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ABSTRACT:	� Polylactic acid (PLA) is one of the most widely used biodegradable polymers due to the ability to synthesize 
it economically at industrial scale and its favorable properties for many consumer products. However, the 
rigid nature of PLA is not desirable for specific applications, requiring the incorporation of effective bio-
derived additives in order to enhance the PLA toughness and broaden applications. In this work, PLA was 
modified by graft polymerization of polyacrylic acid (PLA-g-PAA) to increase the hydrophilicity to promote 
compatibilization of cellulose nanocrystals (CNCs) or high molecular polyethylene glycol (PEG). CNCs 
were found to act as a nucleating agent for the PLA-g-PAA copolymer due to an enhanced compatibility with 
these rigid nanocrystals, thus increasing the tensile modulus and reducing toughness. This was not the case 
for pure PLA, for which the toughness was increased up to 125% for a 1% CNC loading. PEG successfully 
increased toughness of the PLA-g-PAA by more than 34 times that of neat PLA and PLA-g-PAA with a 
substantial yet not critical reduction in strength and modulus for a wide range of applications.
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1  INTRODUCTION

Polylactic acid (PLA) is a biodegradable, bioabsorb-
able polymer derived from renewable resources, 
which offers promising alternatives to traditional 
petroleum-based plastics [1]. PLA, which accounts 
for 12.2% of bioplastics and 31% of the biodegradable 
plastics market [2], is utilized for applications rang-
ing from medical devices to food packaging [3]. The 
tensile strength and elastic modulus of PLA is com-
parable to commodity polymers such as polyethylene 
terephthalate (PET); however, it has a very low tough-
ness and elongation at break, limiting its widespread 
application [4]. To address these disadvantages, many 
additives and modifications, such as plasticizers [5, 6], 
fillers [7, 8], and graft copolymers [9, 10], have been 
investigated for PLA.

One of the primary challenges in the toughening of 
rigid polymers is to obtain a balance between the increase 
of toughness and reduction of tensile strength and mod-
ulus. In many cases, significant decreases in the strength 

or modulus can result in poor performance, making the 
polymers unusable for intended applications [4]. For 
this reason, the balance of the properties is a key aspect 
of this type of investigation. In addition, many plasti-
cizers are hydrophilic, representing issues of incompat-
ibility with nonpolar matrices. Several approaches have 
received recent research attention, including a reactive 
modification of PLA with polyacrylic acid (PAA) and 
subsequent blending with polyethylene glycol (PEG), 
which successfully increased toughness without a sig-
nificant loss in the tensile properties [11]. PEG, a hydro-
philic, nontoxic polymer, is a common plasticizer that 
has been shown to increase the flexibility and ductil-
ity of polymers including PLA [12, 13]. However, the 
chemical incompatibility between PEG and PLA can 
drive the low molecular weight PEG to migrate and 
phase-separate from the matrix with time. On the other 
hand, the high molecular weight PEG is completely 
immiscible with the PLA matrix [14]. The miscibility of 
PEG in PLA can be improved by the grafting of PAA, 
which is more hydrophilic [11], potentially allowing 
improved miscibility with higher molecular weight 
PEG. Despite the best attempts to increase toughness 
without compromising tensile properties by enhancing 
chemical compatibility, the common trade-off between 
these two properties cannot be avoided when using 
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PEG as a toughening agent. An alternative approach 
to enhance toughness without compromising tensile 
strength and modulus may be through the addition of 
cellulose nanocrystals.

Cellulose nanocrystals (CNCs), also known as cel-
lulose nanowhiskers, have been widely investigated 
as reinforcement fillers for polymeric matrices due 
to their remarkable mechanical properties and high 
aspect ratios [15–17]. These fillers usually increase the 
modulus of the matrix through the addition of a rigid 
material and the formation of a percolating network; 
however, some research has reported an improvement 
in toughness without compromising other mechanical 
and thermal properties [18, 19]. In addition, research 
has also shown improved crystallinity and gas barrier 
properties for PLA with the addition of CNCs [20, 21], 
encompassing an increase in potential applications 
from food packaging to biomedical applications. One 
of the greatest challenges in the utilization of CNCs 
as a reinforcement filler for hydrophobic matrices 
is the hydrophilicity of native cellulose [22]. One 
approach to addressing this challenge is through the 
surface functionalization of the nanocrystals, either 
by covalent modification or the use of a surfactant 
compatibilizer [23].

