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Abstract Poly(lactic acid) (PLA) is a biodegradable
polymer that exhibits high elastic modulus, high mechan-
ical strength, and feasible processability. However, high
cost and fragility hinder the application of PLA in food
packaging. Therefore, this study aimed to develop flexible
PLA/acetate and PLA/chitosan films with improved ther-
mal and mechanical properties without the addition of a
plasticizer and additive to yield extruder compositions with
melt temperatures above those of acetate and chitosan.
PLA blends with 10, 20, and 30 wt% of chitosan or cel-
lulose acetate were processed in a twin-screw extruder, and
grain pellets were then pressed to form films. PLA/acetate
films showed an increase of 30 °C in initial degradation
temperature and an increase of 3.9 % in elongation at
break. On the other hand, PLA/chitosan films showed
improvements in mechanical properties as an increase of
4.7 % in elongation at break. PLA/chitosan film which
presented the greatest increase in elongation at break
proved to be the best candidate for application in
packaging.
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Introduction

The shortage of nonrenewable natural resources and cur-
rent environmental issues mainly concerning the disposal
and production of food packaging have encouraged the
search for alternative biodegradable polymers [1-3].

The high cost of recycling non-biodegradable packag-
ing, which is mostly a blend or multilayer film, is another
strong motivation for the development of materials with
ecological appeal [3, 4].

Since the 1990s, researchers have concentrated their
efforts toward using poly (lactic acid) (PLA) in food
packaging applications. The advantages of PLA include
biodegradability, large-scale production, high mechanical
strength, and reasonable barrier properties [5]. However,
the main limitation of PLA in such applications concerns
its high cost. This biopolymer is still much more expensive
(US$ 5.00/kg) than polypropylene (US$ 1.78/kg) and high-
density polyethylene (US$ 1.52/kg). Furthermore, the
applicability of PLA is hindered by its technological
properties such as fragility and hydrophilicity [5]. To
minimize costs, improve mechanical properties, and
decrease water uptake, polymers may be mixed with other
materials. The goal is to develop composites and blends
with new properties and improved performance [5-7].

Chitosan (Ch) [B(1 — 4)-2-amino-2-deoxy-D-glucose]
is a nontoxic, antimicrobial, biocompatible product
obtained from the deacetylation of chitin processed under
alkaline conditions [8, 9]. Chitin is a biopolymer that
occurs in the exoskeleton of crustaceans, insects, and
shellfish [10]. The melting temperature of chitosan is
approximately 97 °C, which is considerably lower than that
of PLA (approximately 150 °C) [11]. Its market price
varies depending on its purity; its lowest price is US$ 3.00/
kg [12].

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10924-016-0785-4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10924-016-0785-4&amp;domain=pdf

364

J Polym Environ (2016) 24:363-371

Cellulose acetate (CA) is an alternative biopolymer that
has antimicrobial properties and mechanical strength. It is
obtained from the reaction of cellulose with acetic anhy-
dride and acetic acid using sulfuric acid as a catalyst [13].
The glass transition temperature of cellulose acetate is
approximately 185 °C, and the melting temperature is
approximately 220 °C [14]. Its market price is approxi-
mately US$ 1.00/kg [15].

Many efforts to produce polymeric coatings and blends
incorporating chitosan or cellulose acetate into biodegrad-
able polyesters such as PLA are reported in the literature
[16-21]. Biodegradable blends from the solubilization of
plasticized chitosan into different polymers such as PLA,
starch, and poly(vinyl acetate) (PVA) followed by casting to
obtain films have been reported [16—19]. A new approach
involving the incorporation of plasticized chitosan into PLA,
by extrusion followed by coating with a chitosan solution, to
enhance the antimicrobial action has also been reported [20].
Some researchers developed cellulose acetate reinforced
composites [6] and blends of acetate with starch [21].
However, there is a lack of study concerning blends of PLA
involving the incorporation of non-plasticized chitosan
granules or cellulose acetate without additives.

