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ABSTRACT: A green approach is proposed to achieve a rapid
surface functionalization of microcrystalline cellulose (MCC) in 30
min by a solvent-free "grafting from" reaction of L-lactide through
compression molding without the need for an inert atmosphere. A
sufficient hydrophobization of the MCC surface is achieved with an
amount of grafted poly(L-lactic acid) (PLLA) oligomers of 7 wt %
with respect to MCC. The obtained MCC-g-PLLA is subsequently
melt-compounded with poly(lactic acid) (PLA) through extrusion
and injection molding. As a result of higher compatibility and
interfacial adhesion of the functionalized filler with PLA, PLA/
MCC-g-PLLA biocomposites with a cellulose content ranging from
4 to 20 wt % exhibit an enhancement in important physicochemical
properties (i.e., water vapor barrier, crystallinity, stiffness)
compared to both pure PLA and formulations containing an equal or higher amount of nonfunctionalized MCC. At the same
time, the materials retain the mechanical strength and resistance to thermal degradation of PLA. The physicochemical characteristics,
excellent biocompatibility, and biodegradability of PLA and cellulose and the simplicity, rapidity, and cost-effectiveness of the
grafting process render these biocomposites suitable for several applications within the plastics domain including packaging,
agriculture, automotive, consumer goods, and household appliances.
KEYWORDS: cellulose, poly(lactic acid), melt compounding, grafting from, ring-opening polymerization, biocomposites

■ INTRODUCTION
In recent years, great research efforts have been directed
toward replacing fossil-based plastics with more sustainable
alternatives from renewable resources to reduce the environ-
mental impact of plastics. Among them, poly(lactic acid)
(PLA), a bio-based aliphatic polyester, is one of the most
attractive bioplastics of interest to researchers and industry.1−4

The current world production of PLA is around 240,000 tons
per year and is expected to double by 2023.3 PLA has gained
commercial significance, as it combines high mechanical
strength, biodegradability, and good melt processability by
conventional techniques used for thermoplastics, such as
extrusion, injection molding, and thermoforming.3,5 On the
other hand, the industrial applications of PLA are narrowed by
its relatively high cost, brittleness, slow crystallization rate, and
poor barrier properties.6,7 Several biocomposites of PLA with
natural fillers have been developed recently to overcome the
drawbacks of PLA, while reducing the material cost.5,8−13 In
particular, cellulose, a linear polysaccharide consisting of D-
glucose units connected by β-1,4-D-glycosidic bonds, is the
most abundant natural biopolymer. Due to its renewability,

biodegradability, high availability, mechanical strength, and low
price, it represents a highly valuable filler and has been shown
to improve the gas barrier, mechanical properties, crystal-
lization, and biodegradation rates of PLA.7,8,11,12,14−16

However, in the processing of PLA/cellulose green bio-
composites, the poor interfacial adhesion between the
hydrophilic cellulose filler and the hydrophobic PLA matrix
coupled with the strong inter and intramolecular hydrogen
bonds of cellulose often results in a nonhomogeneous filler
dispersion, with a negative impact on the performance and
esthetic characteristics of the final materials.6,17,18

To improve the interaction of cellulose with the matrix, both
nonreactive and reactive cellulose surface modification have
been performed. Nonreactive compatibilization relies on
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physical blending of polymers and additives bearing functional
moieties that can interact with both the cellulose filler and the
PLA matrix.8,18 For instance, our group used the mildly
amphiphilic poly(ethylene oxide) to promote the compatibility
of cellulose fibers with PLA, obtaining an enhancement in the
elongation at break by 73−143% with respect to PLA.8 In
other studies, triethyl citrate, poly(ethylene glycol), and casein
were reported as effective compatibilizers.10,19,20 However, in
such systems, the intermolecular interactions (i.e., dipolar,
hydrogen bond, and van der Waals) are relatively weak. This
possibly results in the exudation of the loosely bound
components, with subsequent property changes in the material
upon aging, a concern for applications such as food
packaging.21 On the other hand, the use of reactive coupling
agents or the chemical modification of the cellulose surface
(e.g., silanization, etherification, amidation, and graft polymer-
ization) have been proved to be more efficient at
compatibilization, and thereby in material properties enhance-
ment compared to both neat PLA and to biocomposites with
nonfunctionalized cellulose. This is most likely due to the
formation of stable covalent bonds and due to the presence of
functional groups tailored to increase the filler/matrix
interfacial compatibility.14,18,22−28 In particular, grafting
cellulose with a PLA oligomer or polymer chains through
surface-initiated ring-opening polymerization (SI-ROP) is a
well-established compatibilization method, in which the
polysaccharide hydroxyl groups act as initiating sites along
with a metal-based or an organic catalyst for the polymer-
ization of the lactide monomer.6,26,29−33 Most works
investigated the grafting of nanostructured cellulose fillers
isolated through complex, expensive, and prolonged chemical,
mechanical, or enzymatic procedures that render their large-
scale production challenging and result in variable morphol-
ogies and surface chemistries.6,26,30−33 Alternatively, a limited
number of studies have addressed PLA grafting of bulk or
microstructured cellulose substrates, which are commercially
available and less expensive compared to their nanometric
counterparts.17,25,34 For example, Guo et al. obtained micro-
crystalline cellulose (MCC) grafted with PLA by dissolving
MCC in an ionic liquid and reacting it with L-lactide and 0.2 wt
% tin octanoate as the catalyst at 110−130 °C under N2 for 8
h.34 In another work, MCC was functionalized by melt
polycondensation of lactic acid using SnCl2 as the catalyst.

