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(batch) conditions. This work aimed to assess the feasibility of
polymerizing EB via reactive extrusion (REx) in conventional
melt processing equipment on a 15 cm3 scale under controlled
conditions. This technology eliminates the need for organic
solvents, and if optimized, it can provide a scalable continuous
method for EB polymerization and manufacturing in a single
processing step. REx also increases the monomer diffusion
during the polymerization, often hindered in bulk due to
higher polymer viscosity,10,11 thus leading to higher conversion
and faster kinetics.15

To improve polymer matrices, nanofillers can be employed
to produce nanocomposites with larger thermomechanical
properties, even at low loadings (<5 wt %). Among the
nanofillers, nanocellulose is a biobased and biodegradable
material which in the nanofibril form (CNF) is characterized
by a high aspect ratio (80−300), high stiffness (≈100 GPa),
and relatively low density (≈1.5 g cm−3).16 One study has
reported the fabrication of PEB nanocomposites with cellulose
nanocrystals (CNC).3 In this case, EB was polymerized by
catalysis with Ph3Bi, and it was blended in a second step in
chloroform solution with CNC up to 50 wt %. Both
deformation and tensile strength improved with CNC up to
5 wt %; however, agglomeration occurred for contents above
2.5 wt %. The hydroxyl groups on nanocellulose surfaces form
strong intra- and internanocellulose interactions, challenging
their dispersion into organic solvents and in the relatively more
hydrophobic polymer matrices. Poor dispersion is correlated to
low reinforcement efficiency, as it reduces the surface contact
between the nanocellulose and the polymer, thus limiting the
stress transfer between the phases. Moreover, the nanocellulose
agglomerates in the polymer melt, resulting in debonding and
pull-out phenomena observed in the morphology of solid
composites.

One strategy to improve the CNF dispersion and interaction
with polymer matrices is grafting polymeric chains onto or
from the cellulose surfaces.17 In previous work, we have
successfully used cellulose as an initiator for organic acid-
catalyzed ROP of ε-caprolactone and lactide.18−20 However,
the tartaric acid failed to catalyze the ROP of EB under neat
conditions.18,20 Herein, we disclose a novel semicontinuous
organocatalyzed synthesis of recyclable PEB containing CNF.
The aim is to polymerize EB in situ and simultaneously
manufacture nanocomposites in a single-step process. The
polymerization of EB was carried out during REx in the
presence of CNF to facilitate their dispersion and possibly
initiate the ROP from the CNF hydroxyl groups. Lactate-
esterified CNF (LACNF) was also used to evaluate the effect
of different topochemical moieties on both the polymerization
and the nanocomposites’ properties. Moreover, to evaluate the
recyclability as an end-of-life strategy, we assessed the
circularity of PEB and the nanocomposites by mechanical
recycling via extrusion.

■ EXPERIMENTAL SECTION
Materials. Bleached sulfite-dissolved softwood pulp (70% Norway

spruce (Picea abeis) and 30% Scots pine (Pinus sylvestris)) were
received from Domsjö Fabriker AB (Sweden). D,L-lactic acid (90%),
sodium hydroxide, and hydrochloric acid (37 wt %) were obtained
from VWR BDH chemicals. Ethylene brassylate (1,4-dioxacyclohep-
tadecane-5,17-dione) (>95%) and TBD were purchased from Sigma-
Aldrich (Sweden). All chemicals were used as received without further
purification.

Fabrication of Lactic Acid-Functionalized CNF (LACNF).
LACNF was prepared according to the previously reported method.21

Briefly, a mixture of bleached sulfite pulp (17.5 g) and acid lactic
(90%, 700 mL) was stirred via a mechanical stirrer (1400 rpm) at 105
°C for 24 h. The reaction mixture was cooled to room temperature
and centrifuged at 12,000 rpm (14 min) to collect the solid materials.
The collected solids were redispersed in water and washed by
centrifugation (5 × 700 mL). Next, the washed solid cellulose was
dispersed into distilled water (700 mL) and homogenized via IKA
T25 ULTRA TURAX at 14,000 rpm for 90 min. To determine the
yield of the CNF, the suspension was centrifuged at 12,000 rpm (14
min), and then the water was decanted. The CNF solids were
collected and lyophilized. The lyophilized solid CNF was broken
down into a powder using a mortar and pestle and dried for 18 h
under reduced pressure.

