”® In 2005,
a mild catalyst for nucleophilic cleavage of crosslinked silicones
into cyclic products in polar solvents was developed by
preparing a homogeneous solution of potassium hydroxide in
diethylamine (DEA) and ethanol. The silicone rubber was then
swelled overnight in toluene, tetrahydrofuran or DEA in a glass
reactor. The mixture was then agitated at room temperature to
dissolve the silicone rubber in the system. Finally, during the
filtration and washing process, the filler and cyclic siloxanes are
recovered as a recycled product.*®®

In 1998, Cho and colleagues expanded the range of depoly-
merization by converting industrial silicone waste, such as oil,
grease, gel, resin, and rubber, into value-added cyclic siloxane,
disubstituted alkoxy silane, and filler. These methods use
catalysts such as alkali metal alcoholate or quaternary ammo-
nium alcoholate, alone or in combination with alkoxysilane, at
temperatures below 300 °C under reflux and pressure.'”

Sobota and colleagues recently reported an efficient method
for degrading hard silicone rubber waste through solvothermal
alcoholysis with fatty alcohols, with and without a catalyst. The
most effective results were achieved using alkali-metal aryl-
oxides (of Mg, Zn, Li, K and Na) supported by a methylsalicylate
ligand. This process allowed the authors to recover a variety of
liquid alkoxysiloxane derivatives (R(OSiMe2)xOR) in high
yields.'*®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Phosphazene bases, which are a combination of nitrogen
and phosphorus, have gained significant attention in organic
synthesis.”** In 2008, Hupfiled patented a method for producing
silicones that addresses some of the aforementioned issues.
Polysiloxane and a high boiling end blocker were treated with
phosphazene or carborane acid catalyst to continuously form
cyclic polysiloxanes at reduced temperatures. The reaction
mixtures were less corrosive and produced good yields with low
levels of catalyst."°

Phosphazene bases react with water to form hydroxyl ion
salts with uncoordinated phosphazenium cations. In 2023,
Khedaioui et al. used P,Bu at 90 °C for the conversion of
thermoset silicone networks into liquid siloxanes, taking
advantage of this specific property. In this process, the phos-
phazenium hydroxide is formed by deprotonation of adventi-
tious moisture by the highly reactive P,-‘Bu (Fig. 17).14!

Weitkamp et al. reported the synthesis of a phosphazenium
hydroxide salt (2, Fig. 18). This compound exhibits notable
reactivity due to the weak coordination nature of the phospha-
zenium ion.***>'* Later, they reported the first silanol-silanolate
anion generated in situ by the hydroxide anion in the presence
of a phosphazenium cation (Fig. 18B). The salt (4, Fig. 18)
enables the rapid depolymerization of polydimethylsiloxanes
into cyclic siloxanes without the need for solvents. At room
temperature, PDMS was readily decomposed into a mixture of
D, (82%), D5 (8%), and traces of D3 (2%) using only a concen-
tration of 0.1 mol% of catalyst."**

In 2023, Vu et al. chemically recycled used silicones into
cyclic monomers using a polydentate crown ether and potas-
sium silanolate catalyst. The reaction was performed at a wide
range of temperatures, from 60-170 °C, resulting in a 99% yield
of cyclic siloxane. The catalyst was recycled without any loss of
activity over five runs. The mechanism for silicone depolymer-
ization was explained through base-catalysed depolymerization
with a polydentate ligand crown ether (Fig. 19). The dissociation
of the ligand into an ion pair enhances the nucleophilicity of the
counter anions, improving the kinetics of silicone depolymer-
ization. The potassium cation in the crown ether behaves as
a mild Lewis acid, activating the Si-O bond to facilitate depo-
lymerization. Furthermore, this combination may restrict the
demethylation pathway, which involves the K" cation as its
primary intermediate.**