35

The reaction was carried out at 130−160 °C for 2−4 h under
reduced pressure after a 2 h dehydration step at 100−130 °C
under vacuum. MCC was pretreated with sodium hydroxide to
render it more accessible for the reaction, while Soxhlet
extraction for 24 h in toluene followed by several washing steps
was necessary to obtain the purified product. PLA
biocomposites with 2−4 wt % of the modified filler exhibited
an enhanced melt strength and crystallization rate with respect
to PLA, but the data were not compared to biocomposites with
unmodified MCC to assess the effect of grafting. Finally, Xiao
et al. proposed a similar MCC grafting method with a reaction
time of 12 h at 60−150 °C followed by Soxhlet extraction for
48 h.36 The filler was then compounded with PLA by melt
mixing and subsequent compression molding and exhibited a
higher mechanical strength compared to pure PLA and to
samples loaded with untreated MCC. Overall, the above
methods appear impractical and not sustainable both in terms
of cost and environmental impact, as they require long reaction
times, the use of organic solvents and of an inert atmosphere,
and extensive pre- and post-treatments with associated

industrial challenges. Additionally, environmental hazards
may originate from the chemicals used in the process and
from the large amounts of liquid waste to dispose.6,26,30−36

To overcome such limitations by addressing both technical
concerns and sustainability-related aspects, in this work, a new
straightforward, fast, cost-effective, and greener alternative for
the surface modification of MCC is proposed. The approach,
based on a heterogeneous SI-ROP "grafting from" reaction
with PLLA oligomers, is aimed at improving the compatibility
of cellulosic fillers in biopolymer matrices and is functional for
the preparation of PLA/MCC biocomposites with enhanced
properties. Specifically, this method is more environmentally
sustainable and industrially scalable with respect to previous
reports, as it ensures the following advantages: (i) faster
reaction times, (ii) the use of commercially available MCC
fillers without any chemical pretreatment, (iii) surface MCC
functionalization carried out in the melt phase of L-lactide by
hot-pressing in a compression molding machine without the
need for a solvent or inert atmosphere, (iv) a straightforward
purification procedure, and (v) the melt compounding of the
resulting modified filler with the polymer matrix using standard
equipment. In particular, the hot press was previously used by
our group for the melt polycondensation of aleuritic acid.37

With this technique, the applied pressure prevents the
evaporation of the monomer at the temperature used for the
reaction that could result in reactivity losses and poor reaction
yield. It is anticipated that, through this approach, MCC-g-
PLLA with a good degree of hydrophobization can be obtained
in only 30 min. More importantly, due to improved
compatibility and adhesion with the PLA matrix, the resulting
PLA biocomposites exhibit a more uniform dispersion in the
polymer matrix and enhanced Young’s modulus, crystallinity,
and water vapor barrier with respect to PLA and to
biocomposites, in which MCC is not compatibilized, with
differences that depend on the filler content and on the specific
property considered. Overall, the agile and green “grafting
from” approach proposed can be exploited for the rapid
functionalization of MCC rendering cellulose fillers suitable for
melt compounding with PLA and other biopolyesters for
industrially scalable production of sustainable biocomposites
with suitable properties for applications in the traditional
sectors of the plastics industry such as packaging, agriculture,
and consumer goods.

■ EXPERIMENTAL SECTION
Materials. Poly(lactic acid) (PLA) Ingeo 2003D was purchased

from NatureWorks LLC (Minnetonka, Minnesota). Microcrystalline
cellulose (MCC), (3S)-cis-3,6-dimethyl-1,4-dioxane-2,5-dione (L-
lactide), tin(II) 2-ethylhexanoate (Sn(Oct)2), methanol (CH3OH),
tetrahydrofuran (THF), chloroform (CHCl3), deuterated dichloro-
methane (CD2Cl2), and trifluoroacetic acid (TFA-d) were purchased
from Sigma-Aldrich. PLA and MCC were dried at 45 °C overnight
prior to processing.
Synthesis of MCC-g-PLLA. For the synthesis of MCC-g-PLLA,