In this work, the mechanical properties of PLA and 
PLA-g-PAA copolymer were improved by the addition 
of CNCs (1, 3, and 5 wt%) and high molecular weight 
PEG (10, 20 and 30 wt%). CNCs were isolated from cot-
ton and functionalized by a combination of acetic acid 
and hydrochloric acid in order to produce acetylated 
CNCs. The mechanical properties were obtained using 
an Instron machine and the increase of toughness and 
modulus was observed depending on the combina-
tion of additives used. The self-assembly of the CNCs 
within the matrix was studied using polarized micros-
copy in order to understand the structure/property 
relationship of the nanocomposites. The plasticizing 
efficiency of PEG was evaluated by the shift of glass 
transition temperature (Tg) measured using differen-
tial scanning calorimetry.

2  MATERIALS AND METHODS

2.1  Materials

Polylactic acid (PLA) 2002D was purchased from 
NatureWorks LLC (Mw ≈ 198 kDa and Mn ≈ 76 kDa) 
[24]. Benzyl peroxide was purchased from FLUKA. 
Acrylic acid 99% and 10 kDa polyethylene gly-
col (PEG) (OH-terminated) were obtained through 
Aldrich. Cotton ashless powder from Whatman was 
used as the source of cellulose. All other solvents and 
reactants in this work were ACS grades obtained 
from VWR.

2.2  Preparation of Cellulose Nanocrystals

Cellulose nanocrystals were isolated by acid hydrolysis 
with a mixture of hydrochloric acid (HCl) and acetic 
acid (AA) as developed by Dorgan and coworkers [25]. 
In this reaction, a Fischer esterification reaction occurs 
between the hydroxyl groups and the acetic acid during 
the hydrolysis, introducing methylesters onto the CNC 
surface. For the isolation, 10 g of cotton were soaked for 
approximately 12 h in a round-bottom flask with 225 mL 
of AA. The next day, 24.5 mL of DI water and 0.8 mL 
37% HCl were added. The reaction was conducted 
for 10 h at 105 °C with constant stirring and stopped 
cooling in an ice bath. Three washes with DI water were 
carried out by sequential centrifugation (8,600 rpm for 
3 min) and vortex mixing to remove the remaining acid 
from the cellulose. The suspension was combined and 
ultra-sonicated in an ice bath using a Fisher Scientific 
550 Sonic Dismembrator for 35 min (5 cycles of 7 min 
pulse, 2 min rest) at a power level of 7.5. The suspension 
was washed again two more times and the resulting 
supernatant was combined and stored as the CNC stock 
suspension. To transfer the CNCs to an organic solvent, 
the supernatant was precipitated by centrifugation at 
14,000 rpm for 10 min, washed twice with acetone to 
remove bound water, and transferred to chloroform. 
The suspension was agitated vigorously in a vortex 
mixer until no CNC agglomerates were observed.

2.3 � PLA Reactive Modification and 
Blending

The PLA reactive modification was performed in 
a 1 L Parr reactor to produce a graft copolymer with 
10 wt% PAA. The PAA side chains were grafted from 
the PLA polymer chains using benzoyl peroxide as an 
initiator as described by Rasal and Hirt [11]. Initially, 
the reactor was loaded with 100 g of PLA and dissolved 
in 750 mL of chloroform with constant agitation at 100 
rpm. Benzoyl peroxide totaling 1% of the mass of PLA 
was added to the initial solution in the reactor. The reac-
tor was sealed and heated to 60 °C for 60 min. The heater 
was turned off and 10 g of acrylic acid were added to the 
solution. The reactor was resealed and heated to 100 °C 
for 10 min. The heater was shut off and the reactor was 
allowed to cool to below 60 °C before the solution was 
drained from the bottom of the reactor. This solution 
was then separated into specific portions before the 
desired amount of CNCs or PEG was added to the mix-
ture. This solution was thoroughly blended with an 
overhead impeller for 10 min and then poured out in 
a Pyrex dish. The chloroform was allowed to evaporate 
in a hood overnight followed by 24 h at 80 °C under 
vacuum. The resulting films were cut into approxi-
mately 5 mm squares in preparation for extrusion.
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A sample film of the reactively modified PLA-PAA 
without any co-polymer or toughening agents was 
tested with a Nicolet Avatar 360 Fourier transform 
infrared spectroscopy instrument to verify the pres-
ence of acrylic acid side chains. This film was sub-
merged in DI water and held at 70 °C for 60 min in 
a Mars 5 microwave accelerated extraction machine. 
After microwave extraction, this film was again tested 
with FTIR to verify that the acrylic acid side chains 
had chemically grafted onto the PLA matrix, and were 
not just part of the polymeric mixture.