Torgunrud et al. introduced an entropy-driven depolymer-
isation of polydimethylsiloxane. Various silicone acetal cycles
were produced with good yield by depolymerising PDMS with
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Fig. 17 Activation of P4-‘Bu by the adventitious presence of water in
silicones.
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different alcohols and glycols in the presence of a base. The
authors mainly use monoalcohols such as methanol and iso-

propanol, as well as different glycols. They proposed
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a mechanism for the base-catalysed depolymerisation of PDMS
with different end groups in hexylene glycol (Fig. 20). In the
absence of a catalyst, hexylene glycol (HG) is a weak nucleo-
phile, but when it is deprotonated with a base, it becomes an
excellent nucleophile. To create a pentavalent silicate anion,
a nucleophile can attack any silicon at either the chain ends or
the main chain. The next step involves a second heterolytic Si-O
bond cleavage, followed by proton transfer, intramolecular
nucleophilic attack and heterolytic Si-O bond cleavage (leaving
group loss). Distillation is necessary to remove the product from
the process and prevent repolymerization, as each phase of the
mechanism is in equilibrium.**¢

3.3. Depolymerization with dimethyl carbonate and
fluorides

Several reagents, such as alcohol,**** thionyl chloride,*****
hydrogen chloride,”*** and amines,”****** have been re-
ported for the depolymerization of silicone. Although alcohol is
the most commonly used reagent, it is important to note that
depolymerization with alcohol is an equilibrium reaction, and
therefore, it is necessary to remove water as a byproduct during
the reaction. Conventional methods for producing regenerated
silicone oils from waste silicon compounds involve the use of
alkaline catalysts, such as caustic soda (sodium hydroxide) or
caustic gallium (potassium hydroxide). Regenerated silicone oil
is produced by distilling monomeric silane (dimethylcyclic
silane) through high-temperature heat treatment cracking in an
inert, high-boiling-point solvent under polymerization or poly-
condensation reaction with the aid of an alkali or acidic cata-
lyst. However, the conventional method of breaking down,
distilling, and recovering cyclic silane, followed by synthesizing
oil from the waste silane hydrolysate, cannot be used because
the reactants tend to gel during the cracking process.

The use of alkali metal hydroxides as initiators has not been
entirely successful, particularly on an industrial scale. There-
fore, there was a need to discover a new, non-halide, non-toxic
reagent that does not produce water during the depolymeriza-
tion reaction. In their report, Zhurkina et al. found that ethyl
orthoformate, a non-halogen reagent, can cleave Si-O bonds
into D, using strong acid without the formation of water, alas
with low yields.**
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Fig. 20 Postulated reaction mechanism for the base-catalyzed
depolymerization of PDMS with hexylene glycol. Reprinted with
permission from The American Chemical Society, © 2023.14¢
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In 2001, Suzuki and colleagues reported the complete
degradation of hexamethyldisiloxane and D; using dimethyl
carbonate (DMC) over an alumina-supported KF catalyst,
resulting in 85% methoxytrimethylsilane and 94% dimethox-
ydimethylsilane. The addition of a small amount of methanol to
the deoligomerization reaction increased the yield of methoxy-
trimethylsilane to 98%. Importantly, the use of a solid catalyst
makes it possible to avoid the disposal of acidic waste."*” Deo-
ligomerization of larger cycloorganosiloxanes, such as D, and
Ds was later achieved with the same catalytic system.'® They
later reported that depolymerization of silicone polymers with
DMC was carried out using a catalyst other than strong acid. In
this case, basic silicone products such as silicone oil and sili-
cone rubber were depolymerized at 180 °C for 15 hours using
DMC, sodium chloride, and methanol. The main advantage of
this method is that the reagents used for depolymerization are
non-corrosive, less toxic, readily available, and inexpensive. The
siloxane bond is cleaved by the attack of methanol, and DMC
acts as a scavenger of the byproduct, i.e. water.**®

The proposed mechanism for this process using potassium
fluoride supported on alumina begins with the activation of
methylcyclooligosiloxane on the catalyst surface (Fig. 21). The
catalyst partially breaks the siloxane bond of methyl-
cyclooligosiloxane, resulting in the creation of methoxy-
terminated linear siloxane and carbon dioxide. This linear
siloxane then reacts with DMC, like the ring opening reaction of
cyclooligosiloxane with DMC. Ultimately, cyclooligosiloxane is
transformed into dimethoxydimethylsilane monomer. The
cleavage of the siloxane bond in cyclooligosiloxanes or linear
siloxanes is the rate-determining step (RDS).**®

