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Highly reinforced and degradable
lignocellulose biocomposites by
polymerization of new polyester oligomers

Erfan Oliaei 1,2, Peter Olsén 2 , Tom Lindström1 & Lars A. Berglund 2

Unbleached wood fibers and nanofibers are environmentally friendly
bio-based candidates for material production, in particular, as reinforce-
ments in polymer matrix biocomposites due to their low density and
potential as carbon sink during the materials production phase. However,
producing high reinforcement content biocomposites with degradable or
chemically recyclable matrices is troublesome. Here, we address this issue
with a new concept for facile and scalable in-situ polymerization of polyester
matrices based on functionally balanced oligomers in pre-formed lig-
nocellulosic networks. The idea enabled us to create high reinforcement
biocomposites with well-dispersed mechanically undamaged fibers or
nanocellulose. These degradable biocomposites have much higher
mechanical properties than analogs in the literature. Reinforcement geo-
metry (fibers at 30 µm or fibrils at 10–1000 nm diameter) influenced the
polymerization and degradation of the polyester matrix. Overall, this work
opens up new pathways toward environmentally benign materials in the
context of a circular bioeconomy.

Cellulose biocomposites from nanocellulose or plant fibers, with
polymer matrix, often do not sufficiently contribute to sustainable
development, are not biodegradable and the processing approach is
not scalable1. In addition, mechanical properties of cellulose bio-
composites are often insufficient to replace established materials,
because of low fiber content. In a circular bioeconomy, constituents
should be recovered, in addition to green synthesis routes and bio-
based building blocks2–4. This work tries to address both the challenge
of circularity and low fiber content by creating new, green, and
hydrolytically degradable oligomers for in-situ polymerization within
high-content lignocellulose reinforcement networks.

Fossil-based plastics are often incinerated or disposed of as
landfill5. Plastic waste is long-lasting in nature, physically harming
wildlife and providing chemical hazards to the environment6. Plastic
production and plastic waste incineration result in 400 Mt of CO2

emissions per year7. Conventional plastics contributed 1.7 Gt CO2-eq
emissions in 2015 throughout their life cycle, which will increase to 6.5

Gt CO2-eq by 2050 if the current increase in use continues8. However,
by combining measures for reduced energy, materials aspects, recy-
cling, demand-management, and substitution of fossil-based feed-
stock with biomass, these levels could be reduced8. Circular economy
concepts emphasize reduced fossil-based plastic manufacturing,
reuse, and recycling9. Composites based on lignocellulosic plant fibers
provide CO2 storage, since plant tissue synthesis uses solar energy and
sequesters CO2 to create plant cell wall polymers2,4,10,11. One challenge
with biocomposites with short service life is the difficulty of extracting
polymer and fiber constituents for recycling at end-of-life5. Mechanical
recycling is vital to extend the material life cycle5,12,13, but chemical
recycling is of great interest as an end-of-life scenario for more “sus-
tainable” biocomposites7,14,15.

The dominant industrial process for polymer matrix biocompo-
sites, melt-compounding, is limited in terms of fiber content, results
in mechanical fiber damage, and has issues with reinforcement
aggregation, particularly for nanocellulose reinforcements16.
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Melt-processing is energy-intensive3 as melt-processed biocomposites
are typically heated and cooled multiple times to produce the final
product. Most molded plant fiber biocomposites in use today are
based on melt-processing of thermoplastic-plant fiber mixtures17 and
are not degradable. Processing by in-situ polymerization has lower
cumulative energy as the polymer is formed during biocomposite
manufacture. Biobased epoxies are commonly used for load-bearing
biocomposites18–20 but they are often not chemically recyclable. Ali-
phatic polyesters are interesting in this context as they are degradable
to non-hazardous products in industrially relevant environments21,22. A
challenge is that most semi-crystalline aliphatic polyesters have low
glass transition temperature (Tg), which translates into low modulus
and tensile strength23.

A newbiocomposite conceptwould be to combine stiff plant fiber
or nanocellulose networks with a comparably low content of hydro-
lyzable polymer matrix suitable for chemical recycling10,24–26. In order
to reach high fiber content, in-situ polymerization within a pre-formed
fiber network is a feasible approach. In-situ polymerization of non-
degradable polymers in cellulose fiber networks has been carried out
through free radical polymerization27,28, controlled radical
polymerization29, and ring-opening metathesis polymerization30.
There is, however, little work using degradable polymers for high fiber
content composites. The reason is that degradable polymer matrix
synthesis is often based on ring-opening polymerization (ROP) of
cyclic monomers31–35. The synthetic challenge is that cellulosic fibers
contain more than 5wt% moisture under ambient conditions. Water
molecules will initiate polymerization which results in lowmolar mass
polymers (clarified in Supplementary Discussion 1). For in-situ ROP,
this problem is aggravated at high lignocellulose content since total
moisture content is increased. Moisture also hinders polycondensa-
tion/polyesterification reactions of linear monomers towards high
molecular weight polymers. Thus, polymerization must be performed
under extremely dry conditions (distilled under inert gas flow, high
vacuum, and/or very high temperatures34,36–41) or in organic solvents42.
This impedes the sustainability of the process, as well as its applic-
ability in scalable composite production.

Other strategies are exemplified by the linking of different
degradable oligomers to high molecular weight thermoplastics and
crosslinked thermosets43. The chemistry used includes direct use of
isocyanates44,45, acrylate addition followed by either free radical
polymerization46,47 or thiol-ene chemistry48, reversible Diels-Adler
networks49, and silane chemistry50. For sustainable development, the
in-situ polymerization system ideally shouldbe insensitive tomoisture,
retain degradability after polymerization and preferably show inter-
face reactivity for interfacial adhesion purposes and rely on nontoxic
and benign chemicals. Here, a stoichiometrically balanced, novel
three-arm oligomer based on ε-caprolactone is a model precursor for
the polymerization system. After infiltration, oligomers polymerize
thermally via esterification conjugation to high molecular weight
polymers, within well-dispersed wood fiber or microfibrillated lig-
nocellulose (MFLC) reinforcement networks. This approach removes
the need for tedious drying and toxic reactants, and the polymeriza-
tion system is applicable atmild conditions (atmospheric pressure and
low temperature curing with no lignocellulose degradation risk). The
systemwas applied to obtain high volume fraction reinforcement. The
approach paves the way for scalable production of advanced and
degradable biocomposites with much improved properties. In addi-
tion,woodfiber andnano-lignocellulose reinforcements are compared
with respect to mechanical behavior and degradation.

Hereweare investigatingwood-based reinforcements, both fibers
and nanocellulose microfibrils since they can form strong
biocomposites51–53. Mechanical property effects and end-of-life char-
acteristics for wood fiber and lignocellulosic microfibril network
reinforcements will be compared. Lignocellulosic wood fibers and
microfibrils are of particular interest for composites for sustainable

development. The investigated biobased unbleached kraft fibers show
higher yield, lower energy demand, carbon footprint, and are sub-
jected to less severe chemical treatment than cellulosic wood pulp
fibers of low lignin content54,55. Important eco-indicators of high-lignin
unbleached fibers such as cumulative energy demand (7–11MJ/Kg),
global warming potential (~0.2Kg CO2 eq/Kg), and water depletion
(0.02–0.04m3/Kg) values show relatively low environmental impact
and are typically 30% lower than bleached fibers55. Furthermore, they
show little mechanical damage and favorable compatibility with non-
polar polymers. MFLC investigated here is also characterized by high
yield, reduced water sensitivity, and better compatibility with
“hydrophobic” polymers compared to higher-purity microfibrillated
cellulose54–56, although they are not showing interesting cumulative
energy demand (>100MJ/Kg)54. Note thatMFLC is used formechanical
properties comparison with fibers, not environmental aspects. In this
study, we developed an in-situ polymerization system and showed the
greenness of this chemical process and its low environmental impact
using key green chemistry metrics (atom economy, reaction mass
efficiency, and E factor).

The present approach allows for high reinforcement content,
good reinforcement dispersion, and no mechanical damage to the
reinforcement. The in-situ polymerization process should also
improve lignocellulose/polymer interfacial adhesion42,57. PCL is inves-
tigated as a model polymer representing soft, low Tg semicrystalline
and compostable aliphatic polyester as candidate replacement for
polyethylene (PE) and polypropylene (PP) biocomposite matrices.
Although neat, unmodified PCL shows lowmechanical properties, the
present wood fiber biocomposites with crosslinked, caprolactone-
based c-PCL matrix show better mechanical properties than previous
reports for biocomposites with aliphatic polyester matrix58–62, since
the processing concept allows high content of well-dispersed, efficient
network reinforcements, Fig. 1. Chemical durability, shaping cap-
ability, and hydrophobicity of c-PCl biocomposites, on the other hand,
are not competing with polyolefins. Overall, the present approach
based on novel aliphatic polyester oligomers and reactive processing,
suggests the possibility to replace non-degradable plastics and com-
posites with degradable biocomposites.