2.4  Film Extrusion

The polymer films were extruded using a twin-
screw micro-compounder (DSM Xplore®, from The 
Netherlands) operating in co-rotating mode with 
170-mm-long tapered screws and a barrel volume of 
15  cm3. The polymer was compounded for approxi-
mately 10 min at 180 °C with the motor force set to 
500 N and the rate of co-rotating screws controlled by 
the instrument. The polymer melt was extruded 
through a rectangular cross-sectional shape die and 
cooled by ambient nitrogen. The resulting films were 
approximately 0.1 mm thick and collected on a chill roll 
at a take-up speed between 110 to 130 rpm depending 
on the viscosity of the melt. These films were diced 
into uniform strips 95 mm long and 12.5 mm wide on 
a USM hydraulic machine press by means of a metal 
die. The thickness of each film was measured at 4 dif-
ferent points with a film thickness gauge (Digimacro 
ME-50HA).

2.5  Characterization of Films

Tensile testing of the polymer film strips was con-
ducted using an Instron 1125 universal testing instru-
ment. The initial grip separation was set to 45 mm and 
a crosshead speed of 4 mm/min in compliance with 
the ASTM 882 standard. All mechanical testing was 
done only in the direction of extrusion. The stress-
strain curves were analyzed with Origin® software in 
order to determine the tensile strength, tensile modu-
lus, and toughness of each film.

Differential scanning calorimetry (DSC) (TA 
Instruments DSC 2920) was used to measure the ther-
mal transitions: glass transition temperature (Tg), crys-
tallization temperature (Tc), melting temperature (Tm), 
and the heat of crystallization (ΔHcc) and melting (ΔHm), 
and percent crystallinity of the films (Xc). Aluminum 
pans were carefully loaded and sealed with 4 to 6 mg of 
the polymer sample and heated to 200 °C at a constant 
rate of 10 °C/min under a nitrogen purge. At the end of 
the run, the samples were cooled by quenching using 
a metal bar previously submerged in liquid nitrogen. 

A second run was immediately conducted on these 
samples under the same conditions. Tg, Tc, Tm, ΔHcc and 
ΔHm, were taken from the second run after quenching. 
The Xc of the nanocomposites was determined from the 
first run before quenching using Equation 1,
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where WPLA is the fraction of PLA in the composites, 
and ∆Hm

∞ is the theoretical enthalpy of fusion of 100% 
crystalline PLA, which was taken to be 93.0 J/g [20].

Optical polarized-light microscopy was performed 
using an Olympus BX-60 in transmission mode with a 
polarizer in the bottom of the sample and the analyzer 
rotated 90° in the top. A first order red plate (U-TP530) 
was also used to study the specific orientation of the 
organized crystals. The samples were placed on a glass 
microscope slide without further preparation and 
photos were taken at rotating angles of 0, 45, 90 and 
135° using 13X magnification.

3  RESULTS AND DISCUSSION

The PLA was reactively modified with acrylic acid by 
means of the initiator benzyl peroxide as detailed in 
the literature [11]. The reaction took place at elevated 
temperatures in a sealed reactor, producing a graft 
copolymer with 10 wt% PAA, hereafter referred to as 
PLA-g-PAA. The copolymer was analyzed to verify the 
covalent attachment of PAA onto PLA using FTIR anal-
ysis after microwave extraction of the PLA-g-PAA(10%) 
in water. CNCs or PEG were added in the desired con-
centrations and physically mixed in solution to form 
the nanocomposites or polymer blends, respectively. 
Nanocomposites of pure PLA were also prepared in 
order to compare the effects with the graft copolymer.