Herein, we report a new strategy to obtain PLA-chitosan
blends and PLA-cellulose acetate blends, without the
addition of plasticizers or additives. The blends were
obtained by mixing PLA pellets either with 1-2 mm chi-
tosan granules or 1-2 mm cellulose acetate granules, fol-
lowed by extrusion of each mixture above at the chitosan or
acetate processing temperature, respectively, to obtain
flexible PLA films with improved thermal and mechanical
properties.

Experimental
Materials
The following materials were used: PLA Ingeo 3251D with

an average molecular weight of 90,000-120,000 Da,
1.24 g/lem® density, and melt flow index of 35 g/10 min

(190 °C and 2.16 kg) from Nature Works (Cargill); cellu-
lose acetate (40 wt% cellulose content and
Mw = 30,000 g/mol) produced by the enterprise Rhodia/
Solvay; chitosan (Mw = 69,000 g/mol and 93 % degree of
acetylation) produced from Polymar, lot 010913.

Methodology
Preparation of Film Formulations and Film Processing

The PLA blends were processed in a twin-screw extruder
(Coperion 18 mm) at the speed of 95 rpm. The temperature
profile for the chitosan blends was 150, 150, 150, 170, 180,
180 and 180 °C, and for the cellulose acetate blends 180,
200, 200, 220, 240, 245 and 250 °C. The compositions of
each sample are shown in Table 1.

The extruded noodle string was cooled in a water bath
and subsequently pelletized. The pellets were pressed at 7.5
tons for 4 min at a temperature of 190 °C, resulting in
homogeneous and partially transparent films (Fig. 1).

The films were conditioned at 25 (42 °C) and a relative
humidity of 50 % (£5 %) for at least 48 h prior to mor-
phological, thermal and mechanical characterization.

Morphological Analysis

The cross-section of the films was analyzed by micrographs
obtained from cryogenic fracture in a scanning electron
microscope (SEM), model JMS 6510 (JEOL®), using an
accelerating voltage of 10 kV. Samples were mounted on
copper stubs, and then coated with a thin layer of gold.
Through the Image J software by pixel technique, the size
of chitosan and acetate phase was dimensioned.

Mechanical Properties

The tensile test was performed in a universal testing
machine EMIC® according to ASTM D 882-12 at a speed
of 0.5 mm/min with a 10 kgf load cell at 25 (£2 °C) and a
relative humidity of 50 % (£5 %). The elastic modulus,
tensile strength, and elongation at break were evaluated.

Table 1 The compositions of

samples obtained for each Chitosan (wt%) Cefione soetae 1) A

process PLA/Ch 100:0 - - 100
PLA/Ch 90:10 10 - %0
PLA/Ch 80:20 20 - 80
PLA/Ch 70:30 30 - 70
PLA/CA 100:0 - - 100
PLA/CA 90:10 - 10 %0
PLA/CA 80:20 - 20 80
PLA/CA 70:30 - 30 70
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Fig. 1 a Films of pure PLA
(PLA/CA 100:0) and blends a
with different proportions of
cellulose acetate. b Films of
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Thermal Properties

Thermogravimetric characterization was carried out under
a synthetic air atmosphere (80 % N, and 20 % O,) using a
heating rate of 10 °C/min to 600 °C on a Q500 machine
(TA Instruments®).

Thermal analysis by differential scanning calorimetry
(DSC) was performed in a DSC equipment model Q100
(TA Instruments®). The thermal analysis was performed
from —20 °C to 200 °C at a heating rate of 10 °C/min. The
system was then cooled to —20 °C at a rate of 10 °C/min.
A second heating was then applied, ranging from 10 °C to
200 °C. The values of the glass transition temperature (Tg),
melting temperature (Tm), and the respective enthalpies
were measured in the first heating (which maintained the
characteristics of extrusion and pressing), and the second
heating (influence of chitosan and acetate in PLA), and
cooling. The values of enthalpy were corrected from the
blends to the exclusive mass of PLA contained in each
sample.