Results
Caprolactone oligomers and polymerization
The feasibility of reactive processing by in-situ polymerization of
aliphatic polyesters in lignocellulose reinforcements is high, but is

Present
data

Previous
data

Reactive processing

Degradation

Previous
data

Fig. 1 | A schematic representation of the concept presented in this work. It
highlights the circular economy principle by creating materials from biobased
resources (wood fibers) employing reactive processing (in-situ polymerization and
densification), which could then degrade at the product's end of life. This method
has the potential to produce biocomposites that are much stronger than typical
biocomposites due to the high content of well-dispersed reinforcement.
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commonly hindered by moisture interference with polymerization.
Here, new oligomers (“prepolymers”) are synthesized and poly-
merized (cured) by polyesterification alone (Fig. 2a) or in the pre-
sence of a high content (>20wt%) of moisture-containing
reinforcement (Fig. 3a). Biocomposites processing takes place in two
steps: in-situ polymerization followed by hot-press consolidation,
which could include shaping, Fig. 3a and Supplementary Fig. 32b.
Three functional oligomers of different molecular weights and
COOH:OH end group ratios were synthesized. The oligomer pre-
paration method is sequential ring-opening polymerization of ε-
caprolactone (εCL), initiated by glycerol (Gly), and catalyzed by
methanesulfonic acid (MSA), followed by end-capping with succinic
anhydride (SA) which was stopped at 50% end-group conversion,
Fig. 2a and Supplementary Table 1. MSA is employed as a catalyst
because it is highly active for the polymerization of CL, allowing for

polymerization at ambient temperature. Acid-catalyzed ring-opening
of SA is slower than for εCL, so that the degree of transesterification
is diminished while simultaneously enabling high control over the
end-group conversion (to R-COOH) to produce functionally balanced
oligomers.

In the present system, a near-complete conversion of εCL was
achieved for all three oligomers after 24 h. The end-capping reaction
was monitored by 1H NMR; after 72 h, 50% end-group conversion of
hydroxyl to carboxylic acid was achieved, Supplementary Table 1
entries [2] and [3]. The yield depended on the theoretical molecular
weight of oligomers, where a larger feed ratio resulted in a higher yield
due to the better precipitation, Supplementary Table 1 entry [1] to [3].
The final multifunctional oligomers are three-armed aliphatic ester
oligomers with two types of functional groups: carboxylic acids and
hydroxyls (stoichiometrically balanced), Fig. 2d.
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Fig. 2 | Insights into the procedures of the polyester oligomer formation and
polymerization into polymeric film. a Synthesis of functional caprolactone oli-
gomers. b Schematic representation of the oligomer polymerization system cata-
lyzed by Sn(Oct)2. c Number average molecular weight (Mn) and dispersity index
(Đ)of the oligomers before and after polyesterification, the measurement is per-
formed on the extracted, soluble polymer fraction. d 1H NMR on the starting

functional three-arm copolymer, the pink part indicates the continuation of the
network structure. e 1H NMR on the extracted polymer after polymerization.
f Images of homopolymer sheets after polycondensation. Optical transmittance is
fairly high (right image), with considerable light scattering and haze (left image).
Film thickness ≈135 µm.
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Lignocellulose reinforcements typically contain moisture at
ambient conditions, ~5–10% at room temperature and 50% relative
humidity, which limits the selection of a catalytic system for in-situ
polymerization of polyesters. The considered polymerization reac-
tion is direct esterification via the combination of carboxylic acids
and hydroxyls with the release of water. Commonly, acid catalysis by
e.g. toluene sulfonic acid is used63. This strategy, however, is not
applicable for lignocellulose reinforcements because of fiber degra-
dation effects. Initial polymerization trials were performed with neat
oligomers under uncatalyzed conditions. The degree of poly-
merization was then insufficient, see number average molecular
weight, Mn, and gel content, Supplementary Table 2 entries [1] to [3].
For this reason, Sn(Oct)2 was used as catalyst (1mol%) and CL-
oligomer polymerization was performed at 140 oC. Under these
conditions, the molecular weight and gel fraction became too high
for the hot-pressing stage, Supplementary Table 2 entries [4] to [6].
The amount of Sn(Oct)2 was then reduced to 0.5mol%, which
resulted in an insoluble gel content of 43 % while Mn was still high
enough, Supplementary Table 2 entry [7]. These results are optimal
in that liquid flow takes place under hot-pressing so that consolida-
tion (reduced porosity) becomes straightforward, as discussed in the
next section.

The polymerization proceeded via esterification between COOH
and free OH end-groups on neighboring oligomers, Fig. 2d, e. The 1H
NMR spectra before and after polymerization gave insights into the in-
situ polymerization mechanism. After polymerization, a partially
crosslinked PCL (c-PCL) polymer as a solid sheet of material is formed,
Fig. 2f. In the hot-pressing stage, the state of c-PCL allows for liquid

flow and plastic deformation, mechanisms that facilitate consolida-
tion, densification, and shaping.

In-situ polymerization of CL-oligomers in lignocellulose
reinforcement
The wood fibers in this study are 39 µm in diameter and 2.5mm in
length on average64, whereas the present MFLC is 2.5–1000 nm in
diameter and 5–50 µm in length56. The initial porosity of the network
reinforcements was ~85%, although polymerization followed by hot-
pressingdensified the system. For in-situ polymerization, CLoligomers
and the catalyst were added to the system and impregnated into the
networks (wood fibers or MFLC with the same compositions and
sources), to formmodel biocomposites with favorable polymermatrix
distribution. The reaction was carried out at 140 °C for 14 h and then
samples were hot-pressed at 40–50MPa and 120 °C for 5min (Fig. 3a).

The selected polymer system is based on the oligomer GLY-PCL14-
SA1.5 (Mn 1500) and catalyzed with 0.5mol% of Sn(Oct)2, Supplemen-
tary Table 2 entry [7]. After polymerization, it has a 43% gel fraction
(sparsely crosslinked with low Tg) and a soluble PCL fraction with Mn

9300. This system enables both some further polymerization and
polymer flow during secondary hot-pressing for consolidation (Fig. 3).
This oligomer system was therefore selected for polymerization in all
biocomposite formulations. Since the gel content is moderate after in-
situ polymerization, the biocomposites can be post-processed, e.g. by
shaping into complex 3D structures (Supplementary Fig. 32b).

The very large size difference between wood fibers (WF) and
MFLC is apparent in Supplementary Fig. 26a, b. Wood fibers (spruce)
are typically 30 µmby3mm55. Thewidth of 44wt%offibrils is <100 nm,

20 μm 10 μm 1 μm3 μm

((a)

In-situ

pol.

ThermoformingHot-pressing

Fiber mat

Oligomer

(b)) (c)

(d) (e)

Fig. 3 | Schematicallydepictedpreparationproceduresof the biocomposites as
well as their macroscopic and microscopic structures. a Processing steps:
impregnation of fibermat with oligomer liquid, in-situ polymerization, followed by
hot-pressing. The wood fiber (WF) polymer matrix biocomposite is then subjected
to thermoforming for consolidation. In industrial process, thermoforming would
also be a shaping step. b Photographs of 25% WF biocomposites from wood fibers

before and after hot-pressing; sample diameter = 7.2 cm. c Photographs of nanos-
tructured 27% microfibrillated lignocellulose (MFLC) biocomposites before and
after hot-pressing; sample diameter = 7.2 cm. d Cross-sectional SEM images from
cryo-fractured, hot-pressed 25%WFbiocomposite. eCross-sectional SEM images of
cryo-fractured, hot-pressed 27% MFLC biocomposite.
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and the width of 56wt% is between 100 nm and 1 µm. Therefore, the
main differences are related to size, specific surface area and intrinsic
mechanical properties. Cryo-fractured cross-sections of hot-pressed
MFLC and WF biocomposites with c-PCL in Fig. 3d, e illustrate favor-
able MFLC dispersion at sub-micrometer scale and show WF/c-PCL
microstructure at 50-μm scale. Some biocomposites’ porosity is
apparent, up to 10%, Supplementary Table 1. The plastic flow char-
acteristics of the matrix are apparent from the smeared appearance in
the images (Fig. 3d, e and Supplementary Fig. 27). The fiber-polymer
interfaces do not show apparent signs of debonding, suggesting good
interfacial wood fiber/c-PCL adhesion, probably related to chemical
fiber-polymer reactions (Fig. 3d and Supplementary Fig. 27). Figure 3d
also shows c-PCL is also distributed in the wood fiber lumen region
(inside the cell wall), also confirmed by Supplementary Fig. 28. Micro-
and nanostructural differences between WF and MFLC biocomposites
influence the reinforcement mechanisms. The larger pore size of WF
biocomposites (Fig. 3d, e) andhigher porosity (SupplementaryTable 1)
confirm that c-PCL matrix distribution depends strongly on the rein-
forcement (WF or MFLC). Biocomposite surfaces are flat and rather
smooth with no distinct pattern from the reinforcement network,
confirming plastic flow during hot-pressing, Supplementary Fig. 29.