Hydrolysis of LACNF (CNF). 0.5 g of fabricated LACNF was
dispersed in 40 mL of EtOH (aq) 70% v/v, then 30 mL of NaOH
(0.5 M) was dropwise added, and the mixture was stirred at 60 °C for
24 h. After cooling down to room temperature, the mixture was
centrifugated (12,000 rpm, 14 min), and the solid materials were
collected. The collected solids were redispersed in water, washed by
centrifugation (3 × 50 mL H2O), and finally lyophilized.

Reactive Extrusion. Before REx, EB was dried overnight in a
ventilated oven at 75 °C. The polymerization was carried out with an
EB/TBD molar ratio of 42:1 corresponding to 14.84 g of EB (54.9
mmol) and 0.18 g of TBD (1.3 mmol). This ratio resulted in the
highest molecular weight among other ratios tested (here not
reported for the sake of brevity), confirming results from previous
studies.10 EB was polymerized neat and in the presence of CNF or
LACNF at 1 wt % keeping a constant EB/TBD molar ratio of 42:1.
The reaction was performed in an Xplore microcompounder (total
volume 15 cm3) at 130 °C and 100 rpm with a recirculating system
for 60 min under a constant nitrogen flow. Samples of reaction
products were withdrawn after 30 min, and the final products were
extruded after 60 min. The extrusion force was recorded in line to
monitor the reaction. The extruded strands were injection molded
with an Xplore IM12 into bars or dumbbell-shaped specimens, with a
barrel temperature of 80 °C (mold at 20 °C), following an injection
program of 2 s at 280 bar and holding 10 s at 420 bar.

Mechanical Recycling. The dumbbell-shaped specimens of PEB
and the nanocomposites were manually shredded and extruded in a
microcompounder (Xplore, total volume of 5 cm3) at 130 °C and 100
rpm for 10 min. The extruded strands were injection molded into
dumbbell-shaped specimens under the aforementioned conditions.
After mechanical and thermal analyses, the specimens were shredded
and extruded again other three times, with a total of four recycles, and
injection molded. It is worth noting that this mechanical recycling has
been designed to simulate postindustrial mechanical recycling.

Characterization Methods. Soxhlet extraction in chloroform of
extruded PEB-CNF was performed for 72 h. The insoluble fraction
was dried under reduced pressure for 5 h and tested for structural
analysis to determine the possible covalent bonding between PEB and
CNF.

Attenuated total reflectance Fourier transformed infrared spectros-
copy (ATR-FTIR) was performed within the 400−4000 cm−1

wavelength region on a Thermo Scientific NICOLET 6700 FTIR,
using OMNIC software, smart orbit ATR diamond crystal 30,000−
200 cm−1 (110 scans per measurement, and with a resolution of 4
cm−1).

The freeze-dried CNF and LACNF were characterized by field
emission scanning electron microscopy using a Tescan MAIA3
(voltage 5 kV). Before imaging, the samples were coated with iridium
(5 nm) using a Quorum Q150T sputter coater.

The atomic force microscopy (AFM) spectrum was recorded by
the NCM method (noncontact mode) using the Park system NX20
instrument.

All transmission electron microscopy (TEM) experiments were
carried out on a 200 kV JEOL JEM-2100F field-emission electron
microscope equipped with an ultrahigh-resolution pole piece (Cs =
0.5 mm). High-angle annular dark-field images were acquired by a
JEOL ADF detector using a Gatan DigitalMicrograph. The incident
beam probe was 0.2 nm with a convergence angle of ≈10 mrad, and a
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camera length of 8 cm was used. The samples were dispersed on a Cu
TEM grid with holey carbon supporting films.

Size-exclusion chromatography (SEC) was performed only on PEB,
as CNF or LACNF could not be completely filtered out of the
nanocomposites. PEB was dissolved in chloroform (CHCl3), and SEC
was carried out at 30 °C using an Agilent (Diegem, Belgium) liquid
chromatograph equipped with an Agilent degasser, an isocratic HPLC
pump (flow rate = 1 mL min−1), an Agilent autosampler (loop volume
= 100 μL; solution concentration = 2 mg mL−1), an Agilent-DRI
refractive index detector, and three columns: a PL gel 5 μm guard
column and two PL gel Mixed-B 5 μm columns (linear columns for
the separation of molar mass (PS) ranging from 200 to 4 × 105 g
mol−1). Polystyrene standards were used for calibration.