MCC (4 g) was dried at 45 °C overnight and then mixed with L-
lactide crystals (5.33−16 g) and Sn(Oct)2 catalyst (0.053−0.160 g) to
obtain samples with MCC and catalyst concentration of 25−75 and 1
wt %, with respect to L-lactide. The reactions were performed at 180
°C for 5−120 min in an oven or alternatively by compression molding
in a hydraulic hot press (Carver 3853, Carver Inc.) by inserting the
mixture between two metal plates covered by poly-
(tetrafluoroethylene) (PTFE) foils, using a 1 mm metal frame, and
by applying a pressure of 4 tons. After cooling to room temperature, a
solid yellowish product was collected and stirred in CHCl3 (0.1 g/
mL) followed by centrifugation for 3−5 min at 5000 rpm to remove
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nongrafted PLLA oligomers and the unreacted L-lactide monomer. To
determine the reaction yield under optimized conditions, after solvent
evaporation, the residual unreacted L-lactide was separated from the
nongrafted PLLA through precipitation in CH3OH, resuspension in
CH3OH, centrifugation at 3000 rpm for 3 min, and drying. Control
samples were obtained by mixing MCC in a CHCl3 solution of PLLA
oligomers and subsequent washing with CHCl3, and by performing
the grafting reaction with 25 wt % MCC to L-lactide with no catalyst
for 2 h at 180 °C in the hot press, followed by the abovementioned
purification procedure. Dispersion tests were carried out by
suspending 10 mg of MCC and MCC-g-PLLA powders in 3 mL of
a water:CHCl3 1:1 v/v solution.
Preparation of PLA/MCC and PLA/MCC-g-PLLA Biocompo-

sites. PLA/MCC and PLA/MCC-g-PLLA biocomposites with a
cellulose content ranging from 4 to 30 wt % were obtained through
extrusion at 180 °C, with a screw rate of 150 rpm and a residence time
of the material of ∼1 min in a single screw extruder with a length to
diameter ratio (L/D) of 20 (Rheoscam, Scamex). The extruded
strands were cut into 3 mm pellets and dried at 45 °C overnight. The
pellets were then further processed using a micro-injection molding
machine (Babyplast 6/10P, Rambaldi + Co I.T. Srl) setting the
plasticization, injection chamber, and nozzle at 210, 205, and 200 °C,
respectively, and the injection pressure at 100 bar to obtain prismatic
dogbone specimens (75 mm × 4 mm × 2 mm). Films of PLA/MCC
and PLA/MCC-g-PLLA biocomposites (100 mm × 100 mm × 1
mm) were obtained by compression molding at 170 °C with an
applied pressure of 4 tons for 5 min by means of a hydraulic hot press
(Carver 4386, Carver Inc.). The characterization reported in the
following paragraphs was performed on dogbones unless otherwise
stated.
Chemical Analysis. The synthesis of MCC-g-PLLA was

monitored using a Fourier transform infrared (FTIR) spectrometer
(Vertex 70v FTIR, Bruker) coupled with an attenuated total
reflectance (ATR) accessory (MIRacle ATR, PIKE Technologies).
The spectra were acquired accumulating 128 scans in the 4000−600
cm−1 spectral range with a scanning resolution of 4 cm−1 and were
normalized at 1028 cm−1, the strongest typical IR absorption of the
cellulose backbone, which is not affected by the grafting reaction. The
PLLA weight percentage to MCC was estimated from the absorbance
of its carbonyl group at 1748 cm−1 through a calibration curve
obtained with different physical mixtures of PLLA/MCC containing
1−12 wt % of PLLA with respect to MCC.
The chemical structure of pure MCC, MCC-g-PLLA, and

nongrafted PLLA, as well as the molecular weight of MCC-g-PLLA
and nongrafted PLLA, were determined by nuclear magnetic
resonance (NMR). NMR was also used to calculate the degree of
oligomerization (DO), the molar substitution (MSPLLA), i.e., the
average number of introduced lactyl units per anhydroglucose residue
of cellulose, and the degree of substitution (DSPLLA), i.e., the average
number of hydroxyl groups substituted for lactyls per anhydroglucose
residue of cellulose, of MCC-g-PLLA (see the Supporting Information
file). Prior to the analysis, 10 mg of each sample was added to 1 mL of
deuterated solvent system CD2Cl2/TFA-d (1:1, v/v) and placed in an
ultrasonic bath set at 30 °C for 4 h. The spectra were acquired using a
Bruker Avance III 600 MHz spectrometer, equipped with a 5 mm
QCI cryoprobe with a z shielded pulsed-field gradient coil, using 5
mm tubes filled with 500 μL of the sample solution. 1H NMR spectra
were acquired with 64 transients, over a spectral width of 20.55 ppm
(offset at 4.7 ppm), at a fixed receiver gain (1), and using 30 s of inter-
pulse delay. 13C inverse 1H gated decoupled experiments were
performed with 13,312 transients, over a spectral width of 239.0 ppm
(offset at 100.0 ppm), using 2.5 s of inter pulses delay. A line
broadening of 0.1 and 1.0 Hz respectively for 1H and 13C were applied
to free induction decays (FIDs) before Fourier transform. All of the
1H spectra were referred to the nondeuterated residual peak (i.e.,
CHDCl2) at 5.32 ppm, whereas the 13C spectra were referred to the
13C signal of CD2Cl2 in natural abundance at 54.0 ppm.
Morphology. The morphology of PLA and of the biocomposites

was characterized by scanning electron microscopy (SEM) using a
JEOL JSM-6490LA microscope, operating at 10 kV acceleration