In Supplementary Fig. 22, it is apparent that thermomechanical
biocomposite properties depend on the reinforcement type. Thismay
not only be caused by reinforcement efficiency aspects, but also by
polymerization effects onpolymer structure andproperties. A detailed
analysis of polymer formation effects was therefore performed on
biocomposites from the two reinforcement types (WF and MFLC
nanofibers), namely PCL/MFLC41 and PCL/WF44 with about 40wt%
reinforcement (Supplementary Table 3).

Careful end-group analysis (of dissolved c-PCL) revealed that the
degree of oligomer polyesterification decreased in the presence of the
reinforcement, see conversion end-groups for c-PCL in MFLC41 and
WF44, Supplementary Table 3. For c-PCL/WF44, the acid end-group
conversion from neat c-PCL was reduced by 12% (53% vs 65%), whereas
it was reduced by as much as 27% (38% vs 65%) for the higher specific
surface c-PCL/MFLC41. Oligomer acid end-groups are likely reacting
with surface hydroxyls on the WF or MFLC reinforcements. The gel
content was defined as the fraction of c-PCL that could not be dis-
solved (see Characterization section). Shorter polymer chains are
readily soluble, whereas higher molar mass molecules have lower
solubility. Furthermore, polymer chains strongly linked to the rein-
forcement cannot be extracted. The gel content of the polymer is
similar for neat c-PCL (43%) and c-PCL/MFLC41 biocomposite (46%). In
contrast, c-PCL/WF44 showed a gel content as high as 75% since oli-
gomer crosslinkingwas favored. Polymer trappedor bonded inside the
wood fiber cell wall or lumenmay contribute to the higher gel content
of c-PCL/WF44 compared to c-PCL/MFLC41. The hypothesis for the
lower c-PCL gel content in MFLC biocomposites is that short c-PCL
oligomers are reacting with the surface hydroxyls of MFLC nanofibers.
The specific surface area of the MFLC reinforcement is much higher
than for WF, which could influence polymerization. If we assume an
average cylindrical nanofiber diameter of 20 nm and organize all
nanofibers in the same direction with square packing, the average
distance between nanofibers will be only ~10 nm at a nanofiber volume
fraction of 0.3565. Consequently, more active sites on the MFLC rein-
forcement can participate in the reaction, and the stoichiometric bal-
ance of functional groups in oligomers (COOH:OH 50%:50%) is
disturbed during condensation reactions. The higher accessible sur-
face area of MFLC increases the extent of reactions in the interface
region, resulting in a greater number of short c-PCL oligomers bonded
to the MFLC fibrils. This limits the overall c-PCL network formation by
changing the reactant stoichiometry. To test the hypothesis, the
reaction time was reduced to 3 h for both MFLC and WF reinforce-
ments, and free polymer chains were removed from the system by
excessive solvent washing. After 3 h of reaction and polymer

extraction, the MFLC system had a much higher carbonyl intensity
from polyesters than theWF system. It means that theMFLC reactions
with oligomers (covalent oligomer attachment to MFLC, and forma-
tion of ester linkages) are much more frequent, in support of the
hypothesis, Supplementary Fig. 23.

The swelling of biocomposites in organic solvents was also
investigated. Thegel fraction in theneat c-PCLpolymer is insoluble but
shows high swelling in organic solvents (Supplementary Fig. 24). The
reason for “high” swelling is that the crosslink density is low and
the solubility of PCL is high in the solvents. The c-PCL/MFLC41 and
c-PCL/WF44 biocomposites showmuch lower swelling than neat c-PCL
due to swelling restrictions from the reinforcement (interfiber bond-
ing). MFLC composites showed the lowest swelling because of
“stronger” and more numerous interactions between MFLC reinfor-
cement nanofibers.

Crystallization and thermal properties of biocomposites
Since crosslinking is sparse, the polymer matrix is semi-crystalline.
Dried biocomposites were heated to 120 °C and then cooled to −80 °C.
Afterward, the samples were heated from −80 °C to 150 °C. DSC curves
from heating and cooling of biocomposites of different reinforcement
content are represented in Supplementary Fig. 22, so that thermal
history is removed and crystallization conditions are the same. Pure
c-PCL showed two distinct melting peaks related to two different
populations of crystal size. C-PCL biocomposites, however, show one
distinct melting peak. The reason may be due to a nucleation effect
from the lignocellulose reinforcement. Tm of biocomposites shifts to
higher temperatures with increasing reinforcement content due to
interactions66 between c-PCL matrix chains and reinforcement, Sup-
plementary Table 5. Grafted c-PCL chains from the reinforcement may
influence the matrix c-PCL behavior. Tc of the composites shifts to
higher temperatures with increased reinforcement content, in support
of nucleation effects from fibers.

When thermal history is removed, c-PCL in all biocomposites
except for c-PCL/77% HP-WF shows a lower degree of crystallinity than
pure c-PCL, Supplementary Fig. 22b, c and Supplementary Table 5. The
reason is not completely clear, but gel content is certainly one reason,
since it is higher for biocomposites. The lower crystallinity for MFLC
composites is due to the population of grafted PCL chains on MFLC
and/or nanoconfinement effects, which limits crystallization. Note that
the degree of crystallinity reported in Table 1 is related to the original
state of the biocomposites (prepared similarly), without thermal his-
tory removal. These c-PCL matrix data are for biocomposites used in
mechanical testing and will influence mechanical properties of bio-
composites. In Fig. 4c, degree of crystallinity in c-PCLmatrix versus gel
content shows interesting trends. Reduced crystallinity with gel con-
tent is because crosslinked c-PCL domains show constrained mole-
cularmobility, preventing crystallization. c-PCL in biocomposites has a
higher gel content and lower crystallinity than pure c-PCL. One reason
is that oligomers react with the carboxyl and hydroxyl groups of the
reinforcement surfaces, increasing the fractionofgel content. There is,
however, not a clear monotonous trend of rising gel content
(or reduced crystallinity) with lignocellulose content due to the com-
plexity of the system. In wood fiber biocomposites, increasing fiber
content generally results in higher gel content. One reason may
be c-PCL trapped or bonded inside wood fibers or in lumen region.
The high crystallinity of the hot-pressed 77wt% WF biocomposite
correlates with low gel content and possibly a more favorable thermal
history for crystallization.

Mechanical properties
Figure 4 demonstrates strong improvement in c-PCL properties with
lignocellulose reinforcement and also showsbetter properties than for
comparable PCL biocomposites reported in the literature. In Fig. 4a,
stress-strain curves are presented for c-PCL/WF and c-PCL/MFLC
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biocomposites with different reinforcement content. Strength and
modulus data are provided as a function of fiber content in Fig. 4b.
Compared with the modulus (0.5 GPa) and tensile strength (11.5MPa)
of neat c-PCL, properties are significantly improved. It is also apparent
that MFLC provides much better strength reinforcement than WF at a
comparable fiber content. In addition, MFLC biocomposites show
substantially higher strain to failure compared to WF composites,
which in combination with strain-hardening behavior leads to higher
strength. The strain to failure is as high as 14–16% for compositions
with 27 and 35% MFLC. The main reason is the small scale of MFLC
nanofibers. For c-PCL/WF, the coarser structure (10 µm fiber diameter
scale compared with 10–1000 nm nanofiber diameter scale for MFLC)
leads to formation of defects and microcracks in the polymer matrix
during deformation. This often takes place at voids or the fiber/poly-
mer interface, and at much lower strain than for c-PCL/MFLC. The
increase in c-PCL/WF biocomposites modulus with fiber content is
consistent, but c-PCL/MFLC data shows significant scatter and effects
are not consistent. One reason is the low crystallinity for some com-
positions, for instance c-PCL/MFLCwith 50%MFLC. Onemay note that
c-PCL/MFLC modulus data are lower than for comparable WF com-
posites. For the c-PCL/MFLC with 27 and 35% MFLC, the PCL crystal-
linities (Table 1) are also lower than for comparableWFbiocomposites,
which may explain the difference.

