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applicationsin the aerospace, automotive and wind power industries, owing to their
light weight and high durability. These composites are based on thermoset resins
embedding glass or carbon fibres'. In lieu of viable recycling strategies, end-of-use
composite-based structures such as wind turbine blades are commonly landfilled" ™.
Because of the negative environmental impact of plastic waste>¢, the need for circular
economies of plastics has become more pressing’®. However, recycling thermoset
plastics is no trivial matter' . Here we report a transition-metal-catalysed protocol
for recovery of the polymer building block bisphenol A and intact fibres from epoxy
composites. A Ru-catalysed, dehydrogenation/bond, cleavage/reduction cascade
disconnects the C(alkyl)-O bonds of the most common linkages of the polymer. We
showcase the application of this methodology to relevant unmodified amine-cured
epoxy resins as well as commercial composites, including the shell of a wind turbine
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blade. Our results demonstrate that chemical recycling approaches for thermoset
epoxy resins and composites are achievable.

The vastamounts of end-of-use plastics and plastic-containing materi-
alsreleased into nature have resulted in amajor environmental crisis>®,
affecting ecosystems across the globe® 2. The necessity for the imple-
mentation of a circular economy of plastics and plastic-containing
composites has become apparent for reducing the consumption of
resources, as well as in limiting the introduction of waste into the
environment®. In contrast to end-of-use thermoplastics, which can
be melted and recast into new forms, the crosslinked polymer chains
of thermoset plastics render these materials unsuitable for mechani-
cal recycling. Circumventing processibility problems owing to lack
of fusibility, chemical recycling deconstructs polymers into their
original monomers or related base chemicals that can then re-enter
established production chains yielding virgin polymeric materials.
Enabling a circular economy in this fashion holds the opportunity of
turning accumulating plastic waste into valuable resources’. Recently,
the catalytic hydrogenation of thermoset polyurethane products for
the recovery of anilines and polyols has been reported as a strategy
realizing this principle. By contrast, epoxy resins lack reactive car-
bonyl moieties, rendering selective disconnections of their chemical
bonds more challenging. Lightweight, highly durable fibre-reinforced
epoxy composites, which consist of glass or carbon fibres embedded
inthe polymer matrix, are high-performance materials crucial for the
construction of automobiles, boats, aircraft and wind turbine blades’.
Wind energy contributed to approximately 6% of the global energy
supply as of 2020, with projections forecasting significant growth in
the near future®. In turn, 43 million metric tons of decommissioned
wind turbine blades will have accumulated by 2050 (ref. 15). At the
same time, sustainable recycling technologies for such polymeric

materials are almost nonexistent. Epoxy resins are not biodegrad-
able and emit toxic gasses on incineration®, ultimately leading to
landfilling as the major pathway for their disposal. As of 2020, only
around 1% of end-of-use composites were reused and this by means
of shredding the material and usingitasafiller substancein construc-
tion'. Because of its inefficiency and unsustainability, landfilling of
wind turbine blades has been banned by several European countries,
with more being expected to follow*". Hence, the pressing need for
viable recycling strategies for epoxy resins and their composites
is mounting™*.

Methodologies investigated for recycling of polymer-based com-
posites can be divided into two general approaches, both focused on
recovery of fibres only. The first approach relies on destroying the
polymer matrix by breaking chemical bonds unselectively, thereby
releasing embedded fibres. Reported processes are based on harsh,
energy-intense treatments, such as pyrolysis, which is impractical
and results in damaged fibres' 3. Chemically destructive approaches
yield fibres of higher quality' but require undesirable reagents such as
hydrogen peroxide™ or concentrated nitric acid®. The second, more
elegant, approachisto design new epoxy resins containing ‘molecular
break points’, which can be cleaved selectively under certain condi-
tions?**, Although the polymer matrix can be digested into soluble
chainfragments, releasing the fibres, the recovered polymer fractions
cannot be recast?* %, Furthermore, whereas the design of new resins
couldimplement the reuse of fibres for future composite products, the
legacy burden of epoxy materials produced up to the present day still
remains, as well as those being produced now and in the near future
using state-of-the-art resins.
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We envisioned development of a chemical recycling approach for
epoxy composites that aims at selective disconnection of the innate
linkage motifs shared across epoxy resins, rather than cleaving artifi-
ciallyintroduced breaking points or destroying the molecular complex-
ity of the matrix. By targeting bonds formed during basic production
steps of the resins, valuable polymer building blocks could be recov-
eredinadditiontorelease of fibres from their polymericembedment.
Thereby, circularity for both epoxy resin and fibres would become
achievable because virgin polymers may be produced fromrecovered
base chemicals.