voltage under high vacuum. Prior to imaging, each sample was
cryogenically fractured with nitrogen, to reveal its cross-sectional
structure, and coated with a 10 nm thick gold layer using a
Cressington 208HR sputtercoater (Cressington Scientific Instrument
Ltd., U.K.).
Thermal Analysis. Thermal degradation analysis was carried out

with a thermogravimetric analyzer (TGA, Q500, TA Instrument) on
7−12 mg of PLA and biocomposite samples heated from 30 to 700
°C at a heating rate of 10 °C/min under a 50 mL/min nitrogen flow.
The thermal properties of the biocomposites were investigated using a
differential scanning calorimetry (DSC) analyzer (TA Instruments
Discovery DSC 250). For each sample (4−5 mg), a first heating scan
from −20 to 200 °C, followed by cooling to −20 °C and a second
heating to 200 °C at a rate of 10 °C/min were performed, with
isotherms at 200 and −20 °C for 1 min between each scan. The
crystallinity χc of the biocomposites was calculated according to eq 136

H
H

100%c
c

PLA c
=

× °
×

(1)

where χc is the crystallinity percentage of the composite, ΔHc is the
crystallization enthalpy calculated from the DSC integral area of the
crystallization peak, ωPLA is the weight fraction of the PLA matrix in
the biocomposite, and ΔHc° = 93.7 J/g is the theoretical crystallization
enthalpy for a 100% crystalline PLA.36

Mechanical Properties. Uniaxial tensile tests of PLA and of
biocomposites were performed using a universal testing system
(Instron 3365), equipped with a 500 N load cell and an extensometer.
Five specimens were tested for each sample at a speed of 5 mm/min
until fracture. Prior to the tests, the samples were conditioned at 23 ±
2 °C and at a relative humidity of 50 ± 5% for 48 h.
Surface Analysis. X-ray photoelectron spectroscopy (XPS)

analysis was performed on the biocomposite dogbones using an
electron spectrometer (Specs Lab2, Berlin, Germany), equipped with
a monochromatic X-ray source (set at 1253 eV) and with a
hemispherical energy analyzer (Specs Phoibos HSA3500). The
applied voltage of the Mg Kα X-ray source and current were set at
12 kV and 7 mA, respectively, and the pressure in the analysis
chamber was ∼1 × 10−9 mbar. The large area lens mode was used for
both wide and narrow scans. The energy pass, the energy step, and the
scan number were 100 and 30, 1 and 0.1, and 5 and 15 eV for the
wide and the narrow high-resolution scans, respectively. A flood gun
was used to neutralize the surface charge, having an energy of 7 eV
and a filament current of 2.2 A.
An optical profilometer Zeta-20, equipped with a 10× lens was

used for three-dimensional (3D) measurements over a surface of 2
mm × 2.6 mm with a resolution of 1 μm to study the surface
morphology of PLA and of the biocomposites on the micrometric size
scale. The profile of the samples was reconstructed from the vertical
variations yi of the diagonal of the 3D scan images, from which the Ra
value was calculated through eq 2

R
n

y1

i

n

ia
1

= | |
= (2)

Interaction with Water. The static water contact angle of PLA
and biocomposites was measured by dispensing a 5 μL MilliQ water
droplet using an automatic contact angle goniometer (Dataphysics
Oca20). For each sample, the reported value is the average of five
tests. To investigate water absorption, samples were immersed in 60
mL of water at 23 °C and weighed regularly for 2 weeks using a digital
analytical balance after drying with a cloth. The measurements were
performed in triplicate. Water vapor permeability tests were
performed at ambient temperature in cylindrical plastic cells with
an internal cavity of 1 cm in height and a diameter of 7 mm filled with
milliQ water. PLA and biocomposite films obtained by compression
molding with a thickness of 1 mm were inserted on the top of the
cavity of each cell between two o-ring gaskets. The cells were placed
in a plastic case with activated silica gel beads, so that the relative
humidity gradient (ΔRH) between the inside of the cell and the
storage chamber was 100%. The weight loss of permeation cells was
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recorded for 8 h and plotted as a function of time. The water vapor
transmission rate (WVTR) was obtained from the slope of each line
obtained through linear regression. The water vapor permeability
(WVP) was then calculated according to eq 310

t
A

WVP
WVTR

RH
= ×

× (3)

where t is the time and A is the area of the internal cylindrical cavity.

