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Design of nanocellulose-based composite materials suitable for
selective disintegration, recovery and recycling of individual compo-
nents is of great scientific and technical interest. Cellulose nanofiber/
epoxy (CNF/EP) composites are candidate bio-based substitutes for
petroleum-based materials. However, chemical recovery of such
intimately mixed nanocomposites has not been addressed, due to the
limited chemical stability of nanocellulose and due to the covalently
crosslinked epoxy network. In this work we develop CNF/EP
composites designed for selective disintegration. Deconstruction is
achieved by including two types of labile linkages to the polymer
network; acetals and esters. Besides enabling recycling of the CNF
reinforcement, the thermoset constituents were further depoly-
merized into valuable monomeric units in 63-95% yield. In addition,
the preparation of both; epoxy monomers and final composite
materials is performed using solely bio-derived materials and solvents.

Introduction

In order to meet global climate targets, a circular bioeconomy
can contribute towards more efficient use of biomass."
Increased focus on high-value materials is apparent in the
literature, and cellulose/thermoset nanobiocomposites is an
important example since they can serve as replacement for
fossil-based plastics and composites and find use as engi-
neering materials.” There are, however, only limited efforts on
end-of-life treatment and recycling of these nanostructured
biocomposites. The reasons for that are the covalently cross-
linked thermoset network, and sensitivity of cellulose to
degradation during chemical treatment. Here, we design CNF/
EP composites for selective disintegration and recovery of
both components: the products of thermoset depolymerization
and the nanocellulose reinforcement.
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composites with both sustainable production and
selective matrix deconstruction towards infinite
fiber recycling systems+
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The strongly increasing interest in cellulose nanofibers
(CNFs)*7 as “new” components in material systems is encour-
aging. Dense films from CNF can be prepared by casting from
colloidal water suspensions® or by filtration and drying.>** The
films are flexible, and transparent with low thermal expansion,
good gas barrier properties, and excellent mechanical properties.
The Young's modulus can reach 20 GPa and the tensile strength
350 MPa for films with random-in-the-plane CNF orientation."
CNF nanopaper limitations, however, include high hydrophi-
licity, limited possibilities for molding and their physical and
chemical properties can only be modified within certain
boundaries. These limitations provide arguments for cellulose-
based polymer matrix composites, where the polymer phase
extends possibilities for properties modulation."*** CNF/epoxy
resin composites are of interest for applications in the automo-
tive industry,” as semi-structural composites,* in electronics*
and as insulating materials.> In general, cellulose biocomposites
are often considered eco-friendly, simply due to the renewable
resource origin of the cellulosic component. For CNF/epoxy, the
epoxide component is commonly the diglycidyl ether of bisphe-
nol A, DGEBA,****** which is petroleum-based. There are some
exceptions in the form of cellulose/bio-based epoxy composites,
although the materials are not degradable or recyclable.>**
Progress in biobased epoxy thermosets is described in a recent
review.”® Thermosets are often difficult to degrade®>' in
a controlled manner. Labile bonds can be introduced, to facilitate
polymer degradation and partial recovery of chemical building
blocks.*>* It is difficult to find any study on degradable cellulose-
epoxy biocomposites in the literature. One example, though, is on
biodegradability of pineapple leaf/coir fiber reinforced epoxy
composites in soil. Degradation of the composites occurred via
partial depolymerization and bacterial degradation of cellulose
and hemicellulose.** In another example, biodegradation was
investigated in CNF/EP composites for GaAs-based microwave
electronics. The fungal biodegradation resulted in only 10%
weight loss after 60 days for an epoxy-coated CNF film.*