The petrochemical bisphenol A (BPA) represents an important
building block for polymers, including epoxy resins®. For prepara-
tion of the latter, electrophilic epoxide moieties are attached to the
BPA backbone via C(alkyl)-O single bonds. Difunctional epoxides can
thenbe cured with multifunctional alkyl amines, yielding randomized
three-dimensional (3D) polymer networks knitted together by C-O and
C-No-bonds in different linkage motifs” (Fig. 1a). The potential leak-
age of BPAinto the environment, and the ecological and human health
risks associated with such events®®?, have led to the investigation of
potential substitutes®. However, with several million metrics tons of
BPA-based materialsincirculationto date, recovery of these materials
and extraction of BPAina controlled manner are highly desirable and
serve toavoid potential leakages from landfilling sites. Biomass-based
diphenol or diol motifs could be advantageous replacements for BPA,
owing to their renewability*. Nonetheless, turning to biorenewable
building blocks does not alleviate the requirement for a circular poly-
mer production to minimize its environmental impact*°.

In pursuit of realizing the envisioned approach, we aimed at devel-
oping a transition-metal-catalysed method for disconnection of
C(alkyl)-0O single bonds adjacent to the BPA motif, which form dur-
ing the reaction of BPA with epichlorohydrin. Carbon-oxygen single
bonds have high bond dissociation energies®? and their activation
remains challenging. For the valorization of lignin*, homogenous
ruthenium catalysis has been reported to disconnect C(alkyl)-O and
C-Csingle bonds** . Nonetheless, initial attempts to transfer these
methodologies from lignin models to model 1 (Fig.1a), mimicking one
of the most common motifs in epoxy resins, were unrewarding, lead-
ing to either low or no conversion (Supplementary Table 1). However,
after a comprehensive screening of potential catalysts and reaction
conditions (Supplementary Tables 2-6), an efficient protocol wasiden-
tified. With triphos-Ru-TMM as the precatalyst and three equivalents of
isopropanolin toluene at 160 °C, model 1 was cleanly deconstructed
providing methylated BPA (Me-BPA) inanisolated yield of 83% (Fig.1b).
Noside products were detected from this process. Several other model
compounds were tested, adapting the optimized deconstruction con-
ditions. The efficient cleavage of models 2 and 3, yielding Me-BPA at
88% and 80%, respectively, shows that secondary and tertiary amines
do notinhibit reactivity, an observation thatis crucial when applying
the methodology to relevant amine-cured epoxy resins. For substrate
model 4 mimicking the less common crosslinked motif 3, no conver-
sion was observed. This linkage model requires the cleavage of three
C-0bonds intotal, whereby the first C-O bond cleavage is less fea-
sible than for model 1 owing to the more challenging liberation of
an alkyl alcohol compared with a phenol. Lastly, model 5, with the
central alcohol group capped as a methyl ether, proved unreactive to
the deconstruction conditions.

Beyond linkage motifs, we considered model compounds contain-
ing bisphenol or diol scaffolds other than BPA (Fig. 1b). Bisphenol S
(BPS) isacommercially relevant compound with a sulfonyl linker inits
backbone, resulting in different electronic properties. The BPS-based
model 6 reacted cleanly under optimized conditions, allowing for a 74%
isolated yield of methylated BPS. Next, three other model compounds
containing potential biorenewable substitutes for BPA® were investi-
gated. We tested our disconnection approach onarepresentative selec-
tion of such candidates. Model 7 is based onabisphenol obtained from