3.1  PLA and PLA-g-PAA Nanocomposites

3.1.1  Mechanical Properties

Figure 1 shows the tensile toughness, tensile strength, 
and tensile modulus of the PLA and PLA-g-PAA nano-
composites films. The addition of CNCs to the PLA 
films resulted in increased toughness as observed in 
Figure 1: increasing from 1.1 MJ/m3 for neat PLA to 
a maximum of 2.5 MJ/m3 (125% increase) at 1% CNC 
load. At higher CNC loadings, the toughness pro-
gressively decreased to a lowest value of 1.6 MJ/m3 

for 5% CNC, which still represented a 46% increase 
over the neat PLA. For the PLA-g-PAA, the toughness 
decreased as the CNC load increased, obtaining a low-
est value at 5% CNC load, which represented a 75% 
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decrease. The tensile strength (Figure 1b) for both PLA 
and PLA-g-PAA only increased slightly with the addi-
tion of CNCs, as was the case for the tensile modulus 
of PLA (Figure 1c). On the other hand, the modulus of 
the PLA-g-PAA composites was enhanced for all the 
CNC concentrations, having an optimum increase of 
3% CNC, representing a 159% increase.

The interfacial interactions between CNCs and the 
matrix play a very important role in the reinforcement 
of the mechanical properties, especially in the tough-
ness, which has been shown to increase due to strong 
filler-matrix interactions in CNC nanocomposites [26]. 
On the other hand, a lower compatibility between 
CNCs and the matrix allows the filler to associate with 
itself, forming a rigid percolating network which can 
be responsible for the enhancement of the modulus 
[23]. This network is frequently formed when there 
is a balance of surface charge and hydrogen bond-
ing, since only strong electrostatic attractions tend to 
favor the formation of agglomerates [27]. In addition, 

the theoretical critical volume fraction at which the 
network would begin to form is 9 vol% (11 wt%) for 
the CNCs isolated in this work, as predicted by Favier 
et  al. for cylindrical shaped particles [28]. Therefore, 
it is unlikely that the increase in modulus of the 
PLA- g-PAA nanocomposites is due to such a network.

Another possible reason for the increase of the 
PLA-g-PAA modulus is a higher crystallinity obtained 
upon the addition of CNCs. Several publications have 
reported the increase of crystallinity upon addition of 
nanocellulose to polymers including PLA, resulting in 
higher tensile strength and modulus [20, 29]. Pei et al. 
reported that surface-modified CNCs promoted higher 
crystallinities and tensile properties than unmodified 
CNCs in PLA [20].

3.1.2  Thermal Properties of Nanocomposites

The results in Table 1 show an increase in PLA-g-PAA 
crystallinity from 33.1% for neat copolymer to 48.9% 
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Figure 1  Mechanical properties of PLA ( ) and PLA-g-PAA/CNC ( ) nanocomposites: (a) toughness, (b) tensile strength, and 
(c) tensile modulus.
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at 3% CNC load, before suffering a slight reduction 
at 5% CNCs. These results correlate well with the 
enhancement of modulus as discussed above. Hence, 
the grafting of the hydrophilic PAA into PLA increases 
the compatibility with CNCs [30], which results in 
improved CNC dispersion and the nanocrystals act-
ing as effective nucleating agents for the copolymer. 
For the PLA composites, CNC addition did not show a 
significant increase in crystallinity, which parallels the 
lack of increased tensile modulus for these composites.

The DSC results obtained from the second run after 
quenching are shown in Figure 2. For PLA composites 
(Figure 2a), the area of the exothermic peak attributed 
to the cold crystallization gradually decreased with 
increasing CNC concentration, while the peak for the 

PLA-g-PAA composites increased (Figure 2b). The 
melting temperature (Tm) and the glass transition tem-
perature (Tg) had the tendency to increase with CNC 
concentration in both cases. The values of these thermal 
transitions are shown in Table 1. The slight increase in 
the Tg of the PLA nanocomposites could be evidence of 
reduced mobility of the chains, either due to increased 
crystallinity in the polymer or chain entanglements on 
the nanofiller [31]. However, since the crystallinity of 
PLA composites did not increase, this increase of Tg 
can be attributed to the chain entanglement around the 
CNC. This translates to higher energies to obtain the 
same mobility of the polymer under stress, and corre-
lates with the increase in toughness obtained for PLA 
composites as shown in Figure 1a.

Table 1  Thermal properties of PLA and PLA-g-PAA loaded with cellulose nanocrystals.