■ RESULTS AND DISCUSSION
MCC Functionalization. The “grafting from” approach

based on the SI-ROP of L-lactide catalyzed by Sn(Oct)2 was
used for the functionalization of MCC through the
esterification of its hydroxylic groups without the use of a
solvent, yielding MCC-g-PLLA.
In this way, PLLA oligomers could be grafted on the surface

of cellulose, wherein the abundant alcoholic moieties served as
initiators for the reaction, as reported in the scheme in Figure
S1. Table 1 summarizes the experimental conditions used to
perform the MCC grafting. The catalyst concentration was
kept fixed at 1 wt % with respect to L-lactide, while the reaction
time, the cellulose to L-lactide monomer ratio, and the heating
source were varied to determine the optimal reaction
conditions.
ATR-FTIR was used to characterize the resulting MCC-g-

PLLA. As it can be seen from Figure 1a, the FTIR spectrum of
MCC-g-PLLA presented all of the characteristic peaks of
MCC, namely the O−H stretching band at 3600−3000 cm−1,

the C−H stretching at 2880 cm−1, the asymmetric ring
breathing mode of cellulose at 1156 cm−1, and the bands at
1060 cm−1 and at 1018 cm−1 relative to the C−OH stretching
vibrations of secondary and primary alcohols, respectively,
indicating that cellulose did not undergo any significant
thermal degradation under the reaction conditions used.8,36

The functionalization of MCC was confirmed for all samples
by the appearance of an extra peak at 1748 cm−1 assigned to
the C�O group stretching vibrations of PLA, absent in the
spectrum of pure MCC. Such results are consistent with
previous reports on polymerization of PLA onto MCC.14,34,36

Moreover, by spectral analysis of control samples, obtained by
suspension of MCC in a CHCl3 PLLA solution and
subsequent washing or by performing the reaction without
catalyst, no carbonyl peak was detected (Figure S2),
demonstrating that the physisorption of PLLA oligomers
chains or the L-lactide monomer onto the MCC surface was
negligible and that the reaction did not occur without catalyst
under the conditions used in this work.
The amount of PLLA oligomers grafted onto MCC under

the different reaction conditions reported in Table 1 was
calculated through a calibration curve (Figure S3) from the
carbonyl stretching peak area at 1748 cm−1 in the FTIR spectra
(Figure 1b). As it can be observed from Figure 1b, by changing
the cellulose to L-lactide content from 25 to 50 and 75 wt % a
decrease of ∼16 and 29% was observed in the carbonyl peak
area, respectively, indicating that the optimal ratio of the MCC

Table 1. Reaction Conditions for the Grafting of MCC with L-lactidea

sample Sn(Oct)2 (wt %) MCC (wt %) LA/AHG (mol/mol) time (min) heating source g-PLLA (%)

25−5HP 1 25 9 5 hot press 4
25−5O 1 25 9 5 oven 2.1
25−10HP 1 25 9 10 hot press 4.9
25−10O 1 25 9 10 oven 2.9
25−30HP 1 25 9 30 hot press 7
25−30O 1 25 9 30 oven 4.9
25−60HP 1 25 9 60 hot press 7.2
25−60O 1 25 9 60 oven 5
25−120HP 1 25 9 120 hot press 10.2
25−120O 1 25 9 120 oven 5.4
50−30HP 1 50 5 30 hot press 5.7
75−30HP 1 75 3 30 hot press 4.5

aContents of the catalyst and MCC are reported with respect to L-lactide, the content of grafted PLLA (g-PLLA) with respect to MCC. LA/AHG
refers to the molar ratio of L-lactide to the anhydro glucose unit.

Figure 1. (a) FTIR spectra of MCC, PLA, and MCC-g-PLLA. (b) Normalized absorbance at 1748 cm−1 as a function of reaction conditions. Inset:
dispersion tests of MCC (Vial A), MCC-g-PLLA with a peak area of 0.39 (25−10O) (Vial B), and MCC-g-PLLA with a peak area of 0.76 (sample
25−30HP) (Vial C) in a 1:1 v/v water: CHCl3 solution, corresponding to the grafted PLLA to MCC content of 2.9 and 7.0 wt % respectively.
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initiator was achieved using 25 wt %. On the other hand, the
LA grafting efficiency improved in absolute values from 1.75 to
3.38% upon increasing the MCC fraction from 25 to 75 wt %
of the LA feed (samples 25−30HP and 75−30HP). With
respect to the reaction time, the carbonyl peak area exhibited
the highest value at 120 min for all tested conditions.
Peculiarly, the peak areas for 1 h and for 30 min were found
to be similar. Between the two different heating sources,
namely oven and hot press, the yield of grafted PLA greatly
increased by 31−69% when the reaction was performed in the
hot press for the same reaction times, as the monomer did not
evaporate due to the application of high pressure. Dispersion
tests were then performed to determine the suitable amount of
grafted PLLA oligomers to achieve hydrophobization of MCC
by suspending the grafted MCC samples in a mixture of water
and CHCl3. As it can be observed from the inset of Figure 1,
unmodified MCC did not disperse in the organic phase due to
its hydrophilic nature. For samples with a PLLA oligomers
content below 5 wt % with respect to MCC, the MCC
remained at the interface of the two solvents. For PLLA values
ranging between 5 and 6 wt %, the samples were initially
hydrophobic but not stable over time, while, for 7 wt % or
higher, the materials were completely dispersed and stable in
the CHCl3 phase. From both the spectroscopic analysis and
the dispersion tests, it can be concluded that the best
conditions to achieve sufficient MCC hydrophobicity while
at the same time minimizing the reaction time were obtained
by carrying out the reaction in the hot press for 30 min with 25
wt % of MCC to L-lactide (25−30HP). However, it has to be
noted that the higher LA grafting efficiency at higher MCC/LA
ratios (e.g., 50 and 75 wt %) may also ensure sufficient MCC
hydrophobicity at longer reaction times (e.g., 120 min).
For sample 25−30HP, from now defined as MCC-g-PLLA,