Epoxy thermosets with triggered degradation were recently
investigated based on the vanillin-derived diepoxide 1 (ref. 35)
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(Fig. 1). The curing of epoxide 1 with diamines resulted in
a thermoset able to disintegrate via acetal-cleavage under mild
acidic conditions. A drawback, however, of epoxy-amine
systems is the inertness of C-N bonds towards acid hydro-
lysis. As a consequence, degradation products are a complex
mixture which is difficult to reprocess. We investigate fully
disintegrable CNF/epoxy composites via curing of diepoxide 1
with succinic anhydride, succinic acid, or citric acid, thus
introducing labile acetals and ester linkages in the thermoset.
Acetal moieties makes it possible to separate the partially
depolymerized thermoset from the CNF reinforcement under
relatively mild conditions, so that the CNF reinforcement
structure is preserved. A complete depolymerization of the
thermoset into monomeric products is performed with high
selectivity at higher temperatures and longer reaction times. In
addition, this processing concept is scalable and the starting
material components (vanillin,* succinic anhydride and acid,*
citric acid®®) and solvents are from biomass and available on
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industrial or pilot-scale. Although we have shown that epoxies
can be prepared directly from “technical lignin”,* vanillin from
lignin is preferable not only because of “designed degradability”
investigated here, but also because of more homogeneous

network structure of the final epoxy thermoset.

Results and discussion

There are three main steps in the investigation: (a) monomer
and thermoset synthesis, (b) cellulose nanocomposite prepa-
ration by in situ polymerization in a porous cellulose nanofiber
network and (c) recycling of cellulose nanofibers and epoxy
thermoset components.

Preparation of diepoxy monomer 1

The first step is modification of the synthetic pathway for die-
poxy monomer 1 (Fig. 1). In previous studies, classical
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Fig.1 Schematic representation of life cycle of all biobased carbon CNF/epoxy composite materials from the synthesis of monomeric materials

to the regeneration of the composite (this work).
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acetalization reactions are performed under Dean-Stark
conditions using solvents such as benzene, toluene or
DMF.*>**> The environmental and health concerns with these
solvents,* suggests the need for a greener acetalization proce-
dure. We therefore performed acetalization of vanillin with
pentaerythritol at room temperature using a biomass-derived
solvent — y-valerolactone (GVL)* and using a heterogeneous
acid catalyst - Amberlyst 15 (ESI, Table S17). Vanillin and pen-
taerythritol are both commercially produced from biomass.>***
Furthermore, a new electrocatalytic process for vanillin from
lignin combines an eco-friendly process with significantly low-
ered cost.*” The product was isolated by precipitation from the
reaction mixture by addition of water. GVL does not form
azeotropic mixtures with water,* which means that the solvent
can be completely recovered by distillation. The catalyst was
separated from the reaction mixture by filtration and can be
reused in consecutive runs. Epoxidation to 1 was performed
according to an existing procedure, using bio-based epichloro-
hydrin (ESIt).* Note that 1 is an attractive alternative to digly-
cidyl ether of bisphenol A, the dominating petroleum-based
epoxide in commercial use.

Preparation of thermosets

A fully biobased and recyclable cellulose nanocomposite system
is a significant challenge, and it is not straight-forward to select
a suitable epoxide curing agent for the formation of a three-
dimensional polymer network of sufficiently high glass transi-
tion temperature. We need a curing agent currently produced
commercially from biomass, which forms degradable bonds
during epoxide curing. Ester bonds were selected for the
purpose of tailored degradation during recycling. An example of
a degradable thermoset with ester bonds is described,”
although the degradation products were obtained as a complex
mixture. Here, the curing behavior of spirodiepoxide 1 was
investigated with the following curing agents: succinic anhy-
dride, succinic and citric acids. Since our biocomposite material
includes cellulose nanofibers as stiffening reinforcement, mild
and selective polymerization (curing) mechanisms are desir-
able. In this regard, uncatalyzed curing is preferential to avoid
cellulose nanofiber degradation and catalyst accumulation in
the biocomposite.