Polymer CNC (wt%) Tg (°C) Tcc (°C) Tm (°C) ΔHcc (J/g) ΔHm (J/g) Xc 1st run (%) Xc 2nd run (%)

PLA-CNC 0 55.5 122.1 149.9 26.2 26.6 28.3 0.4

1 55.8 123.6 150.4 25.4 26.4 30.6 1.1

3 58.1 132.6 153.4 4.0 3.3 28.2 0.0

5 57.9 134.9 153.3 2.7 2.8 29.3 0.2

PLA-g-PAA-CNC 0 56.9 132.2 147.7 4.0 6.4 33.1 2.8

1 57.2 132.9 152.1 5.1 7.7 36.5 3.2

3 57.1 131.2 152.3 10.2 10.7 48.9 0.7

5 56.3 132.3 152.0 6.0 6.5 35.3 0.7
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Figure 2  Second run DSC scan curves of PLA (a) and PLA-g-PAA (b) loaded with cellulose nanocrystals. The plots are offset 
for clarity.
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The reduced mobility of PLA chains upon addition 
of CNCs is also reflected in the significant reduction 
of the second run heat of crystallization, and conse-
quently in the heat of melting for the PLA composites. 
This is contrary to the PLA-g-PAA copolymers which 
increased their mobility due to an improved crystal-
lization as observed in Table 1. This difference in the 
crystallization between both types of polymers may be 
based on the strength of the interactions and the start-
ing state of the material. As observed in Table 1, the heat 
of crystallization for neat PLA is much higher than for 
the PLA-g-PAA. The addition of CNCs actually disrupts 
the initial mobility of PLA chains, while for hydrophilic 
PLA-g-PAA, CNCs may enhance the initially low crys-
tallization of this copolymer due to an increased compat-
ibility. Liu et al. also found that the crystallization of PLA 
was more effective in the amorphous polymers than in 
the crystalline ones upon the addition of CNCs [29].

3.1.3  Optical Properties

Previous research has shown that the nanostructure 
of CNCs in nanocomposites is a key determining 

factor on the mechanical properties [32]. A spiral for-
mation was shown to contribute to the increase of 
toughness of the composites when using sulfuric acid-
synthesized CNCs, which is similar to the behavior 
observed in the fibers of plants and trees [33]. For this 
reason, the optical properties of the films were studied 
using polarized-light microscopy in the present work. 
The polarizer, which was placed under the sample, 
was aligned along the 0° angle (north-south direction), 
while the analyzer, which is above the sample, was at 
the 90° angle (east-west). Figure 3 shows the polarized 
micrographs of the PLA and PLA-g-PAA composites 
rotated at 0°, 45°, 90° and 135° angles. For the PLA 
composites, a bright phase or birefringence can be 
observed at 45° and 135° angles, indicating the forma-
tion of liquid crystals either parallel or perpendicular 
to the direction of extrusion. The birefringence is sig-
nificantly brighter for the 3% CNC in PLA, indicating 
the formation of an ordered liquid crystalline phase, 
and therefore a greater degree of CNC self-assembly 
within the matrix. The formation of an oriented 
phase in a matrix is usually a good indication of non-
agglomerated nanocrystals [34, 35], which agrees 

(a)

0° 45° 90° 135°

(b)

(c)

(d)

Figure 3  Polarized-light microscopy of PLA (a, b) and PLA-g-PAA/CNC nanocomposites (c, d). (a, c) 1% and (b, d) 3% CNC. 
Length of each image: 1.5 mm.
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with the theory of the enhancement of toughness 
due to dispersed and more compatible fillers. On the 
contrary, an oriented phase is not observed for the 
PLA-g-PAA nanocomposites, which may be attrib-
uted to CNCs association with the stiff PAA chains 
and PLA crystallites that inhibit the self-assembly of 
the nanocrystals.

A first order red plate was used to determine the 
specific orientation of the assembled crystals and 
the results are shown in Figure 4. The slow axis 
of the plate was placed parallel to the 135° angle 
(northwest-southeast), and the direction of the extru-
sion of the films was always parallel to the rotation 
angle. The appearance of the color magenta, yellow, 
and blue are indicative of the different orientations of 
the assemblies. CNCs oriented in the 135° angle will 
present a color blue, while the assemblies oriented 
in the 45° angle will be yellow. Magenta colors indi-
cate the alignment at 0°, 90°, and also the unoriented 

nanocrystals. Hence, the total theoretical oriented 
area of the films can be estimated by adding the per-
centage of both yellow and blue from 2 consecutive 
angles of rotation.