Proton nuclear magnetic resonance (1H NMR) experiments were
carried out in solution-state at 310 K on a Bruker AMX 500 MHz
equipped with a 5 mm PABBO BB/19F-1H-D Z-GRD probe. CDCl3
was used as a solvent, and 0.3 wt % tetramethylsilane (TMS, 0 ppm)
was used as an internal chemical shift reference. Spectra were
recorded with a 12.0 ms pulse and 2 s relaxation delay.

The monomer conversion was calculated as the ratio between the
integrals of the CH2OEB (4.31 ppm) and CH2OPEB (4.27 ppm)
signals. The molar mass was calculated as CH2OPEB/
(2*CH2OHPEB)*270 + 139, where CH2OPEB and CH2OHPEB are
the integrals of the signals at 4.27 and 3.83 ppm and 270 and 139 are
the molar masses in g mol−1 of EB and TBD, respectively. The
t h eo r e t i c a l mo l a r ma s s wa s c a l c u l a t ed a s [EB] 0 /
[TBD]0*conversion*270 + 139, where [EB]0 and [TBD]0 are the
initial moles of EB and TBD, thus the ratio being 42.

Solid-state CP/MAS 13C NMR spectra were recorded by using a
Bruker Avance III 500 MHz spectrometer equipped with a 4 mm HX
CP MAS probe. Experiments were acquired at a magic angle spinning
(MAS) rate of 10 kHz and a temperature of 298 K. The cross-
polarization (CP) experiments used a 90° excitation pulse of 3 ms for
1H, followed by a contact time of 1.5 ms with a 13C spin lock
frequency of 60 kHz, while 1H was ramped from 45 up to 90 kHz.
The 1H decoupling scheme at 83 kHz was applied during the
acquisition. The relaxation delay was 2 s, and Adamantane was used as
an external reference with the CH2 signal at 38.48 ppm.

The thermal transitions of the materials were tested by differential
scanning calorimetry (DSC) on a Mettler Toledo DSC 2 calorimeter
equipped with a HSS7 sensor and a TC-125MT intercooler. The
endotherms were recorded with a heating/cooling/heating profile

from −80 to 150 °C at a heating rate of 10 °C min−1 under a nitrogen
constant flow of 50 mL min−1.

The thermal stability was studied by thermogravimetric analysis
(TGA) with a Mettler Toledo TGA/DSC 3+ Star system. The
samples were preheated from room temperature to 70 °C, where an
isothermal segment was maintained for 15 min to remove any
absorbed moisture and finally to 500 °C. The heating rate was 5 °C
min−1 under a nitrogen constant flow of 50 mL min−1.

Dynamic mechanical thermal analysis (DMTA) was carried out
with a DMA Q800 (TA Instruments) apparatus in tension-film mode
on rectangular bars (25 × 5 × 1 mm3). The bars were cut from
injection molded films and conditioned for 48 h at 23 °C and 53%
relative humidity. Tanδ, storage, and loss moduli were recorded
during frequency sweeps between 0.1 and 50 Hz at a strain of 0.1%
and a preload force of 0.01 N at 25 °C. Temperature sweeps between
−45 and 45 °C were also performed at 1 Hz and 0.1% strain.

Tensile properties were measured on dumbbell-shaped specimens
with a gauge length of 25 mm and a thickness of around 2 mm,
conditioned for 48 h at 23 °C and 53% relative humidity. A Zwick/
Z2.5 tensile tester equipped with a 2 kN load cell was used at a test
speed of 2.5 mm min−1 (10% deformation rate) according to the
standard ASTM D638−14.

The injection-molded samples were cryofractured in liquid
nitrogen, and the surfaces were gold-sputtered with an Edwards
Sputter Coater S150B at 1.2 kV and 15 mA for 30 s. The surfaces
were investigated with a Zeiss Sigma Ultra 55 FEG-SEM instrument
under a 5 kV accelerating voltage.