In 2000, Takeshi reported the applicability of industrial-scale
silicone depolymerisation using alkylcarbonate. Silicone prod-
ucts such as silicone oil, silicone grease, silicone rubber, liquid
silicone rubber, silicone sealant, silicone elastomer, silicone
resin, silicone varnish, siloxane bond-containing silane
coupling agent, and silicone-organic polymer copolymer can be
recycled using dimethylcarbonate and an active hydrogen
group-containing compound like methanol in the presence of
acidic catalysts such as sulfuric acid, trifluoromethanesulfonic
acid, or p-toluenesulfonic acid.*®

In 1989, Schiem and his colleagues were the first to observe
the catalytic activity of Boron trifluoride on silicone degrada-
tion."* They used BF;-dioxane adduct to cleave siloxane and
form fluorosilane. This reactivity was exploited by Enthaler
et al., who were able to cleave the Si—O bond in siloxane and the
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Fig. 21 Speculated mechanism for the deoligomerization of linear
siloxane in the presence of DMC on a supported catalyst.*>®
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Nature, © 2015.¢

Si-N bond in silazene and convert them to Si-F to give
difluorodimethylsilane and 1,3-difluoro-1,1,3,3-
tetramethyldisiloxane. The reaction was achieved with boron
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trifluoride diethyletherate as a catalyst under solventless
conditions at 100 °C.*** They reported the degradation of short-
chain silicone, silicone oil, and crosslinked silicones into their
corresponding fluorinated products. The catalyst was used to
convert poly(methylhydrosiloxane) into methyltrifluorosilane
and difluoromethylsilane.*®*-*

The authors propose that the Lewis acid boron trifluoride
activates a Si—O bond of the silicone by coordinating the oxygen
to the BF; (Fig. 22). This cleaves the Si-O bond, forming a [Si-F]
moiety B and a [SiOBF,] moiety C. The [Si-F] moiety B can then
react with boron trifluoride to cleave the Si-O bond of the [SiF]
moiety B, forming difluoromethyl silane 3 (where X = H). This
compound is removed from the reaction mixture by distillation,
leaving a [SiOBF,] moiety. The [FSiOBF,] unit D can be formed
by breaking the Si-O bond adjacent to the fluorine atom. This
unit can then react with boron trifluoride to produce 3, which is
the final product of the depolymerization process. To obtain
trifluoromethylsilane 4 (for X = OMe, OSiR;), similar depoly-
merization reactions are necessary, but an additional step is
required to convert the third Si-O bond.*®

Furgal and Rupasinghe recently investigated an effective
method for depolymerizing silicone-based polymers, elasto-
mers, and resins at room temperature using catalytic amounts
of tetrabutylammonium fluoride (TBAF) and highly swelling
organic solvents such as THF.'**'*” They successfully depoly-
merized common silicone samples such as PDMS and PMPS.
The researchers then applied the same method to commercial
polymers, such as cured Ace brand 100% silicone caulk, SYL-
GARD 184, Ecoflex 00-30, Smooth-Sil 950, Dragon Skin 10 FAST,
and ELASTOSIL 3003. The results showed that the method was
effective even with different additives and morphologies. The
authors propose a reaction mechanism similar to the one re-
ported by Laine for the equilibration of silsesquioxane cages
using TBAF."*® In the key step, fluoride activates a silicone atom
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Fig. 23 Reaction mechanism for the depolymerization of PDMS catalysed by tetrabutylammonium fluoride. (Reprinted with permission of the

American Chemical society, © 2021).”
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either at the chain-end or in the middle, followed by back-biting
to produce cyclic siloxanes (Fig. 23).'*

3.4. Metal-catalysed processes

Enthaler et al. introduced a series of catalysts for the depoly-
merisation of hydroxy-terminated silicones into low molecular
weight dihalomethylsilane, 1,3-difluoro-1,1,3,3-
tetramethyldisiloxane,  dichlorodimethylsilane, dimethox-
ydimethylsilane, and diacetoxydimethylsilane using a cheap
iron catalyst and a halogen source.'®*7> Carboxylic acid chlo-
rides or anhydrides, potassium fluoride or alcohols are used as
depolymerization agents along with the iron salt. The authors
proposed that the activation of a Si-O bond of PDMS by FeCl; is
the key step in the depolymerisation reaction when using an
acyl anhydride and potassium fluoride (Fig. 24). This generates
an acyl fluoride, which cleaves the Si-O bond to form a lower
molecular weight Si-F moiety (A) and a SiOC(O)Ph moiety (B). A
molecule of A is reacted with another molecule of acyl fluoride
in the presence of a catalyst to cleave the Si-O bond adjacent to
the fluorine atom. This forms difluorodimethylsilane (3) and
a SiOC(O)Ph moiety. The difluorodimethylsilane (3) is then
removed by distillation. Alternatively, the Si-O bond adjacent to
the fluorine atom can be cleaved to form C. C can then react
with 2 to form 3 and an anhydride. By repeating the described
reaction sequences, depolymerization can be achieved, result-
ing in 3 as the end product.'”