The percentage of the oriented area for the PLA 
composites, estimated from a centered region of the 
obtained images, increased from 85% to 100% for the 
1% and 3% CNC loadings, respectively. For the PLA-
g-PAA composites, the oriented area only increased 
from 2% to 4% for the 1% and 3% CNC composites, 
respectively. The directions of the crystal assemblies 
are predominately parallel to the direction of the 
extrusion, which is demonstrated for the amount of 
yellow for the 45° rotation angle. For the PLA-CNC 1% 
films, approximately 75% of the CNCs is estimated to 
be oriented parallel to the line of extrusion, while for 
the PLA-CNC 3% films the orientation is apparently 
more than 100%. This > 100% value, however, lacks 
significant meaning other than very high organization 

0° 45° 90° 135°

(a)

(b)

(c)

(d)

Figure 4  Polarized-light microscopy PLA (a, b) and PLA-g-PAA/CNC nanocomposites (c, d) using a first order red filter. (a, c) 
1% and (b, d) 3% CNC nanocomposites. The dotted square in the picture represents the size of the area used for the color 
quantification. Length of each image: 1.5 mm.
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because the birefringence of this composite is too bright 
as observed in Figure 3, as the red plate is not designed 
for the analysis of such high levels of retardation.

3.2  PLA-g-PAA Copolymer Blends

PEG was added to the PLA-g-PAA graft copolymer in 
solution immediately after the reaction of acrylic acid 
with PLA. Neat PLA blended with PEG was not pre-
pared since it has already been studied in the literature 
[13, 36–39]. The study of low molecular weight (<2 kDa) 
PEG is commonly studied because at high molecular 
weights phase separation [13] and reduction in tensile 
properties [40] occur due to immiscibility between the 
components. However, low molecular weight plasticiz-
ers have the tendency to migrate from the host polymer 
due to a slow phase separation and the crystallization 
of PEG at room temperature [14, 41]. This problem can 
be addressed by increasing the compatibility with graft-
ing of PAA onto the hydrophobic PLA matrix [11]. PAA 
and PEG are both hydrophilic polymers and are more 
compatible with each other than with PLA. Previous 
research investigated this reactive-blend modification 
using a low molecular weight PEG (Mn = 1.5kDa), 
obtaining a significant increase in toughness without 
compromising the tensile properties of the films [11]. 
In this work, a higher molecular weight PEG (10 kDa) 
was blended with the graft copolymer to explore the 
enhancement of PLA properties with possible reduced 
migration rates of the plasticizer.

3.2.1  Mechanical Properties

The mechanical properties of the PLA-g-PAA/PEG 
blends (0, 10, 20 and 30% PEG) were determined from 
the stress-strain curves and are shown in Figure  5. 
It can be observed that the toughness was greatly 
increased as the percentage of PEG was increased in 
the formulation. The highest toughness was reached 
at 30% PEG (39.9 MJ/m3), increasing by 34 times that 
of PLA (1.1 MJ/m3) and PLA-g-PAA (1.2 MJ/m3). For 
10% and 20% PEG, the toughness was increased 10 fold 
(11.4 MJ/m3) and 25 fold (27.5 MJ/m3) respectively.

The tensile properties of the blends are shown in 
Figure 5b,c. PAA grafting increased the strength and 
the modulus of the graft copolymer by 7% and 48%, 
respectively, due to the higher stiffness of PAA. The 
addition of PEG decreased both the tensile strength 
and modulus of the films with similar trends. The ten-
sile strength was reduced as much as 49% for the 20% 
PEG, while the modulus decreased 30.1% for the 30% 
PEG content, which is a common behavior observed in 
the plasticization of polymers.
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Figure 5  Mechanical properties of PLA-g-PAA/PEG blends: 
(a) toughness, (b) tensile strength, and (c) tensile modulus.
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3.2.2  Thermal Properties

The DSC plots for the PLA-g-PAA/PEG blends after 
quenching are shown in Figure 6. The plots show the 
endothermic melting peaks in all of the blends and an 
increasing endothermic crystallization peak with PEG 
concentration. A double peak can be observed during 
the melting region for the 30% PEG blend, which has 
been attributed to lamellar rearregement during crys-
tallization of PLA [42]. The efficiency of plasticization 
can be evaluated by the Tg decrease, which went from 
56.9 °C for neat PLA-g-PAA to 30.9 °C for a 30% PEG 
formulation as observed in Table 2. Moreover, a rea-
sonable miscibility of the blend is suggested by the 
appereance of a single Tg transition and by the lower-
ing of this value with increasing plasticizer content 
for concentrations lower than 30%. The change in Tg 
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Figure 6  Second run DSC curves of PLA-g-PAA/PEG 
blends.