■ RESULTS AND DISCUSSION
CNF Extraction and Functionalization. LACNF and

CNF were successfully fabricated (Figure 1) via a novel lactic
acid autocatalyzed and concurrent esterification process.21

Briefly, lactic acid was used as both a reaction media and
catalyst to fabricate LACNF from wood-derived bleached
sulfite pulp. The method is a one-step reaction performed in
neat reaction media without the use of toxic substances or
metal-based catalysts. LACNF had a degree of substitution of
0.2 measured by alkaline titration and nanostructure with an
aspect ratio ≈162 ± 24.21

Figure 1. Scheme illustrating the fabrication of lactic acid-esterified nanofibrils (LACNF) and their alkali hydrolysis to produce cellulose
nanofibrils.
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The esterification is reversible; therefore, the ester groups of
LACNF have been removed using alkaline conditions for the
production of unmodified cellulose nanofibrils (CNF), with
unchanged morphology (Figure 2). The spectrum recorded by
ATR-FTIR of LACNF (Figure 2f) shows the characteristic
peak of the ester bond at around 1737 cm−1, confirming that
the lactic acid esterification of the hydroxyl groups of the CNF.
On the other hand, ATR-FTIR analysis of the CNF shows that
the ester bond peak has disappeared (Figure 2f). The aspect
ratio of CNF was almost unchanged compared to the LACNF,
with an average length of around 1230 ± 220 nm and diameter
of 8 ± 2 nm measured on around 100 different individualized
CNF.

ROP via REx. The ROP of EB was carried out as a one-step
REx in a microcompounder, which is a sustainable method that
does not require solvents and can omit the need for
purification, as illustrated in Figure 3a. The ROP was mediated
by organic TBD (EB/TBD 42:1 molar ratio), which has the

bifunctional role of catalyst and initiator.11,12 The reaction was
also carried out in the presence of 1 wt % CNF or LACNF to
generate in situ and simultaneously manufacture nano-
composites in a single-step process, to evaluate whether the
CNF topochemistry influences the polymerization and the
nanocomposites’ properties. The possibility of grafting PEB
from the CNF hydroxyl groups was investigated as a strategy to
promote CNF dispersion and interaction with PEB. The
chemical structures of the expected products are schematized
in Figure 3b. The reaction was monitored via an in-line
recording of the extrusion force, which is proportional to the
viscosity of the system under the processing conditions (Figure
S1). The force increased steadily up to 30 min from the REx
start, when it dropped in connection to the withdrawal of
extrudate samples for further testing and finally reached a
plateau at about 40 min. The in-line measurement of the
extrusion force is a function of the mass in the extruder.
Therefore, a withdrawal of the mass at 30 min reduced the

Figure 2. Scanning electron micrographs of freeze-dried (a) lactic acid-esterified nanofibrils (LACNF) and (d) CNF. TEM of (b) LACNF and (e)
CNF. (c) AFM of LACNF. (f) ATR-FTIR spectra of LACNF, CNF, and PEB-CNF after Soxhlet extraction with CNF as the initiator.
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force needed for compounding at a constant speed (100 rpm).
The processing could be continued for up to 60 min with no
substantial deflection of the force. The increase in the force
during the first 40 min indicated an increase in the viscosity of
the system due to polymerization and a related increase in
molar mass within this time gap, while the steady process

(plateau) during an additional 20 min allowed the completion
of monomer conversion without further significant molar mass
increase and attested for the polymer stability, i.e., no polyester
degradation occurred under these processing conditions.15 The
force, i.e., the viscosity, of the CNF-based system showed a
slightly higher slope, which could imply different polymer-

Figure 3. (a) Scheme of materials fabrication through REx and photo of injection-molded tensile specimens. (b) Scheme of reaction between EB
and TBD in the presence of CNF or lactic acid-esterified nanofibrils (LACNF).

Table 1. Molar Masses, Polydispersity, and Monomer Conversion of PEB and the Nanocomposites Tested at 30 and 60 min
Rex Time

<!�Col Count:7F0E0material MnSEC
a [kDa] MwSEC

a[kDa] D̵a conversionb [%] MnNMR
b[kDa] Mntheor

c [kDa]

PEB_t30 13 40 2.9 94 8.1 10.8
PEB_t60 12 36 3.1 94 8.1 10.7
PEB-LACNF_t30 n.a. n.a. n.a. 98 9.2 11.3
PEB-LACNF_t60 n.a. n.a. n.a. 99 9.3 11.3
PEB-CNF_t30 n.a. n.a. n.a. 98 9.0 11.3
PEB-CNF_t60 n.a. n.a. n.a. 99 10.0 11.3

aFrom SEC. bFrom 1H NMR. cThe theoretical molar mass was calculated as [EB]0/[TBD]0 × conversion × 270 + 139, where [EB]0 and [TBD]0
are the initial moles of EB and TBD, thus the ratio being 42.
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ization kinetics for the two systems. It is worth noting that
carbonyl moieties could lead to transesterification reactions
during the synthesis of biodegradable polyesters, therefore
competing with ROP.22 Transesterification is a second-order
reaction and takes place during the polymerization.23,24 Due to
the lactate ester moieties on LACNF surfaces, transester-
ification reactions might occur during PEB growing, slowing
down the polymerization kinetics. Moreover, thermomechan-
ical degradation favors hydrolysis of lactate moieties to lactic
acid, which in turns catalyzes the degradation of PEB during
melt processing, counteracting its growth.25 Both of these
hypotheses could explain the slower increase of the extrusion
force.