the chemical structure was further confirmed by 1H and 13C
NMR (Figures S4−S6, Tables S1 and S2, and relative
discussion), consistent with the FTIR results and with previous
studies.36,38 Moreover, the amount of PLLA grafted was
determined to be 7 wt % with respect to MCC, the total
conversion of L-lactide was 90%, while the degree of
oligomerization, and molecular weight of the PLLA oligomers
grafted on MCC were determined to be 4 and 300 g/mol,
respectively, through NMR analysis, as described in the
Supporting Information. The obtained values are similar to
the values of 6.22 and 425 g/mol reported by Hua et al.35 for
MCC-g-PLLA pretreated in NaOH and then reacted with
lactic acid and SnCl2 for 2 h under reduced pressure. The
DSPLLA and MSPLLA also estimated through NMR were 0.04
and 0.16, respectively. Moreover, the surface of MCC in MCC-
g-PLLA was hydrophobized without substantial changes in the
morphology and thermal degradation (Figure S7, Table S3,
and relative discussion). Although a slight decrease in the
maximal degradation temperature (Tmax = 331 °C) was
observed compared to MCC (Tmax = 334 °C) and ascribed
to the presence of the PLLA oligomers,34,35,39,40 the thermal
stability of MCC-g-PLLA was significantly higher compared to
other works.34,35 For example, the Tmax of MCC reported by
Hua et al. after functionalization with PLLA ranged from 301.7
to 321.9 °C.35 MCC-g-PLLA prepared under the optimized
conditions as described above was then used as a filler in
biocomposites with PLA. The resulting properties will be
discussed in the next section.
Biocomposites. Green biocomposites of PLA with MCC-

g-PLLA and nonfunctionalized MCC with a filler amount

ranging from 4 to 30 wt % (Table 2) were prepared through
extrusion followed by injection molding to investigate the

effect of MCC modification on the compatibility with the
polymer matrix and on the resulting materials’ surface
morphology and relevant physicochemical properties.
The section of fractured specimens of PLA, PLA/MCC, and

PLA/MCC-g-PLLA was inspected by SEM to investigate the
effect of the cellulose filler content, dispersion, and surface
modification. As observed from Figure 2a, pure PLA presented
a smooth surface. Upon incorporation of cellulose, no
significant inhomogeneity or phase separation could be
detected in the specimens with 4 wt % filler (Figure 2b,c).

Table 2. Composition of PLA/MCC and PLA/MCC-g-
PLLA Biocomposites

sample PLA (wt %) MCC (wt %) MCC-g-PLLA (wt %)

PLA 100 0 0
PLA/MCC4 96 4 0
PLA/gMCC4 96 0 4
PLA/MCC10 90 10 0
PLA/gMCC10 90 0 10
PLA/MCC20 80 20 0
PLA/gMCC20 80 0 20
PLA/MCC30 70 30 0

Figure 2. SEM micrographs of cryogenically fractured dogbones of
(a) PLA, (b) PLA/MCC4, (c) PLA/gMCC4, (d) PLA/MCC10, (e)
PLA/gMCC10, (f) PLA/MCC20, (g) PLA/gMCC20, and (h) PLA/
MCC30. Scale bar = 100 μm.
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At a higher cellulose content, biocomposites with non-
functionalized MCC (Figure 2d,f,h) presented voids and pull-
outs due to a poor interfacial adhesion originating from the low
compatibility with the PLA matrix.41 In contrast, PLA/MCC-g-
PLLA biocomposites (Figure 2c,e,g) exhibited a much more
uniform filler dispersion and smoothness. This difference can
be ascribed to the improved interactions of the compatibilized
fillers with the matrix which lead to a more efficient stress
transfer between the matrix and the filler upon fracture.25 The
biocomposites exhibited good resistance to thermal degrada-
tion, similar to pure PLA, even at high loadings of MCC, with
Tmax values ranging from 349 to 360 °C (Figure S8 and Table
S4), as discussed in more detail in the Supporting Information
file. In parallel, the thermal behavior and crystallinity of
injection-molded pure PLA and biocomposites were inves-
tigated through DSC. As shown in Figure S9 and Table S5, the
samples exhibited the characteristic PLA glass transition (Tg)
at 55 °C,40 cold crystallization (Tcc) between 115 and 125 °C,
ascribed to the reorganization of amorphous domains in
crystalline regions due to the greater macromolecular flexibility
and mobility at temperatures above the glass transition (Tg)