Comparing the values of the melting enthalpy of a
100 % crystalline PLA allowed for the determination of the
degree of crystallinity (X.) by applying Eq. 1 to pure PLA
and the PLA fraction contained in the blends in each of the
two heating cycles.

%Xc = {[{AH, — (AH, + AH3)]/AHy} x 100 (1)

In Eq. 1, 4H, is the enthalpy related to the melting peak
(Tm); 4H, and AHj; are, respectively, the enthalpies of the
first and second peaks of cold crystallization; and 4H, is
the melting enthalpy of a 100 % crystalline PLA: 93,7 J/g
[22].

PLA/Ch 100:0 PLA/Ch 90:10 PLA/Ch 80:20 PLA/Ch 70:30

Results and Discussions

Figure 2 shows the micrographs of PLA/chitosan blends.
As can be seen in Fig. 2b, a good dispersion of chitosan in
PLA is evidenced by the absence of the chitosan phase in
the blend. On the other hand, when the chitosan proportion
was raised in the composition to PLA/Ch 80:20 and PLA/
Ch 70:30, the poorly dispersed chitosan phase in the PLA
becomes evident (Fig. 2c, d). This is caused by the fluidity
of chitosan and its rupture into small particles that form
nanometric phases or nanoblends [23].

The PLA/CA blends (Fig. 3b—d) showed the effects of
the processing temperature, which was above the acetate
melting temperature, and hence the particles attained
diameters close to a micron through flow and breaking. The
non-anchoring of the polymer spheres was clearly observed
in the PLA/CA films (indicated by the white arrows). But
this effect of non-anchoring could be expected, because it
was not added any compatibilizer, and the polymers used
to obtain the blend are immiscible and incompatible.

For both acetate and chitosan, it was possible to observe
coalescence of the particles as higher concentrations were
added to PLA (Fig. 4).

The elastic modulus, tensile strength and elongation at
break of the films were obtained from the tensile tests
(Table 2).

The PLA/Ch 90:10 composition gave values of
40 £ 7 MPa for tensile strength, 1.6 &= 0.2 GPa for elastic
modulus, and 4.7 + 0.5 % for elongation at break, which
were superior than those observed for all other formula-
tions, including the PLA/Ch 100:0, which was the neat
PLA processed in the same conditions of blends with
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Fig. 2 a Micrograph PLA/Ch 100:0 (x5000 magnification), b PLA/Ch 90:10 (x15,000 magnification), ¢ PLA/Ch 80:20 (x10,000

magnification) and d PLA/Ch 70:30 (x 15,000 magnification)

chitosan. Besides, non-anchored or empty points that may
cause embrittlement of the material did not appear, which
justifies the increase in hardness and maximum strength
with the addition of chitosan up to 10 wt%. The films of
PLA with 10 wt% of chitosan processed in rollers only
achieved a strength of 7 MPa, an elastic modulus of
155 MPa, and an elongation at break of 4 %, indicating
inadequate processing [24].

The PLA/CA blends showed the lowest values of
strength and elastic modulus, although they had superior
elongation at break compared to pure PLA, i.e., the neat
PLA processed under the same conditions that the PLA/CA
blends were.

The non-anchoring of the polymer spheres resulted in
weakened regions within the materials, which in turn gave
poorer results in the tensile test. This result corroborates
with the mechanical analysis since the addition of merely
10 wt% of cellulose acetate decreased the average tensile
strength from 36 MPa to 16 MPa, i.e., 10 % of CA caused
a decrease of 56 % in tensile strength.