The molar masses and monomer conversion were measured
by SEC and 1H NMR. Both the samples were withdrawn at 30
min, and the final products at 60 min of REx were tested as
representative systems to evaluate how the reaction progressed
during the REx processing. The characterizations were carried
out in chloroform in which the polyester was soluble and the
nanocomposites were dispersible. SEC analysis was not
performed on the nanocomposites because it was not possible
to filter out the CNF or LACNF from the nanocomposite
dispersions. The nanocomposites were only characterized by
solution 1H NMR, under the hypothesis that the soluble
fraction could also represent the PEB fraction eventually
grafted from CNF and therefore accounted for in the insoluble
fraction. This hypothesis assumes that the ROP kinetic would
not be affected by the initiator, which could be TBD, CNF or
LACNF, or water molecules eventually present. Hence, the
achieved PEB molar mass would be the same regardless of the
initiator. Moreover, in the solid-state NMR spectrum of the
insoluble fraction, commented below, the end-groups of PEB
are not resolvable from the noise of the signal to enable an
accurate calculation of the molar mass.

The number (MnSEC) and weight (MwSEC) average molar
masses of neat PEB are 13 and 40 kDa, respectively, after 30
min of Rex (Table 1). These values slightly decrease after 60
min with an increase of polydispersity (D̵) from 2.9 to 3.1.
Large D̵ values are reported for ROP carried out in Rex and
can be the consequence of transesterification reactions, which
may increase with the processing time.26

As previously mentioned, when the PEB synthesis was
performed in the presence of CNF and LACNF, the nanofibrils
could not be separated from the dispersions by filtration, and
no sedimentation of nanofibrils was observed. The difficulty of
separating the nanofibrils indicates their good dispersion, most
probably in an individualized nanostructure, which suggests
their surface modification with PEB, i.e., at an effective grafting
from the nanofibril surface hydroxyl moieties. This hypothesis
was verified by extensive Soxhlet extraction of the PEB-CNF
nanocomposite, which removed all the noncovalently bonded
PEB from the insoluble fraction, before its structural
characterization (ATR-FTIR and solid-state CP/MAS 13C
NMR). The only effective way to prove the grafting of PEB
onto CNF (or LACNF) was to investigate the presence of
ester bonds. Therefore, both FTIR and solid-state NMR were
performed only on the insoluble fraction extracted from PEB-
CNF. Because LACNF already contains esters due to the
surface modification of the nanofibrils, the analyses on the
insoluble fraction of PEB-LACNF would not be conclusive on
the PEB grafting as the signal of PEB grafted on LACNF would
overlap with the signal of the lactate moieties.

ATR-FTIR of the Soxhlet-extracted CNF revealed the
presence of ester bonds with a peak at around 1735 cm−1

(Figure 2f). This observation confirms the covalent bonding of
PEB onto CNF, proving the grafting. Furthermore, solid-state
CP/MAS 13C NMR was performed on the insoluble fraction
recovered from the CNF-based nanocomposite. The spectrum
of the insoluble fraction from PEB-CNF (Figure 4) depicts the

Figure 4. Solid-state CP/MAS 13C NMR spectrum of PEB-CNF with the schematic assignment of specific resonance peaks detected in the
spectrum.21
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characteristic carbon resonances of cellulose at around 105, 89,
and 65 ppm for C1, C4, and C6, respectively. C4′ and C6′ are
assigned to amorphous parts that come at 84 and 63 ppm,
while C4 and C6 are assigned to the ordered cellulose
structure. The cluster at 72−75 ppm belongs to C2−C3−C5
in cellulose.21 However, in the spectrum of CNF, a peak at 174
ppm is noticeable and can be ascribed only to the carbonyl
group (CO) and peaks between 18 and 32 ppm belong to the
methylene (CH2) groups of PEB, confirming the covalent
bonding of PEB onto the CNFs. It is worth noting that the
choice of performing ATR-FTIR and solid-state CP/MAS 13C
NMR only on the CNF-based system and not on the LACNF
intended to prevent a misleading interpretation of lactate
moieties’ resonance peaks (between 18 and 21 ppm)27,28 with

peaks belonging to the methylene (CH2) groups of PEB
(overlapping in the region of 18−32 ppm).