The thermal properties of the prepared thermosets as
a function of curing conditions and bio-based hardeners are
summarized in Table 1. The curing of spirodiepoxide 1 with
succinic anhydride and citric acid resulted in thermosets with

Table 1 Thermal properties of thermosets prepared from spirodiep-
oxide 1 and different curing agents

Entry Curing” agent T, (cured at 170 °C)” T, (cured at 200 °cy
1 Succinic anhydride 104 119

2 Succinic acid 74 77

3 Citric acid 95 109

% The reactions were performed in melt. Molar ratio of epoxy groups to
carboxyl groups (for acids): 1/2. Molar ratio of epoxy groups to anhydride
(for succinic anhydride): 1/1. * Mid, point.
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higher glass transition temperatures (T,) than for succinic acid.
Citric acid is known to also form intramolecular anhydride
structures at elevated temperatures, which facilitates curing.*®
The higher T,'s observed for succinic anhydride and citric acid is
actually related to the difference in curing mechanism between
anhydrides and acids, where acids must undergo condensation
reactions to form a fully cross-linked network (ESI, Fig. S37).

Preparation and characterization of biocomposites

CNFs have high modulus and strength and may provide
significant reinforcement to a thermoset matrix for increased
mechanical properties. Nanofibers need to be well-dispersed,
since agglomeration will reduce reinforcement efficiency.
Chemical interactions between the CNFs and the polymer
matrix are also important.* The preparation procedure is vital
in order to obtain well-dispersed CNFs in the polymer matrix.
For CNF/epoxy biocomposites, high nanostructural control
achieved by solvent exchange combined with impregnation of
liquid epoxy precursors and in situ polymerization.*® A wet cake
of porous CNFs, oriented random-in-plane, is obtained by
vacuum filtration of a dilute colloidal CNF dispersion. It is
exchanged with organic solvents to substitute water, followed by
impregnation with a solution of epoxy precursors. After
impregnation, the solvent evaporates and the nanostructured
biocomposite is cured at elevated temperature. An organic
solvent must fulfill several criteria. It should dissolve mono-
mers at relatively high concentration, swell the CNF network to
facilitate impregnation, and preferably have a low boiling point.
Solvent screening revealed that the spirodiepoxide 1 has low
solubility in the large majority of common organic solvents at
ambient temperature. By increasing the temperature to 60—
70 °C, it was possible obtain a 25 wt% solution of 1 in aceto-
nitrile (MeCN). MeCN is classified as a first choice polar aprotic
solvent according to the Sanofi green solvent guide,* and as
usable by Pfizer.>> Moreover, methods to produce bio-based
MeCN are in active development.>* We used MeCN to prepare
nanostructured cellulose biocomposites via the solvent
exchange method from diepoxide 1 and succinic anhydride as
a curing agent (ESI{ and Fig. 2a).

A significant improvement would be to omit organic solvents
completely during biocomposites preparation. Water is an ideal
medium in the context of sustainable development and can also
swell the CNF network reinforcement. There are two problems:
epoxy precursors are usually insoluble in water, and the
precursors may lose their chemical functionality in water. The
use of carboxylic acids rather than anhydrides allowed us to
perform impregnation in water. Diepoxy monomer 1 is insol-
uble in water. It can, however, be sedimented in the water-phase
together with the CNF dispersion. CNFs can stabilize colloids,
which has been used for the preparation of, e.g., polystyrene/
CNF composites in water from Pickering emulsions;>*
however, there are no indications that this occurs in this
system. Here we prepared a CNF/epoxy wet cake via vacuum
filtration of an aqueous dispersion of CNF combined with
diepoxide 1. The wet-cake was then immersed in an acid solu-
tion in water (succinic acid or citric acid). The acid diffused into