Using zinc(u) halides and zinc(u) acetate, Daeschlein et al
cleaved poorly Si-O-Si bonds in
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Fig. 24 Proposed mechanism for the depolymerization of PDMS
catalysed by iron salts. Reprinted with permission of Wiley, © 2014.17°
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functionalised disiloxanes to form zwitterionic, water-stable
molecular zinc silanolates. X-ray crystallography studies
confirmed the formation of zwitterionic species with a positive
charge on the nitrogen and a negative charge on the oxygen.
This makes the species stable in the presence of water."”**"*

More recently, the Enthaler's group developed a new
protocol for depolymerizing poly(siloxanes) using benzoyl
fluoride as the depolymerizing reagent and a catalytic zinc salt
to produce difluorodimethylsilane and 1,3-difluoro-
1,1,3,3,tetramethyldisiloxane.'”®

Aluminium chloride and trimethylaluminum have also been
used to promote thermal depolymerisation of silicone material.
Alexander et al. disclosed a method to depolymerize silicone
grease at 120 °C using AlCl; with a Si : Al concentration of about
1:1. Their study revealed the formation of aluminium siloxide
along with cyclic products.'”® Barron and Apblett confirmed the
formation of dimeric aluminium siloxides through the cleavage
of silicones at 175 °C using trimethylaluminum."”” Mulhaupt
and colleagues (104) obtained similar results using crystallo-
graphic methods with trimethylaluminium at 150 °C.*”®

4 Conclusions

Many commendable efforts have been made, both in academia
and industry, to develop efficient processes for the chemical
degradation of polyether and polysiloxane waste to recover
valuable molecules and monomers. However, many obstacles
remain, as most of the processes presented here are still far
from large-scale implementation. Efficient separation of mixed
plastic waste streams, the presence of contaminants such as
additives, plasticisers and fillers, high energy requirements and
process complexity are the main challenges.

In addition, especially in the industrial setting, most devel-
opments have been directed towards process optimisation, with
only marginal efforts devoted to understanding the chemical
principles behind the working reactions and mechanistic
understanding at the molecular level, as noted elsewhere.” This
has set back the progress of the technology enormously.
Therefore, better communication between academic and
industrial catalysis scientists is needed.

Even more worrying is the complete disregard for sustain-
ability metrics in the design and implementation of the
proposed chemical recycling technologies. All process condi-
tions, solvents, energy and water use, and transport and
distribution of waste and products need to be integrated into
a life cycle assessment. Otherwise, the potentially useful tech-
nologies described here (and elsewhere) will remain wishful
thinking and their real benefits and drawbacks will not be
properly identified.

As polyethers and silicones (as well as other classes of
synthetic polymers) have become irreplaceable in many
consumer products and technological applications, it is real-
istic to say that they are here to stay. Therefore, it is only
through the proper integration of waste streams into produc-
tion chains, the systematic replacement of landfill and
mechanical recycling by chemical and catalytic technologies, as
well as widespread awareness of waste management, that the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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negative footprint left by the plastics era can be mitigated and
the goal of a circular economy can be realised."”

To achieve this goal, it would be optimal for closed-loop
recycling technologies to be integrated into all polymer waste
treatment facilities. Nevertheless, chemical recycling method-
ologies are not always de facto capable of producing polymer-
izable monomers (as they are not typically designed to do so). In
the case of polyether, its degradation can result in the formation
of unstrained 5- or 6-membered rings, which may be subjected
to ring-opening polymerisation. However, the recovery of
strained epoxides from glycol esters remains a significant
challenge. Polysiloxanes offer a more favourable outcome in
this regard, as their depolymerisation typically results in
mixtures of cyclic polysiloxanes that can be directly employed
for de novo polymerisation processes.
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