The PLA/CA blends, even when processed above the
acetate melting temperature, showed the same mechanical
behavior observed for composites of PLA with acetate in
the absence of maleic anhydride [25]. Thus, even using the
processing temperature above the CA melting temperature,
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that is, melting the cellulose acetate in order to obtain
blends, no changes in their interfacial adhesion with the
PLA matrix was observed, but it caused a change in CA
format as the added filler, acquiring the spherical shape but
also as dispersed phase and without interfacial adhesion
with the matrix due to the absence of suitable compatibi-
lizers in this system.

DSC curves of PLA and of all the blends depicted a
glass transition (Tg) on heating, two crystallization
events and one melting (Fig. 5a, b), and only one crys-
tallization event during cooling (Fig. 5¢). In the first
heating, the results are influenced by the thermome-
chanical history of processing [26]. Stabilization and
increase in the Tg of the blends were observed in relation
to pure films. This increase in the Tg of blends could be a
result of the decreasing in space available for molecular
motion [25]. A decrease was observed in the temperature
of the first crystallization as compared to pure PLA
processed in the same conditions of each blend
compositions.

The crystallinity of the processed pure matrices was 8 %
and 10 % for chitosan and acetate, respectively, in the first
heating. As the acetate and chitosan were added to PLA, a
maximum crystallinity of 14 % and 15 % were achieved
(Table 3).
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Fig. 3 a Micrograph PLA/CA 100:0 (x5000 magnification), b PLA/CA 90:10 (x15,000 magnification), ¢ PLA/CA 80:20 (x10,000

magnification) and d PLA/CA 70:30 (x 15,000 magnification)
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Fig. 4 Spherical phase diameter of cellulose acetate and chitosan for each composition

An increase in the values of the Tc and AHc in cooling
the sample was observed only with chitosan addition,
suggesting that chitosan acts as a nucleating agent, pro-
moting a faster crystallization of PLA (Tables 3, 4) [27].

In the second heating (Table 4), the effect of chitosan as
a nucleating agent is very evident, reaching a maximum
crystallinity of 37 % for the PLA/Ch 70:30.

Thermogravimetric (TG) and differential thermo-
gravimetry (DTG) curves are depicted in Fig. 6. The

temperatures of each event for all the materials and for-
mulations are presented in Table 5.

The composites of PLA with cellulose acetate exhibited
a substantial increase in thermal stability when compared
to the neat PLA films and pure cellulose acetate. It has been
reported that the combinations of cellulose acetate and
PEG 600 results in increased thermal stability also [28].

The PLA/Ch blends exhibited a decrease, not only in
the initial degradation temperature, but also in the onset
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Table 2 Young’s modulus,

strength, and elongation at Films Young’s modulus (MPa) Tensile strength (MPa) Elongation at rupture (%)
rupture of the films PLA/Ch 100:0 1383 + 386 36 +6 2.6 £ 06
PLA/Ch 90:10 1610 £ 189 40 £ 7 47+ 0.5
PLA/Ch 80:20 1320 £ 112 26 £ 2 4.0+ 0.2
PLA/Ch 70:30 1177 + 223 10+ 4 2.1 +£0.7
PLA/CA 100:0 1418 £ 324 37+£6 24 +£03
PLA/CA 90:10 816 £ 187 16 £3 3.6 £0.5
PLA/CA 80:20 996 £+ 155 19+ 3 39 £0.5
PLA/CA 70:30 1052 £ 110 19+ 2 39+ 04
y | Endo ® # nase PLA/CI
A/Ch 70:30
— ——/\— " PLA/Ch 70:30 1 ——/;-\,—“ PLA/Ch 80:20
(— — V_ PLA/Ch 80:20 P N PLA/Ch 90:10
é 4 - N\ \ PLA/Ch 90:10 z | ‘H_ PLA/Ch 100:0
E [ PLAvcen100:0 s N T PLAICA T0:30
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Fig. 5 a First heating, b second heating, and ¢ cooling

Table 3 Temperature and enthalpy for the first heating and cooling

Formulation Tg (°C) First crystallization (cold) Second crystallization Melting Third crystallization (cooling)
(cold)