This journal is © The Royal Society of Chemistry 2022
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(a) Preparation of biocomposites by solvent exchange to MeCN using succinic anhydride as a curing agent, and in water using citric acid

and succinic acid as curing agents. (b) SEM images of CNF film and CNF/epoxy composites prepared via solvent exchange to MeCN or in all-
water system. Number in parenthesis indicates wt% of CNF in the final material. (c) SEM/EDS images for modified composites prepared in all-
water system containing sulfur in diepoxy monomer (left) and in the curing agent/curing agent (right). (d) tan 6 of neat epoxy cured with succinic
anhydride (green), MeCN_succinic anhydride (33 wt% CNF) (purple), H,O_succinic acid 42 (wt% CNF) (black), H,O_citric acid (40 wt% CNF) (red).
(e) Storage modulus (T)/storage modulus (T = 30 °C) of neat epoxy cured with succinic anhydride (green), MeCN_succinic anhydride (33 wt%
CNF) (purple), H,O_succinic acid 42 (wt% CNF) (black), H,O_citric acid (40 wt% CNF) (red).

the cake to serve as a curing agent (for determining the ratio of
monomers infiltrated into the CNF wet cake, see ESI, Fig. S1 and
S2t). Curing the pure-thermoset at different water concentra-
tions does not influence the gel content (Table S27), suggesting
that the water evaporated before the reaction. The temperature
was above the melting point of epoxy precursors (diepoxide)
(170 °C) to promote homogeneous distribution of epoxide in the
CNF network (ESIT and Fig. 2a). Possibly, the molten diepoxide
was able to flow prior to gelation.

This journal is © The Royal Society of Chemistry 2022

Fig. 2b shows SEM images of fracture surfaces of bio-
composites prepared via solvent exchange to MeCN and also in
water-based systems. Note that the CNF content is very high
(W = 33-42 wt%). For all biocomposites, the nanofibers are
homogeneously distributed in the bio-epoxy thermoset matrix in
images with a 500 nm scale bar. The layered structure charac-
teristic for the neat CNF films (left hand image) is no longer
present. Importantly, composites prepared in the water-based
system exhibit even distribution of nanofibers similar to the
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Fig. 3 Recycling of biocomposites: (a) disintegration of a thermoset from CNF film. (b) Demonstration of synthetic utility of recovered product 2

(NaBH4 reduction of and Michael addition of thiomalic acid).

composites prepared via classical solvent exchange. Two modified
biocomposites containing sulfur in either the diepoxy monomer
(thiirane) or the hardener (thiomalic acid) were prepared to
confirm even matrix distribution for the all-water system. SEM/
EDS imaging revealed uniform distribution of sulfur in both
composites at the scale of 250 nm (Fig. 2c and ESI¥).

Dynamic mechanical analysis can be used to obtain infor-
mation concerning the epoxide thermoset structure in the
biocomposite. Fig. 2d shows the temperature dependence of the
mechanical loss factor tan ¢ of the neat bio-epoxy thermoset
and CNF/bio-epoxy composites. The maximum on a tan 6-T
curve is assumed to roughly correspond to the glass transition

Biocomposite | Recovered CNF film 2 " generation Biocomposite

Fig. 4 (a) SEM images of CNF/epoxy biocomposite (MeCN_succinic_anhydride (33 wt% CNF)) (left), recovered CNF film (middle) and 2nd
generation biocomposite (right). (b) Demonstration of recyclability and ability to reshape the recovered CNF film for preparation of 2nd

generation composites.
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temperature (T,) of the thermoset. The peak temperature of the
epoxy matrix is strongly shifted to higher temperatures in the
biocomposites. The only possible reason is that the epoxy
thermoset is covalently linked to the cellulose nanofiber surface
(Fig. S13t). As a consequence, the molecular mobility is
decreased and T, shifted to higher temperature, since the
effective cross-link density of the epoxy is increased. The wide
tan ¢ transitions for nanostructured biocomposites are caused
by inhomogeneous crosslink density from epoxide-CNF reac-
tions. In amine-cured epoxies, nanocellulose was found to have
catalytic effects on epoxy curing.® Fig. 2e shows the normalized
temperature dependence of storage modulus for all bio-
composites. For a neat, sparsely cross-linked bio-epoxy ther-
moset, the storage modulus drops rapidly at temperatures
above 100 °C. The decrease in storage modulus at high
temperatures is much less pronounced for CNF reinforced
thermoset matrices (for absolute storage modulus values, see
ESI, Table S371). The reason is not only strong thermoset rein-
forcement by the CNF network, but also an increased Ty, for the
epoxy matrix by increased cross-link density through reactions
with the CNF nanofiber surfaces.