Overall, high reinforcement content composites resulted in good
mechanical properties. The c-PCL/MFLC41 biocomposite showed
modulus above 3GPa and ultimate strength above 60MPa. This
improvement extends the application range for PCL-based materials
and may inspire investigations of other biocomposites from aliphatic
polyesters (PBS, PLA). It is interesting to note that the wood fiber
biocomposite, c-PCL/WF54 showed a higher modulus (3.6 GPa) than
the comparable MFLC biocomposites and strength as high as
39.4MPa. Since c-PCL is semi-crystalline and formed by in-situ poly-
merization, polymer properties are influenced by variations in gel
content, average molar mass of extractable PCL fraction, and c-PCL
crystallinity in different biocomposites.

The present PCL-based biocomposites show higher reinforce-
ment content than in the large majority of previous studies and the
wood fibers are largely undamaged which means mechanical proper-
ties are much improved, Fig. 4b. In most previous studies either che-
mical reinforcement modification, water-assisted melt compounding,
or addition of a compatibilizer57,67–70 is used to improve PCL-fiber stress
transfer.Melt compounding results inmechanical damage to thefibers
and fiber agglomerates are often present, particularly for nanocellu-
lose or at high reinforcement content. The present use of a preformed
WF or MFLC network makes high reinforcement content possible,
results in well-preserved and well-dispersed fibers, and processing is
direct and energy-efficient by oligomer impregnation followed by in-

situ polymerization of a degradable polymer matrix. The well-
preserved structure of both types of reinforcements (WF and MFLC,
Supplementary Fig. 30) makes a fair comparison possible of effects
from reinforcement content and type, since the orientation distribu-
tions and fiber contents are similar.

To investigate the potential for even better mechanical proper-
ties, an already hot-pressed wood fiber sheet was used as reinforce-
ment. This dense reinforcement was impregnated by c-PCL oligomers
and polymerized. A biocomposite with 77wt% HP-WF was obtained
(c-PCL/HP-WF77), which showed the highest strength (82MPa) and
modulus (6.6 GPa) of all materials in Fig. 4b. This biocomposite also
showed remarkable wet strength, modulus, and strain to failure of
50MPa, 1 GPa, and 9.6%, respectively (Supplementary Fig. 35b). The
main reason for these improvements is the high fiber content,
although polymer matrix crystallinity is also increased, Fig. 3c. Note
that themechanical properties of c-PCL/HP-WF77 aremuch lower than
those of neat HP-WF given the incorporation of a low-modulus poly-
mer matrix; Supplementary Fig. 35b.

The DMTA data are presented in Supplementary Fig. 22c. The
storage modulus improves with reinforcement content over the
complete temperature range, and the relative increase is highest
above Tg. The loss modulus shows a peak ~−45 °C, which is associated
with the c-PCL glass transition. This is also the temperature at which
both neat c-PCL and the biocomposites show softening with increased
temperature. Note that c-PCL/MFLC27 has lower storagemodulus than
c-PCL/WF25 but also lower c-PCLmatrix crystallinity (Table 1). The loss
modulus peakmoves to higher temperatures and broadens for the 41%
MFLC biocomposite. With such high MFLC content of high specific
surface area, a large fraction of the c-PCL matrix is in direct contact
with MFLC surfaces. This may constrain molecular mobility of the
c-PCL phase and lead to increased Tg, Supplementary Fig. 22c.

Green chemistry and circular economy aspects
Unbleached kraft woodfibers are interesting not only because they are
biobased, but also because they have high production yield and a
history of minimal chemical treatment54,55. Key eco-indicators of
high-lignin unbleached fibers such as cumulative energy demand
(7–11MJ/Kg), global warming potential (~0.2 Kg CO2 eq/Kg), and water
depletion (0.02–0.04m3/Kg) demonstrate relatively low environ-
mental impact of thesefibers55. In this study,wedeveloped anewgreen
in-situ polymerization system. We strive for a green chemical process
that makes efficient use of (ideally renewable) raw materials, reduces
waste, and avoids the use of toxic and/or hazardous chemicals and
solvents in the synthesis and application of chemical products71. Here,
we calculated key green chemistry metrics i.e., atom economy, reac-
tion mass efficiency, and environmental factor, to quantify the eco-
friendliness of this chemical process.

Table 1 | Summary of physical and mechanical properties of WF and MFLC biocomposites

Sample Thickness (μm) Apparent den-
sity (g/cm3)

Apparent
porosity (%)

Polymer gel
content (wt%)

Polymer degree of
crystallinity (%)

Elastic
modulus (GPa)

Ultimate tensile
strength (MPa)

Strain to
failure (%)

c-PCL 135.3 (12.6) 1.18 (0.16) 0 43 (2) 44.0 0.5 (0.1) 11.5 (1.2) 5 (0.4)

25% WF 199.6 (16) 1.23 (0.10) 2 64 (2) 30.8 1.9 (0.3) 20.6 (2.6) 2.0 (0.2)

37% WF 161.3 (6.5) 1.21 (0.05) 7 55 (2) 30.0 2.9 (0.9) 23.8 (2.8) 2.2 (0.3)

44% WF 133.0 (6.5) 1.21 (0.06) 8 75 (4) 22.4 3.4 (0.6) 26.9 (2.4) 2.7 (0.5)

54% WF 99.7 (4.5) 1.22 (0.05) 10 83 (1) 25.3 3.6 (0.7) 39.4 (6) 2.5 (0.2)

77% HP-WF 180.4 (7.1) 1.24 (0.05) 13 34 (2) 50.7 6.6 (1.8) 82.1 (8.2) 1.7 (0.4)

27% MFLC 103.6 (5.6) 1.19 (0.06) 6 77 (2) 17.5 1.4 (0.1) 43 (1.4) 16.3 (2.3)

35% MFLC 97.6 (7.4) 1.22 (0.09) 6 69 (1) 16.2 1.4 (0.3) 53.2 (4.1) 14.6 (0.5)

41% MFLC 61.9 (2.1) 1.30 (0.04) 1 46 (2) 29.4 3.2 (0.4) 61.1 (4.6) 5.5 (0.8)

50% MFLC 56.0 (2.1) 1.30 (0.05) 3 55 (2) 20.2 3.1 (0.3) 62.0 (11.0) 6.6 (1.3)

Values in parentheses are standard deviations. Degree of crystallinity of c-PCL is calculated from first heating cycle of original samples (no thermal history removal), assuming melting enthalpy of
136.4 J/g for 100% crystalline PCL.
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Trost’s atom economy is a metric to show the reaction efficiency
and is calculated as the number of atoms of reactants appearing in the
product71,72. The atom economy of the whole series of reactions,
including oligomer preparation, end-capping, and polyesterification/
curing, is more than 99.5%, (note all c-PCL including gel and non-gel
parts are desired, see calculation in Supplementary Discussion 3). The
reactionmass efficiency is defined as the ratio of the actualmass of the
desired product to the total mass of all reactants employed73. It con-
siders both atom economy and chemical yield (e.g. excess
reagents)71,73. Reaction mass efficiency of the whole series of reactions
is 75%, and for only the in-situ polymerization/curing part is 100%
(Supplementary Discussion 3).

Atom economy and reaction mass efficiency quantify the eco-
friendliness of a reaction but not of a process. Neither of these
metrics consider wastes generated by solvents and losses, whereas

environmental factor does71. Sheldon’s environmental factor (E fac-
tor) of a process is the ratio of the mass of waste per mass of
product71,74. E factor for oligomer synthesis and end-capping is cal-
culated ~5, and for polyesterification it is calculated to be 15 (Sup-
plementary Discussion 3). Note, here, the aim is to create “model”
biocomposites with homogeneous polymer distribution and low
void content. Hence, solvent exchange and solvent-assisted
impregnation are used to serve this purpose. In addition, in lab
work, non-reacted reagents are discarded. These issues are the main
culprits behind the E factor. However, for large-scale production,
these issues are not so relevant, and E factor is potentially much
lower. The solvents may not be necessary during infiltration as the
molten oligomer at 140 °C displays viscosity values similar to com-
mercial epoxy resin formulations (Supplementary Fig. 37), and non-
reacted reagents can potentially be recycled. Therefore, from a
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Fig. 4 | Mechanical properties of the biocomposites at various reinforcement
contents, togetherwith information on the crystallinity and gel content of the
polymer matrix. a stress-strain curves of wood fibers (WF) and microfibrillated
lignocellulose (MFLC) reinforced crosslinked polycaprolactone (c-PCL) compo-
sites. b Ultimate tensile strength and modulus versus lignocellulose reinforcement
content in c-PCL composites. Square symbols: literature data from references 1:67,

2:68, 3:77, 4:57, 5:69, 6:70, 7:78, 8:79, 9:80, and 10:62. Unfilled symbols: nanocellulose/
microfibrillated cellulose composites; filled symbols: wood fiber composites; tri-
angle: neat PCL; red color/circle symbols (no ref): data from the present study.
c Degree of crystallinity vs gel content of WF and MFLC biocomposites (data from
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large-scale perspective, E factor for the polymerization part is almost
zero (near ideal) since everything that remains in the system is
desired, and there is no waste or byproducts.