The 1H NMR spectra in CDCl3 of PEB and the
nanocomposites are similar, showing signals related to the
protons in the polymer chains (4.27, 2.32, 1.62, and 1.26 ppm)
and the CH2O in the monomer (4.31 ppm) with minor
intensity (Figure 5). In the spectra, there are two triplets
attributed to the TBD (3.30 and 3.24 ppm), which are shifted
compared to the spectrum of free TBD (3.32 and 3.28 ppm),
confirming its contribution as a ROP initiator.11,12 The
monomer conversion calculated by 1H NMR was above 90%
for all the systems after 30 min of REx with no significant
difference after 60 min (Table 1), confirming the feasibility of
EB polymerization via REx and suggesting that the reaction
could be stopped after 30 min. The molar mass of the

Figure 5. (a) EB, TBD, and PEB structures. (b) 1H NMR spectra in CDCl3 at room temperature of EB, TBD, PEB, and the nanocomposites after
60 min REx and (c) inset between 3.10 and 3.90 ppm. The signal assignment is reported with the parts per million shift in parentheses.
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nanocomposites calculated by 1H NMR (MnNMR) was ≈ 9
kDa, with no significant differences between the two
nanocomposites (differences around 7% of the MnNMR, in the
limit of the integration accuracy). The calculation was based
on the ratio between the integrals of the CH2O signal at 4.27
ppm (a) and CH2OH at 3.83 ppm (e).11

The theoretical molar mass (Mntheor) ≈ 11 kDa was
calculated assuming that all of the TBD acts as the initiator,
intentionally neglecting the initiation from nanofibrils. The
analysis of the results led to values of MnNMR lower than the
Mntheor, in line with the structural analysis demonstrating that
the hydroxyl and lactic acid moieties on the nanofibrils are also

active sites for the initiation of the ROP and compete with the
initiation from TBD. In this case, the TBD still plays a catalyst
role leading to higher conversion,11 and its interaction with
cellulose cannot be excluded, as free TBD is not detected in
the 1H NMR spectra.

The results demonstrate that REx is a feasible single-step
method for the ROP of EB and the production of in situ
CNFs/PEB nanocomposites.10,12

Nanocomposites Properties. The thermal analyses (DSC
and TGA) were performed to assess the possible effects of the
CNF or LACNF on the thermal transitions and the thermal
degradation of PEB. According to DSC, PEB shows a typical
semicrystalline behavior, and it is characterized by multiple
melting endotherms between 30 and 75 °C, with the maximum
at 71 °C, indicating a heterogeneous crystal population, in
agreement with its polydispersity (Table 2 and Figure S2). The
melting enthalpy (ΔHm) of PEB is 88 J g−1, in accordance with
the value reported in the literature for similar molar mass.29

Table 2. Thermal Properties of PEB and the
Nanocomposites�

material
Tg

[°C]1
Tm

[°C]2
ΔHm

[J g−1]2
Tc

[°C]3
T5%

[°C]4
Td

[°C]5

PEB −19 71 88.3 56 376 439
PEB-LACNF −17 72 92.5 55 368 438
PEB-CNF −14 72 94.2 55 378 441

aThe glass transition temperature (Tg) corresponds to the loss
modulus peak of the DMTA temperature sweep. The melting
temperature (Tm) corresponds to the maximum peak of melting in the
DSC second heating, and its enthalpy (ΔHm) is integrated between
30 and 75 °C. The crystallization peak (Tc) is evaluated in the DSC
cooling step. The temperature at 5% weight loss (T5%) has been
assessed by TGA. The peak temperature of degradation (Td) was
measured from the TGA first derivative.

Figure 6. Representative dynamic mechanical thermal analysis curves of PEB and the in situ PEB nanocomposites: storage moduli (E′) recorded in
(a) frequency sweep at 25 °C and (b) in temperature sweep at 1 Hz; (c) loss moduli (E″) and (d) tan δ recorded in temperature sweep.