Recycling

To develop material streams suitable for a circular bioeconomy,
we analyzed the recycling and degradation behavior of the
MeCN_succinic_anhydride (33 wt% CNF) biocomposite in
detail. The film was immersed into 0.5 M HCI acetone/water
solution 1/1 (v/v) and kept overnight at 80 °C in order to
detach the bio-epoxy matrix from CNF via its partial depoly-
merization into monomers and oligomers. The CNF film was
then removed from the solution and washed with water to
remove all depolymerized fragments of the thermoset. The
residual solution (containing oligomeric and monomeric frag-
ments of the thermoset) was kept at 90 °C for additional 12
hours for its complete depolymerization into solely monomeric
compounds (Fig. 3a). To our delight, the depolymerization
proceeded with high selectivity. After neutralization and EtOAc/
water extraction, succinic acid (>95%) and pentaerythritol
(77%) were quantified by NMR in the water phase (ESI, Fig. S6
and S77). In contrast, the organic phase contained compound 2,
a product of Aldol condensation between vanillin and acetone,
in 63% yield (ESI, Fig. S3 and S41). No other degradation
products were detected in significant amounts. The lower yield
observed for the vanillin-derived diepoxide is probably due
covalent linkages between CNFs and diepoxy 1. Chemical bonds
between diepoxides and Cs~OH groups of CNFs during curing
has been proposed.*® Notably, the recovered compound 2 is
a versatile and highly functionalized building block. As
a demonstration, we converted a crude mixture of 2 to triol 3 -
a potential monomer for the preparation of thermosets and
branched polyesters - via reduction with NaBH, (Fig. 3b, ESI,
Fig. S8 and S9t1). In addition, we demonstrated a synthetic use
of the activated double bond in product 2 via a Michael addition
of thiolmalic acid. This resulted in the formation of an another
potential monomeric block for thermosets - the tetrafunction-
alized product 4 (Fig. 3b, ESI, Fig. S10 and S117).

This journal is © The Royal Society of Chemistry 2022
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The recovered CNF film structure was analyzed by FTIR (ESI,
Fig. S121) and SEM (Fig. 4a). SEM images of the recovered film
reveal a layered structure characteristic of CNF nanofiber
networks. A 279 generation composite was prepared from the
recovered CNF film. The CNF film was soaked in a solution of
monomers (succinic anhydride and 1) and then cured (Fig. 4b
and ESIf). SEM images of the 2"? generation CNF/epoxy
composite showed equally good distribution of CNFs in the
polymer matrix, comparted with the virgin biocomposite,
without any apparent structural damage or coloration to the
CNF network (Fig. 4b). A slight drop in tensile strength was
observed for the 2nd generation biocomposites (from 127 to 105
MPa) compared to the 1st generation (Table S47).

Conclusions

We have designed and studied recyclable CNF/bio-epoxy bio-
composites, prepared exclusively from commercially available
bio-based building blocks. For preparation of the bio-
composites we developed an all-water system and compared it
with a solvent-exchange procedure. An introduction of 2 types of
labile linkages (acetal and ester) in an epoxy thermoset matrix
allowed for a complete disintegration of CNF from the polymer
with minimal structural damage to the CNF network. The
selective depolymerization pathway of the bio-epoxy thermoset
enables the recovery of monomeric building-blocks and the
production of the 2"® generation CNF/bio-epoxy composite
from the recovered CNF film. In addition, the chemical versa-
tility of the depolymerization products was explored towards
new types of multifunctional building-blocks.
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