42

and melting (Tm) between 135 and 160 °C. No crystallization
was observed during cooling, due to kinetic constraints typical
of PLA that require either very low crystallization rates or
suitable nucleating agents to induce crystallization on cool-
ing.43 Specifically, the Tg and Tm did not change appreciably
upon the incorporation of the cellulosic filler, while the Tcc of
all biocomposites was lower (116−120 °C) with respect to the
value registered for pure PLA (122 °C) and generally
decreased as the MCC content increased, indicating that
MCC acted as a nucleating agent promoting the crystallization
rate of PLA.36,44 This was further confirmed by the increase in
the degree of crystallinity χc from 24 to 32% upon increasing
the MCC content, with the highest crystallinity degree (32%)
registered for the PLA/gMCC20 formulation. Most impor-
tantly, the variations in the Tcc and χc for PLA/MCC-g-PLLA
biocomposites containing 10−20 wt % filler were greater
compared not only with PLA but also with the values

registered for PLA/MCC biocomposites with the same
nonfunctionalized MCC content or higher, i.e., 30 wt %, as a
result of the improvement of the interfacial adhesion due to the
compatibilization combined with the nucleating effect.25,36 In
particular, the greater the adhesion of the polymer chains to
the crystal surface the lower their mobility, with a subsequent
faster crystal formation.44 Overall, the biocomposites exhibited
an enhancement in the crystallinity by 12−33% with respect to
pure PLA, which was generally higher compared to previous
reports. For example, improvements by 1.3−12% and 3.5−14%
in the crystallinity had been reported for PLA/MCC-g-PLLA
with an MCC content of 10−30 wt %36 and for biocomposites
of PLA and 5−20 wt % MCC functionalized with a silane
derivative,18 respectively.
The effect of the MCC content and compatibilization on the

mechanical properties of the materials was investigated by
uniaxial tensile tests. From the mechanical parameters
extracted from the relative stress/strain curves in Figure 3a−
d, it can be seen that with respect to PLA Young’s modulus did
not substantially change for biocomposites with 4 and 10 wt %
of filler, while it increased by 39−54% for biocomposites with a
cellulose content of 20−30 wt % (Figure 3a,b). Such an
increase in the materials’ stiffness is due to the intrinsic high
modulus of the rigid filler and to the increased crystallinity of
the matrix.25 The strength at yield was found to be
substantially similar to that of PLA (50 ± 2 MPa), with a
slight decrease of 12−14% for biocomposites with an MCC
content of 20−30 wt % (Figure 3a,c). With regard to the
elongation at break (Figure 3a,d), an increase was observed for
an MCC content of 4 wt % (5 ± 0.15%) compared to pure
PLA (4.2 ± 0.25%), while progressively lower values (1−4%)
were obtained with increasing content of the MCC filler, as an
effect of its low aspect ratio coupled to the weaker interaction
between the poly-lactide and the crystalline cellulose
chains.36,41 Interestingly, PLA/gMCC10 exhibited a 7 and
8.6% higher modulus compared to the PLA/MCC10
biocomposite (3550 ± 150 MPa) and to pure PLA (3500 ±
100 MPa), respectively, and strength at yield (47 ± 1 MPa)

Figure 3. Stress−strain curves (a), Young’s modulus (YM) (b), stress at yield (SY) (c), and elongation at break (EB) (d) of PLA, PLA/MCC, and
PLA/MCC-g-PLLA biocomposites.
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and elongation at break (4.2 ± 0.2%) similar to PLA and 4.4
and 31% higher, respectively, compared with its non-
functionalized counterpart (45 ± 1 MPa, 3.2 ± 0.08%), as a
result of the enhanced compatibility, and thus, interfacial
adhesion of the polymer matrix, which plays an important role
in the stress transfer during the tensile tests. As previously
suggested, the longer the grafted chains, the more easily they
could create a continuous phase, in which local stresses are
evenly transferred to the remaining PLA phase.39

On the other hand, below 10 wt % cellulose, the effect of
grafting on the mechanical properties was not evident under
the conditions used in this study probably due to the low
amount of the filler in the polymer matrix. With regards to 20
wt % of filler, negligible differences were observed between
functionalized and nonfunctionalized samples in the elongation
at break and strength, while a slight decrease was detected in
Young’s modulus of PLA/gMCC20 (4875 ± 150 MPa)
compared to PLA/MCC20 (5150 ± 150 MPa). In this case,
the lack of the expected positive impact of grafting could be a
result of the limited mixing effectiveness and filler dispersion
that can be achieved in a single screw extruder. Such drawbacks
might be overcome by melt compounding the materials using a
twin screw extruder.
The wetting behavior of the biocomposites was assessed

through contact angle (CA) measurements. As shown in
Figure S10, the water CA values were found to increase from
75 to 85° upon increasing the content of MCC. Such effects
might be ascribed to a higher roughness imparted to the
surface by the MCC filler that can lead to entrapment of air
pockets underneath the water drop and within the rough
features of the surfaces, resulting in an enhancement of the
overall hydrophobicity, consistent with previous reports.8,45 In
this case, the hydrophilic nature of MCC did not appear to
influence the CAs since the surface of the composites consists
predominantly of PLA, as demonstrated by the XPS analysis
(Table S6) discussed in the Supporting Information file. When
comparing the biocomposites with an equal amount of filler,
PLA/MCC-g-PLLA exhibited slightly lower CA values with
respect to the PLA/MCC samples, consistent with their lower
surface roughness (Figure S11 and Table S7) ascribed to the
stronger interfacial adhesion of MCC-g-PLLA to the PLA
polymer, which reduces the agglomeration as well as filler
detachment from the surface.
The water absorption ability and water vapor barrier