Heating of biocomposites above 50 °C, the matrix melting point,
resulted in a fluffy surface appearance dominated by fibers and the
formation of substantial porosity in the material. This appearance is
similar to that after in-situ polymerization. This porous material form
may facilitate recycling and enhance composting/degradation rate.
From an application perspective, however, it limits material usage to
ambient conditions.

In a circular economy, degradability is critical for the end-of-life
aspect of sustainable materials. PCL is particularly interesting since it
can degrade in sea-water75. Accelerated tests under hydrolytic degra-
dation conditions were performed to investigate reinforcement
effects, since controlled degradation at industrial scale is an option to
handle end-of-life challenges and promote a circular material econ-
omy. Degradation was monitored by 1H NMR under accelerated
hydrolytic conditions using D2O at a pH of 12, leading to the formation
of 6-hydroxycaproic acid sodium salt. The hydrolytic degradation rate
was higher for the biocomposite compositions compared with neat
c-PCL (Fig. 5a). In addition, the rate was very sensitive to the type of
reinforcement, nanoscale MFLC or microscale WF. The c-PCL in the
MFLC nanocomposite showed complete degradation after 25 h, com-
pared to 140 h for the WF biocomposite. The data suggests that c-PCL
in the fibrous lignocellulose networks degrades quickly under these
conditions. The kinetics are faster for the c-PCL in more finely dis-
tributedMFLC nanofibers. The finely distributedMFLC network phase
provides larger specific interfacial area. Since water prefers to
be located in high energy interface regions, this also means that the
specific surface area of c-PCL exposed to water becomes high. In
contrast, degradation starts at the outer surface of neat c-PCL samples
and moves inwards more slowly. Note biological degradation by
microorganisms and their enzymes will progress by different
mechanisms, which may change degradation kinetics compared with
present results76.

Water absorption data, Fig. 5b, shows low absorption for neat
c-PCL, as expected. WF-based biocomposites absorb at a substantially
higher rate thanother biocomposites. This is interesting and related to
lower swelling of the MFLC biocomposites due to well-bonded thin,
nanoscale MFLC fibrils surrounded by c-PCL at a small scale. For wood
fibers, there will be a contribution to high swelling from the thick
(≈5 µm) andwell-connectedwood fiber cell walls, which provide a path
for water diffusion or wicking. Overall, these results show that lig-
nocellulosic fibers, besides acting as polymer reinforcement, can
strongly contribute to matrix degradation behavior.

Discussion
The plastics waste crisis highlights the need for a circular material
economy. We also need materials that can compete with their
petroleum-based counterparts in terms of both cost and properties.
Many aliphatic polyesters are degradable but have insufficient
mechanical properties to competewith petroleum-based bulk plastics.
On the contrary, lignocellulosic fibers are strong but sensitive to
moisture and difficult to shape with conventional processing techni-
ques. Unfortunately, their combination has been limited to low fiber
content composites due to processing limitations and synthetic pro-
blems related to moisture present in the fibers. We have developed a
new reactive processing concept based on functionally balanced
polycaprolactone (PCL) oligomers to address this. The PCL-oligomers
enable direct in-situ polymerization within the fiber networks. The
resulting PCL matrix is sparsely crosslinked, semicrystalline, and
readily consolidated into low-porosity biocomposites of high reinfor-
cement content. Biocomposites withmore than 40wt% reinforcement
reach moduli as high as 3.1–6.6 GPa, and tensile strengths as high as
61–82MPa, which exceeds typical data for commodity thermoplastics
and is much higher than reported for previous wood fiber and nano-
cellulose PCL biocomposites. The high performance is based on the
mechanically and chemically undamaged, well-dispersed reinforce-
ment networks. The crosslinked PCL-matrix reduced moisture sensi-
tivity and enabled biocomposite thermoforming for engineering
applications. In addition, the materials are hydrolytically degradable,
and the rate depends on reinforcement geometry (wood fibers or
microfibrils).

High-lignin content wood fibers have a minimal environmental
effect, and high-fiber content biocomposites produced by green
reactive processing make the resulting biocomposites interesting for
sustainable development. From a circular economy perspective, bio-
based aliphatic polyesters are appealing as the polymer matrix for
biocomposites. Polylactic acid is a particularly desirable candidate due
to its excellent mechanical properties, competitive pricing, and wide
availability. Overall, the present approach allows for improved
mechanical performance and suggests eco-friendly degradable bio-
composites from lignin-containing wood fibers as an alternative to
plastics and polyethylene-based biocomposites in a circular materials
economy.

Characterization
Gel content determination
A mixture of dimethylformamide/dichloromethane (70/30wt%) was
prepared and a piece of c-PCL homopolymer or biocomposite was
added to the solvent mixture and let to be dissolved at room

0 20 40 60 100
0

2

4

6

8

10

c-PCL

W
at

er
 a

bs
or

pt
io

n 
(w

t%
)

Time

WF-PCL

MFLC-PCL

7 daysmin0 50 100 150 200 250 300 350 400
0

20

40

60

80

100
MFLC-PCL

D
eg

ra
da

tio
n 

of
 c

-P
C

L 
(w

t%
)

Time (h)

c-PCL

WF-PCL

(a) (b)

Fig. 5 | Data on the progression of hydrolytic degradation and water absorp-
tion in biocomposites. a Hydrolytic accelerated (alkaline) degradation of cross-
linked polycaprolactone (c-PCL) homopolymer and biocomposites with 25% wood

fibers (WF) and 27% microfibrillated lignocellulose (MFLC). b Water absorption of
the homopolymer and biocomposites vs immersion time in water.

Article https://doi.org/10.1038/s41467-022-33283-z

Nature Communications |         (2022) 13:5666 8



temperature for 48 h under magnetic stirring. Note that we could not
dissolve more PCL at more extreme conditions. Afterward,
the solution was filtered off through a 0.65 µm PvDF membrane, and
the dissolved part of the polymer, which passed through the
membrane was measured as the filtrate dry weight. By knowing the
initial composition of the materials i.e., c-PCL and the reinforcement
content, the undissolved part of PCL was calculated as the gel
content.

Size exclusion chromatography
Size exclusion chromatography (SEC) was performed with a TOSOH
EcoSEC HLC-8320GPC system equipped with an EcoSEC RI detector
and three PSS PFG 5 μm columns (microguard, 100Å, and 300Å). A
calibration curve was created using narrow, linear poly(methyl
methacrylate) standards ranging from 700 to 2,000,000g/mol.
The typical sample concentration was 3mg/mL and the flow rate was
1mL/min at 30 °C. Corrections for flow-rate fluctuations were made
using toluene as an internal standard. PSSWinGPC Unity software was
used to process data. Each sample was analyzed twice and the average
value was selected.

Nuclear magnetic resonance
1H and 13CNMRresultswere recorded at room temperatureon aBruker
Avance III HD 400MHz instrumentwith a BBFOprobe equippedwith a
Z-gradient coil for structural analysis. Data were processed with Mes-
treNova (Mestrelab Research) software using a 90° shifted square sine-
bell apodization window, baseline and phase correction were applied
in both directions.

Fourier transform infrared
Fourier transform infrared (FTIR) spectra were obtained using an FTIR
spectrometer (Perkin-Elmer, Spectrum 100) equipped with an atte-
nuated total reflection (ATR) unit (Graseby Specac Ltd., England).
Spectra were recorded with a resolution of 4 cm–1 with eight scans in
the range of 4000–600 cm–1. For the comparison of the composites,
the intensity of the hydroxyl stretching peak (3330 cm−1) related to
cellulose reinforcement was normalized to unity.