Table 3. Tensile Properties with Standard Deviations of
PEB and the Nanocomposites Measured at Room
Temperature

materials
Young’s modulus

[MPa]
tensile strength

[MPa]
elongation at

break [%]

PEB 247 ± 10 8.9 ± 2.6 3.4 ± 1.0
PEB-LACNF 352 ± 6 13.7 ± 1.3 5.4 ± 0.4
PEB-CNF 362 ± 18 12.8 ± 0.7 5.0 ± 0.6
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The presence of CNF slightly increases ΔHm, indicating a
slight nucleating effect, while it does not relevantly affect the
melting (Tm) or crystallization (Tc) temperatures. In agree-
ment with the high melting enthalpies, no Tg was visible in
DSC. From TGA, CNF slightly increases (by 2 °C) the onset
of degradation of PEB, while LACNF decreases it by 8 °C
(Table 2 and Figure S3). During the polymerization,
transesterification might occur between growing PEB and the
LACNF lactate esters moieties, thus liberating lactic acid which
catalyzes the polyester thermal degradation.25,28,30 However,
these small variations of the onset temperature of degradation
can be ascribed to the slight differences in molecular weight of
the nanocomposites compared to neat PEB.

As Tg could not be detected by DSC, DMTA in tensile
mode was used to assess both the thermal transitions and the
dynamic mechanical behavior of the materials. The loss
modulus in the temperature sweep shows a peak at −19 °C
for PEB, related to its glass transition (Table 2 and Figure 6).
This peak is shifted to a higher temperature when the
polymerization is carried out in the presence of LACNF or
CNF, supporting a molecular interaction between the rigid
nanocellulose and the polyester that limits the PEB macro-
molecular chains’ mobility, thus delaying its glass transition.
Unmodified CNF led to higher Tg, indicating a greater
interaction between PEB and CNF than with LACNF. The
shift of the Tg to a higher temperature with only 1 wt %
nanofibrils demonstrates their fine dispersion, confirming the
in situ approach as a valuable method to obtain nano-
composites preserving nanofibrils’ individualization. Such
change was not observed in PEB-CNC nanocomposites
produced by Burton et al.3 in which the Tg was unchanged
even at 50 wt % CNC. To discriminate the interfaces of the

two nanofibril types with PEB, further investigation on
nanoscale features would be beneficial. However, when low
Tg matrices are involved, as in PEB, artifacts are generated
during sample preparation of thin slices and flat surfaces for
tests such as TEM or AFM, making the testing not conclusive.
The storage modulus recorded in both frequency (at 25 °C)
and temperature sweeps (at 1 Hz) shows that PEB-CNF is the
most elastic material above the Tg (Figure 6). PEB-CNF is also
characterized by the smallest damping factor (tan δ), a further
indication of improved elastic character and greater interaction
between the polyester matrix and the CNF. The lower values
of PEB-LACNF moduli registered both in the frequency and
temperature sweeps are in line with possible degradation
phenomena induced by the lactate moieties and consistent
with the TGA.

The mechanical properties were further evaluated by tensile
tests at room temperature (Table 3 and Figure S4). PEB
exhibits a Young’s modulus of ≈300 MPa, larger than poly(ε-
caprolactone) with significantly higher molar mass,31 but it
fractures at low elongations (≈3%). The stiff and brittle
behavior is a consequence of the relatively low molecular
weight achieved, being not large enough to allow sufficient
chain entanglement, therefore hindering high deformations.32

The Young’s modulus is increased by LACNF and CNF by 42
and 46%, respectively, compared to neat PEB. An increase in
the elongation at break of 59 and 47% compared to neat PEB
is shown for the LACNF and CNF nanocomposites,
respectively. These results can be attributed both to the
reinforcement effect provided by the nanofibrils and to the
increment in the molar mass of the in situ polymerized PEB in
the presence of the nanofibrils. It should be noted that the
differences among the average tensile values of the nano-

Figure 7. Micrographs of fractured surfaces of PEB and the in situ PEB-CNF or LACNF nanocomposites obtained by scanning electron
microscopy at different magnifications with scale bars at 100 μm, 1 μm, and 400 nm. An inset at higher magnification with a 200 nm scale bar is
reported for PEB-CNF (bottom right image).
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composites are not significant because within the scattering of
the data. Therefore, there is no difference among the
mechanical properties of the two nanocomposites, and both
nanofibrils reinforce the PEB. This is in agreement with the
similar molar masses of the nanocomposites measured by 1H
NMR (Table 1). Moreover, due to the low mass fraction of the
nanofibrils, a high level of dispersion can be hypothesized as a
reason for the improvement of tensile properties.