properties of the materials were determined and compared
with those of pure PLA. Specifically, although increasing water
and moisture absorption of PLA would accelerate its
biodegradation in the compost environment,7,41 it is also
true that for commercial applications, such as packaging, PLA
and its biocomposites must possess an appropriate resistance
to water and humidity to ensure an adequate shelf life of the
product. As expected, the water absorption of PLA at
equilibrium (0.3 wt %) increased up to 2 wt % upon
incorporation of hydrophilic MCC (Figure 4a). However, for
PLA/MCC-g-PLLA samples, the values were below 1 wt %
and, for 10 and 20 wt % of the filler, they were 19−25% lower
compared to the corresponding PLA/MCC biocomposites,
demonstrating the higher hydrophobic character imparted by
PLLA grafting to the cellulose filler.
Interestingly, as shown in Figure 4b, the inclusion of MCC

fillers into PLA significantly improved the water vapor barrier
properties by ∼45 to 66%, most likely due to the enhanced
tortuosity of the path provided by the filler particles against

permeating vapor molecules, but also, to a lesser extent, due to
the observed increase in the crystallinity.7 Generally, for the
PLA/MCC-g-PLLA biocomposites, the WVP was found to
further decrease with respect to the corresponding biocompo-
sites with nonfunctionalized MCC due to the improved
adhesion between the filler and the PLA matrix, with the
lowest WVP value detected for the PLA/gMCC10 sample, as
in this material an optimal dispersion and interfacial
compatibilization of MCC were achieved. The obtained results
are in line with previous findings.7,46,47 For example, with
respect to PLA, a decrease by 27−50% in the water vapor
permeability was reported for PLA/cellulose nanocomposites47

and a reduction by ∼47 and 66% was observed in PLA/MCC
samples compatibilized with 15 and 10 wt % of triethyl citrate
respectively.10

■ CONCLUSIONS
In this study, the fabrication of biodegradable and sustainable
biocomposites with enhanced properties based on MCC and
PLA was reported. To achieve good dispersion and improve
the compatibility between the hydrophobic PLA matrix and
the hydrophilic MCC filler, a green rapid one-step MCC
functionalization method was developed. Specifically, PLLA
oligomers were grafted on the surface of cellulose by
heterogeneous SI-ROP of L-lactide "grafting from" reaction
by compression molding, without the use of a solvent or inert
atmosphere typical for cellulose modification. The reaction
conditions were optimized to T = 180 °C, reaction time = 30
min, 25 wt % of MCC, and 1 wt % catalyst with respect to the
L-lactide monomer, to achieve a cost-effective and rapid
process with potential toward industrial scalability. Under such
conditions, the reaction resulted in a 90% total conversion of

Figure 4. (a) Water absorption and (b) water vapor permeability
(WVP) of PLA and of PLA/MCC and PLA/MCC-g-PLLA
biocomposites.
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the L-lactide monomer and yielded MCC-g-PLLA with short
grafted PLLA oligomers (MW = 300 g/mol, DO = 4, 7 wt % to
MCC) able to hydrophobize the MCC surface.
PLA/MCC-g-PLLA green biocomposites with 4−20 wt %

filler were then obtained via melt extrusion followed by
injection molding. In terms of morphological and physico-
chemical properties, relevant differences with respect to PLA
were generally observed for a 10−20 wt % filler content, with
an enhancement for PLA/MCC-g-PLLA samples compared to
the corresponding PLA/MCC biocomposites with non-
functionalized MCC due to their improved filler matrix
compatibility, interfacial adhesion, and dispersion. In partic-
ular, a 12−33% increment in crystallinity was determined in
the materials along with the MCC content and functionaliza-
tion, as it acted as a nucleating agent for PLA without
substantially affecting its thermal stability. In the mechanical
performance, for an MCC-g-PLLA content of 10 wt %, the
cellulose compatibilization exerted its maximal effect, with
important differences compared to nonfunctionalized MCC
and a higher Young’s modulus with respect to pure PLA.
Regarding the interactions with water, the hydrophobic
character ascribed to the modification of MCC was very
evident in the water uptake capacity of the materials, which
was 19−25% lower in biocomposites with functionalized MCC
compared to the others and remained <1 wt % even at a
relatively high filler content. In parallel, an important reduction
in the permeability by 45−66% was observed upon MCC
addition. The water barrier properties were more enhanced for
samples with grafted MCC, as a combined result of the
increased tortuosity induced by the filler and its better
interfacial adhesion and dispersion. In conclusion, the
proposed agile solvent-free cellulose functionalization ap-
proach could pave the way toward the large-scale production
of sustainable biocomposites alternative to fossil-based plastics
with excellent biodegradability coupled to physicochemical
properties suitable for several applications from packaging to
automotive, agriculture, and homecare sectors.
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