Microscopy
A Hitachi S-4800 field-emission scanning electron microscope was
used for imaging and morphological studies. Cross-sections of the
films were prepared either by 10min dipping in liquid nitrogen and
cryo-fracturing or cutting using a UV KrF excimer laser (Lumonics,
Canada). The laser had a wavelength of 248 nm, a frequency of 10Hz,
and energy of ~265mJ . All samples were sputter-coated for 20–40 s
with platinum-palladium using a 208HR Cressington Sputter Coater
before the SEM study.

Thickness and tensile test
The thickness of the samples was measured using an M201 structural
thickness tester (TJT TeknikAB, Sweden). Strips of 6mm×45mmwere
punched from the films and loaded in an Instron 5944 tensile machine
(USA), equipped with a 500N load cell and a video extensometer. The
tests were conducted at 30mmgauge length and a crosshead speed of
5mmmin−1. The samples were conditioned for 48 h at 23 °C and 50%
relative humidity. The wet tensile test was carried out on the samples
immersed in water for 8 days.

Dynamic mechanical analysis
The dynamic mechanical thermal properties of the composites were
measured using a dynamic mechanical analyzer, DMA Q850 TA
Instruments (New Jersey, USA). The measurements were performed
using oscillation at a constant frequency of 1 Hz, amplitude of 10 µm,
with a temperature ramp from −80 °C to 35 °C at a heating rate of
3 °C/min. The specimen dimensions were 6mm×45mm, and the

gauge length was ~20mm. A few measurements were carried out for
each sample.

Thermal characterization
Thermogravimetric analysis was performed via TGA Q5000 IR, TA
Instruments. The samples were heated to 105 °C and pre-dried for
20min, then were further heated to 800 °C (10 °Cmin–1) in a nitrogen
atmosphere (25mLmin–1) to investigate the thermal stability of the
samples.

Differential scanning calorimetry (DSC) (Q1000, TA Instruments,
USA) was also carried out with a N2 flow of 50mL/min. Moisture was
removed by pre-drying (105 °C, 20min), the samples were heated to
120 °C and then quenched to −80 °C. Subsequently, the samples were
heated from −80 °C to 150 °C (10 °C min–1) to record possible glass
transitions and melting temperatures. Data were evaluated using the
Universal Analysis 2000 software (TA Instruments).

Degradation study of the biocomposites
In the literature, there are examples of PCL accelerated degradation.
However, our method to measure it is unique in its simplicity. The
degradation of the pure c-PCL homopolymer and the WF and MFLC
biocomposites were studied under static conditions by 1H NMR. The
chemical shift of the ε-protons of c-PCL is highly dependent on the
chain-end or the repeating unit position. Therefore, a master solution
of D2O at a pH of 12 was prepared with the addition of NaH to D2O.
After the complete reaction, benzyl alcohol was added as the internal
standard. The degradation was started by adding 100mg of materials
into 1ml ofmaster solution in each nuclearmagnetic resonance (NMR)
tube and monitored through the increase in ε-protons, related to
degraded PCL over time.

Methods
Materials and chemicals
Spruce wood chips provided by MoRe Research was used to prepare
wood fibers and microfibrillated lignocellulose. ε-caprolactone (97%),
glycerol (99.5%), succinic anhydride (99%), methanesulfonic acid
(99%), dioxane (99.5%), ethanol (99.9%), acetone (99.5%), dimethyl-
formamide (99.5%), dichloromethane (99.5%), sodium hydride (60%),
and deuterium oxide (99.9%) from Sigma-Aldrich, Sweden were used.
Tin (II) 2-ethylhexanoate (95%) from VWR was used.

Preparation of wood fibers and fibrils
Unbleached pulp fibers with kappa 96 (16.9% lignin, 17.3% hemi-
cellulose, 64.1% cellulose, and 1.7% extractives) were prepared from
kraft pulping of spruce wood chips (18% effective alkali, 20% sulfidity,
liquor to wood ratio of 4:1 and 90min cooking at 160 °C). The wood
fibers had an average length of 2.46mm and average width of 39.1 μm
(Supplementary Fig. 36 for full size distribution). Fiber fine (length <
0.1mm) content, i.e. length-weighted average was 13.2%. The fibers
were beaten and using a high-pressure microfludizer fibrillated into
microfibrillated lignocellulose (MFLC) consisting of 44wt% fibrils with
nanosized (<100nm) thickness and rest coarse fibrils with up to 1 µm
thickness. All populations ofMFLCfibrils (unfractionated)were used in
this study.

Functional ε−caprolactone-oligomer synthesis
The functional εCL oligomers were synthesized through ring-opening
polymerization initiated by glycerol and the outcome was partially
end-capped by succinic anhydride. In an example reaction, glycerol
(0.48g, 5.2mmol, 1 equiv.) was dissolved in 30ml of dry dioxane in a
100ml dried round-bottom flask equipped with a magnetic stirrer.
After dissolution, ε-caprolactone (8.3 g, 73mmol, 14 equiv.) and the
catalyst methanesulfonic acid (0.07 g, 0.73mmol, 0.14 equiv.) were
added. The polymerization was left to proceed for 24 h at ambient
temperature. After 24 h, succinic anhydride (1.55 g, 15.5mmol, 3 equiv.)
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was added to the reaction mixture. After 72 h, the end-group conver-
sion was roughly 50%, according to 1H NMR. At this point, the reaction
was terminated by 500ml of water and the reaction mixture was
decanted. The mixture was placed in the fridge overnight and filtered
the next day. The product was air-dried for 5 days, and the isolated
yield was calculated 75%.

In-situ polymerization of oligomers, and preparation of
biocomposites
Dilute aqueous suspension of fibers or MFLC was vacuum-filtrated.
Afterward, the formed wet networks (ca 85% water) were subjected to
solvent exchange to ethanol and then acetone (a few times), respec-
tively. The solvent exchange is performed in order to reducemoisture
content (though a small amountmay remain). The caprolactone three-
arm oligomer was dissolved in acetone and added to fiber/fibril net-
works. Themixtures were kept at room temperature to impregnate for
a few hours. Then, stannous octoate as the catalyst (0.5mol%) was
added to themixtures, and the reactions were performed at 140 °C for
14 h. A reference of pure c-PCL was also prepared with the same pro-
cedure. Note that the aim is to create “model” biocomposites with
homogeneous polymer distribution and low void content. Hence,
solvent exchange and solvent-assisted impregnation are used to serve
this purpose. After polymerization, the composites were hot-pressed
at 40–50MPa and 120 °C for 5min. To create a homopolymer sheet,
just 1MPa pressure and 60 °C for 3minwas enough. For the re-shaping
experiment, an already hot-pressed film was re-hot-pressed into a 3D
structure.

Data availability
The datasets generated and/or analyzed during the current study are
supplied in the supplementary information. If additional data or
information is sought, this will be provided by the corresponding
author upon request.

References
1. Guan, Q.-F., Yang, H.-B., Han, Z.-M., Ling, Z.-C. & Yu, S.-H. An all-

natural bioinspired structural material for plastic replacement. Nat.
Commun. 11, 5401 (2020).

2. Xia, Q. et al. A strong, biodegradable and recyclable lignocellulosic
bioplastic. Nat. Sustainability 4, 627–635 (2021).

3. Yuan, L., Buzoglu Kurnaz, L. & Tang, C. Alternative plastics. Nat.
Sustainability 4, 837–838 (2021).

4. Li, Z. et al. Sustainable high-strength macrofibres extracted from
natural bamboo. Nat. Sustainability https://doi.org/10.1038/
s41893-021-00831-2 (2021).

5. Mohanty, A. K., Vivekanandhan, S., Pin, J.-M. &Misra,M.Composites
from renewable and sustainable resources: challenges and inno-
vations. Science 362, 536–542 (2018).

6. Rochman, C. M. et al. Classify plastic waste as hazardous. Nature
494, 169–171 (2013).

7. Rahimi, A. & García, J. M. Chemical recycling of waste plastics for
new materials production. Nat. Rev. Chem. 1, 0046 (2017).

8. Zheng, J. & Suh, S. Strategies to reduce the global carbon footprint
of plastics. Nat. Clim. Change 9, 374–378 (2019).

9. Cabernard, L., Pfister, S., Oberschelp, C. & Hellweg, S. Growing
environmental footprint of plastics driven by coal combustion. Nat.
Sustainability 5, 139–148 (2022).

10. Liu, C. et al. Biodegradable, hygienic, and compostable tableware
from hybrid sugarcane and bamboo fibers as plastic alternative.
Matter 3, 2066–2079 (2020).

11. Zhu, Y., Romain, C. & Williams, C. K. Sustainable polymers from
renewable resources. Nature 540, 354–362 (2016).

12. Stahel, W. R. The circular economy. Nature 531, 435–438 (2016).
13. Mohanty, A. K. et al. Sustainable polymers. Nat. Rev. Methods Pri-

mers. 2, 46 (2022).