the terpenoid, carvacrol*”*®, that can be synthesized from limonene®.
Under catalytic conditions, efficient and selective C-O bond cleavage
was observed. Vanillin-derived compounds can be sourced from lignin,
making them attractive candidates for replacement of petrochemical
sources. An epoxy model based on p,p-bisguaiacol F (model 8)*° was
subjected to catalytic deconstruction conditions and, after 16 h, meth-
ylated p,p*-bisguaiacol F was isolated at 57% yield. Although it can be
speculated that the more stericallyencumbered C-Obond isless acces-
sibleto the catalyst, the reactionis highly selective because only unre-
acted starting material was recovered apart from the cleavage product.
Lastly, abis(hydroxymethyl)furan-based model compound (model 9)
was tested*.. Furan-related building blocks are of interest because of
their availability from cellulose*>. No conversion was observed, show-
ing that Ru-catalysed cleavage is selective for phenol-based linkages.
With this scope of model substrates athand, studies on catalytic activ-
ity in model 1 were conducted. Even at a reduced catalyst loading of
0.38 mol%, quantitative conversion to Me-BPA was observed after 16 h.
This corresponds to a turnover number (TON) of 533.

Assupported by theinertness of model 5 to the catalytic conditions,
andinline with mechanisms proposed for cleavage onlignin 3-O-4 link-
age models®**, we postulate that C-O aryl bond breakage is preceded
by dehydrogenation of the alcohol functionality in model 1, forming
ketone 1 (Fig.2a). The bond dissociation energies (BDEs) for the C-O
ether bonds of model 1and the corresponding ketone (ketone I) were
calculated. In alignment with theoretical studies on lignin linkages™,
the BDE of the latter is 10.7 kcal mol ™ lower (Fig. 2a,b), supporting
the premise that dehydrogenation is necessary for initiation of C-O
activation.

Fromketonel, we propose that C-O single bonds are susceptible to
cleavage viaanoxidative addition step involving alow-valent ruthenium
complex eventually generating Ru-II (Fig. 2b). Through a dehydro-
genation step with isopropanol, intermediate Ru-Il is reduced with
subsequent formation of species Ru-Ill and the liberation of aphenol.
Thelow-valent ruthenium complex Ru-Illundergoes a second oxidative
addition step, and thereduction cascade ultimately leads to cleavage of
the model substrate into acetone and phenol components. The kinetic
profile of bond disconnection on model 1 was investigated (Fig. 2d)
showing aninduction period of approximately 2 h, after which only a
minute amount of Me-BPA could be detected. However, after 4 h,a50%
yield of Me-BPA was observed with quantitative conversion reached
after 12 h. Aninduction period hints at catalyst activation preceding
the catalytic cycle. At areaction time of 4 h, traces of the monocleav-
ageintermediate ketone Illwere detected. In that, otherwise, only the
starting material and product were observed indicates that the con-
sumption ofintermediates is significantly faster than that of model 1.
Density functional theory (DFT) calculations showed that the C-O BDE
of ketone Iis 3.3 kcal mol ' lower than that of ketone Il (Fig. 2b), imply-
ing that the more rapid consumption of the latter is not controlled by
C-Obond strength. Possibly the second C-O bond activation is more
rapid than dissociation of the intermediate from the catalyst. Ketone III
was subjected to catalytic conditions in a one-to-one mixture with
model 1. Both compounds were consumed yielding Me-BPA, which
supports ketone Il being an intermediate. To gather further support
for the proposed C-O bond-cleaving mechanism, efforts were under-
takento detect acetone as the corresponding disconnection product
formed fromthe central linkage motif of model 1 (Fig. 2c). Because the
dehydrogenation of isopropanol yields acetone, the hydrogen source
was exchanged for 1-phenylethanol. After 16 h of reaction time, both
aquantitative formation of acetophenone from 1-phenylethanol and
74% yield of acetone from the linkage motif were observed.