Tcl (°C)  AHcl (J/g)  Tc2 (°C) AHc2 (J/g) Tm (°C) AHm (J/g) Tc3 (°C) AHc3 (J/g) Xc (%)

PLA/CA 100:0 58 100 29.1 154 2.8 168 40.9 92 8.3 10
PLA/CA 90:10 61 98 27.9 155 3.0 168 43.2 56 2.0 13
PLA/CA 80:20 56 97 28.4 155 3.1 168 44.7 57 0.6 14
PLA/CA 70:30 58 94 26.0 155 2.6 168 41.1 57 1.6 13
PLA/Ch 100:0 54 94 344 155 3.9 167 45.8 92 10.4 8
PLA/Ch 90:10 55 92 26.6 154 3.2 168 42.9 94 10.1 14
PLA/Ch 80:20 58 93 259 154 3.9 168 43.9 92 11.3 15
PLA/Ch 70:30 58 90 32.8 154 33 166 45.7 94 24.5 10
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Table 4 Temperature and enthalpy for the second heating
Formulation Tg (°C) First crystallization (cold) Second crystallization (cold) Melting
Tcl (°C) AHcl (J/g) Tc2 (°C) AHc2 (J/g) Tm (°C) AHm (J/g) Xc (%)
PLA/CA 100:0 61 100 27.9 154.76 3.1 168 40.5 10
PLA/CA 90:10 62 101 31.2 155.13 39 168 41.8
PLA/CA 80:20 60 101 324 155.09 4.0 168 43.1 7
PLA/CA 70:30 60 100 294 155.22 4.0 167 39.7 7
PLA/Ch 100:0 60 99 34.6 155.47 5.0 167 44.7
PLA/Ch 90:10 59 96 27.1 153.9 33 167 42.8 13
PLA/Ch 80:20 59 97 27.4 151.62 1.7 165 41.9 14
PLA/Ch 70:30 57 98 9.9 154.06 1.0 165 45.8 37
a 3.0 4
100+ - b
——PLA/CA 100:0 ——PLA/CA 100:0
[t R Ay 2.51 ——PLA/CA 90:10
80+ ~—PLA/CA 80:20 PLA/CA 80:20
—PLA/CA70:30  _  , | oy
- ——PLA/Ch 100:0 < 7 ——PLA/CA 70:30
§ 604 ———PLA/Ch 90:10 1% = PLA/Ch 100:0
g ——PLA/Ch 80:20 & 1.54 ~——PLA/Ch 90:10
= 404 ——PLA/Ch70:30] = ——PLA/Ch 80:20
80 = 104 = PLA/Ch 70:30
i -
= 20- < 054
04 0.0 - LA_
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804 =
= Cellulose Acetate 1.5+ = Cellulose Acetate
. = Chitosan - = Chitosan
£ 604 3
5
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Fig. 6 a TG curves. b DTG curves. ¢ TG curves of acetate and chitosan. d DTG curves of acetate and chitosan

temperature, when compared to pure PLA films, giving
inferior values for the blend PLA/Ch 90:10. Only PLA
films with 5 wt% of plasticized chitosan exhibited an
increase in thermal stability when compared to the neat

PLA film [24]. The chitosan weight loss could be attrib-
uted to the degradation of the saccharide structure, which
affecting the thermal stability of PLA-chitosan blends
[29].
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Table 5 Thermal degradation

temperatures of samples Samples Initial degradation temperature (°C) Onset temperature (°C)
Chitosan (Ch) 210 243
Cellulose acetate (CA) 239 320
PLA/CA 100:0 260 341
PLA/CA 90:10 268 335
PLA/CA 80:20 289 338
PLA/CA 70:30 290 338
PLA/Ch 100:0 271 344
PLA/Ch 90:10 257 320
PLA/Ch 80:20 240 288
PLA/Ch 70:30 230 289
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