14. Hong,M.&Chen, E. Y. X.Chemically recyclable polymers: a circular
economy approach to sustainability. Green. Chem. 19,
3692–3706 (2017).

15. Closing the plastics loop. Nat. Sustain. 1, 205-205 https://doi.org/
10.1038/s41893-018-0075-3 (2018).

16. Hussain, F., Hojjati, M., Okamoto, M. & Gorga, R. E. Polymer-matrix
nanocomposites, processing, manufacturing, and application: an
overview. J. Composite Mater. 40, 1511–1575 (2006).

17. Gholampour, A. & Ozbakkaloglu, T. A review of natural fiber com-
posites: properties, modification and processing techniques,
characterization, applications. J. Mater. Sci. 55, 829–892 (2020).

18. Terry, J. S. & Taylor, A. C. The properties and suitability of com-
mercial bio-based epoxies for use in fiber-reinforced composites. J.
Appl. Polym. Sci. 138, 50417 (2021).

19. Ramon, E., Sguazzo, C. & Moreira, P. M. G. P. A review of recent
research on bio-based epoxy systems for engineering applications
and potentialities in the aviation sector. Aerospace 5, 110 (2018).

20. Subbotina, E., Montanari, C., Olsén, P. & Berglund, L. A. Fully bio-
based cellulose nanofiber/epoxy composites with both sustainable
production and selective matrix deconstruction towards infinite
fiber recycling systems. J. Mater. Chem. A 10, 570–576 (2022).

21. Panaitescu, D. M., Frone, A. N. & Chiulan, I. Nanostructured bio-
composites from aliphatic polyesters and bacterial cellulose. Ind.
Crops Products 93, 251–266 (2016).

22. Albertsson, A.-C. & Hakkarainen, M. Designed to degrade. Science
358, 872–873 (2017).

23. Sperling, L. H. Introduction to Physical Polymer Science (JohnWiley
& Sons, Inc., 2005).

24. Zhao, Q. et al. Biodegradation behavior of polycaprolactone/rice
husk ecocomposites in simulated soil medium. Polym. Degrad.
Stab. 93, 1571–1576 (2008).

25. Olsén, P., Herrera, N. & Berglund, L. A. Toward biocomposites
recycling: localized degradation in PCL-cellulose biocomposites
and its mitigation. Biomacromolecules 21, 1795–1801 (2020).

26. Guan, Q.-F., Ling, Z.-C., Han, Z.-M., Yang, H.-B. & Yu, S.-H. Ultra-
strong, ultra-tough, transparent, and sustainable nanocomposite
films for plastic substitute. Matter 3, 1308–1317 (2020).

27. Figueiredo, A. R. P. et al. Antimicrobial bacterial cellulose nano-
composites prepared by in situ polymerization of 2-aminoethyl
methacrylate. Carbohydr. Polym. 123, 443–453 (2015).

28. Yang, X., Berthold, F. & Berglund, L. A. High-density molded
cellulose fibers and transparent biocomposites based on
oriented holocellulose. ACS Appl. Mater. Interfaces 11,
10310–10319 (2019).

29. Yu, J., Wang, C., Wang, J. & Chu, F. In situ development of self-
reinforced cellulose nanocrystals based thermoplastic elastomers
by atom transfer radical polymerization. Carbohydr. Polym. 141,
143–150 (2016).

30. Ma, R. et al. Application of poly(lactic acid)-grafted cellulose
nanofibers as both inhibitor and reinforcement for 3D-printable
tough polydicyclopentadiene composites via frontal ring-opening
metathesis polymerization. Ind. Crops Products 186, 115217 (2022).

31. Carlmark, A., Larsson, E. & Malmström, E. Grafting of cellulose by
ring-opening polymerisation – a review. Eur. Polym. J. 48,
1646–1659 (2012).

32. Hafrén, J. & Córdova, A. Direct organocatalytic polymerization
from cellulose fibers. Macromol. Rapid Commun. 26,
82–86 (2005).

33. Lönnberg, H. et al. Grafting of cellulose fibers with poly(ε-capro-
lactone) and poly(l-lactic acid) via ring-opening polymerization.
Biomacromolecules 7, 2178–2185 (2006).

34. Lönnberg, H., Fogelström, L., Berglund, L., Malmström, E. & Hult, A.
Surface grafting of microfibrillated cellulose with poly(ε-capro-
lactone) – synthesis and characterization. Eur. Polym. J. 44,
2991–2997 (2008).

Article https://doi.org/10.1038/s41467-022-33283-z

Nature Communications |         (2022) 13:5666 10

https://doi.org/10.1038/s41893-021-00831-2
https://doi.org/10.1038/s41893-021-00831-2
https://doi.org/10.1038/s41893-018-0075-3
https://doi.org/10.1038/s41893-018-0075-3


35. Habibi, Y. et al. Bionanocomposites based on poly(ε-caprolactone)-
grafted cellulose nanocrystals by ring-opening polymerization. J.
Mater. Chem. 18, 5002–5010 (2008).

36. Nerantzaki, M. et al. In situ prepared poly(DL-lactic acid)/silica
nanocomposites: Study of molecular composition, thermal stabi-
lity, glass transition and molecular dynamics. Thermochim. Acta
669, 16–29 (2018).

37. Kim, H. et al. Highly reinforced poly(butylene succinate) nano-
composites prepared from chitosan nanowhiskers by in-situ poly-
merization. Int. J. Biol. Macromolecules 173, 128–135 (2021).

38. Wang, X. W. et al. Enhanced performance of biodegradable poly(-
butylene succinate)/graphene oxide nanocomposites via in situ
polymerization. Langmuir 28, 7091–7095 (2012).

39. Sisti, L. et al. Olive mill wastewater valorization in multifunctional
biopolymer composites for antibacterial packaging application. Int.
J. Mol. Sci. 20, 2376 (2019).

40. Totaro, G. et al. Poly(butylene succinate) bionanocomposites: a
novel bio-organo-modified layered double hydroxide for superior
mechanical properties. RSC Adv. 6, 4780–4791 (2016).

41. Debuissy, T., Pollet, E. & Avérous, L. Synthesis and characterization
of biobased poly(butylene succinate-ran-butylene adipate). Analy-
sis of the composition-dependent physicochemical properties. Eur.
Polym. J. 87, 84–98 (2017).

42. Montanari, C., Olsén, P. & Berglund, L. A. Sustainable wood nano-
technologies for wood composites processed by in-situ poly-
merization. Front. Chem. 9, 682883 (2021).

43. Mangeon, C., Renard, E., Thevenieau, F. & Langlois, V. Networks
based on biodegradable polyesters: an overview of the
chemical ways of crosslinking. Mater. Sci. Eng. C 80,
760–770 (2017).

44. Xu,H.,Wang, L., Teng,C. &Yu,M.Biodegradable composites: ramie
fibre reinforced PLLA-PCL composite prepared by in situ poly-
merization process. Polym. Bull. 61, 663–670 (2008).

45. Kylmä, J. & Seppälä, J. V. Synthesis and characterization of a bio-
degradable thermoplastic poly(ester−urethane) elastomer. Macro-
molecules 30, 2876–2882 (1997).

46. Kweon, H. et al. A novel degradable polycaprolactone networks for
tissue engineering. Biomaterials 24, 801–808 (2003).

47. Davis, K. A., Burdick, J. A. & Anseth, K. S. Photoinitiated crosslinked
degradable copolymer networks for tissue engineering applica-
tions. Biomaterials 24, 2485–2495 (2003).

48. Rydholm, A. E., Reddy, S. K., Anseth, K. S. & Bowman, C. N. Con-
trolling network structure in degradable thiol−acrylate biomaterials
to tune mass loss behavior. Biomacromolecules 7,
2827–2836 (2006).

49. Mhiri, S. et al. Thermally reversible andbiodegradable polyglycolic-
acid-based networks. Eur. Polym. J. 88, 292–310 (2017).

50. Helminen, A., Korhonen, H. & Seppälä, J. V. Biodegradable cross-
linked polymers based on triethoxysilane terminated polylactide
oligomers. Polymer 42, 3345–3353 (2001).

51. Le Baillif, M. & Oksman, K. The effect of processing on fiber dis-
persion, fiber length, and thermal degradation of bleached sulfite
cellulose fiber polypropylene composites. J. Thermoplast. Com-
posite Mater. 22, 115–133 (2009).