The deconstruction of model 1using 3 mol% triphos-Ru-TMMin tolu-
eneat160 °Cinthe absence of isopropanolyielded only 4% of Me-BPA
after 16 h (Supplementary Table 1). If isopropanol serves only as an
additional hydrogen source, approximately 50% of the C-O bonds
should have been cleaved. To investigate the role of isopropanol,
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Fig.1| Targeted C-Obondsinthermosetepoxy resins and catalytic
deconstruction of related model compounds. a, Schematicillustration ofa
crosslinked epoxy resin matrix and molecular structures of linkage motifs. Blue
circlesrepresentlinkage sections while black lines represent linear polymer

operando monitoring experiments were conducted (Fig. 2d) using
'Hand*'P nuclear magnetic resonance (NMR) spectroscopy. The experi-
ment, in the absence of isopropanol, was runinaJ. Young NMR tube.
After 16 h, no conversion of the starting material was observed. Like-
wise, triphos-Ru-TMM had not been consumed and no other ruthenium
species could be detected. The reaction was repeated with 3 equiv. of
isopropanol present. Here, close to quantitative conversion of the start-
ing material to Me-BPA was observed after 16 h.In addition, the starting
ruthenium complex was consumed and the formation of new signals
corresponding to ruthenium species was detected in both the ¥P NMR
spectraand the hydride region of the'H NMR spectra. The addition of
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another equivalent of model 1to the reaction mixture containing the
new rutheniumspecies and runningit againled to aclean deconstruc-
tion of the fresh substrate into methylated BPA.

A phosphine singlet peak at 47.3 ppm could not be identified.
Ahydride-bridged binuclear ruthenium(l) complex** was detected and
tested as a potential precatalyst onmodel 1. With no conversion being
observed, the formation of this species can be considered a deactiva-
tion pathway. Lastly, atriplet peak and doublet phosphine peak could be
linked to a hydride signal using an'H, >P heteronuclear single quantum
coherence NMR experiment. Single crystals suitable for X-ray crystal-
lography were obtained, allowing the identification of this species as



@ Acceptorless dehydrogenation

b Proposed mechanism of reductive C-O bond cleavage

_

C-O BDE
o) 56.3 kcal mol™!

@

C-0 BDE [Ru]
OH  66.7 kcal mol™' Reductive C-O Oxidative addition
\)\'/ disconnection
’ ®
Model 1 C-O BDE
59.6 kcal mol™"
(o] QJ\ [e) o
[Ru} l i @ \)I\/[I‘!l !
O U
[Ru]\)]\ Ketone Il
Ru-IvV
ﬂ Ry Ru-lI
O\)]\/O
Rul--.4 Reductive C-O
Ketone | K | disconnection
Oxidative addition O\/k /
Ru-1ll

€ Detection of acetone as corresponding disconnection product

3 mol% triphos-Ru-TMM

OH OH
O\)\/O *
Toluene-dg, 160 °C, 16 h

Model 1 1 equiv.

d Operando monitoring and kinetics

3 mol% triphos-Ru-TMM

CAD U

OO g

Me-BPA (quant.)

206.1 ppm
(°C NMR)

1.56 ppm
('H NMR)

(quant.) Acetone (74%)

& e

(1) Kinetic profile of model 1 deconstruction

—m— Model 1 (%) —e— Me-BPA (%)

100 7
80 1
60 1

40

Amount (%)

20 A

o4
()
EN
(2}
©

Fig.2|Mechanistic considerations regarding Ru-catalysed C-O bond
disconnection. a, Ru-catalysed acceptorless dehydrogenation. b, Proposed
catalytic cycle for disconnection of C-O bonds. BDEs were calculated with DFT
atthe (UYM06-2X/6-311++G(d,p) level of theory. ¢, Detection of acetone as the
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triphos-Ru-H,-CO. We propose that the CO originates from acetone,
which presents arare case of decarbonylation of asecondary alcohol**.
The carbonyl complex was tested as precatalyst, but proved inactive.