Table 2  Thermal properties of PLA-g-PAA blends.

PEG 
(wt%) Tg (°C) Tcc (°C) Tm (°C)

ΔHcc 
(J/g)

ΔHm 
(J/g)

Xc 
(%)

0 56.9 132.22 147.7 4.022 6.4 32.4

10 56.4 133.09 153.3 2.403 2.3 48.0

20 50.2 123.93 150.1 14.86 14.2 36.9

30 30.9 112.05 152.3 24.26 25.5 38.2

for 30% PEG is significant; however, there is not evi-
dence of phase separation at this level of plasticizing. 
The heat of crystallization and melting increased with 
the addition of PEG, demonstrating increased mobil-
ity of the PLA chains due to the plasticizing effect of 
PEG [6]. This behavior also indicates higher crystal-
lization rates, which are beneficial due to the slow 
crystallization kinetics of PLA when it is cooled from 
the melt [43].

4  CONCLUSIONS

The toughening of PLA was achieved by the addi-
tion of either acetylated CNCs or PEG, and both were 
shown to act as toughening agents for PLA and PLA-
g-PAA copolymer, respectively. Polyacrylic acid (PAA) 
was grafted onto PLA to increase the hydrophilicity 
of the polymer and to improve the compatibility of 
the reinforcements. CNCs increased the toughness of 
PLA by 125% with an optimum loading of 1% without 
compromising the tensile strength and modulus. This 
increase was attributed to two effects: chain entangle-
ments on the nanocrystals and self-assembly on the 
CNC in the PLA matrix. For the PLA-g-PAA com-
posites, the toughness decreased, while the modulus 
increased significantly with CNC concentration. This 
behavior was attributed to an increase of crystallinity 
of the PLA-g-PAA composites as a result of increased 
compatibility between CNCs and the PAA chains.

The thermal properties of these nanocomposites 
revealed a lower mobility for both the PLA and PLA-
g-PAA chains as reflected by the slight increase of Tg. 
This reduced mobility was attributed to the increase of 
crystallinity for the PLA-g-PAA composites, while for 
PLA, it was attributed to polymer chain entanglements 
on the nanocrystals. These two effects correspond cor-
rectly with the enhancement of mechanical properties 
observed in both types of polymers. PLA composites 
exhibited a greater degree of CNC orientation com-
pared to PLA-g-PAA as observed under polarized 
microscopy, suggesting the self-assembly of the CNCs 
in PLA. This assembly was found to be less oriented 
around the extrusion line for the 1% CNC films, which 
also exhibited enhanced toughness, compared to the 
3% CNC composites of PLA.

High molecular weight PEG greatly increased the 
toughness of PLA-g-PAA copolymer by approximately 
36 times, decreasing the tensile strength and tensile 
modulus only 49% and 30%, respectively, for the same 
PEG content. The Tg was decreased by 26  °C, dem-
onstrating an effective plasticization when using 30% 
PEG. Moreover, the appearance of single Tg transition 
also indicated favorable miscibility for the blends. It 
can be expected that tuning the concentrations of PLA, 
PLA-g-PAA, CNCs, and PEG may enable the design 

http://dx.doi.org/10.7569/JRM.2016.634126
http://dx.doi.org/10.7569/JRM.2016.634126


DOI: 10.7569/JRM.2016.634126� Jose Luis Orellana et al.: Cellulose Nanocrystals versus Polyethylene Glycol as Toughening Agents

J. Renew. Mater., Vol. 4, No. 5, October 2016�   © 2016 Scrivener Publishing LLC    349

of a polymer composite with desired combinations 
of mechanical, optical, and thermal properties, thus 
expanding potential application for the bio-based 
composites.
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