52. Nakagaito, A. N. & Yano, H. Cellulose Nanocomposites: Processing,
Characterization, and Properties Vol. 938 ACS Symposium Series
(eds Kristiina Oksman & Mohini Sain) Ch. 11, 151–168 (American
Chemical Society, 2006).

53. Ansari, F., Galland, S., Johansson, M., Plummer, C. J. G. & Berglund,
L. A. Cellulose nanofiber network for moisture stable, strong and
ductile biocomposites and increased epoxy curing rate. Compos.
Part A: Appl. Sci. Manuf. 63, 35–44 (2014).

54. Oliaei, E., Lindström, T. & Berglund, L. A. Sustainable development
of hot-pressed all-lignocellulose composites—comparing wood
fibers and nanofibers. Polymers 13, 2747 (2021).

55. Oliaei, E., Berthold, F., Berglund, L. A. & Lindström, T. Eco-friendly
high-strength composites based on hot-pressed lignocellulose
microfibrils or fibers. ACS Sustain. Chem. Eng. 9, 1899–1910 (2021).

56. Oliaei, E. et al. Microfibrillated lignocellulose (MFLC) and nanopa-
per films from unbleached kraft softwood pulp. Cellulose 27,
2325–2341 (2020).

57. Herrera, N., Olsén, P. & Berglund, L. A. Strongly improved
mechanical properties of thermoplastic biocomposites by PCL
grafting inside holocellulose wood fibers. ACS Sustain. Chem. Eng.
8, 11977–11985 (2020).

58. Barkoula, N. M., Garkhail, S. K. & Peijs, T. Biodegradable composites
based on flax/polyhydroxybutyrate and its copolymer with hydro-
xyvalerate. Ind. Crops Products 31, 34–42 (2010).

59. Kuciel, S., Mazur, K. & Jakubowska, P. Novel biorenewable com-
posites based on poly (3-hydroxybutyrate-co-3-hydroxyvalerate)
with natural fillers. J. Polym. Environ. 27, 803–815 (2019).

60. Mármol, G., Gauss, C. & Fangueiro, R. Potential of cellulose micro-
fibers for PHA and PLA biopolymers reinforcement. Molecules 25,
4653 (2020). article.

61. Terzopoulou, Z. N. et al. Green composites prepared from aliphatic
polyesters and bast fibers. Ind. Crops Products 68, 60–79 (2015).

62. Shibata, M., Yosomiya, R., Ohta, N., Sakamoto, A. & Takeishi, H.
Poly(ε-caprolactone) composites reinforced with short abaca
fibres. Polym. Polym. Compos. 11, 359–367 (2003).

63. Edlund, U. & Albertsson, A. C. Polyesters based on diacid mono-
mers. Adv. Drug Deliv. Rev. 55, 585–609 (2003).

64. Sjöström, E. V.Wood Chemistry: Fundamentals and Applications.
(Elsevier Science & Technology, 1993).

65. Hull, D. & Clyne, T.W.An Introduction to CompositeMaterials. 2 edn
(Cambridge University Press, 1996).

66. Bagheri, M. & Mahmoodzadeh, A. Polycaprolactone/graphene
nanocomposites: synthesis, characterization and mechanical
properties of electrospun nanofibers. J. Inorg. Organomet. Polym.
Mater. 30, 1566–1577 (2020).

67. Kaldéus, T., Träger, A., Berglund, L. A., Malmström, E. & Lo Re, G.
Molecular engineering of the cellulose-poly(caprolactone) bio-
nanocomposite interface by reactive amphiphilic copolymer
nanoparticles. ACS Nano 13, 6409–6420 (2019).

68. Lo Re, G. et al. Improved cellulose nanofibril dispersion in melt-
processed polycaprolactone nanocomposites by a latex-mediated
interphase and wet feeding as LDPE alternative. ACS Appl. Nano
Mater. 1, 2669–2677 (2018).

69. Lo Re, G. et al. Poly(ε-caprolactone) biocomposites based on
acetylated cellulose fibers and wet compounding for improved
mechanical performance. ACS Sustain. Chem. Eng. 6,
6753–6760 (2018).

70. Deng, S., Ma, J., Guo, Y., Chen, F. & Fu, Q. One-step modification
and nanofibrillation of microfibrillated cellulose for simultaneously
reinforcing and toughening of poly(ε-caprolactone). Compos. Sci.
Technol. 157, 168–177 (2018).

71. Sheldon, R. A. The E factor 25 years on: the rise of green chemistry
and sustainability. Green Chem. 19, 18–43 (2017).

72. Trost, B. M. The atom economy-a search for synthetic efficiency.
Science 254, 1471–1477 (1991).

73. Curzons,A. D., Constable, D. J.C.,Mortimer, D.N.&Cunningham,V.
L. So you think your process is green, how do you know?—Using
principles of sustainability to determine what is green–a corporate
perspective. Green Chem. 3, 1–6 (2001).

74. Sheldon, R. A. The E Factor: fifteen years on. Green Chem. 9,
1273–1283 (2007).

75. Heimowska, A., Morawska, M. & Bocho-Janiszewska, A. Biode-
gradation of poly(ε-caprolactone) in natural water environments.
Pol. J. Chem. Technol. 19, 120–126 (2017).

76. Chamas, A. et al. Degradation rates of plastics in the environment.
ACS Sustain. Chem. Eng. 8, 3494–3511 (2020).

Article https://doi.org/10.1038/s41467-022-33283-z

Nature Communications |         (2022) 13:5666 11



77. Lo Re,G. &Sessini, V.Biomass Extrusion andReaction Technologies:
Principles to Practices and Future Potential ACS Symposium Series
Ch. 11, 209–226 (American Chemical Society, 2018).

78. Herzele, S., Veigel, S., Liebner, F., Zimmermann, T. & Gindl-Alt-
mutter,W. Reinforcement of polycaprolactonewithmicrofibrillated
lignocellulose. Ind. Crops Products 93, 302–308 (2016).

79. Gindl-Altmutter, W., Obersriebnig, M., Veigel, S. & Liebner, F.
Compatibility between cellulose and hydrophobic polymer pro-
vided by microfibrillated lignocellulose. ChemSusChem 8,
87–91 (2015).

80. Arbelaiz, A., Fernández, B., Valea, A. & Mondragon, I. Mechanical
properties of short flax fibre bundle/poly(ε-caprolactone) compo-
sites: Influenceofmatrixmodification andfibre content.Carbohydr.
Polym. 64, 224–232 (2006).

Acknowledgements
E.O. would like to thank Céline Montanari for help with SEM, Henrik
Petterson for help with the UV excimer laser and Dr. Pratick Samanta for
discussion on DSC data. E.O. would like to thank Dr. Joseph G. Manion
for the beaker artwork design (blender file). This work is supported by
Swedish Foundation for Strategic Research (grant FID15-0115 TL and
LAB), KAW Biocomposites project (grant 2018.0451 LAB), and funding
from Formas – a Swedish Research Council for Sustainable Develop-
ment (Re-Design Plastic, 2020-01696 PO).

Author contributions
Conceptualization by E.O., P.O., and L.A.B.; experimental design by
E.O., P.O., and L.A.B.; experimental work and data analysis by E.O. and
P.O.; data curation and visualization by E.O.; writing—draft preparation
by E.O. and P.O.; review and editing by L.A.B. and T.L.; project
administration by T.L. and L.A.B.; funding acquisition by T.L. and L.A.B.
All authors have read and agreed to the published version of the
manuscript.

Funding
Open access funding provided by Royal Institute of Technology.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-33283-z.

Correspondence and requests for materials should be addressed to
Peter Olsén or Lars A. Berglund.

Peer review information Nature Communications thanks Robert Math-
ers and the other, anonymous, reviewer(s) for their contribution to the
peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Article https://doi.org/10.1038/s41467-022-33283-z

Nature Communications |         (2022) 13:5666 12

https://doi.org/10.1038/s41467-022-33283-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Highly reinforced and degradable �lignocellulose biocomposites by �polymerization of new polyester oligomers
	Results
	Caprolactone oligomers and polymerization
	In-situ polymerization of CL-oligomers in lignocellulose reinforcement
	Crystallization and thermal properties of biocomposites
	Mechanical properties
	Green chemistry and circular economy aspects

	Discussion
	Characterization
	Gel content determination
	Size exclusion chromatography
	Nuclear magnetic resonance
	Fourier transform infrared
	Microscopy
	Thickness and tensile test
	Dynamic mechanical analysis
	Thermal characterization
	Degradation study of the biocomposites

	Methods
	Materials and chemicals
	Preparation of wood fibers and fibrils
	Functional ε−caprolactone-oligomer synthesis
	In-situ polymerization of oligomers, and preparation of biocomposites

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