With the identification of a suitable catalytic system for the decon-
struction of epoxy models, we moved on to a polymeric resin (Fig. 3).
Airstone 760E/766H is a thermoset epoxy system adapted to the
construction of wind turbine blades, consisting of four monomers
and containing approximately 43 wt% of BPA after curing. Initially a
‘dogbone’ of the cured resin was ground into powder, suspended in
toluene-containing isopropanol and stirred at 160 °C in the absence
of catalyst (entry 1). After 24 h,no compounds liberated from the resin
could be detected. By contrast, when 6 wt% of catalyst was added,
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1,3,5-trimethoxybenzene as the internal standard. d, Kinetic profile of
deconstruction of model 1. Operando monitoring experiment for C-O bond
disconnectionon model 1. Molecular structure of triphos-Ru-H,-CO in the
crystal (CCDC2219777).

a56% yield of BPA was isolated (entry 2). Both gas chromatography-
mass spectrometry and *H NMR spectroscopic analysis of the BPA sam-
ple did not show any detectable impurities, supporting the potential
forits reuse. Furthermore, a highly polar rest fraction was recovered,
the analysis of which by matrix-assisted laser desorption/ionization
time-of-light mass spectrometry, 'H NMR and infrared spectroscopy
showed acomplex mixture of oligomers containing alkyl ethers, amines
and small amounts of aromatics. In total, 81 wt% of the cured resin
was recovered as soluble organic material. The influence of particle
size on the efficiency of the deconstruction suggests that catalysis is
limited to the surface area of the resin particles suspended insolution
(Supplementary Table 7). An attempt to decrease catalyst loading
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atmosphere. Yields were determined after isolation of products via column chromatography.

by 50% to 3 wt% (entry 3) reduced the amount of recovered BPA to a
34% yield. However, extending the reaction time to 4 days (entry 4)
increased the amount of recovered BPA to 81%, showing that the cata-
lyst was not deactivated after 24 h. Another 4-day experiment using
1wt% of catalyst provided a 42% yield of BPA corresponding to a TON
of 105 (entry 5).

Three additional commercial epoxy resins were tested. A two-
componentadhesive (entry 6), containing acomplex mixture of multi-
functional hardeners resulting in a higher degree of crosslinking,
proved to be more challenging to deconstruct. Nonetheless, a38%yield
of BPA was recovered after 24 h. A clear-cast epoxy system marketed
for handicrafts (entry 7) was also disassembled yielding 50% of BPA.
Furthermore, this resin was found to contain a cresol-based epoxy
component because two isomers of cresol were recovered at a yield
of 9 wt% together with BPA. Next, a partially biomass-based infusion
system for maritime engineering was tested (entry 8). This system com-
prises a complex mixture of multifunctional hardeners and contains
small amounts of bisphenol F (BPF) epoxides. Although 54% of the BPA
was recovered from this sample, the separated BPF remained elusive
after deconstruction possibly because of the modest amounts of BPF
epoxidesappliedin this specific mixture. Last, Lightstone 3100E/3102H,
an anhydride-curing system developed for pultrusion applications,
was subjected to catalysis. However, for this sample no BPA could be
isolated. Anhydride-curing results in the formation of linkage motifs
different from those derived from amine curing, because the alcohol
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moieties of the epoxy fraction are acylated?. This functionalization
blocks dehydrogenation and subsequently C-O bond cleavage analo-
gously tomodel 5.