The fracture surfaces of the materials were analyzed by SEM
to investigate the nanofibrils’ dispersion and interaction with
PEB. All the materials show rough brittle fractures (Figure 7).
At the magnification with a 1 μm scale bar, elongated polymer
fibrils are present on the surface of PEB and PEB-LACNF. In

both nanocomposites, nanoscopic inclusions emerge, which
can be ascribed to CNF or nanosized CNF bundles, with a
diameter of ≈40 nm similar to the initial dimensions of the
freeze-dried bundles of CNF used for the in situ polymer-
ization in REx (Figure 2). It is worth noting that the direction
of the cryofractured surfaces could not be controlled due to the
brittleness of samples, resulting in nanofibrils oriented in
different directions for the two nanocomposites (LACNF
directed more parallel, while CNF was more perpendicular to
the cryofracture surfaces). The inclusions are only part of the
nanofibrils, while the rest is embedded in the PEB matrix;
therefore, the length observed is not representative of the
entire nanofibrils. The thicknesses of LACNF and CNF are,

Figure 8. Scheme illustrating the mechanical recycling with the injection molding of tensile specimens after the first and fourth recycles. Young’s
modulus, tensile strength, and elongation at break measured by tensile tests of the materials as produced (t0), after the first (1RE) and fourth
(4RE) recycles.
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instead, representative and similar. Both the CNF and LACNF
appear well dispersed in the polymer matrix and have good
adhesion with PEB, as a consequence of the in situ
polymerization and graf ting f rom polymerization. At the
different magnifications studied, no pull-outs or debonding
are detectable in the morphology of the nanocomposites,
regardless of the different topochemistry.

The feasibility of mechanical recycling was evaluated as a
possible end-of-life solution for the nanocomposites together
with the impact of recycling on the material properties. The
injection-molded specimens were shredded and reprocessed
four times to simulate postindustrial mechanical recycling via
extrusion. Tensile bars were injected after the first and fourth
cycles to test the mechanical properties (Figure 8). The results
show that the stiffness of the materials was not significantly
affected by mechanical recycling. The tensile strength and
elongation of the nanocomposites are halved after four
recycles, reaching values similar to those of PEB. Embrittle-
ment indirectly confirms a decrease in molar mass caused by
degradation during the repeated extrusion. The thermal
analyses (Figures S5 and S6) show a detrimental effect of
four recycles especially on PEB-LACNF, characterized by a
reduction of PEB melting temperatures and increase of
crystallization temperature and by a significant reduction of
the onset of degradation evaluated by TGA. These results are
in line with a molar mass decrease induced by lactic acid-
catalyzed degradation during extrusion.28,30 The mechanical
recycling of PEB nanocomposites is therefore possible;
however, it further enhances the brittleness of the materials.

■ CONCLUSIONS
This work explored a solvent-free method for organo-mediated
polymerization of EB and in situ fabrication of PEB/CNF or
lactate-modified (LACNF) nanocomposites. EB, a renewable
and relatively cheap macrolactone, was polymerized in the
presence of CNF or LACNF via REx using TBD as the
catalyst. The nanofibrils were extracted via a lactic-acid-
mediated esterification process, which is autocatalytic. The
lactate moieties were removed from the fabricated LACNF
surface by alkaline hydrolysis, yielding unmodified CNF while
preserving the pristine aspect ratio. PEB and the nano-
composites fabricated via REx exhibit a molar mass of about 9
kDa. The extruded materials were successfully injection
molded into bars and dumbbell-shaped specimens, confirming
good melt processability in conventional melt processing
equipment. The analyses indicated that the materials were stiff
and brittle and that unmodified CNF and LACNF increased
the deformability of PEB by 47 and 59% and its elasticity by 47
and 42%, respectively. The morphology of the nanocomposites
revealed an effective dispersion and adhesion of the nanofibrils
to the polymer matrix, confirming the in situ polymerization as
a valuable method to preserve nanofibril individualization
during melt extrusion. This work demonstrates the polymer-
ization of EB by REx, a green and fast method that can be
easily scaled up. This method can open for industrial
production of PEB and its cellulose nanocomposites with the
potential introduction on the market of novel biobased,
biodegradable, and mechanically recyclable materials. Further
advancement of the reaction conditions and catalysts would
tune the PEB properties and performance, e.g., its molecular
weight. A range of properties can facilitate the industrial
scaleup and the development of PEB-based (nano)composites

for various applications, targeting the replacement of fossil-
based nonbiodegradable thermoplastics.
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