With a general method available for molecular disassembly of
amine-cured epoxy resins, we turned to investigate the suitability of
this protocol for the deconstruction of fibre-reinforced epoxy com-
posites, which, apart from the polymer matrices, contain a high weight
percentage of fibres. For recovery of the latter, powderizing epoxy
composites are counterproductive. We recognized that composite
materials may be more accessible to the solvent because of the interface
areabetween fibres and polymer. Our work commenced with a carbon
fibre-based composite ((1) in Fig. 4a), procured from landfill. With no
previous treatment apart from cutting to size, a cube of material was
submerged in the solvent mixture, 6 wt% of catalyst was added and
the mixture stirred at 160 °C. After 3 days the composite had visibly
separated into loose fibres. The reaction mixture was decanted; after
washing, 57 wt% of carbon fibres was recovered and, from the solu-
tion, 13 wt% of BPA was isolated. Although we could not estimate the
totalamount of BPA in the material, the complete solubilization of the
polymer matrix and mass balance point towards an efficient recovery.
Next,acommercial product sample of aglass fibre-based laminate ((2)
inFig.4a)) wastreated in the same manner. Here too visible separation
into loose fibres was observed over the course of 3 days. This com-
posite yielded 53 wt% of glass fibres and 15 wt% of BPA, demonstrat-
ing that the method does not differentiate between glass and carbon
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fibre-based composites. Last, with these promising results at hand, Finally, the possibility of scaling up the catalytic protocol to larger
apiece of the outer shell of a state-of-the-art decommissioned wind  pieces of composite material was examined (Fig. 4b). A 5.13-g plate of
turbine blade ((3) in Fig. 4a) was tested. This commercial composite ~decommissioned wind turbine blade was placedina300-mlautoclave
sample was cleanly disassembled, yielding 50 wt% of glass fibresand  and subjected to catalytic conditions. After 6 days of reactiontime the
19 wt% of BPA. Additionally a piece of metal grid, incorporated inthe  matrix had been fully disassembled, allowing the isolation of 4.0 mmol
blade as part of the lightning protection system, was separated from  of pure BPA and the recovery of 2.4 g of pristine glass fibres. Further-
the structure. more, asheet of metal grid was also recovered.
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To evaluate the quality of the recovered fibres in comparison
with neat fibres, X-ray micro-computed tomography (u-CT), X-ray
photoelectron spectroscopy (XPS) and scanning electron micros-
copy (SEM) were used (Fig. 5). With p-CT, grey-level variations in
the images reflect varying material density. Glass fibres appeared
lighter than the epoxy resin, which, in turn, appeared slightly lighter
than air (Fig. 5a). Figure 5b shows 3D renderings of fibres where air
has been made transparent. Epoxy resin was observed only in the
nontreated piece of the wind turbine blade, and the images visually
corroborate that the high quality of the recovered fibres was preserved.
Diameters of the glass fibres were quantified and found to be simi-
lar to those of neat glass fibres (18 + 2 um), and for glass fibres both
embedded within (19 + 2 pm) and recovered from (18 + 2 pm) a piece
of decommissioned wind turbine blade. The carbon fibres salvaged
from landfilled material (6.5 + 0.9 pm) were substantially smaller
(Fig. 5¢).
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X-ray photoelectron spectroscopy was used to test whether the epoxy
resinhad been completely removed fromthe fibres in the deconstruc-
tion process (Supplementary Table 9). The atomic concentrations of
Si, Caand Alrelative to Cwere higher in the recovered thanin the neat
fibres. The higher relative C content of the latter originates from the
priming layer used to coat glass fibres, which was partially removed
during catalysis. Noresidual polymer was detected, and this was further
corroborated by the high-resolution C 1s spectraof both neat and recov-
ered fibres (Fig. 5d), for which the -mt* type shake-up peaks typically
detected for Cinaromatic compounds (around 291-292 eV) were absent.
SEM images of fibres show the imprint of this coating on neat fibres
(Fig. 5e,fand Supplementary Fig.16a-d,i), whereas the surface of the
recovered fibresis smooth (Fig.4g,h and Supplementary Fig.16e-h,j).
Finally, preliminary tensile strength studies on fibres recovered from
thewind turbine blade, with neat fibres as the reference point, showed
comparable mechanical strength (Supplementary Table 10).



For those components recovered from end-of-use composites, per-
spectives for circularity can be considered. The high purity of the BPA
recoveredallows, in principle, its reuse in established production chains
for epoxy resins, polycarbonates or polyesters, replacing virgin BPA
produced from naphtha feedstock. The remaining fraction, consist-
ing of various oligomers, unfortunately cannot be used as chemical
building blocks. Nonetheless, valorization strategies beyond energy
recovery can be envisioned. For example, pyrolysis has been demon-
strated to process mixed plastic wastes (including nitrogen-containing
polymers) into, for example, naphtha equivalents or syngas*>*¢. As such,
this remaining fraction may find uses as a carbon feedstock source for
the chemical industry. Last, in regard to the glass and carbon fibres
recovered at high quality, several reuse approaches have been reported.
Theseinclude the use of recovered fibres to construct new composite
materials after a chemical sizing or resizing process**%, With these
considerations in mind, our catalytic process can be considered as a
proof-of-concept demonstration thatacircular economy may well be
achievable for these valuable and relevant materials.
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